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Preface

Site-specific mutagenesis of DNA, developed some 30 years ago, has proved to be
one of the most important advances in biology. By allowing the site-specific
replacement of any amino acid in a protein with one of the other nineteen amino
acids, it ushered in the new era of “Protein Engineering”. The field of protein engi-
neering has, however, evolved rapidly since then and the last fifteen years have
witnessed remarkable advances through the use of new chemical, biochemical
and molecular biological tools towards the synthesis and manipulation of proteins.
The chapters included in this book reflect the rapid evolution of protein engineering
and its many applications in basic research, biotechnology, material sciences and
therapy. It is our hope that this book will provide the reader with an introduction to
state-of-the-art concepts and methods and will be of use to anyone interested in the
study of proteins, in academia as well as in industry.

Beginning with studies of enzyme mechanisms involving hybrid proteins gener-
ated by domain swapping (chapter by Goodey and Benkovic), the next two chapters
(by Merkel et al. and Imperiali and Vogel Taylor) describe the ligation of chemically
or biologically synthesized peptides to generate proteins carrying a variety of
post-translational modifications and their use as biological probes. The following
chapter (by van Kasteren et al.) reviews novel methods for chemical modification of
amino acid side chains of proteins for the generation of mimics of post-translational
modifications. The next several chapters cover different strategies towards expansion
of the genetic code and the synthesis, in vivo and in vitro, of proteins carrying
a variety of unnatural amino acids. These strategies involve mis-aminoacylated
transfer RNAs generated either through chemical synthesis or enzymatic mis-
aminoacylation. The unnatural amino acids include those that are photoactivatable or
fluorescent, those that carry heavy atoms such as iodine, chemically reactive groups
such as keto- or azido- groups, spectroscopic probes, or those that mimic phos-
phoamino acids. The potential applications of this newly emerging technology
towards studies of proteins and the generation of proteins carrying novel chemical,
physical and biological properties are virtually unlimited. One of these chapters
(the one by Dougherty) focuses on applications of unnatural amino acid mutagenesis
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to the study of receptors and channel proteins of the central nervous system. Another
chapter (the one by Hecht) includes modification of ribosomal RNA for the synthesis
of proteins carrying D-amino acids in vitro. Two other chapters (by Hirao et al. and
Leconte and Romesberg) discuss the use of new DNA and RNA base pair systems
for expansion of the genetic code through expansion of the genetic alphabet. One of
these chapters (the one by Leconte and Romesberg) also includes a discussion
of directed evolution for the identification of DNA polymerases proficient in the
use of unnatural base pairs in DNA synthesis. The final chapter (by Slusky et al.)
deals with the important topic of membrane proteins, including a discussion of com-
putational concepts for the design of peptide inhibitors to probe protein-protein
interactions in membrane proteins.

The chapters are written by experts who have contributed much to the areas
covered. It was a pleasure working with these colleagues and we thank them for
their suggestions, their infinite patience and most importantly for their contribu-
tions to this book. We also thank Prof. Hans J. Gross and Ursula Gramm, Life
Science Editor at Springer-Verlag, for their continuous support throughout the
development of this project.

Caroline Kohrer
Uttam L. RajBhandary
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Abstract The preparation of chimeras, proteins that contain segments from two or
more different parent proteins, is a valuable tool in protein engineering yielding
structures with novel properties. In addition to the obvious practical value of hybrid
proteins as catalysts and biopharmaceuticals, their careful analysis can be used to
understand the role of specific domains in enzymatic catalysis and protein evolution
in a unique way that complements other structure-function studies. The study of
hybrid enzymes can reveal, for example, the role specific subunits and/or domains
play in dictating substrate specificity, catalytic activity, processivity, and stability.
Popular chimeragenesis methods, including noncombinatorial and combinatorial
methods, that can be used to generate hybrid proteins, are discussed here and four
case studies are presented that beautifully demonstrate how hybrids can be studied
to gain detailed understanding about substrate selectivity, enzymatic activity,
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2 N.M. Goodey, S.J. Benkovic

enzyme chemistry, and protein evolution. The examples highlight the power of
chimeragenesis as a tool for gaining insights into enzyme mechanism as well as the
need to combine this technology with other methods such as random mutagenesis
and DNA shuffling, especially because the replacement of a domain can yield
unpredicted perturbations to structural and functional parameters.

1 Introduction

Understanding how enzymes form stable structures, catalyze chemical reactions at
greatly enhanced rates, show remarkable substrate specificity, and evolve is a long-
standing quest in biochemical research. Proteins influence practically all biological
processes and only by investigating protein structure and function can we begin to
fully appreciate how they are integrated into living organisms. Elucidation of struc-
ture—function relationships in enzymatic catalysis was traditionally accomplished
by observing the effect of reaction conditions, substrate structure, and/or natural or
unnatural amino acid replacements on the rate, specificity, or three-dimensional struc-
ture of an enzyme. Recently, such investigations of enzymes have been enhanced by
advances in structural, computational, biophysical, and protein engineering methods
(Eisenmesser et al. 2002; Garcia-Viloca et al. 2004; Mittermaier and Kay 2006). This
review focuses on the use of hybrid approaches, which are providing increasingly
important avenues for obtaining novel insights into structure—function relationships
in enzymatic catalysis (Armstrong 1990). Discussed herein is the preparation and use
of hybrid enzymes with altered function or mechanism to gain detailed insights into
enzyme structure, specificity, catalytic efficiency, and molecular evolution. The
importance of combining novel hybrid generation technologies with other methods,
such as rational and random mutagenesis, novel screening and selection approaches,
X-ray crystallography, gene alignments, and pre-steady-state and steady-state kinet-
ics, is highlighted.

1.1 Terminology

Throughout this review, the terms “hybrid” and “chimera” are used interchangea-
bly. Hybrid proteins contain segments (domains or subdomains) from at least two
different natural or man-made parent proteins (Armstrong 1990). Domains and
subdomains are loosely defined terms that refer to structural motifs of various sizes
and complexity, including small units of approximately ten to 30 amino acids,
folded functional units, and large domains of several hundred amino acids that may
have enzymatic activity (Ostermeier and Benkovic 2001). There are several types
of hybrids. Single crossover hybrids consist of the N-terminal section of one protein
and the C-terminal section of another (Fig. 1). In multiple crossover hybrids, one
or more internal stretches of amino acid sequence have been replaced by the corre-
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Parents: Hybrids:
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Fig. 1 Common types of hybrids created from two parent enzymes

sponding segment(s) from another enzyme(s). In fusion hybrids, a functional
domain of one protein is linked with a domain(s) from another protein(s), creating
a fused product that is larger than any of the parents alone. Figure 1 illustrates some
of the types of hybrids; for the sake of simplicity, only hybrids derived from two
parents are shown. Hybrids can of course contain amino acid mutations, deletions,
and/or insertions.

1.2 What Can Hybrid Proteins Contribute
to Understanding Enzyme Catalysis?

Section 2 of this review briefly outlines the common experimental methods for
hybrid generation. In Sect. 3, recent examples from the literature are provided to
demonstrate how chimeragenesis, combined with thorough biochemical studies,
yields novel insights into enzyme mechanism. The case studies in Sect. 3 are not
meant to be comprehensive, but rather are presented to illustrate the types of
hybrid approaches used and the kind of information that can be obtained about
protein function. We discuss how careful study of hybrid enzymes can lead to the
identification of structural/functional domains and help determine which domains
between two structurally similar proteins are interchangeable (Mas et al. 1986;
Gurvitz et al. 2001). Hybrid studies can answer the question of whether a struc-
tural module can contribute a defined functional characteristic to the hybrid
enzyme. The study of hybrid enzymes can reveal the role subunits/domains play
in dictating substrate specificity, catalytic activity, processivity, and stability in
a protein (Brock and Waterman 2000; Du et al. 2001; Stevenson et al. 2001; Lee
et al. 2003).

Rational design of hybrids requires the preliminary identification of functionally
important modules (Hopfner et al. 1998; Schneider et al. 1998) by inspection of the
three-dimensional structure of either parent enzyme. In the absence of structural infor-
mation, amino acid sequence alignments can be used to identify potentially important
segments. Moreover, DNA sequences can be inspected to locate exon—intron
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interfaces, which may define the boundaries of structural or functional units. Recent
advances in hybrid methods have made it possible to generate chimeric libraries in a
random fashion, removing the need for structure or sequence alignments (Ostermeier
et al. 1999b; Stevenson and Benkovic 2002). Thus, random methods make it possible
to examine the contribution of protein segments to function without preconceived
bias. These methods also have the advantage that the fusion points between structural
or functional domains or subunits can be located precisely. Finally, inspection of
hybrids can provide valuable understanding about the elusive but important residue—
residue contacts and long-distance residue networks which are crucial for protein
activity (Agarwal et al. 2002; Rajagopalan et al. 2002; Benkovic and Hammes-
Schiffer 2003). In Sect. 2, we outline some of the popular chimeragenesis methods
used to prepare hybrid proteins for the purpose of further understanding structure—
function relationships.

2 Chimeragenesis Methods

Several excellent reviews in the literature comprehensively cover current chimera-
genesis methods (Nixon et al. 1998; Lutz and Benkovic 2000, 2002; Stevenson
and Benkovic 2002; Horswill et al. 2004). This section presents a short over-
view, focusing on techniques that have been used to generate chimeric proteins
for structure—function relationship studies. These techniques can be divided into
noncombinatorial and combinatorial approaches. Noncombinatorial methods are
considered “rational” because it is necessary to choose both the domain targeted for
swapping and the crossover points that define the domain. Combinatorial or ran-
dom methods, on the other hand, produce large libraries of chimeric genes with
fragments of random size inserted into or deleted from random positions of the tar-
get scaffold. A disadvantage of rational methods is that choosing the module for
swapping and the precise end points of the fragment is difficult, and success
depends on the level of understanding of the structure, folding, and catalytic mech-
anism of the enzyme under study. Much work is required to create a single or a few
hybrid proteins, while combinatorial methods can yield more than 10® different
hybrids in one experiment. However, rational approaches often lead to more defi-
nite information regarding the role of a specific domain in protein function, while
combinatorial methods often do not yield instantly recognizable answers and rely
heavily on development and execution of genetic selection protocols.

2.1 Noncombinatorial Domain Swapping Methods

The actual construction of rationally designed domain-swapped genes can be
accomplished by several techniques. In the first method, cassette mutagenesis,
restriction sites flanking the DNA particular sequence to be replaced are digested
with the cognate restriction enzymes and a replacement sequence is inserted
between these sites (Wells et al. 1985).
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Fig. 2 Gene splicing by overlap extension polymerase chain reaction (PCR). Arrows represent
primers (/—4), the solid line and dotted lines represent DNA sequences from two different
parent genes

The restriction sites can be either naturally occurring or artificially introduced
to the desired location in the target gene by oligonucleotide-directed mutagenesis.
The choice of restriction sites is based on their uniqueness to the plasmid and
conservation of the final amino acid coding sequence. In the second method, gene
splicing by overlap extension, DNA molecules are recombined without the use of
restriction endonucleases (Fig. 2) (Horton et al. 1989). Fragments from the genes
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that are to be recombined (parent genes) are generated in separate polymerase
chain reactions (PCRs). The primers for these reactions are designed such that the
ends of the products contain complementary sequences. When these PCR products
are mixed, the strands having matching sequences at their 3" ends overlap and act
as primers for each other, and extension by DNA polymerase produces a sequence
in which the original sequences are linked together. This method makes it possible
to join two fragments in one cloning step; however, multiple cloning steps are
required to perform an internal domain swap. In a variation of this method, three-
step PCR protocol for construction of chimeric proteins, only one cloning step is
required for the swapping of an internal domain (Grandori et al. 1997). Such meth-
ods can be used to replace a particular domain in protein A by the analogous
domain in protein B. The study of the resulting domain-swapped hybrid can help
determine the contribution of that particular domain to protein function.

2.2 Combinatorial Methods

Using in vitro random approaches, predicting which protein fragments should be fused
and where the crossover positions should be located is not necessary. One random
chimeragenesis approach is random insertion. As the name suggests, this method
involves insertion of DNA sequences into random locations of a target gene (Heffron
et al. 1978; Luckow et al. 1987; Hallet et al. 1997; Manoil and Bailey 1997).
Investigation of hybrids generated by random insertion can be used to identify sites that
are amenable to functional insertion of a protein domain into a scaffold (Betton et al.
1997). Another approach, circular permutation of a protein, results in the relocation of
the N- and C-termini (Graf and Schachman 1996). This method can be used to under-
stand evolutionary pathways and to systematically identify permissive sites for circular
permutation, revealing information about the modularity of the scaffold (Baird et al.
1999; Hennecke et al. 1999). The remaining combinatorial approaches can be divided
into two groups: homologous and nonhomologous recombination.

2.2.1 Homologous Recombination

Homologous recombination of gene fragments signifies the reassembly of DNA frag-
ments from multiple parent genes in a way that incorporates DNA from multiple par-
ents into a final gene product. The reassembly mechanism is based on DNA sequence
homology and genes with low (less than 70%) homology cannot be combined (Sieber
et al. 2001). As a result, there is an inherent bias present in homologous recombina-
tion libraries: the crossover positions fall in regions of high, rather than low, DNA
similarity. Even so, these methods can be very useful in domain swapping, since often
the parent genes share a high level of homology. Furthermore, homologous recombi-
nation can be used to combine fragments from more than two parent genes, making
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Fig. 3 DNA shuffling. Parent genes (only three are shown) are randomly fragmented with DNasel
(1). The fragments are reassembled in a primerless PCR reaction in which the fragments serve as
primers as well as the template (2). Replication yields hybrid DNA strands that have components
from different parent genes

it possible to explore the sequences of an entire family of enzymes in one experiment.
The basic protocol for in vitro homologous recombination of parent genes is referred
to as DNA shuffling (Fig. 3) (Stemmer 1994a, b). A group of homologous genes is
randomly cleaved into small fragments by digestion with the restriction enzyme
DNasel. The fragments are subsequently reassembled by PCR in which they serve as
both the templates and the primers. The fragments align and cross-prime each other
for replication to give a hybrid DNA strand with components from several original
parent genes.

DNA shuffling led the way to the development of related techniques which offer
advantages in certain situations. For example, in a simple modification of the origi-
nal protocol, restriction enzyme based shuffling, Kikuchi et al. (1999) employed a
mixture of restriction endonucleases instead of DNasel to cleave the parent genes.
Compared with the original DNA shuffling protocol, restriction-enzyme-based shuf-
fling has the advantage of yielding a higher frequency of chimeras because the use
of DNasel is avoided. DNasel hydrolyzes double-stranded DNA preferentially at
sites adjacent to pyrimidine nucleotides and can consequently introduce sequence
bias into the recombination. Restriction-enzyme-based shuffling, however, suffers
from the disadvantage that the crossover sites are biased to coincide with existing
restriction sites. Staggered extension process (StEP) is another variation of DNA
shuffling (Zhao et al. 1998; Volkov et al. 2000). In this procedure, terminal primers
are employed to replicate the target DNA using PCRs with very short extension
times to produce short strands of replicated DNA. The growing DNA strand acts as
the primer in successive cycles of replication and changes templates multiple times,
thus accumulating components from different parent genes. Other variations of DNA
shuffling include random priming recombination (Shao et al. 1998), DNA reassem-
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bly by interrupting synthesis (Short 1997), and random chimeragenesis on transient
templates (RACHITT) (Coco et al. 2001). DNA shuffling and related methods have
many practical applications in industrial protein engineering, but the outcomes are
often difficult to rationalize because the resulting chimeras have multiple parents and
multiple crossover positions. This is not significant when the goal is the end product,
i.e., the engineered enzyme with desired properties. On the other hand, when the
goal is to understand structure—function relationships, rational methods or methods
described later, such as incremental truncation for the creation of hybrid enzymes
(ITCHY), are often more suitable. The homologous recombination methods
described above, however, have been successfully used in combination with other
methods to offer insights into the determinants of substrate specificity and enzymatic
activity of various families of proteins (Griswold et al. 2005; Park et al. 2006).

2.2.2 Nonhomologous Recombination

As discussed above, the main limitation of homologous recombination methods is
that only genes with high homology can be combined. Often a group of proteins
shares a similar three-dimensional structure, yet their DNA sequence identities are
low. Recombination of such a group of proteins by homologous recombination meth-
ods would result in a library where the crossover positions would lie exclusively in
the small regions of high DNA sequence homology. Conversely, the nonhomologous
recombination methods described below do not rely on sequence homology of paren-
tal genes because instead of homologous fragment hybridization, a blunt-ended liga-
tion step is used to bring the gene fragments together. Consequently, no bias toward
the composition of the gene fragments is encountered. With nonhomologous recom-
bination methods, it is possible to make a library of chimeras of two completely
unrelated genes.

Most nonhomologous recombination methods are based on incremental trunca-
tion, which in its simplest form denotes the creation of libraries of proteins that
have one or more amino acids deleted from either the C- or the N-terminus (Fig. 4)
(Ostermeier et al. 1999a). Incremental truncation and related methods are depend-
ent on the exonuclease III (Exolll) protein and its properties. Exolll catalyzes the
digestion of gene fragments from the 3” to the 5" end at a controlled, uniform, and
synchronous rate (Wu et al. 1976). Small aliquots of the reaction mixture are
removed during the digestion step to create a library of genes with different num-
bers of DNA base pairs deleted. Incremental truncation technology has inspired the
invention of more advanced chimeragenesis strategies. The first of these strategies,
incremental truncation for the creation of hybrid enzymes ITCHY), generates single
crossover hybrid protein libraries between two parent genes (Fig. 4). Application of
ITCHY results in incremental gene truncation libraries with randomly distributed
crossover positions. These libraries contain hybrids with DNA insertions and dele-
tions, and products of different sizes are produced. Thio-ITCHY, a variation of the
ITCHY method, uses nucleotide triphosphate analogs (Lutz et al. 2001a). In a PCR,
a-phosphothioate dNTPs are incorporated randomly and at low frequencies into the
region of DNA targeted for truncation. The resulting phosphothioate internucle-
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Fig. 4 Incremental truncation (first arrow) and incremental truncation of hybrid enzymes (ITCHY)
(entire diagram). In ITCHY, incremental truncation libraries are generated by DNA digestion with
exonuclease III. The resulting fragments are then ligated together to yield the final library

otide linkages are resistant to 3’-5" exonuclease hydrolysis, rendering the target
DNA resistant to degradation in a subsequent Exolll treatment. Thio-ITCHY has
been successfully used to recombine genes with only 36% sequence identity to
yield active chimeras (Saraf et al. 2006). The main limitation of ITCHY and thio-
ITCHY is that only single crossover hybrids from only two parents can be gener-
ated, limiting the potential sequence diversity. To create multiple crossover libraries,
Benkovic and coworkers combined ITCHY and DNA shuffling in a sequential
manner in a method termed “SCRATCHY” (Lutz et al. 2001b). Sieber and cowork-
ers developed a different technique for creating single crossover chimeric libraries
between two parental genes without bias for the crossover positions (Sieber et al.
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2001). This recombination method, sequence homology independent protein recom-
bination (SHIPREC), begins with the production of a gene dimer which is subse-
quently fragmented by DNasel. The parental-sized fragments are recovered and
inverted by circular ligation and restriction digest to yield a library of hybrid
enzymes with an even distribution of crossover positions. These methods have been
used to explore structure—function relationships and the mechanism of evolution in
proteins (Griswold et al. 2005; Peisajovich et al. 2006). When combined with
genetic selections or screening techniques, the methods described in Sect. 2 can be
used to gain novel insights into enzymes. Next we presented four interesting case
studies that take advantage of the methods described so far to understand enzyme
specificity, activity, and evolution.

3 Case Studies

The four outstanding examples presented here reflect on how hybrids can be pre-
pared and studied to gain understanding about substrate selectivity, enzymatic
activity, enzyme chemistry, and protein evolution. The first example specifically
discusses how chimeragenesis can lead to novel insights into substrate selectivity
in a family of enzymes (Griswold et al. 2005); the second focuses on understand-
ing the determinants of metallo B-lactamase (MBL) activity in a new scaffold
(Park et al. 2006); the third illustrates how specific mechanistic details, such as the
structural origin of a pK, value, can be investigated when hybrid methodology is
combined with thorough kinetic analysis (Horswill, Guibao, Gerth, Lutz, and
Benkovic, unpublished data); finally, the fourth case study demonstrates the role
of hybrids in evaluating gene rearrangements that may be responsible for protein
evolution (Peisajovich et al. 2006).

3.1 Hpybrids in Understanding Protein Substrate Selectivity

Hybrid approaches are useful in studying the determinants of substrate selectivity
(Chandrasegaran and Smith 1999; Smith et al. 1999; Cheon et al. 2004; Mani et al.
2005). Specifically, domains of two or more enzymes with similar structures can be
interchanged and the effect on selectivity determined. Alternatively, hybrids can be
generated randomly and the resulting library screened for activity on a certain sub-
strate. The selectivities of the active clones are then measured and sequence align-
ments can reveal, for example, which domains are responsible for activity toward
each substrate.

The first example highlights the use of chimeragenesis to alter and understand
substrate specificity determinants in the glutathione transferase (GST) class of enzymes
(Griswold et al. 2005). GSTs serve an important function in cellular detoxification by
conjugating reactive, electrophilic compounds to the tripeptide glutathione (GSH)
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Fig. 5 Theta-class human
GSTT2-2 (Protein Data Bank

code 1LJR). The glutathione 4G site
(GSH)-binding domain K_\)

(G site) is shown in dark
gray; the electrophilic ﬁ

substrate binding domain

(H site) is shown in light
gray, and the C-terminal
o-helical extension is shown
in black. GSH is shown in
black

- C-terminal
a-helical extension

(Hayes et al. 2005). Benkovic, Iverson, Georgiou, and coworkers uncovered substrate
selectivity determinants in the mammalian theta-class GST enzymes, human GSTT1-
1 and rat GSTT2-2, by generating hybrids and determining their selectivities toward
various electrophilic substrates (Griswold et al. 2005). Theta-class GST enzymes
consist of an N-terminal GSH binding site (G site) and a C-terminal electrophilic
substrate binding domain (H site), followed by a C-terminal a-helical extension,
which covers the H and G sites (Fig. 5) (Ketterer 2001). The authors particularly
focused on the roles of the H site and the C-terminal o-helical extension in elec-
trophile selectivity (Griswold et al. 2005). The N-terminal G sites of the two enzymes
share 79.2% amino acid identity, while the C-terminal H sites exhibit only 41.4%
amino acid identity. The authors suspected that the low amino acid identity in the H
sites was responsible for the divergent selectivities for electrophilic compounds: the
specific activities of the human and rat GSTs were measured with the electrophiles
7-amino-4-chloromethyl coumarin (CMAC), 1-chloro-2,4-dinitrobenzene (CDNB),
phenethyl isothiocyanate (PEITC), and ethacrynic acid (Fig. 6). Of the four elec-
trophiles examined, only PEITC is conjugated to GSH by the human enzyme. The rat
enzyme, on the other hand, has a more promiscuous nature, and catalyzes the conju-
gation of CMAC, CDNB, and PEITC.

The homology-independent techniques ITCHY and SCRATCHY (Ostermeier
et al. 1999b; Lutz and Benkovic 2000) (Sect. 2) and the low-homology technique of
recombination-dependent exponential amplification were used to create libraries of
single and multiple crossover chimeras of human and rat GSTs in both orientations
[rat-human (r—h) and human-rat (h-r)]. Since CMAC produces a fluorescent cyto-
plasmically retained product upon GSH conjugation, the library was screened by a
high-throughput flow cytometric screening protocol for variants that conjugate CMAC
to GSH (Kawarasaki et al. 2003). The active chimeras from the single crossover r—h
library consisted entirely of the rat parental sequence except for the C-terminal o-heli-
cal extensions, which originated from the human enzyme (Fig. 7). The specificity
constants (k_/K,,) toward CMAC of two active hybrids from this library were meas-
ured to be 20 and 60mM™" min™'. These values lie between the k_ /K|, values measured
for the rat (650mM™"! min™') and human (1.6mM™ min™) enzymes, showing that
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Fig. 6 Structures of glutathione transferase (GST) substrate GSH and four electrophiles; the
electrophiles are 7-amino-4-chloromethyl coumarin (CMAC), 1-chloro-2,4-dinitrobenzene
(CDNB), phenethyl isothiocyanate (PEITC), and ethacrynic acid
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Fig. 7 Hybrids between human GSTT1-1 and rat GSTT2-2. Amino acid sequences from human
GSTTI1-1 and rat GSTT2-2 are shown in black and gray, respectively. Segments corresponding to
the G site and the H site are indicated. R-A rat~human, H-r human—rat
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replacement of the C-terminal o-helical extension by the human sequence in the rat
enzyme lowers CMAC conjugation activity but not to the level of the human enzyme.
These results demonstrate that CMAC specificity is modulated, but not exclusively
determined, by the structure of the C-terminal o-helical extension.

When the complementary h—-r ITCHY library was screened for CMAC conjuga-
tion activity, all active chimeras were found to have a full-length human N-terminal
G site fused to a C-terminal rat H site with the crossover positions in the flexible
loop that connects the G site to the H site. Clone HR-216 was studied in detail.
Compared with the rat enzyme, HR-216 was found to have a threefold higher k_,
for CMAC (k_, = 7.2 and 23min™' for rat GSTT2-2 and HR-216, respectively) as
well as elevated specific activities for both CDNB and PEITC. On the basis of these
results, the authors proposed that the human N-terminal domain (the G site) is
indirectly enhancing rat-like catalytic efficiency, perhaps because it results in opti-
mal interactions between the two domains.

As described above, single recombination events within the H site did not produce
chimeras with high levels of CMAC activity. On the other hand, when the generation
of multiple crossovers was engineered, enzymes that efficiently conjugate CMAC to
GSH containing crossovers within the H site were discovered. For example, chimeras
SCR23 and SCR9Y consist of a human—rat-human sandwich structure (Fig. 8). The
authors used homology modeling to show that the SCR23 structure has two o-helices
within the H site that are derived from the rat parent sandwiched between the C-ter-
minal and N-terminal human sequence. The SCR9 human-rat-human sandwich
structure consists of a human N-terminal G site, followed by a mostly rat sequence
derived H site, and then by a human C-terminal o-helix. Both SCR23 and SCR9 are
efficient catalysts of GSH to CMAC conjugation: the specificity constants of SCR23
and SCR9 are 600 and 510mM™"' min™, respectively, compared with 650mM~"' min™!

Fig. 8 SCR chimeras. SCR9 (left) and SCR23 (right) amino acid sequences mapped onto the
crystal structure of human GSTT2-2 (Protein Data Bank code 1LJR). Human- and mouse-derived
sequences are shown in gray and black, respectively
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for rat GSTT2-2. The improved activity of human GSTT1-1 upon replacement of two
helices in the H site by rat sequence, as in SCR23, demonstrates that these two helices
contain residues that play important roles in electrophile selectivity. The authors note
that the presence of human sequence in the G site restores the rat-like activity with
CMALC for SCRY, canceling the detrimental effect of the human C-terminal o-helix.

Although both SCR23 and SCR9 are efficient catalysts of GSH to CMAC con-
jugation, their reactivities with the other substrates studied differ. This work deter-
mined that SCR9 has a similar selectivity profile toward the electrophile substrates
studied as rat GSTT2-2, with the exception that SCR9 has higher activity toward
CDNB. The rat parent and SCR9 both efficiently conjugate GSH to CDNB, whereas
the human parent and SCR23 enzymes do not. Furthermore, unlike both parent
enzymes and SCR9, SCR23 conjugates ethacrynic acid to GSH. The different
selectivities of SCR9 and SCR23 show that the promiscuity of the rat enzyme is not
due to a “loose” binding site but rather is due to specific determinants for selectivity
toward different electrophiles. Furthermore, sequence alignment of SCR9 and
SCR23 with the two parents revealed that SCRY shares a 12 amino acid sequence
with the rat enzyme, which is not found in SCR23 or the human enzyme. This result
suggests that the 12 amino acid stretch might be critical for CDNB selectivity but
not for CMAC selectivity. This example demonstrates how the careful study of
hybrid enzymes can lead to the identification of very specific determinants of
enzyme specificity.

3.2 Hybrids in Understanding Determinants
of Enzyme Activity

One of the more challenging goals of protein engineering for some time has been
the introduction of a new enzymatic activity into a protein scaffold to create a novel
enzyme. Chimeragenesis can be used to replace segments of an enzyme by those
from another enzyme with a similar structure but a different activity. If a new activ-
ity is obtained, it is clear that the segment that was replaced plays an important role
in enzyme chemistry. Replacing larger segments rather than individual residues is
often more useful in obtaining a new enzymatic activity because the short-range
residue—residue interactions within a given domain are interrupted to a lesser extent
and more sequence space is sampled.

In the second example, protein engineering of glyoxalase II (GlyIl) by Kim and
coworkers illustrates how innovative chimeragenesis techniques combined with
rational mutagenesis and directed evolution can uncover catalytic activity determi-
nants (Park et al. 2006). The authors introduced MBL activity into the human GlyIl
of}/of metallohydrolase scaffold. The resulting variant was devoid of the function
performed by Glyll, hydrolysis of the thioester bond of S-bD-lactoylglutathione, but
was newly endowed with the unrelated MBL function, hydrolysis of the B-lactam
amide bond of cefotaxime, that leads to bacterial resistance against this B-lactam
antibiotic (Mei et al. 1998). To plan the strategy for mutagenesis, the authors com-
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Glyll Imp-1 Loopd

C-terminal
domain

Fig. 9 Structures of glyoxalase II (Glyll) (Protein Data Bank code 1QHS) and IMP-1 (Protein
Data Bank code 1DD6). The C-terminal domain of GlylII that was deleted is shown in black. The
zinc atoms are represented by gray spheres. In IMP-1, functional loops 1, 2, 4, and 6 are shown
in black. Bound ligands of GlylI and IMP-1, S-(N-hydroxy-N-bromophenylcarbamoyl) glutathione
and mercaptocarboxylate, respectively, are represented by black sticks to show the location of the
active site

pared the structure of human GlyII with that of IMP-1, a MBP family member from
Pseudomonas aeruginosa (Fig. 9). GlyIl and IMP-1 share only 13% amino acid
sequence identity, but their of/o3 sandwich structures are similar.

While the three-dimensional structures of Glyll and IMP-1 are similar, their
active sites differ in metal coordination and substrate binding. Previously published
work showed that the IMP-1 substrate binding site consists of loops 1, 2, and 6
(Fig. 10) (Wang et al. 1999). Loops 1 and 2 make up a hydrophobic binding site
for the B-side-chain substituents of antibiotics, whereas loop 6 contains residues
that are necessary for the binding and activation of the B-lactam substrate during
catalysis (Yanchak et al. 2000). Loop 4 may play a role in B-lactam binding or
catalysis from a distance. The GlylIl substrate binding site shares no similarities
with the IMP-1 binding site described above; in Glyll, loop 4 and the C-terminal
helical domain are indicated in substrate binding (Cameron et al. 1999). Both the
IMP-1 and the GIylI active sites contain binuclear metal ions that are essential for
catalysis, but the coordination sites have disparities. IMP-1 contains two zinc ions,
whereas Glyll can have various metal ions in its binuclear site. Znl in IMP-1 and
metal 1 in GlyII are both coordinated with three histidine residues. On the other
hand, Zn2 in IMP-1 is coordinated to an aspartic acid, a cysteine, and a histidine
residue, whereas metal 2 in Glyll is coordinated to two aspartic acid and two his-
tidine residues.

To replace GlylI activity by MBP activity in the GlylI scaffold, the authors first
eliminated GlylII catalysis by deleting the C-terminal helical domain suspected to
be involved in substrate binding. The fact that deletion of this helical domain from
GlylI led to the loss of GlyllI activity confirmed that this domain contains substrate
binding determinants required for GlyII activity. Secondly, a new active-site bind-
ing pocket in the modified GlyIl scaffold was constructed on the basis of sequence
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Fig. 10 Active site of IMP-1. Interactions of loops 1, 2, 4, and 6 with B-lactam antibiotic cefo-
taxime and coordinated zinc atoms (Znl, Zn2) are shown

alignments of loops 1, 2, 4, and 6 in Glyll, IMP-1 and two other MBL family
enzymes. Loops 1, 2, and 4 of the modified Glyll were designed to contain com-
pletely or partially conserved residues, which are found in IMP-1 and the two
other MBL family enzymes, as well as several random residues for fine-tuning.
Since there is significant variation in loop 6 among the MBL enzymes that were
aligned, three different possible sequences were designed for this loop, each con-
taining some residues that are found in MBL family enzymes and some random
residues. The designed loops 1, 2, 4, and 6 were incorporated into the modified
GlylI scaffold by PCR under error-prone conditions, allowing for point mutations.
The resulting chimeric library was subjected to cefotaxime selection and the 13
surviving clones that exhibited antibiotic resistance were isolated and sequenced.
Interestingly, all 13 clones contained segment FIKAXXXGNXXDA (X indicates
arandom residue) in loop 6, and none contained the other two designed possibilities,
indicating that one or many of the fixed residues in segment FIKAXXXGNXXDA
are critical for MBL activity. In the 13 cefotaxime resistant clones, two to nine
additional amino acid replacements were found to be distributed in regions away
from the active site. If the loops were integrated without the additional point muta-
tions, no active clones were found, thus revealing that certain amino acid replace-
ments distal from the active site are critical for MBL activity in the GlylI scaffold.
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This finding is in accord with numerous studies that emphasize the importance of
residues far away from the active site in protein function.

To further increase their catalytic activities, cefotaxime-resistant clones were
subjected to seven rounds of DNA shuffling (Stemmer 1994a, b). The cefotaxime
concentration was increased during each round, and after the seventh round, the
clone showing the most improved growth on selective plates was chosen. This final
clone provided Escherichia coli cells with 100-fold improved antibiotic resistance
against cefotaxime compared with wild type cells/parent cells. Sequencing of the
final clone revealed that it shared only 59% of amino acid identity with the original
Glyll scaffold and 25% with the target IMP-1. More than 60% of the mutations
were concentrated in the catalytic and substrate binding regions. The authors found
that replacement of the residues designed for metal coordination by alanine led to
loss of catalytic activity. This result suggests that the final selectant retained the
designed metal coordination of IMP-1 and that this coordination is critical for cefo-
taxime hydrolysis. Molecular modeling of the final clone revealed an active-site
architecture similar to that of the target IMP-1 with a well-organized binuclear
metal binding site; loops 2 and 6 constitute two walls of the substrate binding
pocket and loop 1 forms the ceiling. Thus, the substitution of loops 1, 2, 4, and 6 in
Glyll by analogous loops in the MBL family replaced the catalytic function and
active-site architecture of GlyII by those of IMP-1. Not only did the authors accom-
plish the impressive feat of introducing a new catalytic activity into the GlyII scaf-
fold, they also uncovered important information about the determinants of activity
in the GlyII and IMP-1 proteins in the process. This work showcases the potential
of protein segment replacement combined with directed evolution in converting an
enzyme into a new family member to create variants that catalyze diverse reactions
and yield increased understanding of the determinants of enzyme chemistry.

3.3 Hybrids in Understanding Enzyme Mechanism

Combining structural elements belonging to different enzymes is a powerful
method for generating new kinetic properties. Subsequent analysis can provide
detailed insights into the subtle contribution of protein domains to different features
of enzyme chemistry. In the third example, work on E. coli/B. subtilis dihydrofolate
reductase (DHFR) hybrids by Benkovic and coworkers illustrates the power of
studying enzyme chimeras by thorough kinetic analysis (Horswill, Guibao, Gerth,
Lutz, and Benkovic, unpublished data). The authors chose four chimeras of well-
characterized E. coli and B. subtilis DHFR enzymes that were originally identified
from an activity-based selection (Saraf et al. 2004). The E. coli and B. subtilis
enzymes have different kinetic properties and share 44% sequence identity on the
protein level. Chimeras EB32 and EB122 have the E. coli sequence in their N-ter-
minus and the B. subtilis sequence in the C-terminus (EB); and the number (32 or
122) reflects the residue at which crossover from the E. coli to the B. subtilis
sequence occurs (Fig. 11). Complementary chimeras BE32 and BE123 have the
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Fig. 11 Dihydrofolate
reductase (DHFR) hybrid
EB122. Residues 122-160
are shown in black.

The structure of Escherichia
coli DHFR bound to ligands
NADP* and folate (Protein
Data Bank code 1rx2) was
used to generate the figure.
The catalytic residue Asp27
is shown

B. subtilis sequence in the N-terminus. The ligand dissociation rates, steady-state,
and pre-steady-state kinetics of these hybrids were studied, and the rates deter-
mined for the chimeras were compared with those of the wild-type E. coli and
B. subtilis enzymes.

DHEFR catalyzes the stereospecific reduction of dihydrofolate to form tetrahy-
drofolate (THF) using the cofactor NADPH. The kinetic scheme of this reaction
in the E. coli and B. subtilis enzymes has been thoroughly analyzed (Fig. 12 for
E. coli) (Fierke et al. 1987). The following ligand dissociation rates were measured
for the four selected hybrids: release of product NADP+ from E-NADP+ and the
release of THF from the E-THF, E-THF-NADP+, and E-THF-NADPH complexes.
The chimera EB122 consists mostly of the E. coli enzyme and accordingly can be
considered a perturbation in/of E. coli DHFR. Interestingly, the four ligand disso-
ciation rates mentioned above for this hybrid are more similar to those of B. subtilis
DHEFR than to those of the E. coli enzyme. This observation suggests that the
determinants for the abovementioned ligand dissociation rates are encoded in the
C-terminal domain consisting of residues 122—160 and that this domain is modu-
lar, allowing the ligand dissociation properties to be transferred from one DHFR
scaffold to another. The results with BE123, however, did not support this hypoth-
esis, suggesting that the modularity of the C-terminal domain as a determinant of
ligand dissociation properties is more complex than initially suspected, illustrating
the idea that when a domain is found to be “modular” in one set of enzymes, it
does not necessarily implicate that this modularity is reciprocated in a different
set. Clearly, there are other interactions across the protein that determine whether
or not a particular domain swap will result in the desired or expected properties.
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This work also exemplifies how meticulous kinetic analysis of chimeras can give
insight into complex aspects of catalysis, such as the environmental modulation of the
pK, of a catalytic residue. There has been an ongoing debate about how the local envi-
ronment in DHFR raises the pK_ of the catalytic acid Asp27 in the E-DHF-NADPH
complex to modulate the rate of its conversion to E-THF-NADP* from approximately
3.9 to approximately 6.5. This complex issue has been examined via kinetics,
X-ray crystallography, spectroscopy, and computational studies (Adams et al. 1989;
Appleman et al. 1990; Karginov et al. 1997; Rod and Brooks 2003). The work on chi-
meras by Benkovic and coworkers adds to this story. They discovered that the pK val-
ues for the hydride transfer step in chimeras EB32 and BE123 are similar to that of the
B. subtilis enzyme. In both chimeras, B. subtilis DHFR is the dominant parent. Despite
that in EB32 the residues adjacent to Asp27 originate from the E. coli parent, this chi-
mera still has a pK, for the hydride transfer step similar to that of B. subtilis. This
shows that the active-site pK, is not determined by the residues adjacent to Asp27 but
rather by residues further remote and represents an excellent example of how chime-
ragenesis can be used to probe subtle mechanistic questions about enzyme chemistry.

3.4 Hybrids in Understanding Protein Evolution

Hybrid approaches are ideally suited for studying natural evolution of protein func-
tion because nature often evolves proteins by the redesign of existing frameworks,
a process akin to domain swapping. The fourth example demonstrates how hybrid
technology can also be used to explore this mechanism of protein evolution
(Peisajovich et al. 2006). Many evolutionarily related proteins are circular permu-
tants, which could technically originate from the ligation of the N- and C-termini of
a protein, followed by the opening of the chain at another site to yield a new topol-
ogy (Ponting and Russell 1995; Aravind et al. 2002; Koonin et al. 2002). In nature,
however, such genomic rearrangements are unlikely and the steps leading to natu-
rally occurring circular permutations remain a subject of study. Permutation by
duplication is a widely accepted model explaining the origin of circular permutants
in nature (Jeltsch 1999). It postulates that gene duplication is first followed by
in-frame fusion and then by partial degeneration of the 5" and 3" coding regions in
the first and second copies of the duplicated gene, respectively, leading to a new stop
codon and a new topology (Fig. 13). These events are unlikely to happen simultane-
ously; rather a series of evolutionary intermediates must be formed along the way.
These intermediates must retain the original protein activity to some extent for the
organism to be sufficiently fit to avoid elimination by evolution. The permutation by
duplication model has been questioned, especially since the intermediates would
likely have exposed hydrophobic surfaces and been unstable (Bujnicki 2002).
Tawfik and coworkers used hybrid technology to test whether new protein
topologies in DNA methyltransferases might have evolved gradually by the permu-
tation by duplication mechanism (Peisajovich et al. 2006). DNA methyltrans-
ferases are composed of a target-recognition domain and a catalytic domain with a
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Fig. 13 The permutation by duplication model. Gene duplication and in-frame fusion lead to a
fused dimer (A). Partial degeneration of the 5" coding region in the first copy creates a new start
codon in the N-terminally truncated intermediate. Partial degeneration of the 3" coding region in
the second copy introduces a new stop codon in the C-terminally truncated intermediate (B). This
process leads to a circular permutant with new start and stop codons and a new topology (C)

Catalytic TRD X SAM — Bclass
TRD X SAM Catalytic — Cclass
1/2TRD X SAM Catalytic 1/2TRD — mnclass

Fig. 14 DNA methyltransferases are divided into at least seven classes according to the linear
order of sequence motifs. A schematic of three classes is shown, with the following domains:
SAM-binding subdomain (SAM), the catalytic subdomain (catalytic), the target-recognition
domain (TRD), and the C-terminal helix (X). Class 1 with a divided TRD was predicted by labo-
ratory evolution experiments and was subsequently identified in natural genomes

Rossman fold structure (Martin and McMillan 2002). The order of nine conserved
sequence motifs in the catalytic domain and the location of the target-recognition
domain define at least seven families that might stem from the permutation by
duplication mechanism (Fig. 14). The authors used gene duplication followed by
the ITCHY method (Ostermeier et al. 1999c; Lutz et al. 2001a) to generate a library
of Haelll methyltransferase hybrids consisting of duplicated fused genes and dupli-
cates partially truncated at the 5" or 3’ coding regions. The library was subjected to
a selection and genes with duplications and truncations that retained in vivo activity
were identified (Szomolanyi et al. 1980).
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The selectants resembled natural methyltransferases from three known families in
that their N- and C-termini coincided with those of natural methyltransferases; there-
fore, these variants corresponded to possible intermediates on evolutionary paths
toward three distinct classes of methyltransferase proteins. The fact that these putative
intermediates have in vivo activity shows that new methyltransferase topologies can
have evolved gradually through multistep gene rearrangements. The authors point out
that the majority of the selectants exhibit a substantial decrease in enzyme activity. In
turn, they used random mutagenesis to demonstrate that point mutagenesis might
compensate for changes in topology and loss of activity during the evolutionary proc-
ess. In addition to the active sequences described above with N- and C-termini coin-
ciding with natural methyltransferases, one set of selected variants did not correspond
to any previously identified methyltransferase family. In these genes, the target-rec-
ognition domain was split in two; one part was located in the N-terminus and the
remainder at the C-terminus. Homology searches identified previously unsuspected
new methyltransferases in three different species, providing further indirect support
for the permutation by duplication mechanism of evolution.

4 Conclusion

The examples given demonstrate the power of chimeragenesis as a tool for gaining
insights into enzyme mechanism. In these examples, combining hybrid technology
with other innovative methods, such as random mutagenesis or DNA shuffling,
yielded information on structure—function relationships that was otherwise unat-
tainable. The basic process in all these studies is the preparation and identification
of hybrids exhibiting altered properties (such as selectivity, activity, pK , etc.) and
the subsequent study of the hybrid sequence to deduce which domains are respon-
sible for the changes. In many cases, chimeragenesis has shown that enzyme func-
tion is determined by discrete domains which can be interchanged between proteins
of the same family. However, often factors such as domain—domain interactions,
structural alterations, residue—residue coupling, etc. must be fine-tuned before domain-
swapped hybrids are active.

4.1 Advantages and Disadvantages of Hybrid Approaches

One of the advantages of chimeragenesis in studying structure—function relation-
ships is that large domains can be swapped at once, making it possible to rapidly
scan large sequence space. This removes some of the guesswork from protein engi-
neering that is necessary for rational point mutations. Another advantage of hybrid
approaches is that they can be used for applications where other methods fall short.
For example, they represent a rational approach for studying structure—function
relationships when the three-dimensional structure of an enzyme is unavailable.
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Hybrid approaches are also uniquely valuable in defining structure—function rela-
tionships that can be directly applied to the stabilization/humanization of engi-
neered proteins for medical purposes (Clark 2000; Calvo and Rowinsky 2005). The
work described in Sect. 3.1 by Benkovic, Iverson, Georgiou, and coworkers illus-
trates this: one of the hybrid proteins identified in this study (SCR23) can be con-
sidered a humanized enzyme because 82.9% of the sequence originates from the
human GST sequence, yet the hybrid displays the activity of the rat parent.

A disadvantage of using hybrid proteins to understand structure—function rela-
tionships is that they frequently misfold locally or globally. It is difficult to interpret
functional data because of a localized structural perturbation. As we have shown, if
a segment of enzyme A is replaced by the complementary segment in enzyme B, it
is likely that this segment would impart some of the catalytic character of enzyme
B to the hybrid. However, it is also reasonable to expect that this replacement would
alter the residue—residue interactions with the rest of the surrounding enzyme struc-
ture, resulting in unpredicted perturbations to functional and structural parameters.
This issue derives from the fact that enzymes consist of residue-residue networks
which cannot be disrupted without consequences. Computational methods, such as
the SCHEMA or IPRO algorithms, can be used to minimize the introduction of
unfavorable interactions (Bernhardt 2004; Saraf et al. 2006).

Thus, predicating or explaining the changes resulting from segment replacement
represents a significant challenge. The difficulty of interpreting hybrid results,
however, should not discourage an enzymologist. As illustrated in the examples
given, the construction and analysis of hybrid enzymes offers a unique means to
greatly further our understanding of enzyme chemistry.

4.2 Future Perspectives

In the future, we expect that the methods for producing hybrids will continue to
evolve. One important area of research is the development of computational models
to predict hybrid function. In many studies, hybrids are produced in a random fash-
ion and efficient selections are required to sieve through the large libraries in order
to identify active members. Thus, library-based random hybrid approaches depend
on the development of novel and efficient selections and screening methods such as
those highlighted in Sect. 3. As shown by Kim and coworkers in their work on
recruiting a new activity into the GlylI scaffold (Sect. 3.2) (Park et al. 2006), inno-
vative ways to combine chimeragenesis with other protein engineering methods
such as random and rational mutagenesis, DNA shuffling, and in vitro evolution
should be explored and are likely to result in impressive landmarks in protein engi-
neering. The idea of discovering “generalist” or “primordial” enzymes and using
them as starting points for engineering new activities is likely to be explored in the
coming years. The examples presented herein show that preparation of hybrids, and
their subsequent analysis, can be used to understand enzyme catalysis in a unique
way that beautifully complements other structure—function studies. Clearly, a lack
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of understanding of structure—function relationships hinders rational protein design,
and chimeragenesis is a useful tool in filling this void because what we learn about
the interchangeability of domains can be used to generate new enzymes.

Acknowledgments We thank the National Institutes of Health (5 F32 GM072320-02) for
supporting this work. We thank Todd Naumann for insightful discussions.

References

Adams J, Johnson K, Matthews R, Benkovic SJ (1989) Effects of distal point-site mutations on
the binding and catalysis of dihydrofolate reductase from Escherichia coli. Biochemistry
28:6611-6618

Agarwal PK, Billeter SR, Rajagopalan PT, Benkovic SJ, Hammes-Schiffer S (2002) Network of
coupled promoting motions in enzyme catalysis. Proc Natl Acad Sci USA 99:2794-2799

Appleman JR, Howell EE, Kraut J, Blakley RL (1990) Role of aspartate 27 of dihydrofolate
reductase from Escherichia coli in interconversion of active and inactive enzyme conformers
and binding of NADPH. J Biol Chem 265:5579-5584

Aravind L, Mazumder R, Vasudevan S, Koonin EV (2002) Trends in protein evolution inferred
from sequence and structure analysis. Curr Opin Struct Biol 12:392-399

Armstrong R (1990) Structure—function relationships in enzymic catalysis can chimeric enzymes
contribute? Chem Rev 90:1309-1325

Baird GS, Zacharias DA, Tsien RY (1999) Circular permutation and receptor insertion within
green fluorescent proteins. Proc Natl Acad Sci USA 96:11241-11246

Benkovic SJ, Hammes-Schiffer S (2003) A perspective on enzyme catalysis. Science 301:
1196-1202

Bernhardt R (2004) Optimized chimeragenesis creating diverse P450 functions. Chem Biol 11:287-288

Betton J-M, Jacob JP, Hofnung M, Broome-Smith JK (1997) Creating a bifunctional protein by
insertion of B-lactamase into the maltodextrin-binding protein. Nat Biotechnol 15:1276-1279

Brock BJ, Waterman MR (2000) The use of random chimeragenesis to study structure/function
properties of rat and human P450c17. Arch Biochem Biophys 373:401-408

Bujnicki JM (2002) Sequence permutations in the molecular evolution of DNA methyltrans-
ferases. BMC Evol Biol 2:3

Calvo E, Rowinsky EK (2005) Approaches to optimize the use of monoclonal antibodies to epi-
dermal growth factor receptor. Curr Oncol Rep 7:123-128

Cameron AD, Ridderstrom M, Olin B, Mannervik B (1999) Crystal structure of human glyoxalase
II and its complex with a glutathione thiolester substrate analogue. Structure 7:1067-1078

Chandrasegaran S, Smith J (1999) Chimeric restriction enzymes. What is next? Biol Chem
380:841-848

Cheon YH, Park HS, Kim JH, Kim Y, Kim HS (2004) Manipulation of the active site loops of
p-hydantoinase, a (/o) -barrel protein, for modulation of the substrate specificity. Biochemistry
43:7413-7420

Clark M (2000) Antibody humanization: a case of the ‘Emperor’s new clothes’? Immunol Today
21:397-402

Coco WM, Levinson WE, Crist MJ, Hektor HJ, Darzins A, Pienkos PT, Squires CH, Monticello
DJ (2001) DNA shuffling method for generating highly recombined genes and evolved
enzymes. Nat Biotechnol 19:354-359

Du Z, Tucker WC, Richter ML, Gromet-Elhanan Z (2001) Assembled F1-(of) and hybrid
Fl-a.B,y-ATPases from Rhodospirillum rubrum o, wild type or mutant B, and chloroplast
vy subunits. Demonstration of Mg2+ versus Ca2+-induced differences in catalytic site structure
and function. J Biol Chem 276:11517-11523



Understanding Enzyme Mechanism through Protein Chimeragenesis 25

Eisenmesser EZ, Bosco DA, Akke M, Kern D (2002) Enzyme dynamics during catalysis. Science
295:1520-1523

Fierke CA, Johnson KA, Benkovic SJ (1987) Construction and evaluation of the kinetic scheme
associated with dihydrofolate reductase from Escherichia coli. Biochemistry 26:4085-4092

Garcia-Viloca M, Gao J, Karplus M, Truhlar Donald G (2004) How enzymes work: analysis by
modern rate theory and computer simulations. Science 303:186—195

Graf R, Schachman HK (1996) Random circular permutation of genes and expressed polypeptide
chains: application of the method to the catalytic chains of aspartate transcarbamoylase. Proc
Natl Acad Sci USA 93:11591-11596

Grandori R, Struck K, Giovanielli K, Carey J (1997) A three-step PCR protocol for construction
of chimeric proteins. Protein Engin 10:1099-1100

Griswold KE, Kawarasaki Y, Ghoneim N, Benkovic SJ, Iverson BL, Georgiou G (2005) Evolution
of highly active enzymes by homology-independent recombination. Proc Natl Acad Sci USA
102:10082-10087

Gurvitz A, Wabnegger L, Langer S, Hamilton B, Ruis H, Hartig A (2001) The tetratricopeptide
repeat domains of human, tobacco, and nematode PEXS5 proteins are functionally interchange-
able with the analogous native domain for peroxisomal import of PTS1-terminated proteins in
yeast. Mol Gen Genom 265:276-286

Hallet B, Sherratt DJ, Hayes F (1997) Pentapeptide scanning mutagenesis: Random insertion of a
variable five amino acid cassette in a target protein. Nucleic Acids Res 25:1866-1867

Hayes JD, Flanagan JU, Jowsey IR (2005) Glutathione transferases. Annu Rev Pharmacol Toxicol
45:51-88

Heffron F, So M, McCarthy BJ (1978) In vitro mutagenesis of a circular DNA molecule by using
synthetic restriction sites. Proc Natl Acad Sci USA 75:6012-6016

Hennecke J, Sebbel P, Glockshuber R (1999) Random circular permutation of DsbA reveals seg-
ments that are essential for protein folding and stability. J] Mol Biol 286:1197-1215

Hopfner KP, Kopetzki E, Kresse GB, Bode W, Huber R, Engh RA (1998) New enzyme lineages
by subdomain shuffling. Proc Natl Acad Sci USA 95:9813-9818

Horswill AR, Naumann TA, Benkovic SJ (2004) Using incremental truncation to create libraries
of hybrid enzymes. Methods Enzymol 388:50-60

Horton RM, Hunt HD, Ho SN, Pullen JK, Pease LR (1989) Engineering hybrid genes without the
use of restriction enzymes: Gene splicing by overlap extension. Gene 77:61-68

Jeltsch A (1999) Circular permutations in the molecular evolution of DNA methyltransferases.
J Mol Evol 49:161-164

Karginov VA, Mamaev SV, An H, Van Cleve MD, Hecht SM, Komatsoulis GA, Abelson JN
(1997) Probing the role of an active site aspartic acid in dihydrofolate reductase. ] Am Chem
Soc 119:8166-8176

Kawarasaki Y, Griswold KE, Stevenson JD, Selzer T, Benkovic SJ, Iverson BL, Georgiou G
(2003) Enhanced crossover SCRATCHY: construction and high-throughput screening of a
combinatorial library containing multiple non-homologous crossovers. Nucleic Acids Res 31:
e126/121-e126/128

Ketterer B (2001) A bird’s eye view of the glutathione transferase field. Chem Biol Interact
138:27-42

Kikuchi M, Ohnishi K, Harayama S (1999) Novel family shuffling methods for the in vitro evolu-
tion of enzymes. Gene 236:159-167

Koonin EV, Wolf Y1, Karev GP (2002) The structure of the protein universe and genome evolu-
tion. Nature 420:218-223

Lee S-G, Lutz S, Benkovic SJ (2003) On the structural and functional modularity of glycinamide
ribonucleotide formyltransferases. Protein Sci 12:2206-2214

Luckow B, Renkawitz R, Schuetz G (1987) A new method for constructing linker scanning
mutants. Nucleic Acids Res 15:417-429

Lutz S, Benkovic SJ (2000) Homology-independent protein engineering. Curr Opin Biotechnol
11:319-324

Lutz S, Benkovic SJ (2002) Engineering protein evolution. Direct Mol Evol Proteins 177-213



26 N.M. Goodey, S.J. Benkovic

Lutz S, Ostermeier M, Benkovic SJ (2001a) Rapid generation of incremental truncation libraries
for protein engineering using a-phosphothioate nucleotides. Nucleic Acids Res 29:
el6/11-e16/17

Lutz S, Ostermeier M, Moore GL, Maranas CD, Benkovic SJ (2001b) Creating multiple-crossover
DNA libraries independent of sequence identity. Proc Natl Acad Sci USA 98:11248-11253

Mani M, Kandavelou K, Dy FJ, Durai S, Chandrasegaran S (2005) Design, engineering, and
characterization of zinc finger nucleases. Biochem Biophys Res Commun 335:447-457

Manoil C, Bailey J (1997) A simple screen for permissive sites in proteins: analysis of Escherichia
coli lac permease. ] Mol Biol 267:250-263

Martin JL, McMillan FM (2002) SAM (dependent) I AM: the S-adenosylmethionine-dependent
methyltransferase fold. Curr Opin Struct Biol 12:783-793

Mas MT, Chen CY, Hitzeman RA, Riggs AD (1986) Active human-yeast chimeric phosphoglycerate
kinases engineered by domain interchange. Science 233:788-790

Mei H-C, Liaw Y-C, Li Y-C, Wang D-C, Takagi H, Tsai Y-C (1998) Engineering subtilisin YaB:
restriction of substrate specificity by the substitution of Gly124 and Gly151 with Ala. Protein
Eng 11:109-117

Mittermaier A, Kay LE (2006) New tools provide new insights in NMR studies of protein dynam-
ics. Science 312:224-228

Nixon AE, Ostermeier M, Benkovic SJ (1998) Hybrid enzymes: manipulating enzyme design.
Trends Biotechnol 16:258-264

Ostermeier M, Benkovic SJ (2001) Construction of hybrid gene libraries involving the circular
permutation of DNA. Biotechnol Lett 23:303-310

Ostermeier M, Nixon AE, Benkovic SJ (1999a) Incremental truncation as a strategy in the engi-
neering of novel biocatalysts. Bioorg Med Chem 7:2139-2144

Ostermeier M, Nixon AE, Shim JH, Benkovic SJ (1999b) Combinatorial protein engineering by
incremental truncation. Proc Natl Acad Sci USA 96:3562-3567

Ostermeier M, Shim JH, Benkovic SJ (1999¢) A combinatorial approach to hybrid enzymes inde-
pendent of DNA homology. Nat Biotechnol 17:1205-1209

Park HS, Nam SH, Lee JK, Yoon CN, Mannervik B, Benkovic SJ, Kim HS (2006) Design and
evolution of new catalytic activity with an existing protein scaffold. Science 311:535-538

Peisajovich SG, Rockah L, Tawfik DS (2006) Evolution of new protein topologies through multi-
step gene rearrangements. Nat Genet 38:168-174

Ponting CP, Russell RB (1995) Swaposins: circular permutations within genes encoding saposin
homologs. Trends Biochem Sci 20:179-180

Rajagopalan PT, Lutz S, Benkovic SJ (2002) Coupling interactions of distal residues enhance
dihydrofolate reductase catalysis: mutational effects on hydride transfer rates. Biochemistry
41:12618-12628

Rod TH, Brooks CL (2003) How dihydrofolate reductase facilitates protonation of dihydrofolate.
J Am Chem Soc 125:8718-8719

Saraf MC, Horswill AR, Benkovic SJ, Maranas CD (2004) FamClash: a method for ranking the
activity of engineered enzymes. Proc Natl Acad Sci USA 101:4142-4147

Saraf MC, Moore GL, Goodey NM, Cao VY, Benkovic Stephen J, Maranas CD (2006) IPRO: an
iterative computational protein library redesign and optimization procedure. Biophys J 90:1-14

Schneider A, Stachelhaus T, Marahiel MA (1998) Targeted alteration of the substrate specificity
of peptide synthetases by rational module swapping. Mol Gen Genet 257:308-318

Shao Z, Zhao H, Giver L, Arnold FH (1998) Random-priming in vitro recombination: an effective
tool for directed evolution. Nucleic Acids Res 26:681-683

Short JM (1997) Recombinant approaches for accessing biodiversity. Nat Biotechnol 15:
1322-1323

Sieber V, Martinez CA, Arnold FH (2001) Libraries of hybrid proteins from distantly related
sequences. Nat Biotechnol 19:456-460

Smith J, Berg JM, Chandrasegaran S (1999) A detailed study of the substrate specificity of a chi-
meric restriction enzyme. Nucleic Acids Res 27:674-681



Understanding Enzyme Mechanism through Protein Chimeragenesis 27

Stemmer WP (1994a) DNA shuffling by random fragmentation and reassembly: in vitro recombi-
nation for molecular evolution. Proc Natl Acad Sci USA 91:10747-10751

Stemmer WP (1994b) Rapid evolution of a protein in vitro by DNA shuffling. Nature 370:
389-391

Stevenson JD, Benkovic SJ (2002) Combinatorial approaches to engineering hybrid enzymes.
J Chem Soc Perkin Trans 2:1483-1493

Stevenson JD, Lutz S, Benkovic SJ (2001) Retracing enzyme evolution in the (B(x)x—barrel scaf-
fold. Angew Chem Int Ed Engl 40:1854-1856

Szomolanyi E, Kiss A, Venetianer P (1980) Cloning the modification methylase gene of Bacillus
sphaericus R in Escherichia coli. Gene 10:219-225

Volkov AA, Shao Z, Arnold FH (2000) Random chimeragenesis by heteroduplex recombination.
Methods Enzymol 328:456—463

Wang Z, Fast W, Benkovic SJ (1999) On the mechanism of the metallo-beta-lactamase from
Bacteroides fragilis. Biochemistry 38:10013-10023

Wells JA, Vasser M, Powers DB (1985) Cassette mutagenesis: an efficient method for generation
of multiple mutations at defined sites. Gene 34:315-323

Wu R, Ruben G, Siegel B, Jay E, Spielman P, Tu CP (1976) Synchronous digestion of SV40 DNA
by exonuclease III. Biochemistry 15:734-740

Yanchak MP, Taylor RA, Crowder MW (2000) Mutational analysis of metallo-beta-lactamase
CcrA from Bacteroides fragilis. Biochemistry 39:11330-11339

Zhao H, Giver L, Shao Z, Affholter JA, Arnold FH (1998) Molecular evolution by staggered
extension process (StEP) in vitro recombination. Nat Biotechnol 16:258-261



Chemical Protein Engineering: Synthetic
and Semisynthetic Peptides and Proteins

L. Merkel, L. Moroder, and N. Budisa(P<)

Contents

I IntroduCtion . . ... oot e 29

2 Synthesis of Peptides and Proteins . ......... ... .. .. i 30
2.1 Synthesis in SOIUHON. . . . ..ottt e 30
2.2 Synthesis on Solid SUPPOITS . . . . ..ot 31
2.3 Fragment Condensation Strategies . ............... ..., 32
2.4 Chemoselective Ligation. . ... ...ttt e 34
2.5 Native Chemical Ligation. ... .......oou ittt e 36
2.6 Protein Splicing and Expressed Protein Ligation............................. 41
2.7 Amide Bonds Generated by Decarboxylative Condensation . . .................. 42
2.8 Staudinger Ligation. . . ....... .. e 43

3 Chemical Modification of Proteins . ........... ...t 44
3.1 Chemical versus Ribosomal Synthesis............. ... .. ... .. ... 45
3.2 Side Chain Modifications . . . ........... it 47

4 Enzyme-Mediated Peptide Bond Formation .. ......... ... ... ... .. .. .. .. ... 55

References . . ... .. . 58

Abstract Chemical engineering of proteins provides a pool of various synthetic and
semisynthetic methods. These involve techniques for the design of peptides and
proteins equipped with chemical handles at defined positions in the target struc-
tures. Using water-compatible bioorthogonal chemical ligations gained immense
importance in chemical and cellular biology for regioselective addressing to target
structures. Beside classical protein modifications, we present examples not only of
expressed protein modifications, but also of the attachment of small molecules by
native and expressed chemical ligation, modified Staudinger ligation, and of the
copper(I)-catalyzed Huisgen [3+2] cycloaddition of azides and alkynes. Recently,
in addition to enzymatic methods, the use of organometallic chemistry, i.e. regiose-
lective palladium-catalyzed C-C coupling (Sonogashira, Suzuki, and Mizoroki-
Heck reactions), became available as a tool for tailored protein modifications. This
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and ligation methods in the field.
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1 Introduction

Since the proteins participate in one way or another in all chemical processes in the living
organisms, one may expect highly significant information for biological chemistry from the
elucidation of their structure and their transformations. It is therefore no surprise that the study
of these substances, from which chemists have largely withdrawn for more than a generation,
because they found more worthwhile work in the development of synthetic methods or in the
study of simpler natural compounds, has been cultivated by the physiologists in ever-increasing
degree and with unmistakable success. Nevertheless, there was never any doubt that organic
chemistry, whose cradle stood at the proteins, would eventually return to them. Whereas cau-
tious colleagues fear that a rational study of this class of substances will encounter insuperable
difficulties, because of their highly inconvenient physical properties, other optimistically
inclined observers, among whom I number myself, believe that one should at least attempt to
besiege the virgin fortress with all the present-day resources; since only through daring can the
limits of the potentialities of our methods be determined (Fischer 1906).

Emil Fischer, the pioneer and founder of peptide chemistry, anticipated as long
ago as 1906 that advances in both peptide and protein research would require the
combined efforts of organic chemistry and biology (Fischer 1906). This cautiously
optimistic prediction about the synthetic accessibility of peptides and proteins has
been realized most successfully in the last few decades with the large and solid
knowledge in chemical synthesis and semisynthesis of proteins accumulated by
chemists and biochemists over the last century. The conceptual and methodological
advances have provided many refined strategies for essentially routine synthesis in
solution and on solid supports of small to medium-sized polypeptides. However, for
peptides containing numerous sensitive amino acids or particular sequences and side
chain modifications it is still neither a routine nor a trivial matter. Similarly, the syn-
thesis of proteins in stepwise solid-phase mode or by optimized segment condensa-
tion strategies in solution and on resin, or by convergent techniques still represents
a challenging task. However, with the advent of new synthetic methods such as the
chemoselective ligation of synthetic or bioexpressed protein fragments, and with the
fast developments for manipulation of the genetic code new ingenious and most
efficient techniques have been devised for synthesizing proteins with native or tai-
lored new functions. The intent of this chapter is to provide insights into emerging
new synthetic tools available for protein/peptide functionalization mainly by using
ligation methods and to a lesser extent by postsynthetic side chain modifications.

2 Synthesis of Peptides and Proteins

2.1 Synthesis in Solution

Two lectures at the 74th meeting of the Society of German Scientists and Physicians
in Karlsbad in 1902 mark the emergence of the Fischer—Hofmeister theory on pro-
tein structure (Fischer 1902; Hofmeister 1902). The backbone structure consists of
repeating peptide bond units and thus proteins are made up of o-amino acids that
are linked from head to tail by amide bonds. Since then a plethora of chemical
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methods for peptide bond formation have been developed, among which only a
restricted number fulfill all the basic requirements for efficient peptide synthesis,
such as fast and quantitative coupling reactions that proceed without enantiomeri-
zation (generally termed “racemization”) or other side reactions. In parallel to the
chemistry of peptide bond formation, efficient orthogonal protection strategies have
been devised for the synthesis both in solution and on resin of peptides and pro-
teins, and the present state of the art in the field has been extensively reviewed in
monographs (Benoiton 2006; Bodanszky 1993; Kates and Albericio 2000; Lloyd-
Williams et al. 1997) and most comprehensively in a new Houben—Weyl treatise on
the synthesis of peptides and peptidomimetics (Goodman et al. 2002).

Synthesis of peptides in solution was pioneered by du Vigneaud (1953) with the
synthesis of oxytocin in 1953. The stepwise approach applied in the synthesis of
larger peptides was soon replaced by fragment condensation procedures, as the
major difficulty encountered in the synthesis of larger peptides was the poor solu-
bility of the growing fully protected polypeptide chains in most of the organic
solvents. An assembly of smaller fully protected fragments offered an efficient
bypass to this problem, leading to the successful synthesis of longer polypeptide
chains (Wiinsch 1971). This synthetic strategy combined with optimized coupling
reagents and protecting groups finally enabled the synthesis of ribonuclease A in
solution (Yajima and Fujii 1981). As an alternative approach to the solubility prob-
lem, the strategy of minimum protection was developed, which, combined with the
azide coupling procedure, led to the total synthesis of ribonuclease S by Hirschmann
and associates (Denkewalter et al. 1969; Hirschmann et al. 1969; Veber et al. 1969).
Other attempts to synthesize ribonuclease T1 (Storey et al. 1972; Yanaihara et al.
1969) and iso-1-cytochrome ¢ (Moroder et al. 1972, 1975) failed because of solu-
bility problems and particularly because of the low coupling efficiency of the azide
method, which at that time was the only procedure compatible with this synthetic
strategy. The concept of using minimally protected segments for the synthesis of
proteins was further developed and improved by employing more efficient coupling
reactions (Aimoto 1999; Aimoto et al. 1989; Blake 1981). Further progress of this
strategy finally led to the most recent procedures based on chemoselective ligation
of fully unprotected fragments into target polypeptide chains (see Sect. 2.5.2).

2.2 Synthesis on Solid Supports

The most innovative discovery in peptide chemistry is the ingenious development of
solid-phase peptide synthesis by Merrifield (1963), which soon after allowed him to
report the total synthesis of ribonuclease A (Gutte and Merrifield 1969). By this syn-
thetic procedure the whole polypeptide chain is assembled in stepwise manner on a
solid support to which the C-terminal amino acid residue is anchored covalently by
a scissile bond that is cleaved concurrently with full deprotection of the target
polypeptide chain or under selective conditions to produce fully protected peptide
fragments except for the C-terminal carboxy group. Because of the insolubility of the
peptide—resin conjugate, this technique allows at each synthetic step of the repetitive
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couplings of suitably protected amino acid residues with subsequent selective
Ne-deprotection and neutralization, and exhaustive washings to remove excess rea-
gents and soluble coproducts. Thereby most of the new advances in the chemistry of
peptide synthesis in solution could be transferred to the new technique and were then
further optimized in terms of protection strategies and coupling efficiencies to reach
performances suitable for automatization. Indeed, nowadays standard synthesis of
peptides is generally carried out using automated and commercially available instru-
ments that perform most of the synthetic steps under the control of computers.

Despite these continuous improvements even the solid-phase peptide synthesis
suffers from serious limitations related to the chemistry applied. In fact, by assuming
that an n-membered peptide is generated with a particular coupling efficiency (r) per
cycle, one can derive the percentage of correct molecules in the final product using
the expression (#/n)"! x 100%. Correspondingly, for r = 98% the proportion of cor-
rect molecules in the synthesis of a 100-membered polypeptide is maximally 13%,
whereas for a 300-membered chain it is reduced to 0.24%. Furthermore,
if the coupling efficiency is lowered to 95%, the percentages of theoretically
expected correct molecules are dramatically reduced to 0.62 and 0.00002%, respec-
tively (Offord 1987). In addition to the problem of incomplete couplings, there are
other serious shortcomings of the solid-phase peptide synthesis method which derive
from loss of side chain protections and partial cleavage of the peptide from the resin
during chain assembly as well as various side reactions in the chain elongation and
final deprotection/resin-cleavage steps. In addition, sequence-dependent poor cou-
pling yields are often encountered. These can partly be bypassed by the use of newly
discovered coupling procedures such as the urethane-protected carboxyanhydrides
(Fuller et al. 1990; Fuller and Yalamoori 2002), the coupling agent N,N,N’,N’-
tetramethyl-O-(7-azabenzotriazol-1-yl)uronium hexafluorophosphate (HATU)
(Bienert et al. 2002; Carpino 1993), or acyl fluorides (Beyermann et al. 2002;
Carpino and Mansour 1992), difficulties arising from aggregation phenomena even
on solid supports were at least partially circumvented by applying pseudoproline
synthons (Haack and Mutter 1992; Mutter et al. 1995) or temporary depsipeptide
structures (Sohma et al. 2004; Akaji et al. 1999; Carpino et al. 2004; Mutter et al.
1995, 2004) whenever possible. Despite these continuous new improvements, syn-
thesis of peptides with lengths over 50 residues can by no means be classified as
routine work. The successful accomplishment of such syntheses may become even
more difficult with multiple-cysteine-containing peptides, where the production of
correct disulfide connectivities by regioselective disulfide pairing procedures or by
oxidative refolding often represents an additional serious challenge (Akaji and Kiso
2003; Annis et al. 1997; Kimura 2003; Moroder et al. 1996, 2005).

2.3 Fragment Condensation Strategies

Although various successful syntheses of smaller proteins by the stepwise chain
elongation procedure on a solid support have been reported (Dawson and Kent
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2000) since the pioneering synthesis of ribonuclease A by Gutte and Merrifield
(1969), a shift from this linear to a convergent strategy relying on the assembly of
peptide segments, in analogy to the fragment condensation in solution, has signifi-
cantly advanced the access to smaller proteins (Lloyd-Williams et al. 1993). More
appropriate, however, proved to be the assembly of the protected fragments in
solution, i.e., by changing the phase. By this approach, various proteins were pre-
pared in a homogeneous form (Sakakibara 1999). The crown of these efforts is
certainly the total chemical synthesis of the 238-membered green fluorescent pro-
tein by Sakakibara’s group (Nishiuchi et al. 1998). As shown in Fig. 1 fully pro-
tected fragments consisting of ten to 12 residues were synthesized on resin and
purified to a degree of homogeneity suitable for their condensation in sequence
order. The main drawback of these synthetic efforts was the low yield of the cor-
rectly folded protein, which additionally implies the spontaneous autocatalytic
chromophore formation (Fig. 1).

Currently, there are still major shortcomings of this type of fragment condensation
strategy which prevent a more general application for the synthesis of proteins. Fully
protected intermediates with lengths of over 60 amino acid residues are usually poorly
soluble or insoluble, especially when prone to -sheet formation. Therefore, the

A - Amino acid sequence of GFP B -
3D Structure of GFP

1 20 30 40 50 50
MSKGEELFTG VVPILVELDG DVNGQKFSVS GEGEGDATYG KLTLKFICTT GKLPVPWPTL
1] 80 % 100 110 120
VTTLSYGVQC FSRYPDHMKQ HDFFKSAMPE GYVQERTIFY KDDGNYKTRA EVKFEGDTLV
130 140 150 180 170 180
NRIELKGIDF KEDGNILGHK MEYNYNSHNV YIMADKPKNG IKVNFKIRHN IKDGSVQLAD

190 200 210 220 230 238
HYQQNTPIGD GPVLLPDNHY LSTQSALSKD PNEKRDHMVL LEFVTAAGIT HGMDELYK

C - Synthetic route for coupling of GFP fragments
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Fig. 1 Total chemical synthesis of the green fluorescent protein (GFP) by the fert-butyloxycarbo-
nyl protection strategy in combination with OPac esters for the C-terminal carboxy groups.
(a) Primary and (b) tertiary structure of GFP, and (¢) scheme of fragment condensations. Upon
folding of the fully deprotected polypeptide chain, only a small portion underwent spontaneous
chromophore formation (d; Nishiuchi et al. 1998; Sakakibara 1999)
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biggest contribution toward making the present methodology more widely applicable
would be the finding of some powerful solvent systems suitable for dissolving the fully
protected segments and reaction conditions for coupling segments effectively in such solvents
(Sakakibara 1999).

Moreover, the homogeneity of the protected fragments is often not sufficient
to allow efficient coupling reactions. Finally, there is always the risk of low yields
deriving from improperly folded synthetic proteins. However, this problem is
encountered independently whether the polypeptide chain is obtained by chemi-
cal synthesis or recombinant technology.

2.4 Chemoselective Ligation

The first attempts to assemble proteins by alternative procedures to the total chemical
synthesis involved a combination of a synthetic with a biosynthetic portion by either
noncovalent or covalent bonds. The biosynthetic protein fragment can be obtained by
chemical or enzymatic fragmentation of natural proteins or by recombinant tech-
niques. The noncovalent assembly implies tight complex formation between two
protein fragments with the biological or enzymatic activities being fully retained (for
a review see Offord 1990). Conversely, for the covalent assembly, the synthetic por-
tion is designed with all the desired modifications, including the chemical functional-
ity required for chemoselective ligation. The respective functionalization of the
biosynthetic fragment is restricted to a few available reactions that can be performed
on unprotected polypeptides. However, chemoselective ligation is often performed
using only suitably modified unprotected synthetic peptides. The regio- and chemose-
lectivity is achieved with pairs of functional groups of complementary reactivity such
as hydrazides or aminooxy groups, which readily react with aldehydes to form stable
hydrazones or oxime bonds, while a thiol and a bromoacetyl group lead to thioester
bonds. The advantage of these peptide bond replacements lies in the high and specific
reactivity between two functional groups not found among the canonical amino acids
(Offord 1991). However, the bioactivities of the protein constructs have to be retained
despite the unnatural bond replacing the native peptide bond.

24.1 Hydrazone and Oxime Chemistries

Offord and Rose have pioneered the introduction of hydrazone and oxime bonds for
regiospecific chemoselective ligation of unprotected fragments of proteins to gener-
ate macromolecular adducts as well as for conjugation of a variety of molecular
probes to proteins (Gaertner et al. 1992; Gaertner and Offord 2003; Rose 1994).
Because of the requirement of an aldehyde, the periodate oxidation of N-terminal
serine or threonine residues of proteins was used to generate this functionality, while
the hydrazide or aminooxy group is incorporated into the synthetic fragment.

These reactions can be performed in the presence of unprotected lysine residues in
slightly acidic aqueous solution as the formation of the corresponding Schiff base is
reversible, with the carbonyl form favored under such conditions. Conversely, aldehydes
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Fig. 2 Reaction of aldehydes with primary amines (a), hydrazide- and aminooxy-containing
compounds (b, ¢), and cysteine (d; pseudoproline ligation)

react almost irreversibly with hydrazide- and aminooxy-containing compounds, yield-
ing stable hydrazones and oximes under the same physiological conditions (Fig. 2).

2.4.2 Pseudoproline Chemistry

To achieve efficient condensation of relatively large peptide segments by bimolecu-
lar reactions, one can exploit a transient covalent linkage to bring two components
together through a specific reaction of high efficiency (proximity principle; see
Sect. 2.5.1). This principle is exploited in the pseudoproline ligation procedure
(Liu and Tam 1994), where in a first reaction an aldehyde group in form of a gly-
coaldehyde ester at the C-terminus of one fragment forms a Schiff base with the
amino group of the second fragment (Fig. 2). The Schiff base is converted into a
five-membered ring involving the B-hydroxy of serine and threonine or the B-thiol
function of cysteine with subsequent O—N or S—N acyl shift and generation of a
pseudoproline residue at the ligation site (Fig. 3).

2.4.3 Thioester Bond Formation

A useful and highly selective chemical ligation can be achieved by reaction of a
C-terminal carbothioate group with N-bromoacetyl peptides at pH < 4 to form a
thioester bond (Schnodlzer and Kent 1992). The chemoselectivity of this reaction
derives from the strongly nucleophilic thioacid group with its pK, of about 3. At this
pH, no other groups of an unprotected peptide are sufficiently reactive to compete
for the bromoacetyl group; in particular the cysteine thiol group has a pK, of about
9. With the synthesis of a variety of protein targets, it has been demonstrated that the
thioester ligation is chemoselective for all functional groups of the canonical amino
acids (Baca et al. 1995). By this procedure a fully active HIV-protease analog was
synthesized with a pseudo-Gly-Gly sequence at the ligation site (Fig. 4). However,
even other pseudo-Xaa-Gly (Xaa is any amino acid) sequences can be mimicked by
the thioester ligation using corresponding thioacids.
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Fig. 3 Pseudoproline ligation via imine capture. A peptide containing a C-terminal glycoaldehyde
ester reacts with a second peptide carrying cysteine, serine, or threonine as an N-terminal residue
to form a pseudoproline analog (thiazolidine or oxazolidine)
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Fig. 4 Backbone engineering of HIV-protease via peptide bond replacement by a thioester bond
(Schnolzer and Kent 1992)

2.5 Native Chemical Ligation

2.5.1 S—N Acyl Shift and the Proximity Rule

Wieland et al. (1953) showed in the early 1950s that S-aminoacyl cysteine derivatives
undergo an intramolecular transacylation to form N®-aminoacyl cysteine compounds
via a five-membered transition state (Fig. 5). This reaction proceeds even under mild
acidic conditions and, as expected, the rate of conversion increases with higher pH
values. The potential of this reaction for the synthesis of peptides was obvious and
indeed H-Val-Cys-OH was obtained in good yields from H-Val-SPh and H-Cys-OH.
With this type of reaction, after the capture of the two components the peptide bond
formation becomes a first-order reaction involving an intramolecular acyl transfer.
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Fig. 6 Thiol capture ligation according to Kemp (1981)

These experiments led Brenner et al. (1957) to coin the concept of entropic acti-
vation, and to address the significance in the context of peptide bond formation via
the proximity principle which leads to increased effective local concentration of the
amine nucleophile and carboxyl electrophile if these two groups are brought into
close proximity. This concept was later realized by Kemp (1981) by the “prior thiol
capture strategy” making use of a mercaptodibenzofuranyl ester as a template to
ligate chemoselectively two peptide fragments (Kemp and Carey 1993; Fig. 6). In
the first step, a disulfide is formed via thiol-disulfide exchange between the acti-
vated disulfide of the cysteinyl peptide and the mercaptodibenzofuranyl ester of the
N-terminal peptide in a bimolecular reaction. For this type of chemoselective reac-
tion, protection of the peptide fragments is not required. After the first step, ami-
nolysis of the ester occurs as an intramolecular reaction at high rates leading to the
peptide bond formation. Final reduction of the disulfide releases the coupled pep-
tide and the template molecule.

2.5.2 Native Chemical Ligation of Unprotected Peptides

The preliminary work of Wieland and Kemp was further developed by Tam by the
use of glycoaldehyde ester (Liu and Tam 1994), and then almost simultaneously by
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Fig. 7 Reaction mechanism of native chemical ligation

Kent (Dawson et al. 1994) and Tam (Tam et al. 1995) for the development of a highly
chemoselective ligation of unprotected peptide fragments via peptide amide bonds to
produce larger polypeptide chains and proteins. This strategy, termed “native chemi-
cal ligation” (NCL), exploits the reversible intermolecular transesterification between
a peptide thioester and the nucleophilic thiol group of an N-cysteinyl peptide to pro-
duce the S-(peptidyl)-cysteinyl peptide as an intermediate (Fig. 7). In the absence
of structurally favored proximity effects or of the assistance by functionalities in a
correct architecture as present in the inteins for protein splicing (see Sect. 2.6),
hydroxy groups and amines present in the unprotected peptide segments are too weak
as nucleophiles to compete under neutral conditions with the transesterification by the
thiol groups. The thioester itself is generally relatively unreactive to aminolysis; but
the S-(peptidyl)-cysteinyl peptide formed as an intermediate in the first step rapidly
undergoes the S—N acyl shift, through the favorable five-membered-ring intermedi-
ate, to produce the native peptide bond at the ligation site in an irreversible reaction
step (Dawson and Kent 2000; Kent 2003).

Closely related to NCL above described is the acyl-initiated capture (Tam et al.
1995). In this case, a peptide with a C-terminal thioacid reacts with a second pep-
tide bearing B-bromoalanine as an N-terminal residue. The product of this capture
reaction is again the thioester that undergoes the S—N acyl shift to generate the
native bond and a cysteine residue (Fig. 8). The limitation of this procedure is the
use of bromoalanine, which can readily form aziridine or undergo 3-elimination.

2.5.3 Potentials and Limitations of Native Chemical Ligation

The yields reported for the synthesis of proteins by NCL fully confirm the high
potential of this procedure as an alternative or complementary approach to protein
engineering methods based on ribosome-mediated protein expression. The method
of choice will therefore be ultimately dictated by the envisaged practical applica-
tions (Dawson and Kent 2000). On the other hand, the synthesis of proteins by NCL
currently has no rival in the experimental design of proteins, which includes
sequential isotopic labeling, preparation of circular proteins, and insertion of non-
native peptide fragments or nonpeptidic molecules at predefined sites to name just
a few examples (Nilsson et al. 2005). The basic drawback of NCL is the obligatory
requirement of a cysteine as the N-terminal residue in one ligating fragment.
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Fig. 8 Acyl-initiated capture for the thioester formation as the first step in native chemical ligation
(Tam et al. 1995)

Additionally, it is important to prevent oxidation of the cysteine thiol group to the
disulfide dimer (which is inactive in ligation). This is readily achieved by operating
under reducing conditions. Denaturants such as guanidine hydrochloride or urea do
not interfere with the ligation reaction and are generally added to enhance the solu-
bility of the peptide segments, and thus their concentration. The reaction itself pro-
ceeds very fast, but reaction rates and yields do depend strongly on the amino acid
residue at the thioester site (Dawson and Kent 2000).

2.5.4 Cysteine Mimetics for Native Chemical Ligation

In addition to cysteine, other nucleophiles such as serine, threonine, and even histi-
dine and tryptophan which contain hydroxy and amine groups on their side chains in
proximity of the ai-amino group can act as nucleophilic partners in the capture reac-
tion, although with lower efficiency (Tam et al. 2001). More efficient are cysteine
mimetics such as homocysteine and selenocysteine (Sec). The homocysteine inserted
synthetically as a replacement for methionine residues allows for regeneration of this
residue after ligation by methylation with methyl p-nitrobenzenesulfonate (Tam and
Yu 1998). On the other hand, a selenolate is more nucleophilic than a thiolate and the
pK, of the selenol group (5.2-5.7) is lower than that of a thiol (8.5). Correspondingly,
the transesterification reaction should occur under acidic conditions at higher rates
with peptide fragments containing a Sec residue as the N-terminal nucleophile com-
pared with the cysteinyl peptides (Fig. 9). Indeed, at pH 5.0, the reactions with Sec
are 103-fold faster than with cysteine (Gieselman et al. 2002). Moreover, ligation with
N-Sec fragments could serve as a straightforward approach to generate Sec-contain-
ing proteins (Quaderer 2001). The fast and mild oxidative elimination of selenides to
dehydroalanine could generate regioselectively a reactive handle for other chemose-
lective transformations (Gieselman et al. 2002).
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Fig. 9 Native chemical ligation with selenocysteine (Gieselman et al. 2002)
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Fig. 10 An example of native chemical ligation with 1-phenyl-2-mercaptoethyl derivatives as
auxiliaries (Botti et al. 2001). These auxiliaries are readily removed with trifluoroacetic acid after
completion of the ligation reaction

2.5.5 Native Chemical Ligation with Removable Auxiliaries

In the absence of cysteine residues in suitable positions of the target peptide
or protein, this residue can be introduced purposely for the ligation reaction as it
can readily be transformed after completion of the reaction into amino acids with
or without functionalities by alkylation reactions. For example, cysteine residues
were introduced into synthetic protein fragments and afterwards alkylated with
bromoacetic acid or bromoacetamide to generate the noncoded amino acid resi-
dues pseudoglutamate or pseudoglutamine, which are electronically and steri-
cally similar to their natural counterparts glutamate/glutamine (Kochendoerfer
et al. 2003; Clayton et al. 2004). Cysteine residues can also be converted to alanine
by desulfuration with palladium or Raney nickel (Yan and Dawson 2001).

An alternative approach to bypass the absence of cysteines in the sequence of
target proteins is the use of glycines N®-substituted with oxyethanethiol, which
can be removed by zinc to regenerate the glycine residue (Canne et al. 1996). The
use of 2-mercaptobenzyl groups and 2-mercaptoethyl derivatives (Fig. 10) as sec-
ond-generation auxiliaries provided an important advancement in the field (Botti
et al. 2001; Kawakami et al. 2001). For additional auxiliaries developed over
recent years the reader is directed to the recent comprehensive review of Nilsson
et al. (2005).
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2.5.6 Sequential Peptide Ligation

The synthesis of peptides and particularly proteins by Native chemical ligation
NCL would significantly benefit from ligation of a larger number of smaller frag-
ments more readily accessible in homogeneous form by synthetic means. These
fragments should contain N-terminally a temporary protected cysteine residue and
C-terminally the required thioester to allow their assembly into the target protein
sequence in the C—N direction. Photolabile groups were proposed as readily remov-
able cysteine protection (Hennard and Tam 1997). However, the most successful
protection proved to be the conversion of cysteine into 1,3-thiazolidine-2-carboxylic
acid, from which the unprotected cysteine is readily recovered by treatment with O-
methylhydroxylamine (Thamm et al. 2002; Villain et al. 2001). An alternative N—
C ligation of suitable fragments is feasible by kinetic control using the less reactive
thioalkyl esters for intermediate C-terminal protection of the N*-cysteinyl peptide
while performing the transesterification reaction with the more reactive thioaryl
ester of the N-terminal peptide fragment. A convergent approach based on the use
of both ligation strategies, as exemplarily applied for the synthesis of crambin (Bang
et al. 2006), should facilitate synthetic access to even larger proteins.

A theoretically interesting, but from a practical point of view probably less effi-
cient sequential ligation relies on the use of a peptide mercaptoethyl ester which acts
as the nucleophile for transesterification with the peptide thioester. Subsequent ami-
nolysis of the thioester regenerates the mercaptoethyl ester in the two ligated pep-
tides at the C-terminus for additional sequential ligations. However, the intramolecular
aminolysis of the thioester, which in this case is not favored by the proximity princi-
ple, i.e., by an S—N acyl shift via a five-membered intermediate, proceeds at low
rates under mild acidic conditions. The rate can be enhanced by addition of Ag* ions
(Lu and Tam 2005).

2.6 Protein Splicing and Expressed Protein Ligation

Pure chemical ligation strategies are nowadays supplemented with or even replaced
by biochemical approaches that involve molecular biology techniques that emerged
from a burgeoning revolution in proteomics, which is fuelling the need for proteins
with tailored modifications. In addition to the use of expressed protein fragments
containing an N-terminal cysteine residue, mechanisms of autocatalytic post-
translational modifications can be exploited to access expressed proteins or protein
fragments as derivatives or variants suitable for orthogonal chemical ligations. An
autocatalytic processing of expressed proteins that can be exploited for the prepara-
tion of expressed protein fragments as thioesters is protein splicing (Kane et al.
1990; Paulus 2000).

In this process an internal intein domain excises itself from a host protein, the
extein. Thereby, the intein is split N- and C-terminally and splicing only occurs on
reconstitution of the two extein fragments (Gogarten et al. 2002). All classes of
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inteins are characterized by several conserved sequence motifs containing the criti-
cal residues for catalyzing the splicing reaction (Perler 2002). With suitable muta-
tions of the intein segment, the autolytic process can be stopped at the thioester
intermediate, which can then be used to cleave the intein variant with excess of suit-
able mercaptanes to produce the polypeptide thioester as required for chemical liga-
tion with synthetic N-cysteinyl peptides. This strategy, termed “expressed protein
ligation” (Muir et al. 1998) or “intein mediated ligation™ (Evans et al. 1998), repre-
sents an efficient extension of the purely synthetic Native chemical ligation NCL as
it takes advantage of recombinant DNA technology to generate protein fragments
via ribosomal synthesis. By this approach large proteins become accessible for
chemoligation (Paulus 2000) and the tools for generation of C-terminal thioester-
tagged proteins are now even commercially available (e.g., IMPACT™-system from
New England Biolabs). The thioesters accessible by this recombinant technique may
also serve for the synthesis of (diphenylphosphinyl) methane thioesters as intermedi-
ates in the traceless Staudinger ligation (Nilsson et al. 2003). Conversely, protein
fragments that contain an N-terminal cysteine residue can be obtained directly by
expression or by enzymatic cleavage of appropriate precursors containing suitable
amino acid residues or sequences for selective cleavage at Xaa-Cys bonds (e.g., the
endogenous methionyl-peptidases of Escherichia coli or proteases such as factor
Xa; for more details see the chapter by Imperiali and Vogel Taylor, this volume).

2.7 Amide Bonds Generated by Decarboxylative
Condensation

A decarboxylative condensation of o-keto carboxylic acids and N-alkylhydroxyl-
amine derivatives may well represent a promising amide-forming reaction for liga-
tion chemistry (Bode et al. 2006). The reaction tolerates several unprotected
functional groups and is highly chemoselective. It proceeds in water without cata-
lysts or other reagents, generating water and carbon dioxide as the only by-products
(Fig. 11). Application of this reaction for condensation of model peptides has been
reported (Carrillo et al. 2006). The great advantage of this ligation chemistry would
be the absence of specifically required amino acids at the C- or N-termini of the
peptide/protein fragments. Most importantly, epimerization of the ketoacid does
not occur during the reaction (Bode et al. 2006).
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Fig. 11 Decarboxylative condensation of o-ketoacids and N-alkylhydroxylamine derivatives
(Bode et al. 2006)



Chemical Protein Engineering 43

2.8 Staudinger Ligation

Staudinger und Meyer (1919) reported that azides react smoothly with triaryl phos-
phines under mild conditions. This reaction yields almost quantitatively aza-ylides
without noticeable formation of side products (Fig. 12).

This classic organic reaction was recognized by Saxon and Bertozzi (2000) and
Raines (Nilsson et al. 2000) as a tool for ligation of peptides via amide bond formation.
The basic motivation for the application of this chemistry was the limits of the hydra-
zone ligation methods in vivo as hydrazine probes react readily with cellular ketones,
whereas azides and phosphines are expected to represent bioorthogonal functionali-
ties; these groups are abiotic and unreactive toward biomolecules in cells.

As the aza-ylides undergo spontaneous hydrolysis to form primary amines and
phosphine oxide in aqueous environments, Saxon and Bertozzi (2000) introduced an
ester moiety into the phosphine structure as an electrophilic trap. The ester moiety
would then capture the nucleophilic aza-ylide by intramolecular cyclization, forming
a stable amide before the competing aza-ylide hydrolysis can occur (Fig. 13). This
reaction was successfully used for introduction of molecular probes and nonpeptidic
molecules into proteins (Prescher and Bertozzi 2005).

On the basis of these first results, a traceless Staudinger reaction was developed
in parallel efforts by the laboratories of Bertozzi (Saxon et al. 2000) and Raines
(Nilsson et al. 2000), where the phosphine oxide moiety is released after comple-
tion of the reaction, as shown in Fig. 14. The key novelty of this reaction is the use
of a phosphinothiol, which allows one in a first step to couple a peptide thioester to

- N2 ® O H20
PhsP + NS—O — PhsP—N — PhaP=0 + HzN—O

Fig. 12 Reaction of azides with phosphines to yield primary amines (Staudinger and Meyer 1919)
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Fig. 13 Mechanism of the modified Staudinger reaction (Saxon and Bertozzi 2000)
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Fig. 14 Traceless Staudinger reaction for peptide ligation (Nilsson et al. 2000)

the phosphine via transthioesterification (Nilsson et al. 2000), while the peptidyl
phosphine ester has to be prepared separately (Saxon et al. 2000). Reaction with an
a-azidoacyl peptide as a second fragment leads to the aza-ylide, where the highly
nucleophilic nitrogen attacks the carbonyl to produce the amidophosphonium salt
that hydrolyzes to the amide product and phosphine oxide. To increase the relatively
low reaction yields, various phosphines were analyzed and among these ligation
with diphenylphosphinomethanethiol was found to be the most suitable reagent. This
may derive from the five-membered transition state compared with the six-membered
ring in the case of 2-diphenylphosphinylthiophenol or 2-(diphenylphosphinyl)phenol
(Saxon et al. 2000).

The efficiency of the traceless Staudinger ligation has been well documented by
the successful synthesis of the isotopically labeled ribonuclease A (Nilsson et al.
2003) using an expressed thioester fragment and a synthetic N*-azido peptide. On
the other hand, expression of a protein with azidohomoalanine as a replacement for
methionine residues allowed for its regioselective modification with phosphines
containing suitable molecular probes (Kiick et al. 2002). This latter approach
appears highly promising even for in vivo protein modifications, a fact that would
represent a great breakthrough in the field.

3 Chemical Modification of Proteins

There are only a few proteins in nature which exhibit a final covalent structure cor-
responding to the accurate translation of the related messenger RNA. Obviously,
nature has a good reason to expand the inventory of the side chains available to
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functional proteins. Various post-translational covalent modifications enable the
regulation of interactions with other proteins and small molecules, and in this way
influence, modulate, or change their properties and functions. For example, recent
sequencing of the human chromosomes revealed that there are 20,000-25,000 protein-
coding genes. On the other hand, it is expected that there are at least 300,000 to
millions of functionally active protein variants in living cells, which are the result
of existing pathways for molecular variations between a gene and its corresponding
active protein product. Not surprisingly, between 1,000 and 2,000 genes, represent-
ing more than 5% of the human genome, are believed to encode enzymes dedicated
to protein post-translational modifications (Walsh 2006).

It should always be kept in mind that despite the vast diversity of post-translational
modifications in nature, there is a rather small number of basic chemical principles
behind them. For example, chromophore maturation of green fluorescent protein and
protein splicing rely in fact on the same chemical principle — the generation of a linear
ester bond.

3.1 Chemical versus Ribosomal Synthesis

Despite the general limitation of the chemical synthesis of proteins to polypeptide
chains of about 10kDa, it allows the most different structures to be incorporated
into the polypeptide chain as well as the access to suitable precursors for postsyn-
thetic modifications at will. Conversely, the synthesis of proteins on RNA templates
is subject to strict constraints in terms of stereochemistry (L-amino acids) and side
chain variability (only 20 residues). Intensive research is therefore addressed to repro-
gram the protein translation machinery in the context of an expanded genetic code
(see the chapters by Beatty and Tirrell, Mascarenhas et al., Kohrer and RajBhandary,
Dougherty, Hecht, Hirao et al., and Leconte and Romesberg, this volume).

The ability and capacity of living cells to synthesize functional proteins is supe-
rior to all known synthetic methods and approaches (Budisa 2004b). From the point
of view of a synthetic chemist, two basic features, i.e., regiospecificity and stere-
ospecificity, clearly demonstrate the superior power and versatility of a ribosome-
mediated protein synthesis over the chemical synthesis. Furthermore, the capacity of
templated synthesis to generate polypeptides of almost unlimited length with struc-
tural homogeneity and precisely defined stereochemical composition is unrivaled
(Scheme 1). For these reasons, it is often easier to achieve desired modifications by
operating directly on bioexpressed proteins, domains, or subdomains which are
already functionally optimized by evolution than by total chemical synthesis. In
other words, such natural proteins or related fragments can serve as ready-made
intermediates for tailored chemical modifications to produce, e.g., enzymes with
altered or new catalytic properties, to alter protein—protein interactions and to dissect
structure—function relationships.

Chemical modifications of solvent-accessible reactive side chains have a long
history in protein chemistry (Means and Feeney 1990) (for more details see the
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chapter by van Kasteren et al., this volume). Indeed, covalent chemical modifica-
tions were the main tool for classical enzymologists to identify residues involved in
catalysis or binding, to introduce reporter groups such as spectroscopic probes, or
to determine protein topologies by chemical cross-linking experiments (Govardhan
1999). In this technique, reactive functions such as carboxy, imidazole, indole,
thiol, amino, and hydroxy groups can be modified with more or less selective
monofunctional or bifunctional reagents (Lundblad and Bradshaw 1997). Indeed
numerous monographs have addressed these specific aspects of protein chemistry
(Hermanson 1996) and commercial kits are nowadays available for a large number
of group-specific reactions, such as acylations, amidations, reductive alkylations,
lipid coatings, cross-linking, caging, adsorption, gel entrapment, molecular imprint-
ing, and immobilization.

3.2 Side Chain Modifications

Orthogonally reactive amino acid side chains are especially useful for regio-
specific conjugation of unprotected polypeptide chains with probes of desired
properties in aqueous solutions (Narayan et al. 2005). Such reactive side chains that
do not occur naturally in proteins and peptides might also be used to restrict their
conformational flexibility, to enhance their metabolic stability, and to affect recep-
tor binding affinities as well as to study steric requirements in distinct secondary
structure formation. Although peptide synthesis combined with chemical ligation
procedures offers the most straightforward access to such functionalized polypeptide
chains, recombinant DNA technology can also be used for such purposes in the
context of a ribosomal synthesis with an expanded amino acid repertoire (Budisa
et al. 1999).

3.2.1 Isosteric Replacements: From ‘“Chemical’” to “Atomic”” Mutations

The first methods available for altering the functional properties of proteins were
purely chemical in nature (Means and Feeney 1990). The basic intention was to
change as much as possible the catalytic properties of enzymes by inducing pre-
dictable perturbations into the protein structures. This concept assumes that no
major changes in the conformational properties of protein molecules take place upon
defined chemical transformations. Curiously, the ‘“cysteine—alanine” (‘“Raney
nickel”) experiment, performed in 1962 in the laboratories of Lipmann, von
Ehrenstein and Benzer, followed exactly these principles (Chapeville et al. 1962).
This was a crucial experiment for the elucidation of the flow of genetic information.
In particular, a cysteine attached enzymatically to its cognate transfer RNA (tRNA®¥)
was transformed into alanine by the reduction with Raney nickel without affecting
its covalent attachment to tRNA®*. Such a hybrid or misacylated Ala-tRNA®* was
efficiently translated into the target sequence and the resulting peptide chain
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was found to contain alanine residues at the positions coded for cysteine. Later,
Bender (Polgar and Bender 1966) and Koschland (Neet and Koshland 1966) intro-
duced the concept of “chemical mutation” and paved the way towards site-selective
chemical modifications. In this way, they could show how subtle changes in the
active-site geometry of enzymes might dramatically affect the original, but generate
novel catalytic activities. In particular, by chemical modification of a single amino
acid residue in the active site of the serine protease subtilisin (Ser—Cys), an enzyme
variant was generated that does not show any peptidase activity but which hydro-
lyses active esters such as p-nitrophenyl acetate (Neet et al. 1968). This selective
modification of the active-site serine by reaction with arylsulfonyl fluoride and sub-
sequent displacement with sodium sulfide was subsequently applied by Wu and
Hilvert (1989) to transform subtilisin into an artificial selenoenzyme by chemical
modification of its catalytic serine into a Sec. The Sec enzyme lost the peptidase
activity, but was shown to mimic the antioxidant enzyme glutathione peroxidase by
catalyzing the reduction of hydroperoxides with 3-carboxy-4-nitrobenzenethiol
(Hilvert 2001). Similarly, also trypsin has been converted chemically into seleno-
trypsin, leading to a variant devoid of proteolytic activity, which however exhibited
good glutathione peroxidase activity (Liu et al. 1998).

These examples clearly demonstrate that tailored functions can be delivered into
particular protein scaffolds by generating new reactive centers or, more generally,
by direct chemical modifications (Tann et al. 2001). It is now well documented that
nature itself inserts Sec into some proteins in the context of alternative reading or
recoding of the UGA stop codon of their genes (Bock et al. 2002). The chemical
rationale behind the context-dependent translational integration of Sec into proteins
is easy to understand as there are significant physicochemical differences between
cysteine and its analog Sec such as the pK (Sec) of 5.2 compared with the pK (Cys)
of 8.3 (Moroder 2005). While at the physiological pH the cysteine thiol function is
not deprotonated, Sec exists almost exclusively as selenolate, which is a better
nucleophile than thiolate. This explains the evolutionary conservation of Sec at the
active site of a few enzymes such as formate dehydrogenase; the Sec—Cys replace-
ment in this enzyme (Axley et al. 1991) lowers its turnover number by 2 orders of
magnitude (Fig. 15). Sec is found in a small number of proteins in archaea, eubac-
teria, and eukaryotes and often is referred as the 21st proteinogenic amino acid,
whereas its analog tellurocysteine has not yet been identified as a naturally occur-
ring amino acid (Moroder 2005).

In spite of a wide range of possible chemical transformations to generate
bespoke proteins, this approach is hampered by difficulties arising from the lack of
chemo- and regiospecificity of the reactions applied, which can thus lead to either
heterogeneous or hardly reproducible protein product mixtures (deSantis and Jones
1999). This is the major reason why direct protein modifications are presently not
so popular anymore. This method has been largely replaced by site-directed amino
acid mutagenesis (Hutchison et al. 1978) using genetic methods which provide very
precise tools for dissecting and designing protein functions in the frame of the
standard repertoire of 20 amino acids as prescribed by the genetic code. For exam-
ple, in the absence of precise three-dimensional structures, alanine (or glycine)
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Fig. 15 (a) L-Cysteine (Cys) and the isosteric analogs serine (Ser), selenocysteine (Sec), and
tellurocysteine [(7e)Cys]. (b) Methionine (Met) is compared with the related isosteric analogs
2-aminohexanoic acid (Nle), methoxinine (Mox), selenomethionine [(Se)Met], and tellurome-
thionine [(7e)Met]. (¢) Formate dehydrogenase contains a selenocysteine residue in the active
site whose replacement with cysteine reduces 100-fold the catalytic efficiency of the enzyme
(Axley et al. 1991)

scanning mutagenesis (Lefevre et al. 1997) is well suited for systematic substitu-
tions of all residues in (or around) putative active centers of proteins and thus for
identification of “essential” functional groups.

On the other hand, it is often desirable to generate isosteric changes that are not
disruptive. Although in the frame of the standard amino acid repertoire replace-
ments such as Ser/Ala/Cys, Thr/Val, Glu/Gln, Asp/Asn, and Tyr/Phe are feasible in
protein structures, there are no such possibilities for the other canonical amino
acids such as tryptophan, methionine, proline, or histidine. It is also not possible to
introduce Sec into proteins by using such approaches, i.e., mutagenesis techniques
are limited to the exchange of one canonical amino acid for one of the 19 other
canonical amino acids. The recent advances in the genetically encoded incorpora-
tion of noncanonical amino acids into proteins are highly promising in this context
(see the chapters by Beatty and Tirrell, Mascarenhas et al., Kohrer and RajBhandary,
Dougherty, Hecht, Hirao et al., and Leconte and Romesberg, this volume). Such
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genetically encoded replacements at the level of single atoms such as H/F and CH,/
S/Se/Te (Fig. 15) are known as “atomic mutations” (Budisa et al. 1998).

The best example assessing the utility of such replacements is the Met—SeMet
isosteric replacement for phase calculation in protein X-ray crystallography (Budisa
et al. 1995). The sulfur of the methionine side chain can also be replaced with
methylene (Nle), oxygen (Mox), and even tellurium [(Te)Met]. All these methio-
nine analogs are substrates for the protein biosynthetic machinery and can be trans-
lated into target sequences as a response to the methionine coding triplet AUG
(Budisa 2004b; Budisa et al. 1999; Moroder 2005). The requirements for isosteric
replacements are especially pronounced in studies of protein interiors to redesign
or rationally manipulate protein structures. In fact, the core of the protein structures
is probably the most tightly packed form of organic matter in nature. It is believed
that the conformational specificity of protein cores is dictated by a stereochemical
code that discriminates between the native and other conceivable chain folds (Rose
and Wolfenden 1993). One of the possible ways to crack this code may be the use
of isosteric analogs of core-building amino acid residues (Budisa et al. 1998). With
site-directed mutagenesis, usually several sets of interactions are affected by the
introduction of new side chains, whereas with atomic mutations, the altered protein
properties arise solely from exchanges of single atoms, i.e., in favorable cases the
impact of a single interaction can be analyzed (Minks et al. 1999).

3.3.2 Nonisosteric Chemical Modifications for Enhanced Functionality

A design of proteins with novel properties generally is not limited to isosteric
chemical changes, i.e., to atomic mutations. For example, Kaiser (1988) and associ-
ates have generated new enzymatic activities via attachment of the flavin cofactor
to the active site of the protease papain. The resulting chimera exhibited oxidore-
ductase activities with an increase in reaction rate by a factor of about 1,000 over
the corresponding uncatalyzed reaction. Even nature itself uses the nonisosteric
and bulky lysine-surrogate pyrrolysine to improve catalytic performances of vital
enzymes involved in the methane-producing metabolism of some archaebacteria
(Srinivasan et al. 2002). However, the cotranslational incorporation of this amino
acid into proteins (as a response to a stop codon) is possible only when special
requirements are fulfilled which cannot be met by simple site-directed mutagenesis
protocols (Schimmel and Beebe 2004).

The recent explosion in commercial and synthetic applications of enzymes with
enhanced stability and functionality has caused a renaissance of the chemical modi-
fication procedures (Hermanson 1996). Glutharylaldehyde-mediated cross-linking
and poly(ethylene glycol) (PEG) modifications of enzyme surfaces are two of many
well-known examples. Pharmaceutical companies have shown particular interest in
PEGylation of proteins, which usually increases the therapeutic potential of proteins
by reducing their toxicity and immunogenicity, increasing their half-life in serum
and bioavailability (Lundblad and Bradshaw 1997). Other widely used modifications
include (1) N-terminal acetylation and C-terminal amidation, (2) biotinylation or
fluorophore-conjugation in N-, C-, or internal positions generally exploiting amino
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Fig. 16 Site-specific chemical modification: the combination of site-directed mutagenesis with cova-
lent attachment of chemical functionalities. A unique cysteine residue is introduced into the target
protein by site-directed mutagenesis. Upon subsequent reaction of the thiol group with the meth-
anethiosulfonate reagent thiol-disulfide exchange reactions lead to conjugation with a variety of
interesting functional groups and moieties. In this way, quantitative site-specific chemical modifica-
tions of the target protein with the desired—R groups (a-l) is achieved (deSantis and Jones 2002)

functions, (3) phosphorylation (phosphoserine, phosphothreonine, and phosphoty-
rosine), and (4) cyclization via cystine disulfides (Hermanson 1996).

The cysteine thiol function represents an attractive target for site-specific modi-
fication of proteins because of their rare natural abundance in many proteins and
the relative ease of their selective chemical modification. Indeed cysteine residues
are readily modified chemoselectively with a variety of reagents as shown in Fig. 16.
The strategy employed includes the introduction of a cysteine residue at a key
protein position via site-directed mutagenesis; subsequently this residue can be
modified at will. For example, Gloss and Kirsch (1995) generated y-thialysine with
bromoethylamine in a Lys258Cys mutant of the wild-type aspartate aminotrans-
ferase. The modified enzyme exhibited an acidic shift of 1.3 pH units in the pK,
and the k_ /K|, values for substrates were decreased by 1 order of magnitude.
Additionally, cysteine residues react with a variety of interesting compounds that
might serve as markers. In the same manner, a nitroxide group, which contains an
unpaired electron (spin label), can be attached to proteins for electron paramagnetic
resonance studies (Hubbell et al. 1998). Such examples illustrate how site-directed
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mutagenesis combined with chemoselective modifications may represent a versa-
tile strategy to move beyond the structural limitations of the 20 canonical amino
acids side chains in protein engineering (deSantis and Jones 2002). With no doubt
classical chemical transformations will further play an important and general role
in protein and cellular chemistry along with biotechnology; but the potential of the
new approaches offered by site-directed mutagenesis will be further amplified by
new developments for incorporation of noncanonical amino acids with particular
functionalities into proteins leading to the new strategies of genetically encoded
modifications (Budisa 2004b).

3.3.3 C-C Coupling Chemistries for Chemical Modification of Proteins

Schmidtchen and Dibowski (1998a) reported an in vitro method for the regioselective
coupling of peptide fragments containing stable iodoarenes and alkynes as orthogonal
reaction partners. Their C—C cross-coupling is catalyzed by palladium complexes
under very mild aqueous conditions, thus enabling minimal interferences with fragile
biologically active tertiary structures (Dibowski and Schmidtchen 1998b). These ear-
lier studies were further optimized by Kodama et al. (2006), who developed a regi-
oselective palladium chemistry for protein modifications under near-physiological
conditions. The essential novelty was the efficient coupling of the expanded genetic
code with organometallic chemistry. In particular, a p-iodophenylalanine was incor-
porated in vitro into a single site of the Ras protein. The unique aryl iodide of the
modified Ras protein provided the reactive moiety for a regioselective palladium-
catalyzed reaction with vinylated/alkenylated (Mizoroki—-Heck reaction) and alky-
nylated/propargylated biotin derivatives (Sonogashira reaction; Fig. 17).

It should always be kept in mind that proteins are in general only marginally sta-
ble and thus allow for modification reactions to be performed only under mild condi-
tions in aqueous environments at neutral pH values. In view of these limitations, the
classical palladium chemistry is rather delicate (absence of oxygen, long reaction
time, +4°C, and high catalyst concentrations — approximately 0.5 mM), and compli-
cated and requires patient and skillful experimentation (King and Yasuda 2004).
Therefore, it is not surprising that the reported reaction yields were rather low and
that further optimization is needed as well as alternative chemistries. For example,
proteins with pre-installed alkyne and alkene functionalities were expressed at high
levels. Improved protocols for the attachment of halogenated ligands in both
Sonogashira and Mizoroki-Heck reactions should result in functionally active pro-
tein conjugates after the Pd-reaction. Incorporating boronated amino acid into the
target protein sequence would enhance the repertoire of protein conjugation tech-
niques with the Suzuki-reaction as well.

3.3.4 “Click Chemistry” for Protein Modification

The concept of click chemistry was introduced by Sharpless and associates in 2001
and is based on the cycloaddition reaction between azide and alkyne units (Kolb
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Fig. 17 Protein conjugation via Cu(I)-catalyzed cycloaddition. “Click chemistry” (a) and Pd-catalyzed
C-C conjugation chemistry (a variation of the Heck reaction) (b) Cycloaddition is a pericyclic
chemical reaction where two 7 bonds are lost and two ¢ bonds are gained. Two major conjugation
types of Pd(II)-catalyzed C—C coupling are currently applied in proteins, i.e., vinylated/alkenylated
(Mizoroki—-Heck reaction) and alkynylated/propargylated (Sonogashira reaction) ligands (King and
Yasuda 2004)

et al. 2001). The connecting units consist of carbon-heteroatom bonds C—-X-C
rather than C—C bonds as in the Heck reaction. Huisgen (1968) was the first to
understand the versatility of this cycloaddition reaction and its utility for synthetic
purposes. In fact, azides and alkynes are inert to most chemical functionalities and
are stable in a wide range of solvents, temperatures, ion strengths, and pH values.
The reaction generates the two regioisomers 1,2-triazole and 1,4-triazole. Almost
simultaneously, Meldal and Sharpless discovered that the regioselective cycloaddi-
tion with formation of 1,4-triazole as the preferred regioisomer can be achieved
with Cu(I) as a catalyst (Rostovtsev et al. 2002; Tornoe et al. 2002). In addition, in
the presence of copper the reaction is 10°%-fold faster than in the absence of the cata-
lyst and is 25 times faster than the Staudinger ligation (Prescher and Bertozzi
2005). For these reasons the azide/alkyne Huisgen cycloaddition is considered as
the cream of the crop of click chemistry (Wang et al. 2005). Not surprisingly, this
reaction has found increasing applications for bioconjugations.
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Tirrell and coworkers were the first to demonstrate that the cell surface of E. coli
can be labeled with biotin by exploiting the Cu(I)-catalyzed cycloaddition reaction
(Fig. 17; Link et al. 2004; see also the chapter by Beatty and Tirrell, this volume).
For this purpose, cells expressing a membrane protein with the methionine analog
azidohomoalanine were biotinylated, subsequently stained by avidin—AlexaFluor
488, and subjected to flow cytometry analyses. Similarly, the methionine and phe-
nylalanine residues of histidine-tagged barstar as the model protein were efficiently
replaced by the nonnatural amino acids homopropargylglycine and ethylphenyl-
alanine in expression experiments. Once the proteins containing these amino acids
had been expressed, the E. coli cell cultures were allowed to react with an azide
derivative of coumarin in the presence of Cu(I) catalyst (Beatty et al. 2005). In a par-
allel effort, Schultz and coworkers expressed human superoxide dismutase-1 with a
p-azidophenylalanine residue which then allowed PEGylatation of the protein
(Deiters et al. 2004). By this procedure, a homogeneous population of the highly
active enzyme with improved properties was obtained (increased metabolic stabil-
ity, protease resistance, and lowered immune response). Recently, click chemistry
was also successfully applied for enzyme profiling and in drug discovery (Kolb and
Sharpless 2003). Furthermore, Tirrell, Bertozzi, and coworkers reported the possi-
bility of a Huisgen cycloaddition on living cells without the need for Cu(I) as the
catalyst (Link et al. 2006).

3.3.5 Backbone Modifications by Surrogate Peptide Bonds:
Peptidomimetics

Replacement of an amide bond in a peptide backbone is widely used in peptidomi-
metics. The peptide primary structure is mimicked by amide bond isosteres and/or
modification of the native peptide backbone, including chain extension or incorpora-
tion of heteroatoms. Peptides modified in this way are often protease-resistant, and
may have reduced immunogenicity and improved bioavailability compared with the
parent peptides. In addition to mimicking the peptidic structure, such backbone modi-
fications can induce and stabilize well-defined secondary structural elements such as
helices, turns, and small, sheet-like structures. Examples of types of peptide backbone
modifications are presented in Scheme 2. These include exchange of single chain
units (-CO- or -NH-) by oxygen (depsipeptide), a sulfur atom (thioester), or a
—~CH,~ group (ketomethylene ester). The C* moiety (-CH-) can be replaced with
nitrogen (azapeptide) or boron (boropeptide), or converted to a quaternary carbon by
addition of another alkyl group. The carbonyl group in the peptide bond can be
replaced by a thiocarbonyl group (endothiopeptide) or by sulfonamides. The peptide
bond itself can be stereochemically inverted (at C* atom) or isosterically replaced by
alkane/alkene structures. Finally, the peptide chain can be extended by one atom or
atom groups such as aminoxy, hydrazine, or f-amino acids (Ahn et al. 2002).

All these backbone modifications are accessible by synthesis; and by employing
the new procedures of chemical ligations, one can even introduce related peptide
fragments at selected positions into proteins.
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Scheme 2 Peptide mimicry: some selected types of peptide backbone modifications. Although
the mimetic structures are often not stable in acidic or basic aqueous solutions, such backbone
modifications differ substantially from the peptide amide structure and thus may affect local con-
formational geometries. The modifications include exchange of single chain units (4, B, C),
double exchange at the peptide bond (D), and extension of the peptide chain (E). (Adapted from
similar compilations in Sewald and Jakubke 2002 and Toniolo 2003)

4 Enzyme-Mediated Peptide Bond Formation

Nature uses ribosomes or multienzyme complexes for ribosomal and nonribosomal
polypeptide synthesis, respectively. These complex machineries are not amenable
to simple laboratory routine. However, nature offers a plethora of proteolytic enzymes
which could possibly be forced to shift the equilibrium in favor of peptide bond
formation by the currently available techniques of directed evolution. This would
generate biocatalysts with features that nature did not develop during evolution. So
far, reversal of the proteolytic activity of proteases can only be achieved by thermo-
dynamic or kinetic manipulation of the enzymatic equilibrium reactions (Bordusa
and Jakubke 2002).

In 1938 Max Bergmann, a pupil of Emil Fischer, reported on the enzymatic
synthesis of peptide bonds, describing the papain-catalyzed synthesis of benzoyl-
leucyl-leucine anilide by manipulating experimentally the kinetic equilibria of the
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catalyzed reaction (Bergmann and Fraenkel-Conrat 1938). This seminal report has
forced increased research on enzymatic synthesis mainly based on peptide chain
elongation via transamidation reactions (Fruton 1982). This led more recently to
the development of the substrate mimetic approach (Bordusa 2002), which was
successfully applied in protease-mediated ligation of a protein fragment thioester
substrate mimetic, produced by the recombinant intein technique, with a synthetic
peptide containing an N-terminal serine residue using V8, the Glu/Asp-specific
serine protease from Staphylococcus aureus (Fig. 18a) (Machova et al. 2003).

The concept of modifying the active site of proteases for reduction of the proteo-
Iytic activity in favor of synthetase properties was first realized by Kaiser et al.
(1985) with the successful conversion of the protease subtilisin into a ligase.
Chemical exchange of the active-site serine with cysteine (see Sect. 3.2.1) led to thio-
subtilisin, which reacts rapidly with an activated peptide to form an acylated enzyme
and then transfers the peptide onto another peptide, completing the ligation reaction
(Nakatsuka et al. 1987). Since the enzyme is a poor peptidase, it does not attack
the resulting product rapidly. For such a kinetically controlled system the ratio
between aminolysis and hydrolysis is of crucial importance for efficient peptide
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Fig. 18 Enzyme-catalyzed peptide bond formation. Selected examples: (a) Expressed enzyme liga-
tion with specific thioesters as a substrate mimetic for Staphylococcus aureus V8 serine-protease
(Machova et al. 2003). A serine residue is required at the N-terminus of the donor peptide fragment
for the enzyme to act as an inverse protease. (b) Sortase from S. aureus, a membrane-anchored
transpeptidase, cleaves any polypeptide provided with a C-terminal sorting signal, between the
threonine (7)) and glycine (G) of the LPXTG motif. It then catalyzes the formation of an amide bond
between the carboxy group of threonine and the amino group of pentaglycine from cell wall pepti-
doglycan. The extension of this strategy to tagged GFP (Nt-GFP-LPXTG-6His-Ct) enables its
successful conjugation with various donor molecules containing two or more N-terminal glycines
(p- and L-peptides, nonpeptide fragments, and even other GFPs) (Mao et al. 2004)
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bond synthesis. These early findings with subtilisin provided a solid base for engi-
neering an active site of this enzyme (Jackson et al. 1994) that efficiently catalyzes
the ligation of peptide fragments (Chang et al. 1994). The enzyme variant subtiligase
exhibits a largely reduced proteolytic activity and it is functionally active as an acyl-
transferase (Braisted et al. 1997). This property was exploited for enzymatic conden-
sation of six peptide fragments into a ribonuclease A analog containing
4-fluorohistidine in the active site (Jackson et al. 1994).

Most recently, a new enzyme (sortase) with its highly selective catalytic proper-
ties has entered the arena of enzyme-mediated protein modifications (Mao et al.
2004). Sortases are bacterial enzymes that are responsible for the covalent attach-
ment of specific proteins to the cell wall of Gram-positive bacteria (Mazmanian
et al. 1999). Proteins that are substrates of sortase possess a “sorting signal” at the
C-terminus consisting of the LPXTG motif (where X can be any amino acid), a
hydrophobic region, and a tail of charged residues. Sortase is capable of catalyzing
a two-step transpeptidation reaction, either in vivo or in vitro. First, the LPXTG
motif is cleaved between threonine and glycine. Then the threonine is covalently
attached to the amino group of a pentaglycine segment of the cell wall peptidogly-
can, resulting in a cell-wall-attached protein (Huang et al. 2003). With use of a simi-
lar experimental set-up with sortase from S. aureus, selective protein—peptide and
protein—protein ligations were achieved, confirming the efficiency of this enzyme
(Mao et al. 2004). Furthermore, it was shown that nonnative peptide fragments
including D-peptides and nonpeptide derivatives (e.g., folate) of glycine, diglycine,
or triglycine are efficiently conjugated by sortase to the acceptor protein such as the
green fluorescent protein containing the LPXTG motif (Fig. 18b). With this enzyme,
the arsenal of tools for the production of proteins with tailored properties is enriched
by an additional procedure with great potential to become part of routine recipes.

A continuously increasing number of enzymes that excel for highly specific
protein modification properties are being discovered and applied with success for
such purposes. For example, the E. coli enzyme biotin ligase links in sequence-
specific mode biotin to a 15-membered acceptor peptide (Chen et al. 2005). Since
the enzyme accepts as substrates also ketone-containing isosteric biotin derivatives
(and ketones are absent at native cell surfaces), the acceptor peptide fused with
recombinant cell-surface proteins can be tagged not only with biotin, but also with
the biotin—ketone moiety that allows for further transformations by the hydrazide
or hydroxylamine chemistries (see Fig. 2).

Similar surprising findings will most probably be made by genome and pro-
teome mapping among the different kingdoms of life. In fact, there are enough
documented cases where the discovery of particular biological processes during
studies of mechanisms of microbial pathogenicity or of unique biological phenom-
ena in rather obscure microorganisms might serve as direct input for the develop-
ment of novel technologies (Budisa 2004a). A typical example is protein splicing
(see Sect. 2.6; Gogarten et al. 2002; Paulus 2000).
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Abstract Native chemical ligation (NCL) is a chemoselective reaction that joins
synthetic or recombinant peptide and protein fragments through a native peptide bond.
Advances in generating the required peptide and protein components for NCL have
enabled the homogeneous incorporation of unnatural amino acids, fluorescent probes,
and other modifications into protein domains and full-length proteins. The resulting
semisynthetic proteins, which can be made in multi-milligram quantities, may be used
in biophysical and biochemical studies to address challenging biological problems not
accessible with traditional methods. This chapter provides an overview of NCL,
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including relevant design considerations and technological advances, and a discussion
of recent applications that apply protein-based probes accessed through NCL.

1 Introduction

Methods for the modification of proteins to introduce novel chemical functionali-
ties and for the preparation of homogenous samples of post-translationally modi-
fied proteins are critical for probing protein structure/function relationships and
protein/protein interactions. Native chemical ligation (NCL) is a chemoselective
reaction that joins synthetic or biologically expressed protein fragments via a native
amide bond, enabling the construction of modified proteins in multi-milligram
quantities sufficient for biophysical and biochemical studies (Dawson et al. 1994).
NCL can be carried out with fully deprotected peptide and protein fragments in
neutral aqueous media, enabling modified peptides to be incorporated into target
peptides or proteins. Required for the reaction are an N-terminal fragment contain-
ing a C-terminal o-thioester and a C-terminal fragment with an N-terminal cysteine
residue. The general reaction is shown in Fig. 1a. The transformation begins with a
reversible transthioesterification to associate the two fragments via a thioester bond
involving the cysteine residue of the C-terminal fragment. An energetically favora-
ble acyl rearrangement involving a five-membered-ring transition state then occurs
to form a stable amide bond. Since the thioester-linked intermediates have never
been observed, it is presumed that the rate-limiting step of NCL is transthioesterifi-
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Fig. 1 a Native chemical ligation (NCL) of unprotected polypeptide fragments. b Reversible
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cation. Typically, the reaction is run in the presence of thiol additives, which both
suppress cysteine oxidation and catalyze the reaction by generating more reactive
thioesters (Dawson et al. 1997). Importantly, NCL is compatible with the presence
of fully deprotected internal cysteine residues in either protein fragment (Fig. 1b).
Thioester exchange is fully reversible, and it is only upon reaction with the terminal
cysteine that the S—N acyl rearrangement can occur, resulting in the thermody-
namically stable product and accounting for the chemoselective nature of the
reaction.

NCL was first introduced in 1994 with the synthesis of a 72-residue polypeptide
comprising entirely native peptide bonds, thus overcoming the practical limits of solid-
phase peptide synthesis (SPPS) through the ligation of two fully deprotected peptide
fragments (Dawson et al. 1994). While NCL was originally limited to ligations involv-
ing a-thioesters generated by chemical synthesis, the scope of the reaction was advan-
tageously extended to proteins of any size through the application of expressed protein
ligation (EPL), in which o-thioester or N-terminal cysteine-containing fragments that
are generated via recombinant methods are used for the semisynthesis of protein
domains and full-length proteins (Erlanson et al. 1996; Muir et al. 1998; Severinov and
Muir 1998). EPL was originally defined specifically as the extension of NCL that
involves recombinant o.-thioester peptides, but the term is now used more generally to
designate NCL processes involving any recombinant fragments, either thioester or
N-terminal cysteine-containing (Muir 2003).

2 Engineering Design Considerations for NCL

2.1 The Ligation Junction

An important consideration in the design of semisynthetic proteins is the designa-
tion of a ligation junction, Xaa-Cys (Xaa is any amino acid). Since the practical
limit of SPPS is between 40 and 60 residues, junction sites for ligations involving
a synthetic peptide must fall within those distances from the N- or C-terminus of
the protein target. In some cases naturally occurring cysteine residues are present
in the protein of interest at a suitable position for the ligation. However, in the
absence of a suitably placed cysteine, one may be introduced in the place of a
nonessential residue. Appropriate residues may be selected on the basis of struc-
tural knowledge or previous experiments that demonstrate that the residues are not
involved in protein function. The ease of site-directed mutagenesis allows for fur-
ther confirmation that the cysteine mutation does not significantly alter protein
structure or function. In general, ideal ligation sites are in segments of a protein
that lack secondary structure, such as in terminal regions, loop regions, or linker
regions between two domains. If the reaction is carried out under nondenaturing
conditions and if the protein will not be subjected to refolding, it is particularly
important that the folded state of the protein is not disturbed by the ligation site,
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regardless of whether a naturally occurring or an introduced cysteine residue is
used as the Xaa-Cys junction.

While standard NCL dictates that a cysteine residue be present at the N-terminus
of the C-terminal fragment, it is also important to consider the effect of the C-ter-
minal residue of the a-thioester fragment, —Xaa—SR, on the ligation. It has been
reported that o-thioester peptides containing any of the 20 encoded amino acid resi-
dues at the terminal position are compatible with NCL, but the kinetics of ligation
differ dramatically depending on the properties of that residue (Hackeng et al.
1999). In general, the reaction proceeds most rapidly when the C-terminal position
is occupied by the sterically unhindered glycine residue, or by histidine or cysteine
residues, which are hypothesized to increase the rate of thioester exchange by
catalysis with the imidazole or thiol side chain functionalities. Other terminal resi-
dues shown to result in rapid product formation are phenylalanine, methionine,
tyrosine, alanine, and tryptophan. Ligation has been found to be prohibitively slow
only with two of the B-branched amino acids (valine and isoleucine) and proline,
although it may be possible to overcome these residue limitations using highly
activated thioesters.

In another study, ligations involving aspartic or glutamic acid residues in the
C-terminal position of an o-thioester were shown to result in significant side prod-
uct formation (Villain et al. 2003). In this case, the proximity of the carboxyl func-
tionality in the amino acid side chains to the activated thioester can result in the
formation of backbone isomers, in which a B-amide or a y-amide bond forms
between the cysteine-containing peptide and the aspartate or glutamate residues,
respectively (Fig. 2a). Side product formation can be avoided by orthogonal protec-
tion of the carboxyl side chains. However, when possible, selecting an Xaa-Cys
ligation site that avoids sluggish ligations or side reactions is beneficial to ensure
maximal product formation.

2.2 Thiol Additives Used in NCL

Another factor affecting the efficiency of NCL is the presence of thiol additives
(Dawson et al. 1997), which potentially combat difficult ligation reactions. The
alkylthioesters commonly used in NCL react slowly because of the poor leaving
group properties of the corresponding alkyl thiols, requiring thiol-thioester exchange
with the thiol additive to promote ligation with the cysteine-containing fragment. To
minimize confusion, this exogenous thiol replacement will be referred to throughout
the chapter as thiol-thioester exchange to distinguish it from the attack of a cysteine
residue in the first step of NCL, which will be referred to as transthioesterification.
Rapid and complete ligation is best facilitated by thiols that are both good nucle-
ophiles, to promote the in situ formation of a more reactive thioester, and good leav-
ing groups, to favor the transthioesterification (Fig. 2b). For NCL involving peptide
fragments, a benzylmercaptan/thiophenol mixture is commonly employed in an aque-
ous/organic buffer (Fig. 2c). Thiophenol promotes rapid thiol-thioester exchange and
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serves as a good leaving group, but has poor aqueous solubility and therefore can only
be used at very low concentrations for ligations involving proteins that cannot tolerate
the addition of organic solvent. 2-Mercaptoethanesulfonic acid (MESNA) has excel-
lent solubility in water and is a popular choice for ligations using recombinant protein
fragments. However, a recent investigation of a number of thiol additives revealed that
MESNA, an alkanethiol with pK_ of 9.2, shows rapid thiol-thioester exchange, but
has poor leaving group properties (Johnson and Kent 2006). In the case of MESNA,
the rate-limiting step for NCL is transthioesterification, whereas with certain other
thiols, the thiol-thioester exchange is rate limiting. In general, alkylthioesters, such as
those generated by MESNA or benzyl mercaptan, were found to be less reactive than
phenylthioesters. The investigators found (4-carboxymethyl)thiophenol (MPPA) to
be a superior catalyst with peptide-based test ligations and recommend use of MPPA
for protein ligations as well, predicting that it may be more effective than MESNA for
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EPL. It will be interesting to see if MESNA is eventually replaced as the predomi-
nantly used thiol for EPL by MPPA or another aryl thiol catalyst. Another option for
rapid ligation is the use of preformed aryl thioesters (Dawson et al. 1994; von
Eggelkraut-Gottanka et al. 2003; Bang et al. 2006), which eliminates the thiol—
thioester exchange step that is rate limiting with certain thiol additives.

3 Thioester Generation

3.1 Synthetic Thioester Peptides

The synthesis of o-thioester peptides for NCL can be accomplished using a variety
of SPPS-based methods. The modular nature of SPPS allows facile replacement of
any residue of the target peptide thioester with nonencoded amino acids, as well
as the site-specific incorporation of tags and probes. Initially most investigators
employed acid-labile fert-butyloxycarbonyl (Boc)-protection strategies for SPPS
(Dawson et al. 1994; Canne et al. 1995), since the thioester linkage is not stable to
the basic deprotection treatment with piperidine used in N*-(9-fluorenylmethoxy-
carbonyl) (Fmoc)-based SPPS. However, a number of approaches have been devel-
oped to circumvent the sulfur—carbonyl cleavage associated with Fmoc deprotection,
allowing the generation of thioester peptides without the harsh cleavage conditions
employed in Boc-based SPPS. This use of milder conditions is particularly impor-
tant for the synthesis of glycopeptide and phosphopeptide thioesters, since glyco-
side and phosphoryl linkages are labile to the anhydrous hydrofluoric acid required
for peptide cleavage in Boc-based SPPS.

In one Fmoc-based approach, deblocking agents were developed as alternatives
to piperidine to effectively remove the Fmoc protecting group without nucleophilic
cleavage of the thioester linkage (Li et al. 1998; Bu et al. 2002). In an alternative
strategy, a backbone amide linkage is used to anchor the penultimate residue, which
contains an orthogonally protected C-terminus, to the solid support (Alsina et al.
1999). The peptide can be elaborated using standard Fmoc-based SPPS protocols,
and subsequently deprotected at the C-terminus prior to being coupled to a thioester
amino acid and finally fully deprotected and cleaved from the resin (Fig. 3a).
Additional backbone amide linkage and side chain linkage based approaches have
been reported (Gross et al. 2005), including an example that masks the terminal
glycine thioester as a trithioorthoester and releases the deprotected thioester by acid
treatment (Brask et al. 2003).

A more commonly applied strategy utilizes an alkanesulfonamide “safety
catch” linker, in which a peptide is assembled on a solid support linked via the
C-terminus by a sulfonamide bond. This sulfonamide linkage is stable to the
repeated piperidine deprotection treatments in Fmoc-based SPPS. Following
peptide synthesis, the sulfonamide is activated by N-alkylation and subsequently
cleaved from the solid support by nucleophilic attack of a thiol additive. The
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thioester bond is stable in trifluoroacetic acid (TFA), and the peptide can there-
fore be deprotected with a standard TFA cleavage cocktail (Fig. 3b) (Ingenito
et al. 1999; Shin et al. 1999). A similar method employs an aryl hydrazide linker
that can be activated following peptide synthesis by mild oxidation (Camarero
et al. 2004a, b).

Arguably the most straightforward Fmoc-based SPPS approach for generat-
ing thioesters involves peptide synthesis on highly acid labile resin, such as
commercially available 2-chlorotrityl or TGT resin, followed by cleavage of the
fully protected peptide from solid support with mild acid treatment. The acid
releases the peptide as a C-terminal carboxylic acid, but does not affect the
Fmoc-compatible side chain protecting groups. The protected peptide is then
derivatized to a C-terminal thioester in situ by treatment with the desired thiol
and standard peptide-coupling activating agents (Futaki et al. 1997; Mezo et al.
2001). Side chain deprotection affords the corresponding free thioester (Fig. 3c).
An evaluation of activating agents for this strategy has identified conditions,
specifically phosphonium salt based activating agents, that result in high yields
and low levels of epimerization (less than 1.4%) (Von Eggelkraut-Gottanka
et al. 2003).
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While still in a preliminary stage of development, a final method of «-
thioester formation is worth mentioning, both for its creative approach and for
its similarity to the protein splicing mechanism that is exploited for the genera-
tion of recombinant protein a-thioesters (Sect. 3.2). This method involves the
generation of a thioester-linked peptide by utilizing an N—S acyl shift facili-
tated by a protected thiol-containing auxiliary attached to the peptide backbone
(Fig. 4d) (Kawakami et al. 2005). Following Fmoc-based SPPS of a peptide
linked to resin by an amide bond, deprotection of the peptide side chains with
a TFA cleavage cocktail concurrently deprotects the thiol moiety of the auxil-
iary, initiating an acyl shift that results in a thioester bond-linkage of the pep-
tide to solid support. Subsequent thiolysis releases the corresponding peptide
thioester.

A recent review of methods for thioester synthesis provides more information on
these and other approaches (Camarero and Mitchell 2005).

3.2 Recombinant Thioester Fragments

While direct synthesis is suitable for peptide fragments under approximately 60 resi-
dues in length, the scope of NCL was initially limited by the lack of recombinant meth-
ods to generate longer peptide or protein fragments containing C-terminal o-thioesters.
This limitation was overcome in 1998 with the introduction of EPL, which applies a
modified protein splicing mechanism to generate thioesters suitable for ligation (Muir
et al. 1998; Severinov and Muir 1998). To place the technology developed for recom-
binant protein thioesters in context, a brief explanation of protein splicing follows.

3.2.1 Protein Splicing

Protein splicing is a protein processing event that results in the extrusion of an
internal protein segment, termed an “intein,” and the concomitant joining of
two flanking regions, termed “N- and C-exteins,” through an amide bond
(Paulus 2000). Inteins, which are functionally analogous to self-splicing RNA
introns, are protein segments that catalyze the intramolecular protein rearrange-
ment that mediates their excision (Fig. 4a). A number of conserved or key resi-
dues in inteins contribute to the splicing event through structural or electronic
influences (David et al. 2004). In general, inteins contain a cysteine or serine
residue at the N-terminal position (termed the 1 position), a conserved asparag-
ine residue at the C-terminal position, and a cysteine, serine, or threonine resi-
due at the first position of their flanking C-extein (termed the +1 position). In
the initial step of standard protein splicing, an N—S (or O) acyl shift occurs,
involving the cysteine (or serine) at position 1, transferring the N-extein from
the backbone to the side chain of residue 1 of the intein. While this step appears
thermodynamically unfavorable, it is favored by the conformation of the intein,
which is thought to distort the scissile amide bond into a higher-energy confor-
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mation. In the next step, transesterification involving the cysteine (or serine or
threonine) at position +1 joins the two exteins through a thioester bond. In the
third step, the asparagine residue cyclizes, resulting in cleavage at the C-termi-
nal splice junction to liberate the intein as a C-terminal succinimide. In the final
step, which is the sole reaction that does not require catalysis by the intein, a
spontaneous acyl rearrangement produces the spliced exteins with an amide
linkage (Muir 2003).

3.2.2 Mutant (Asparagine to Alanine) Inteins
To Generate Recombinant Thioesters

Protein splicing has been exploited with great success for the generation of
recombinant thioesters. Inteins have been engineered with an asparagine to
alanine mutation, which permits the initial step of the protein splicing mecha-
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nism involving an N—S acyl shift to produce a thioester linkage, but prevents
subsequent succinimide formation (Chong et al. 1996). Addition of exogenous
thiols results in release of the N-extein as the corresponding C-terminal thioester.
The isolation of recombinant thioesters from a resin-bound intein system has
been commercialized by New England Biolabs as the IMPACT™ (intein-medi-
ated purification with an affinity chitin binding tag) system. In this system, a tar-
get gene, functioning as the N-extein, is cloned immediately N-terminal to a
genetically modified (asparagine to alanine) intein gene. A chitin binding domain
is cloned C-terminal to the intein, functioning as the C-extein and facilitating
immobilization of the resulting protein construct on chitin beads. Thus, the
expressed three-segment (target protein—intein—chitin binding domain) construct
can be isolated from all other cellular proteins by immobilization and washing,
and the target protein thioester can be released by subsequent thiolysis (Fig. 4b)
(Chong and Xu 2005).

EPL can be performed with the eluted thioester or directly on the chitin beads
(Evans et al. 1998; Muir et al. 1998; Severinov and Muir 1998). For solid-phase
ligation, the thiol- and cysteine-containing peptide/protein fragment can be simul-
taneously incubated with the resin-bound protein fusion, enabling concurrent
thiolysis and ligation.

4 N-Terminal Cysteine Fragments

The synthesis of peptides containing an N-terminal cysteine residue is straightfor-
ward using SPPS and requires no additional manipulations. For longer fragments,
there are several approaches for accessing biochemically expressed proteins with
an N-terminal cysteine. The most commonly applied methods involve the genera-
tion of a precursor protein designed with a cysteine residue immediately C-terminal
to a protease cleavage site (Fig. 5, method A). The first example of affinity cleavage
for NCL used factor Xa, a protease that cuts C-terminal to its Ile-Glu-Gly-Arg rec-
ognition sequence (Erlanson et al. 1996). Other C-terminal cleaving proteases
include enterokinase, ubiquitin C-terminal hydrolase, and furin. The single disad-
vantage with employing proteases is the possibility for undesired cleavage at sec-
ondary sites. For instance, factor Xa can cleave after Gly-Arg pairs or other basic
residues in a target protein.

Recently Tobacco etch virus (TEV) protease, a highly specific cysteine pro-
tease with a seven-residue recognition sequence, was applied for the generation of
N-terminal cysteine fragments (Tolbert and Wong 2002). TEV protease typically
recognizes a serine or glycine residue in the P1’ site, but will also tolerate a cysteine
in that position. TEV protease demonstrates high sequence selectivity and overex-
presses well on a large scale, making it an ideal protease for EPL applications.

Endogenous methionine aminopeptidases have also been utilized to access
N-terminal cysteine proteins from the corresponding Met-Cys-containing pre-
cursor proteins (Fig. 5, method B). The resulting cysteine polypeptides can be
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isolated from cell lysate using aldehyde-functionalized resin (Villain et al.
2001), or reacted directly for in vivo NCL (Camarero et al. 2001). For exogenous
cleavage of a Met-Cys junction, cyanogen bromide was successfully applied to
access an N-terminal cysteine in a recombinant glycoprotein that was insoluble
in buffers compatible with the commonly employed proteases (Macmillan and
Arham 2004).

An intein-based strategy can also be applied to generate N-terminal cysteine
proteins (Fig. 5, method C). Several commercially available expression vectors
contain genetically modified inteins that lack the conserved cysteine (or serine)
residue at the N-terminus (1 position) of the intein for this purpose. Cleavage of the
intein by succinimide formation, induced by lowering the pH and increasing tem-
perature, simultaneously releases the N-terminal cysteine protein (Chong and Xu
2005). The limitation to this method is the possibility for spontaneous intein
cleavage.

5 Extensions of NCL

5.1 Sequential NCL

Although many NCL applications require the ligation of only two fragments, the
technique is not limited to a single ligation step. Multiple modifications throughout
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a protein or modification in the middle of a large protein can be accomplished
by sequential ligations (Fig. 6a) (Cotton et al. 1999). In sequential NCL, an initial
ligation is carried out between an N-terminal cysteine-containing fragment and a
second fragment containing a thioester moiety and a protected N-terminal cysteine
residue, masked to prevent the thioester fragment from undergoing intra- or inter-
molecular ligations. Strategies used to mask the cysteine residue include the incor-
poration of the factor Xa prosequence immediately N-terminal to the cysteine
residue (Cotton et al. 1999), acetamidomethyl protection of the side chain thiol
(Macmillan and Bertozzi 2004), thiazolidine cysteine protection (Bang and Kent
2004), and photolabile protection of the thiol or amino group (Ueda et al. 2005).
Following the initial ligation, the cysteine is deprotected and a second ligation is
carried out. Theoretically there is no limit to the number of fragments that can be
ligated in this fashion. Segmental ligation has been performed on a solid support,
in a strategy analogous to SPPS (Cotton and Muir 2000), as well as in situ, either
in “one-pot” reactions (Bang and Kent 2005; Ueda et al. 2005) or with high-per-
formance liquid chromatograpy or affinity-tag purification of the ligated intermedi-
ates (Bang and Kent 2005).

5.2 Accessing Xaa-Ala and Xaa-Gly Ligation Junctions

The only major limitation of NCL is the general requirement for a cysteine residue
at the ligation site. For specific applications, the requisite N-terminal cysteine
residue can be replaced by another nucleophilic residue, such as selenocysteine
(Gieselman et al. 2001). Alternatively, NCL can be combined with postligation
desulfurization with palladium or H,/Raney nickel to convert the resultant cysteine
to an alanine, and thereby access peptides or proteins with an Xaa-Ala ligation
junction (Yan and Dawson 2001). This method has been applied to several proteins
that lack cysteine residues (He et al. 2003; Bang et al. 2005), but cannot be used for
proteins that contain a cysteine anywhere in the protein sequence, since all thiols
will be reduced by the desulfurization step.

In a more generally applicable strategy, NCL can be performed with a removable
cysteine mimic to ultimately produce an Xaa-Gly ligation junction (Fig. 6b) (Canne
et al. 1996). In this approach the C-terminal ligation fragment is linked via the N-
terminal amine to a thiol-containing auxiliary that facilitates thioester exchange
with the a-thioester fragment. Following transthioesterification, an S—N acyl shift
results, and subsequent cleavage of the N-linked auxiliary yields a native amide
bond at the ligation site. Rapid ligation is best promoted by auxiliaries that proceed
through a five-membered-ring acyl rearrangement intermediate, and most of these
utilize a 2-aryl mercaptoethyl group as the cysteine mimic. Depending on the aryl
substituents, removal of the auxiliary is accomplished with strong acid treatment
(Botti et al. 2001), milder TFA treatment (Macmillan and Anderson 2004), or pho-
tolysis (Marinzi et al. 2004).
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6 Applications

The strongest testament to the utility and generality of NCL is the impressive
number of applications that have been reported for the study of complex biological
systems using ligation methods to access homogenous samples of native or modi-
fied proteins or protein analogs. Owing to the vast number of applications reported
since NCL was first introduced, only a fraction of these can be covered with ade-
quate detail in this chapter. Since a number of excellent reviews are available (Muir
2003; David et al. 2004; Schwarzer and Cole 2005), particular focus is on reports
from the past 3 years.

6.1 Post-translational Modifications

Post-translational (and cotranslational) modification of proteins increases the diversity
of the proteome by more than an order of magnitude beyond that programmed by the
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genetic code (Walsh 2006). Direct characterization of the impact of post-translational
modifications, including phosphorylation, glycosylation, lipidation, and acetylation,
on the structure and function of proteins can be prohibitively complex owing to the
difficulty of obtaining homogenously modified protein in high yields. The nature of
this difficulty stems from the lack of genetic encoding for these modifications, the het-
erogeneity of biological samples, and the inherent nonspecificity in the enzymes that
catalyze post-translational modifications. NCL and EPL allow the generation of modi-
fied proteins in milligram quantities by the reaction of a biologically expressed non-
modified fragment with a synthetic fragment containing the desired modification (see
also the chapter by van Kasteren et al., this volume). Many post-translational modifica-
tions occur within the N- or C-terminus of proteins, making the corresponding modi-
fied proteins ideal targets for NCL. However, segmental ligation can be used to
incorporate modifications within the central regions of a protein as well.

6.1.1 Phosphorylation

Phosphorylation is the most prevalent post-translational modification, affecting an
estimated one third of human proteins (Walsh 2006). Protein kinases, enzymes
which catalyze transfer of the y-phosphoryl from ATP to a serine, threonine, or
tyrosine side chain within a peptide or protein, can have tens or hundreds of sub-
strates, and may modify multiple sites in a single protein, making the production of
discretely phosphorylated proteins challenging. NCL has facilitated the preparation
of homogeneous samples of phosphoproteins, enabling investigators to isolate the
specific roles of phosphorylation on protein function in vitro.

In one example, synthetic variants of a Cys His, zinc finger protein were pre-
pared by NCL in various phosphorylated forms and used to study the effects of
linker phosphorylation on DNA binding (Jantz and Berg 2004). Cys, His, zinc fin-
ger proteins are a class of transcription factors comprising zinc-binding domains
joined by highly conserved linker regions, which each include a single threonine or
serine residue. These linker regions are known to be phosphorylated, but previous
studies on the effects of phosphorylation were limited to using partially purified
protein isolated from cell lysates, prohibiting detailed quantitative evaluation. NCL
enabled the preparation of pure phosphorylated variants of a representative 86-residue
protein containing three zinc finger domains joined by two linker regions. The pro-
teins were synthesized by sequential ligation of peptide fragments to access vari-
ants with a single phosphothreonine residue in the N-terminal or C-terminal linker,
phosphothreonine residues in both linkers, or no linker phosphorylation (Fig. 7,
semisynthesis A). Direct comparison of the DNA binding affinity of the three
phosphorylated variants and the nonphosphorylated protein using a fluorescence-
anisotropy-based assay indicated that phosphorylation of either linker resulted in an
approximately 40-fold decrease in DNA binding affinity, and that phosphorylation
of both linkers resulted in a 130-fold loss. These quantitative measurements, made
possible by pure preparations of phosphorylated variants, provide strong support
for a model the authors set out to evaluate, in which coordinated regulation of zinc
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finger transcription factors is achieved by cellular phosphorylation of the linker
regions.

In another study, singly and dually phosphorylated variants of a signaling pro-
tein, Smad2, were prepared using EPL, allowing the investigators to deconvolute
the impact of each phosphoryl group on protein oligomerization and on further
Smad?2 phosphorylation by an upstream kinase (Ottesen et al. 2004). Phosphorylation
of receptor-activated Smad (R-Smad) proteins, such as Smad2, occurs on the final
two serine residues of a C-terminal phosphorylation sequence. Phosphorylation of
this C-terminus results in the dissociation of the R-Smad from the membrane-
bound receptor complex, and the formation of a new heteromeric complex between
the R-Smad and a related co-Smad protein, which subsequently translocates to the
nucleus and regulates gene expression. Phosphorylated R-Smads can also form
homotrimers in vitro. With the serine residues under investigation located at the
extreme C-terminus, Smad2 and the three possible phosphorylated variants were
ideal candidates for EPL and were prepared by ligation of an expressed o.-thioester
corresponding to Smad?2 (residues 241-462) with one of four synthetic pentapep-
tides containing a phosphoserine residue at either position 465 or 467, at positions
465 and 467, or at neither position (Fig. 7, semisynthesis B). Biophysical studies
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on the oligomerization state of the variants, including analytical ultracentrifugation,
revealed that stable Smad2 oligomer formation requires phosphorylation at both
serine residues, but that phosphorylation of Ser465 provides the driving force for
oligomerization. In addition, phosphorylation of Smad2 at Ser467 proceeds more
rapidly when the protein is already phosphorylated at Ser465, while the rate of
phosphorylation of Smad?2 at Ser465 does not significantly increase by prephospho-
rylation at Ser467. Since Smad2 is enzymatically phosphorylated on both sites by
the same kinase, a semisynthetic strategy was critical to enable access to pure sam-
ples of singly phosphorylated Smad2 for these studies. Interestingly, the receptor
kinase that phosphorylates Smad2, TPRI, is itself activated by phosphorylation, and
a tetraphosphorylated variant of this kinase was among the first applications of
NCL to produce phosphoproteins (Huse et al. 2000; Flavell et al. 2002) and was
utilized in the Smad2 phosphorylation assay.

6.1.2 Glycosylation

Homogenous samples of glycosylated proteins are particularly challenging to
access because cellular glycoproteins exist as complex mixtures of glycoforms,
which are difficult to purify or even characterize (Macmillan and Bertozzi 2000).
Similar to phosphorylation, enzymatic glycosylation results in heterogeneous sam-
ples owing to modification of multiple residues, and glycoprotein mixtures may be
further complicated by the diversity of oligosaccharides and possible sugar link-
ages. Tremendous effort has been devoted to the chemical and chemoenzymatic
synthesis of glycopeptides (Grogan et al. 2002), and these advances have been
applied to the synthesis and semisynthesis of homogenous glycoproteins by NCL
(Shin et al. 1999; Marcaurelle et al. 2001; Hojo et al. 2003; Miller et al. 2003;
Tolbert et al. 2005). For the preparation of glycopeptide o-thioesters, Fmoc-based
SPPS strategies are exclusively applied, since glycosidic linkages are not stable to
the repetitive acid treatments required in Boc-based SPPS.

In an impressive synthetic undertaking, a 132-residue mucin-like glycoprotein,
GlyCAM-1, was semisynthesized in three distinct glycoforms containing up to 13
glycans for future investigations on the effect of glycosylation on GlyCAM-1 struc-
ture and function (Macmillan and Bertozzi 2004). GlyCAM-1 consists of a central
unglycosylated domain flanked by two mucin domains, characterized by dense
groups of o-O-linked N-acetylgalactosamine on serine and threonine residues. All
glycans were introduced as the monosaccharide N-acetylgalactosamine derivative,
which, in principle, can be elaborated enzymatically to produce fully active glyco-
protein. The semisynthetic glycoforms generated in this study include GlyCAM-1
variants glycosylated exclusively in either the N-terminal or the C-terminal mucin
domain and a variant glycosylated in both mucin domains. The authors applied
three different NCL approaches to achieve all the glycoforms, including a sequen-
tial strategy using two ligations and involving a recombinant o-thioester with a
masked N-terminal cysteine to generate the GlyCAM-1 variant glycosylated on
both mucin domains (Fig. 7, semisynthesis C).
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NCL has also been applied to the semisynthesis of an N-linked glycoprotein
variant of a well-studied bacterial protein, Im7, to investigate the influence of glyc-
osylation on protein folding (Hackenberger et al. 2005). N-linked glycosylation is
a cotranslational event that is thought to assist in the correct folding of expressed
proteins. The four-helix Im7 protein, which is not naturally glycosylated, served as
a tractable model for folding studies owing to the significant quantity of data avail-
able on the kinetics and thermodynamics of its three-state folding mechanism. The
glycoprotein analog was prepared with an asparagine-linked chitobiose building
block at residue 13 on helix I by the ligation of a glycosylated o-thioester to an
expressed C-terminal fragment comprising Im7 residues 29-87 (Fig. 7, semisyn-
thesis D). Biophysical analysis of the glycosylated and nonglycosylated semisyn-
thetic Im7 variants revealed that glycosylation at position 13 had minimal effect on
protein folding. Investigations of other Im7 glycovariants are currently underway to
probe the effect of glycosylation at other sites.

6.1.3 Lipidation

The post-translational lipidation of proteins is involved in regulating function by
targeting modified proteins to specific membranes. The covalent addition of lipid
anchors can be divided into four main classes: N-terminal myristoylation, C-terminal
addition of a glycosyl phosphatidylinositol (GPI), acetylation, and prenylation
(Walsh 2006). As with other post-translationally modified proteins, lipoproteins are
challenging to access by genetic or enzymatic methods and have become exciting
targets for NCL.

Prenylation involves the addition of a farnesyl or a geranylgeranyl group to one
or two cysteines at the C-terminus of a protein. The C-terminal location of the
modified cysteine residues renders prenylated proteins well suited for semisynthe-
sis by EPL. A successful application has been the semisynthesis of fluorescently
labeled mono- and diprenylated variants of Rab7, a Rab guanosine triphosphatase
(GTPase) of the Ras-GTPase superfamily (Durek et al. 2004). An expressed o.-thioester
corresponding to Rab7 (residues 1-201) was reacted with fluorescently labeled and
prenylated hexapeptides to generate Rab7 variants with geranylgeranyl modifica-
tions on either Cys205 or Cys207, or on both Cys205 and Cys207 of the C-terminus
(Fig. 8a). Semisynthesis involving the hydrophobic lipopeptides required several
modifications to the standard EPL protocol, including the addition of specific deter-
gents and an organic extraction of unreacted peptide, which binds to the protein
noncovalently, from precipitated protein. In addition, a Rab chaperone protein
was necessary to stabilize the denatured Rab7 variants during refolding. A novel
fluorescence-based prenylation assay, utilizing the environment-sensitive properties
of the dansyl fluorophore, was developed to probe the mechanism of diprenylation.
The results of the prenylation assay support a proposed random sequential mecha-
nism of prenylation. The straightforward assay, facilitated by the creative applica-
tion of a fluorescent tag, was possible because the researchers were able to generate
homogenous monoprenylated protein.
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As with glycosylation, a primary challenge in the EPL of prenylated proteins is
the synthesis of modified peptides. Comparison of a number of solution-phase and
solid-phase methods for synthesizing prenylated peptides revealed the strength of a
hydrazide-linker-based solid-phase approach that was used to incorporate several
prenylated and fluorescently labeled peptides onto the o-thioester fragment of Rab7
(Brunsveld et al. 2005). The extensive semisynthetic work with Rab7 was recently
extended to other Ras-type GTPases: those in the Ras subfamily (Gottlieb et al.
2006). Prenylated Ras proteins pose additional semisynthetic challenges because
they are not known to interact with a chaperone, the use of which was essential
for the stabilization and purification of Rab7. This challenge was successfully
addressed by the use of polybasic prenylated peptides, which eliminated nonspecific
peptide/protein aggregation and enabled ligation and purification in nondenaturing
conditions.

Progress has also been made in the preparation of proteins with GPI anchors.
GPI proteins are modified via a C-terminal amide linkage with a lipopentasaccha-
ride anchor. With use of EPL, lipidated analogs of green fluorescent protein (GFP)
were created with a simplified GPI anchor, a phospholipid without glycans, to
demonstrate a flexible strategy for generating proteins lipidated at the C-terminus
(Grogan et al. 2005). The lipidated GFP variants were shown to incorporate stably
into supported membranes, and quantification of their lateral fluidity was achieved
by fluorescence imaging. This strategy can therefore be applied to the semisynthe-
sis of naturally lipidated proteins and their study in lipid bilayers.
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6.1.4 Acetylation

Reversible acetylation involves modification of proteins, notably histones and tran-
scription factors, on the €-amino group of lysine residues. In core histones, which
comprise the octomeric protein core of nucleosomes, post-translational modifica-
tion of the N-terminus alters histone-DNA interactions and is implicated in regulat-
ing gene transcription (Walsh 2006). NCL has been employed to generate pure
samples of modified histones, acetylated or methylated on the N-terminal tail (He
et al. 2003; Shogren-Knaak and Peterson 2004). In a recent example, a homogenous
monoacetylated variant of histone H4 was prepared by NCL to characterize the
structural and functional effects of acetylation of Lys16 (Shogren-Knaak et al.
2006). Toward this end, a synthesized peptide thioester acetylated at Lys16 and
corresponding to residues 1-22 of histone H4 was ligated to a recombinant C-terminal
fragment (residues 23—102) (Fig. 8b). The H4 variant was incorporated into nucleo-
somal arrays and found to inhibit the formation of higher-order chromatin structures
and prevent the functional interaction of histones with a specific chromatin-associated
protein. This characterization of a selectively acetylated variant complements pre-
vious peptide competition studies and provides direct evidence not accessible with
truncated or randomly hyperacetylated histone derivatives.

6.2 Fluorescent Probes

Genetically encoded fluorophores are widely used for imaging proteins in live cells.
GFP and the ever-increasing number of GFP variants with improved properties and a
spectrum of excitation and emission wavelengths are invaluable probes for imaging
protein localization and examining intramolecular and intermolecular protein interac-
tions. One powerful application of fluorophore-labeled proteins is fluorescence reso-
nance energy transfer (FRET). FRET results when two fluorophores are within close
proximity and the emission spectrum of the “donor fluorophore” overlaps with the
excitation spectrum of the “acceptor fluorophore.” The proximity and spectral overlap
enable a transfer of energy and a corresponding increase in the intensity of the accep-
tor fluorophore emission, allowing for quantification of the distance between the two
fluorophores. The major drawback of using genetically encoded fluorophores for
FRET and other fluorescence-based imaging is the significant size of the fluoro-
phores (27kDa for GFP) appended onto the protein of interest, potentially altering
native interactions and localization. Organic fluorophores are significantly smaller
(less than 1kDa) and often possess superior photophysical properties, such as higher
extinction coefficients and greater resistance to photobleaching, but can be challeng-
ing to incorporate into proteins in a chemoselective manner.

NCL has been used to chemoselectively install a donor—accepter pair of organic
fluorophores into proteins to study both intramolecular conformational changes
(Cotton and Muir 2000) and intermolecular interactions (Scheibner et al. 2003)
using FRET. In an example of the latter, variants of serotonin N-acetyltransferase
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(AANAT), a circadian rhythm enzyme, were constructed via EPL with a fluorescein-
or rthodamine-containing peptide at the C-terminus (Scheibner et al. 2003). Since
standard methods for determining oligomerization state, such as size-exclusion chro-
matography and dynamic light scattering, proved inconclusive with AANAT,
FRET was employed to probe for homooligomerization (Fig. 9a). Fluorescence studies
showed a significant increase in FRET upon incubation of the donor (fluorescein)-
and acceptor (rhodamine)-containing AANAT variants, indicating a preference for
AANAT to oligomerize.

Along with FRET, there have been numerous applications reported for fluorescent
probes incorporated into proteins by NCL, some of which are discussed in the context
of other sections in this chapter. Examples include the C-terminal labeling of proteins
for anisotropy-based binding studies (Maag and Lorsch 2003), the domain-specific
replacement of tryptophan residues with a redshifted and environment-sensitive tryp-
tophan analog to probe domain function in the context of a full-length protein
(Muralidharan et al. 2004), and the site-specific incorporation of an environment-
sensitive fluorophore into an effector domain to monitor protein-domain interactions
(Becker et al. 2003). Fluorescent labeling of proteins has also been accomplished
in vivo (Yeo et al. 2003). A cell-permeable fluorescent thioester was introduced
into cells expressing a target protein with an N-terminal cysteine, generated by
intein-mediated splicing, resulting in NCL to generate a protein variant labeled at
the C-terminus (Fig. 9b).
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Fig. 9 a Serotonin N-acetyltransferase (AANAT) labeled with fluorescein (FL) and rhodamine
(Rh). Expected fluorescence energy resonance transfer (FRET) outcome for AANAT as a mono-
mer (no FRET) and as an oligomer (FRET). b In vivo labeling of glutathione S-transferase (GST;
containing an N-terminal cysteine residue) with the membrane-permeable tetramethyl rhodamine
(TMR) thioester
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6.3 Unnatural Amino Acids

The power of NCL is even more pronounced in its application to the semisynthesis
of protein domains or full-length proteins containing unnatural amino acids. Amino
acid analogs chemoselectively introduced by NCL can be used to probe specific
aspects of amino acid or protein function. This approach can involve introducing
residues that differ from the natural amino acid at a position of interest in a single
aspect, such as side chain geometry, steric effects, or electronic effects. In one exam-
ple, variants of Src, a substrate of the kinase Crk, were prepared, in which a tyrosine
residue known to be phosphorylated was replaced with one of five tyrosine analogs
to dissect the contribution of individual factors affecting tyrosine phosphorylation
(Fig. 10a) (Wang and Cole 2001). Evaluation of the semisynthetic substrates in
a radioactivity-based kinase assay led the authors to conclude that the phenolic
hydroxyl of tyrosine is not involved in ground-state Src/Crk interactions and that
stabilization of tyrosine conformers increases the efficiency of phosphorylation. In
another study, EPL was used to generate analogs of the blue copper protein azurin,
an electron transfer protein, to study the role of the copper-coordinating methionine
residue on reduction potential (Fig. 10b) (Berry et al. 2003). The methionine residue
was replaced with either a norleucine or a selenomethionine using NCL; subsequent
spectroscopic and biochemical studies of the semisynthetic variants revealed hydro-
phobicity to be the most significant factor affecting reduction potential.

Introduction of unnatural amino acids has also been used to confer proteins with
new properties or functions. For example, a variant of the enzyme ribonuclease A
was engineered with a B-peptide module in place of two natural amino acids, gen-
erating an enzyme with increased conformational stability without compromising
catalytic activity (Fig. 10c) (Arnold et al. 2002). NCL has similarly been used to
create proteins with more potent binding properties. Src, a protein substrate of Csk,
was prepared by EPL with an ATPYS conjugate in place of the tyrosine at the site
of phosphorylation, creating a Csk inhibitor (Fig. 10d) (Shen and Cole 2003). That
report demonstrates a strategy that could potentially be used to identify unknown
kinases through pull-down assays, or to generate tightly bound kinase/substrate
pairs for X-ray crystallography. In another example in which unnatural amino acid
introduction leads to modulation of protein binding, a DNA-binding zinc finger
protein was tuned to recognize a specific DNA sequence by incorporating citrul-
line, an amino acid which combines the side chain length of arginine with an alter-
native functional group (Fig. 10e) (Jantz and Berg 2003). While tandem zinc finger
domains provide a flexible framework for creating discriminating DNA-binding
proteins, the domains almost exclusively require a guanosine at the 5’-end of the
DNA for specific binding. Replacement of the DNA-interacting arginine residue
with citrulline, which provides both a hydrogen-bond donor and a hydrogen-bond
acceptor, created a variant that binds preferentially to adenosine at the 5’-end of the
DNA, a function not possible with zinc finger domain variants restricted to the 20
encoded amino acids.
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Fig. 10 a Unnatural tyrosine analogs incorporated into Src in place of a tyrosine residue known
to be phosphorylated. b Unnatural methionine analogs used to replace the active-site methionine
in azurin variants. ¢ Naturally occurring residues (Gly-Asn-Pro-Tyr) forming a type VI reverse
turn in ribonuclease A and the replacement B-peptide-containing moiety [Gly—(R)-nipecotic
acid—(S)-nipecoic acid]. d ATPYyS-linked aminophenylalanine residue incorporated into Src to
replace the tyrosine residue phosphorylated by the kinase Csk. e Arginine—guanosine interaction
and the hypothesized citrulline—adenosine interaction

The reports described above represent the use of unnatural amino acids to modu-
late or probe protein function but are by no means comprehensive. Several particu-
larly creative applications that utilize NCL for the incorporation of unnatural amino
acids are covered in detail in the following sections.
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6.3.1 Phosphatase-Resistant Phosphoamino Acid Analogs

Characterizing the role of protein phosphorylation in vivo is complicated by the
presence of protein phosphatases, which are promiscuous enzymes that catalyze
the removal of phosphoryl groups from phosphoproteins. Phosphatases can cause
unanticipated and undetected hydrolysis of the phosphoprotein being studied.
The phosphatases themselves can be modulated by phosphorylation, creating phos-
phoproteins challenging to study both in vivo and in vitro, since phosphatases
have the propensity to autodephosphorylate. The introduction by EPL of nonhy-
drolyzable phosphotyrosine analogs into full-length protein has been used to
great effect in the study of protein tyrosine phosphatase SHP-2 (Fig. 11a)
(Lu et al. 2001; Lu et al. 2003). Two phosphatase-resistant phosphotyrosine ana-
logs were incorporated into the C-terminal tail (at either residue 542 or 580, or at
both 542 and 580) of SHP-2: phosphonomethylene phenylalanine, which is com-
mercially available as the N-Boc derivative, and difluoromethylene phosphonate,
which is a superior mimic of phosphotyrosine but requires synthesis of the amino
acid for introduction into peptides. Biochemical investigations of the SHP-2 vari-
ants revealed that phosphonates at Tyr542 and Tyr580 bind to N-terminal and
C-terminal SH2 domains, respectively, within SHP-2, disrupting basal inhibition
and thereby increasing phosphatase activity. Near-additive effects were observed
for the doubly phosphonylated mutant. Similar incorporation of phosphonometh-
ylene phenylalanine into a related phosphatase, SHP-1, provided equally illumi-
nating mechanistic insight into the role of tyrosine phosphorylation on phosphatase
regulation (Zhang et al. 2003). More recently, single and double phosphonate
substitutions were incorporated by EPL into the low molecular weight protein
tyrosine phosphatase and were shown to inhibit dephosphorylation of phos-
phopeptide substrates, representing the first example of negative regulation of a
tyrosine phosphatase by phosphorylation (Schwarzer et al. 2006). Also noteworthy,
the effect of phosphorylation on cellular stability and localization was investigated
following the microinjection of the phosphonate variants into cells, an experiment
that would not be possible with native phosphoproteins, which are susceptible to
cellular phosphatases.

Phosphonate isosteres of phosphothreonine and phosphoserine, phosphono-
methylene alanine and phosphonodifluoromethylene alanine, have also been intro-
duced into a full-length protein by NCL (Fig. 11b) (Zheng et al. 2003, 2005). Unlike
phosphotyrosine, which has no suitable surrogate within the encodable amino acids,
glutamic and aspartic acid are commonly used as stable phosphothreonine or phos-
phoserine mimics; however, these residues are not always successful mimics, as was
reported with replacement of phosphothreonine and phosphoserine residues in the
protein AANAT, a regulatory enzyme involved in the production and secretion of
melatonin. In contrast, the replacement of an N-terminal Thr31 or a C-terminal
Ser205 with phosphonomethylene alanine by NCL enabled direct analysis of the
role of phosphorylation on AANAT stability. Microinjection of the phosphonate
mutants into cells provided direct support of increased AANAT stability by inter-
molecular binding facilitated by phosphorylation of Thr31 and Ser205.
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Fig. 11 Applications of unnatural amino acids introduced into proteins by NCL. a Replacement
of tyroseine residues 542 and 580 in the protein phosphatase (PTPase) SHP-2 with phosphatase-
resistant tyrosine mimics, phosphonomethylene phenylalanine (Pmp) and difluoromethylene
phosphonate (F,Pmp). b Phosphoserine and the genetically encoded phosphoserine/threonine
mimics aspartic acid and glutamic acid, and the nonhydrolyzable phoshoserine/threonine mimics
phosphonomethylene alanine (Pma) and phosphonodifluoromethylene alanine (Pfa). ¢ Smad2-
MH?2 domain containing C-terminal caged phosphoserine residues. Irradiation with UV light
releases the corresponding dually phosphorylated Smad2 domain. d Phosphodiesterase inhibitory
Y-subunit (PDEY) variants with the photocross-linking amino acid, benzoyl-L-phenylalanine,
incorporated in place of one of seven hydrophobic residues highlighted in bold

6.3.2 Caged Phosphorylated Amino Acids

The caging, or photolabile protection, of biomolecules enables spatial and temporal
control over the release of an activated species. The application of caged proteins
holds great potential for elucidating protein function and signaling pathways but
traditionally has been limited by the difficulty of preparing proteins containing
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masked functionalities. EPL was successfully applied to the semisynthesis of a
caged domain of the signaling protein Smad2, which included two phosphoserine
residues protected by the 2-nitrophenylethyl photolabile protecting group (Fig. 11c¢)
(Hahn and Muir 2004). Previous investigations by the same laboratory used homog-
enous phosphoSmad?2 variants to explore the effect of phosphorylation on Smad2
oligomerization (Sect. 6.1) (Ottesen et al. 2004). The authors wished to expand on
that work by using a dually caged phosphoserine variant as a probe to study Smad2
pathway dynamics with spatial and temporal resolution in cellular experiments. To
generate the probe, a peptide corresponding to the final five residues (463—467) of
Smad2 and containing two caged phosphoserine residues was synthesized on the
solid phase and ligated to a biologically expressed o-thioester of the Smad2-MH?2
domain (residues 241-462). Prior to phosphorylation, Smad2 interacts with a mem-
brane-bound complex, which includes 1:1 binding with the protein Smad anchor
for receptor activation (SARA). Upon phosphorylation, Smad2 releases from the
SARA complex and can form homotrimers or heterocomplexes with a co-Smad,
resulting in an active complex that localizes to the nucleus for gene expression reg-
ulation. The caged phosphoSmad2 variant was shown to mimic a nonphosphor-
ylated Smad-MH2 domain, forming a 1:1 complex with SARA. Upon irradiation,
the release of the corresponding phosphodomain was detected, resulting in protein
homotrimerization. In addition, a nuclear import assay was used to characterize the
localization of the caged Smad2 variant before and after irradiation. As expected,
prior to irradiation, caged Smad2-MH?2 was excluded from the nucleus, similar to
nonphosphorylated Smad2, while irradiation led to nuclear accumulation consistent
with the release of phosphoSmad2. The caged phosphoSmad variant will be used
in future experiments to provide quantitative information on Smad2 nuclear import
and export in live cells.

EPL has also been employed for the incorporation of a caged phosphorylated
residue into a full-length protein with the recent semisynthesis of a caged phos-
phorylated variant of the cell-migration protein paxillin (Vogel and Imperiali
2007). Paxillin is a 61-kDa, multidomain protein that contributes to the control of
cellular adhesion and cell migration by acting as a dynamic scaffold for signaling
and structural proteins. As a tool to investigate the influence of paxillin phosphor-
ylation at a single site, a 2-nitrophenylethyl-caged phosphotyrosine residue was
installed at position 31 of the 557-residue protein. The probe comprised the entire
paxillin macromolecule, including all other binding and localization determinants,
which are essential for creating a native environment to investigate phosphoryla-
tion. For the probe semisynthesis, a caged phosphotyrosine building block was
used in the Fmoc-based SPPS of a hexahistidine-tagged 41-mer o-thioester, which
was subsequently ligated to the biologically expressed C-terminus of paxillin
(residues 38-557). Following the semisynthesis of caged phosphorylated paxillin
and analogously constructed nonphosphorylated and discretely phosphorylated
controls, paxillin variants were characterized biochemically and by quantitative
uncaging studies. Ongoing cellular experiments using microinjected caged phos-
phorylated paxillin should yield important information on the effect of Tyr31
phosphorylation on cell migration.
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6.3.3 Photocross-linkers

Another recent application of EPL has been the semisynthesis of protein variants
incorporating a photoactivatable cross-linker, introduced as benzoyl phenyla-
lanine, to study a central binding interaction in the phototransduction cascade
involved in vision (Grant et al. 2006). The inactive form of cyclic GMP phos-
phodiesterase (PDE) is known to be activated by nanomolar binding of the GTP-
bound form of the a-subunit of transducin (Go,-GTP) with the PDE inhibitory
v-subunit (PDEY). To further characterize this interaction, a series of seven full-
length PDEYy photoprobes were constructed using EPL to install the benzophenone
amino acid in place of selected C-terminal hydrophobic residues (Fig. 11d). The
semisynthetic domains also included a biotin affinity tag at the C-terminus for
analysis. Photocross-linking experiments were performed between each of the
PDEY photoprobes and an activated form of Go. (Go,-GTPYS). The investigators
observed cross-linking with several of the photoprobes and were able to narrow
down the region of photoinsertion into Go, thereby revealing several previously
unknown binding interactions.

6.4 Probes for Magnetic Resonance Applications:
Isotopic Labeling and Spin Labels

Structural analysis of proteins by nuclear magnetic resonance (NMR) spectros-
copy is facilitated by the incorporation of carbon, nitrogen, and hydrogen iso-
topes, which may be uniformly introduced into biologically expressed proteins.
At high molecular weights, despite isotopic labeling, NMR analysis becomes
complicated owing to decreased resolution caused by longer correlation times
and highly complex spectra. EPL has been used to selectively introduce isotopic
labels into protein domains within a full-length protein. This strategy has enabled
NMR analysis of discrete protein domains or fragments within the context of
large proteins, rendering a single section of the protein spectroscopically visible
without disrupting domain—domain interactions. Specifically, EPL has been used
to introduce a labeled domain at the terminus of a protein (Xu et al. 1999), and
to demonstrate the possibility of introducing an internal isotopically labeled
domain flanked by two nonlabeled domains using two sequential ligation reactions
(Blaschke et al. 2000).

In a recent example, the o subunit of a G protein (Ga) was semisynthesized
with *C-labeled residues within the C-terminal tail to enable NMR characteriza-
tion of conformational changes upon Go. subunit activation (Anderson et al.
2005). To construct the labeled full-length subunit, a synthetic non apeptide (Gou
residues 346-354) containing three *C-labeled amino acids was ligated to a
recombinant thioester fragment corresponding to Gal residues 1-345. NMR char-
acterization of the Go subunit in its inactive (GDP-bound) form and in an active
form (mimicked by the addition of AIF,”, a GTP y-phosphate analog) provided
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evidence for an increase in the conformational order of the C-terminal tail upon
Go subunit activation.

EPL has also been employed for the incorporation of a paramagnetic amino
acid into a full-length protein for electron paramagnetic resonance spectroscopy
(Becker et al. 2005). A spin-labeled peptide containing a nitroxide-labeled
lysine was ligated to a recombinant thioester of the Ras-binding domain (RBD)
of c-Rafl. The ligation reaction, carried out in the presence of a thiol catalyst,
resulted in reduction of the spin label, which was reoxidized prior to electron
paramagnetic resonance analysis of the labeled RBD and a labeled RBD/Ras
complex.

6.5 Immobilization by NCL and Use in Microarrays

The chemoselective nature of the NCL reaction has been exploited for immobiliz-
ing proteins on a solid support in strategies aimed at the development of protein
microarrays. Protein microarrays have the potential to facilitate high-throughput
analysis of protein interactions, including protein/protein, protein/small mole-
cule, and protein/antibody binding. A major challenge in the construction of pro-
tein microarrays is the uniform orientation of proteins on the glass support. In
several examples, NCL has been used to install a reactive group at the terminus
of proteins for subsequent immobilization. For example, researchers have used
EPL to C-terminally label proteins with a biotin moiety by the ligation of the
expressed protein thioesters with a biotin-labeled cysteine residue (Lesaicherre et
al. 2002). The biotinylated proteins were subsequently immobilized on avidin-
labeled glass slides, taking advantage of the stable biotin—avidin interaction. The
immobilization of an oxidoreductase enzyme, AKR1A1, for future microarray
applications was also accomplished using a similar biotin-labeling strategy
(Richter et al. 2004). In another immobilization strategy, researchers used EPL in
the semisynthesis of protein—nucleic acid conjugates, in which recombinant
thioester-containing proteins were ligated to peptides containing a C-terminal
polyamide nucleic acid (Lovrinovic et al. 2003). The proteins were then incorpo-
rated into small microarrays by DNA-directed immobilization based on interac-
tion of DNA on a glass slide to the complementary protein-conjugated polyamide
nucleic acid.

Proteins have also been attached to a solid surface through the stable amide bond
formed directly by NCL (Fig. 12). Expressed protein o-thioesters have been shown
to selectively immobilize onto a cysteine-functionalized glass slide (Camarero et al.
2004a, b). The reverse approach has also been accomplished, in which proteins
containing N-terminal cysteines were immobilized onto thioester-containing slides
(Girish et al. 2005). In that case, the cysteine-containing proteins were expressed
using an intein-mediated strategy, and both the subsequently purified proteins and
the crude cell lysates were used effectively to immobilize the N-terminal cysteine-
containing proteins onto the thioester-functionalized plates.
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Fig. 12 Immobilization of proteins onto microarrays by a reaction of a thioester-containing protein

with a cysteine-functionalized slide and b reaction of an N-terminal cysteineys-containing protein
with a thioester-functionalized slide

7 Conclusion

Advances in recombinant methods for the generation of o-thioester and N-terminal
cysteine-containing proteins, and in synthetic approaches for peptide o-thioester syn-
thesis, particularly methods compatible with peptides including post-translational
modifications and noncanonical amino acids, have facilitated the semisynthesis of
proteins and protein domains containing unnatural amino acids and biological probes
and tags in NCL applications. These advances have enabled investigators to design
and construct elaborate protein biomolecules that can be used to address challenging
problems not routinely accessible by traditional methods.
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Abstract Post-translational modification (PTM) of proteins in nature is not tem-
plate driven and not under tight genetic control. An a result PTM may be unpredict-
able and often gives rise to mixtures of modified proteins. In order to fully
understand the precise effects of PTM, chemistry may offer an alternative set of
methods for accessing proteins that contain PTMs. Methods available up until early
2007 are discussed in this chapter.
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1 Introduction

In this postgenomic era, the realization of the emerging role of late biosynthetic
events in fine-tuning of protein function is growing. Amongst such late events, the
alteration of the side chains of amino acids after biosynthesis, post-translational
modification (PTM), is an archetype. Present in most eukaryotic and many prokary-
otic proteins, its potential to expand the structural diversity and hence fine-tune the
function of proteins is vast. The lability of many of these PTMs and their often
inpredictable mode of introduction, which is outside the direct control of template-
driven genetics, makes this critical area of functional biology a challenging and
exciting one. Advances in proteomic analysis, hand in hand with novel methods for
construction of PTMs and their mimics, now allow for the first time the investiga-
tion of “top-down” analysis complemented by “bottom-up” probe design. Amongst
one of the most powerful strategies is that of protein semisynthesis, which offers
not only access to pure PTMs and their mimics, in contrast to the complex mixtures
typically derived from nature, but also the ability to “design in” PTMs to test func-
tional hypotheses and exploit the benefit of PTMs (Davis 2004).

This chapter will focus on the site-specific introduction of mimics of PTMs.
These are modifications of the side, chains of the protein that are introduced after
the expression of the protein. Often natural PTMs are not under direct genetic
control, and they are often reversible. This results in the natural production of
mixtures of proteins with identical peptide backbones but with different PTMs at
different levels and at different sites. We shall term the components of these mix-
tures by the general term modiforms, after the nomenclature used for glycosylated
PTMs glycoforms (Rademacher et al. 1988) first proposed by Dwek, and to dis-
tinguish from the less specific term isoform often applied to general protein vari-
ance. Each modiform potentially has a different function. This is best illustrated
by the example of glycosylation, arguably the most widespread and complex form
of PTM.

It is estimated that 50% of all human proteins are glycosylated, and approxi-
mately 2% of the open reading frames in the human genome encode for carbohydrate-
modifying enzymes (Lowe and Marth 2003). The hallmark of protein glycosylation
is the production of complex mixtures of glycoforms (Rademacher et al. 1988),
i.e., proteins with identical peptide backbone but with unoccupied glycosylation
sites and/or with variation of the attached carbohydrate structures. This phenome-
non reflects the fact that glycosylation is not under direct genetic control but rather
relies on a sequential enzymatic processing — trimming by glycosidases and exten-
sion by glycosyltransferases — which can prove incomplete.

A long history of protein modification techniques exists (Hermanson 1996;
Lundblad 2004; Walsh 2005). Most methods have relied on the targeting of acces-
sible (typically nucleophilic) amino acid residue side chains present on the protein
surface (e.g., lysine, cysteine, aspartic/glutamic acid). Owing to the widespread pres-
ence of some of these residues (e.g., lysine) within proteins, multiple copies of
modifications are often introduced with poor regio- and chemoselective control.
Almost without exception, the resulting processes lead to incomplete attachments
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at multiple sites and at unintended sites. While these have provided a highly useful
pragmatic solution for simple, qualitative labeling of proteins, dissecting the pre-
cise function and effect of the products is of low utility in the context of the goals
of this chapter and this will thus largely fall outside of the scope of this review.
These nonspecific processes typically bring with them more problems than they
solve. The resulting chemical mixtures of near-indiscriminately modified proteins
do not allow an easy understanding of either function or even identity. Instead, we
will concentrate on methods that might allow successful preparation of pure or
enriched samples of PTMs or mimics thereof.

While site-selectivity and/or specificity of protein modification has been recog-
nized in several contexts ranging from tailoring of enzymatic activity using pros-
thetic groups (Davis 2003) to imaging (La Clair et al. 2004; Chen and Ting 2005;
Miller and Cornish 2005) and proteomic labeling (Dieterich et al. 2006), it is in the
hope of answering biological questions of relevance to the role of PTMs that we
have constructed this review. The desire to achieve some form of qualitative chemi-
cal modification, e.g., biotinylation for affinity tagging, fluorescence labeling for
visualization, has often meant that key strategic issues have been neglected. In the
context of this chapter these include:

e Conversion levels — few chemical protein modification methods employed today
have been optimized to levels that allow complete conversion. Partial conversion
recreates the need for purification of modified from unmodified. We will, where
known or possible, highlight conversion levels in the examples selected.

e Selectivity — methods designed for chemoselectivity are rarely genuinely probed
in protein contexts, which often contain a multitude of functional groups as
potential, competitive, reactive partners.

In this review, we will largely ignore reactions touted as potential protein modifi-
cation reactions but not demonstrated either under appropriate conditions that
might be of use to the protein chemist and/or on a relevant (protein) substrate,
other than where these methods provide insight into future or existing chemistries.
Where illustrative of the strategy, we will also include selective examples of
poorly discriminating modification methods that either include elements of pro-
mise or highlight central issues.

In the past 10 years, analytical techniques, largely pioneered by the proteomic
community (Aebersold and Mann 2003; Romijn et al. 2003; Haslam et al. 2006),
that allow effective quantitation of both conversion (also yield or reactivity) and
selectivity (chemo- and regio-) have become generally accessible. This now allows
the same rigor that has long been applied to small molecule synthetic methodology
development to be brought to bear in protein chemistry synthetic methodology. In
this background, we highlight issues of selectivity and reactivity (as judged by
conversion) through their estimation wherever possible in examples.

Broadly, two complementary strategies to PTM-protein semisynthesis exist

(Fig. 1):

1. A convergent approach — the addition of a modifying group after the protein
scaffold of interest has been constructed or produced.
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Fig. 1 A comparison of strategies for the synthesis of post-translationally modified proteins. PTM
post-translational modification

2. A linear or segment assembly approach — the assembly of smaller peptides or
amino acids that already bear the desired group into a longer protein chain.

The following striking examples illustrate what can be done. Automated synthesis
machines, although far-advanced, are not capable of making peptide chains of typi-
cal protein size, and consequently bigger peptides or proteins in both strategies are
typically prepared by bacterial expression. For example, in a strategy 2 manner, a
truncated oncogenic protein Ras with a C-terminal cysteine at position 181 was
expressed recombinantly in Escherichia coli. Ras is a protein that is naturally post-
translationally modified with lipid at its C-terminus, which allows it to insert itself
into membranes; the truncated version lacks the region that bears this lipid. The miss-
ing region could be mimicked by the chemical addition of short, chemically synthe-
sized, replacement lipid-modified peptides. This addition onto the cysteine residue at
181 was achieved chemically and created hybrid Ras mimics that showed similar
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activity to natural full-length Ras in cell line differentiation assays (Bader et al. 2000).
A very similar approach has recently allowed the introduction of photolabeling groups
into lipids for elucidation of protein—protein interactions (Volkert et al. 2003).

Strategy 2 “linear” approaches have grown in popularity with the increasing
application of so-called native chemical ligation (NCL) (Dawson et al. 1994; Muir
2003; Muralidharan and Muir 2006) that is based on the observations of thioester—
amide transacylation by Wieland et al. (1953). These have allowed the incorpora-
tion of a wide range of PTMs, including glycosylation (Grogan et al. 2002; Miller
et al. 2003; Macmillan and Bertozzi 2004), lipidation (Rak et al. 2003), and others.
This topic has been excellently reviewed elsewhere (Dawson and Kent 2000;
Khmelnitsky 2004; Schwarzer and Cole 2005) and will not be covered here in detail
(see also the chapters by Merkel et al. and Imperiali and Vogel Taylor, this volume).
Sections will instead highlight in passing some of the more striking examples of its
application to the study of function of PTMs in proteins.

This chapter will largely focus on the flexibility offered by the convergent
approach, which brings with it advantages of yield (through avoidance of com-
pounded synthetic bottlenecks) but also functional flexibility (PTM alteration
through ready retooling achieved by choice of an alternative modifying synthon, the
modifon), concentrating on what we term the “tag-modify” or “tag-ligation” approach
(Fig. 2). This convenient strategy has the potential for global site-selectivity, allowing
perhaps a general technological platform for PTM mimicry and hence PTM under-
standing (van Kasteren et al. 2007). This two-step process involves the introduction
of some form of chemical tag, followed by reaction of that tag with a chemoselective
(tag-selective) reagent that introduces the desired PTM or modifon (a group that
allows effective synthetic introduction of a mimic of that PTM).

Modifons are considered here in the context of desired function and hence the
type of PTM to be introduced. We hope that this chapter will act as a guide to ques-
tions such as: “How can I incorporate pure complex biantennary sialyl-terminated
N-glycan at site X of protein Y?”” and “What is the in vivo effect of prenylation at
site A in protein B?”

We would like to initiate this review by clarifying certain terms and key points
associated with the strategy of protein chemistry. In this chapter, we will employ the
following chemical definitions of the terms “specific” and “selective”: site-specific
modification being a method that will allow attachment at a given, existing, functional
group within a protein; site-selective being a process that allows selection of a given
site within a protein’s architecture. In this way, the process of modifying a natural

Introduce tag Ug ate

Fig. 2 The “tag-modify”
approach to convergent site-
selective modification .
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cysteine, e.g., in oxidized bovine serum albumin (BSA), is specific to that cysteine and
to the natural site, yet an overall process that mutates out that cysteine and mutates in
another cysteine to alter the position of the thiol group prior to modification provides
an overall process that is selective for both modification and site.

Much recent research effort has gone into the modification of biomolecules with
either fluorescent probes, or retrieval probes such as biotin. Again, unless these
are used as functional mimics of a natural PTM, they will not be discussed in this
review unless the method of introduction is of special chemical merit. The methods
described will be grouped by the PTM being mimicked. The bulk of the work in the
field has focused on glycosylation, as it is the most prevalent form of PTM found
in nature. Lipidation has also been of interest, but chemical methods for the intro-
duction of lipids are not manifold. Mimics of other PTMs will be discussed last, as
will novel methods of introducing functionality into biomolecules, which have not
yet been employed for PTM mimicking.

2 Glycosylation

As the most diverse of the PTMs, glycan introduction is an emerging area that
combines the need for target synthesis of often-complex glycan reagents with
strategies for their site-selective introduction. Although strikingly widespread the
role of glycans in protein function is emerging only on a case-by-case basis and
methods for accessing pure glycoforms or their mimics are now starting to play a
critical role in unpicking precise aspects of glycan function.

2.1 Thiol Tag (X: -SH)

Owing to its low natural abundance (Fodje and Al-Karadaghi 2002) and some very
selective chemistry associated with thiols, cysteine has proven an excellent source of
thiol as a chemical tag and hence has been a popular target for site-specific modifica-
tion. Surface-exposed cysteine residues can be readily alkylated or modified by
disulfide-forming agents to yield functional mimics of glycoproteins as outlined later.

Numerous chemical methods have been developed to synthesize S-linked glyco-
peptides and amino acids (for a comprehensive review see Pachamuthu and Schmidt
2006), but in almost all cases their scope is to date limited to the glycosylation of
peptides; the reaction conditions are often incompatible with proteins, and have
therefore not been exemplified for proteins.

2.1.1 Haloacetamide

Flitsch and coworkers suggested alkylation with glycosyl iodoacetamides to
selectively glycosylate amino acids (Davis and Flitsch 1991). The method was
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investigated in the glycosylation of three single cysteine mutants of erythropoietin
(EPO) (Macmillan et al. 2001). Cysteine mutations were introduced at the three
N-glycosylation sites (24, 38, and 83) and were treated with an N-acetylglu-
cosamine (GlcNAc)—-iodoacetamide reagent. No evidence of undesired glycosyla-
tion on the four cysteine residues involved in the two natural disulfide linkages
present in EPO was observed. This study, however, highlighted the limitations of
iodoacetamide-based glycoconjugations. Glycosylation yields of 50% were
obtained (60% conversion was achieved with 500-fold excess reagents after 24 h);
lectin-affinity chromatography was required to purify the glycosylated EPO and
remove excess reagent. This method was also plagued by a lack of selectivity
(partial selectivity), as reaction with histidine and lysine residues was observed
at the basic pH required to achieve full conversion of the cysteine. At lower pHs
and through the use of excess imidazole, this side reaction was partially sup-
pressed, but incomplete conversion of the cysteine residues was observed.
Glycosylation of a dehydrofolate reductase by the same method (Swanwick et al.
2005b) also suffered from partial conversion and low selectivity (Swanwick et al.
2005a); affinity purification allowed separation of glycosylated from unglyco-
sylated material. In this model, glycosylation was shown to increase the thermal
stability of the protein. The method was also suggested to be compatible with
larger carbohydrates in the form of high-mannose structures (Totani et al. 2004),
although in the latter case no details of characterization of the glycosylation of
model protein carbonic anhydrase were given.

Bromoacetamide-mediated modification of an undecasaccharide onto a cysteine-
containing peptide has also been reported. However, the maximum modification
level observed was 64%, and the complex oligosaccharide required three synthetic
transformations after isolation from egg yolk with 80% purity (Yamamoto et al.
2004). A yield of 77% for the final transformation (Fig. 3, steps ¢ and d) was
reported, but no yield was given for the hydrolysis and amination reactions.

2.1.2 Maleimide

Cysteines can be modified using maleimide-containing carbohydrate reagents
through conjugate addition (poor selectivity). Maleimide-activated monosaccha-
rides and disaccharides were coupled to peptides containing one reduced cysteine,
and to the free cysteine residue on BSA (Shin et al. 2001). The strategy was also
applied to the attachment of a high-mannose-type oligosaccharide, Man GIcNAc,Asn
for glycosylation of a peptide in similar fashion (Ni et al. 2003). This reaction was
exemplified on a 36-mer HIV-1 gp41 peptide. It should be noted that maleimides are
competent electrophiles for other protein nucleophiles such as lysine and histidine.

Recently, thiol-functionality on the keyhole limpet hemocyanin (KLH) or on a
tetanus peptide antigen was modified with a spacer-linked maleimide-functional-
ized HIV-carbohydrate epitope (Ni et al. 2006). These carbohydrates have been
shown to bind the HIV-neutralizing 2G12-antibody (Scanlan et al. 2002), and
conjugation of these carbohydrates was performed with the vision of raising
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antiglycan neutralizing antibodies. While it is a pragmatic approach to conjugate
synthesis, this synthesis highlights how an elegant approach can be undone by
less precise modification chemistry. Here, two sequential steps, thiol introduction
to lysine (poor selectivity) and thiol modification with maleimide (poor selectiv-
ity), together compound the production of product mixtures. Carbohydrate incor-
poration levels of 15% by weight were achieved in this manner. The main
additional shortcoming here is that the introduction of the thiol onto the KLH
protein is determined by lysine location and so may be described as site-specific
at best. This approach is a common one for the utilization of KLH as a platform
for modification and has also been applied, for example, to the preparation of a
potential carbohydrate-based cancer vaccine (Ragupathi et al. 2006). Another
complication with maleimide-based modifications is the creation of the addi-
tional B-stereogenic centre in any resulting conjugate. In an example of modifica-
tion of phosphate binding protein with a maleimide analog of the fluorophore
coumarin, marked differences in fluorescence of the modified probes were
observed (Hirshberg et al. 1998).
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2.1.3 Disulfide Ligation — Methanethiosulfonates/Phenylthiosulfonates,
Pyr-Sulfenyls, Glycoselenenylsulfides

A number of methods based on disulfide bond formation have been developed to
prepare disulfide-linked proteins, which offer the most selective of the thiol-
modification reactions: competing N—S or O-S products are highly labile unlike
N-C or O-C counterparts and this, in part, ensures S—S product formation.

In site-selective strategies, a cysteine residue, introduced through mutagenesis
to generate a protein nucleophile with a single free thiol tag, can subsequently
be modified chemoselectively and quantitatively with electrophilic thiol-specific
carbohydrate reagents, such as glycosyl methanethiosulfonates (GlycoMTS) (Davis
et al. 1998; Davis et al. 2000b) or glycosyl phenylthiosulfonates (Gamblin et al.
2003).

Methanethiosulfonate (MTS) and phenylthiosulfonate reagents made possible
the introduction of protected, spacer-free glycans, but only allowed the preparation
of directly linked unprotected glycosides after enzymatic deprotection on protein,
thereby potentially limiting utility (Davis et al. 2000a). The use of MTS reagents
has also allowed for the site-selective modification of proteins with symmetrically
branched multivalent deprotected glycans (Davis 2001). Such glycodendriproteins
created from protein-degrading enzymes have been shown to reduce bacterial
aggregation in in vitro systems (Rendle et al. 2004).

Boons and coworkers have developed a method based on nitropyridine-2-
sulfenyl activated thioglycoside to modify cysteine residues, as exemplified by the
modification of the single cysteine present in BSA with GlcNAc to form a disulfide-
linked glycoprotein (Macindoe et al. 1998). The preparation of nitropyridine-2-sulfe-
nyl derivatives of oligosaccharides larger than simple monosaccharides such as
GIcNAc proved problematic (Watt et al. 2003) and prevented the use of this
approach to glycosylate a hingeless Fc portion of human immunoglobulin G1 anti-
body with oligosaccharides. As an alternative, glycosyl thiols, such as thiochitobiose,
were used in direct disulfide exchange (Watt et al. 2003) with the nonreduced pro-
tein and allowed yields of 60% to be obtained after purification (100% conversion
as determined by mass spectrometry). Large excesses of glycosyl thiols in this type
of approach are usually required, which in the case of complex carbohydrate can be
a limiting factor, and aerial oxidation can require long reaction times and can be
difficult to control. Moreover, methods based on disulfide exchange can potentially
be problematic for proteins that contain natural disulfide bridges.

More recently, a selenenylsulfide-mediated ligation method has been reported
(Gamblin et al. 2004). Two strategies can be adopted. The first is based on the activa-
tion of the cysteine-containing protein as a phenylselenenylsulfide after chemoselec-
tive reaction with phenylselenyl bromide, and subsequent reaction with glycosyl
thiol to form the final mixed disulfide. In the second strategy, glycosyl thiols are ini-
tially converted to their selenenylsulfide analogs before reaction with the cysteine-
containing protein. The versatility of this ligation method was evidenced by the
coupling of a wide range of monosaccharides and oligosaccharides (up to heptasac-
charides) to a variety of peptides, and to the single and multiple glycosylation of
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proteins. Furthermore, the same study showed that disulfide-linked glycoproteins
can be enzymatically elongated using glycosyltransferases with full conversion,
which widens the scope of the method. This method has recently been coupled with
a method for direct thionation of unprotected sugars to allow direct “one-pot” glyco-
protein synthesis using glycans from natural sources (Bernardes et al. 2006).

Recently, thiol tags along with the glycoselenenylsulfide and GlycoMTS meth-
ods have been used in combination with azide tags to expand the diversity of chemi-
cal protein modification (van Kasteren et al. 2007). These first examples of the use
of dual tags/dual modifons allowed the creation of functional mimics of dual-PTM-
modified human proteins (see Sect. 2.5).

2.2 Amine Tag (X: -NH,)

Lysine is another oft-targeted residue. It is highly abundant on the surface of pro-
teins and thus allows for the introduction of large numbers of copies of the glycan
onto a protein. Thus, although it is a widely employed method for the indiscrimi-
nate modification of, for example, immunogenic carrier proteins to generate carbo-
hydrate-based vaccines, its role in precise and selective methods is limited.

With a view to simply providing a pragmatic method for attaching small molecules
to protein scaffolds to the less experienced, these methods often use amine-reactive
homobifunctional coupling agents that bring together amine-bearing carbohydrates
with proteinaceous amines (e.g., lysine). These have recently been reviewed and
compared for their global incorporation efficiency (Izumi et al. 2003).

2.2.1 Reductive Amination Using Aldehydes

The most common method for introducing carbohydrates onto lysine side chains is
reductive amination (Davis 2002). Traditionally the imine is formed between an
open-chain carbohydrate and a lysine side chain, followed by reduction with
sodium cyanoborohydride to give a secondary amine linkage (Gray 1974). The
major disadvantages of this method are twofold. Firstly, the coupling conditions are
harsh and conversion levels are generally low (four of 59 residues of BSA modified
after 2 weeks, 7% conversion) (Gray 1974). Secondly, the reducing terminus gener-
ates an open-chain polyol amine linkage which alters the imparted conformation.
One example of this strategy is the modification of a catalase with polysialic acid
(Fernandes and Gregoriadis 1996). Aldehyde functionality was introduced in the
nonreducing terminal sialic acid followed by a reductive amination to give polysia-
lylated catalase. This modification led to improved in vivo lifetimes by reducing
clearance, proteolytic cleavage, and inappropriate tissue uptake (Gregoriadis et al.
2005). The periodate cleavage method used for introduction of the aldehyde, how-
ever, can lead to cleavage of other vicinal diols, again generating mixtures of modi-
forms (Lifely et al. 1981).
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Efforts have been made by using aldehyde-terminated spacer arms to combat
this problem. Synthetic strategies usually carry a linker-precursor through oligosac-
charide synthesis, followed by late-stage introduction of the aldehyde. Typically,
this has been achieved by ozonolysis of an anomeric allyl group (Bernstein and Hall
1980). The Danishefsky group has used this strategy to conjugate complex, sia-
lylated, tumor-associated carbohydrate antigens, such as sialylTn (Ragupathi et al.
1998) and GloboH (Ragupathi et al. 1999) to the surface of KLH. Alternative meth-
ods for the introduction of the aldehyde include the reduction of glycosyl azides
and coupling to 4-pentenoic acid prior to ozonolysis (Pan et al. 2005) (Fig. 4).

2.2.2 Amidine Formation Using Imidates

One method with enhanced potential for selectivity and reactivity in creating a link-
able oligosaccharide is the 2-imino-2-methoxyethyl-based modification method
(Fig. 5). In this method, the active imidate form of the linker is generated from per-
acetylated S-cyanomethyl glycoside using methoxide, thereby allowing activation
at the same time as deprotection (Lee et al. 1976; Stowell and Lee 1980, 1982).
Recently, this method has been applied to introduce galactose onto a rhamnosidase
enzyme (Robinson et al. 2004). The resulting glycosylated enzyme was successfully
used as part of a bipartite drug delivery system targeted to the liver. With use of
mannosyl and galactosyl 2-imino-2-methoxyethyls, high levels of glycosylation of
lysine on adenoviral particles have also been achieved. The resulting modified ade-
noviruses are retargeted by glycosylation and hence the transfection target can be
altered simply through chemistry (Pearce et al. 2005). Thus, the normal cocksackie
receptor—adenovirus interaction was “switched off”’; and mannose-binding-protein-
mediated uptake via mannose receptor macrophages matured from human periph-
eral blood monocytes was “switched on.” The linkage has thus usefully been proven
to be of sufficient stability and compatibility in vivo. High modification levels can
be achieved (conversion up to 70-95% of accessible surface lysines); e.g., in BSA
modification, 40—45 sugar copies were incorporated per protein molecule, which
corresponds to a modification of two thirds of all lysine residues (Lee et al. 1976;
Stowell and Lee 1980, 1982). The success of the method hinges on the relative labil-
ity of the imidate reagents but the stability of the amidine products (formed with NH,)
— any imidates or thioimidates formed by reaction with protein O and S nucleophiles,
respectively, simply hydrolyze.

2.2.3 Squarate-Mediated Amidation

Squarenes were first applied to protein glycosylation by the group of Tietze (Tietze
et al. 1991a, b) and later by Hindsgaul (Kamath et al. 1996) as a way of modifying
lysine residues with carbohydrates. The sugars are functionalized at the anomeric
position with an amine-ended spacer arm and reacted with squaric esters. The
resulting intermediates are subsequently reacted with lysine residues on proteins.
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Fig. 4 Example of an aldehyde spacer in reductive amination of amine tags. a Lindlar’s catalyst,
H,, MeOH/EtOAc (1:1), then 4-pentenoic anhydride, 90%; b 0.5 N NaOH then various anhydrides
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Fig. 5 Modification of a protein with a generic 2-methoxy-2-imino activated monosaccharide.
a four equivalents of sodium methoxide; b pH 9.5, 2h, 41 of 59 residues modified. BSA bovine
serum albumin
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Fig. 6 Modification of HSA using squarate-mediated coupling. a DMF, Et,N, 40%; b HSA, HCO,
buffer, pH 9.0, 25% of lysine residues modified

This method has been shown to be compatible with oligosaccharides (Kamath et al.
1996; Saksena et al. 2005). It has been reported that approximately 25% of lysine
residues of BSA could be modified by this method (Kamath et al. 1996). More
recently the modification and biological application of this method was reported
to create multiply modified human serum albumins carrying up to 19 sialylated
N-acetyllactosaminyl sugars (conversion 25%) (Johansson et al. 2005). These com-
pounds showed excellent inhibition of adhesion of adenovirus Ad37 to human corneal
cells in vitro (Fig. 6).

The method has also been applied to the conjugation of a hexasaccharide from
Vibrio cholerae to BSA as a potential vaccine candidate. It was shown that for one
type of the lipopolysaccharide (Ogawa-type antigen), the compound was immuno-
genic, but no protective antibodies were generated. No yields for the carbohydrate
synthesis, squarate formation and equivalents used were reported in this study
(Meeks et al. 2004).

2.2.4 Isocyanates and Isothiocyanates

Isocyanates and isothiocyanates are excellent agents for the modification of amines
(McBroom et al. 1972). Gabius and coworkers have successfully used this approach
to couple a biantennary heptasaccharide to BSA; after acylation of the nonreducing
end with a 6-aminohexanoyl spacer and activation of the free amino group as an
isothiocyanate, coupling to BSA afforded neoglycoproteins with 2.4-4.6 glycan
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chains per carrier molecule of a total of 59 lysine residues. The versatility of this
convergent approach, based on a chemoenzymatic strategy to synthesize complex
oligosaccharides prior to coupling to the target protein (Andre et al. 1997, 2004),
was recently used to study the effect of branching in complex-type triantennary
N-glycans on lectin binding (Unverzagt et al. 2002), and to probe the effect of the
LEC14-type branching on binding to surface lectins on cancer cells (Andre et al.
2005). One small drawback of the method is the modest yield of the introduction
of the spacer arm into the complex carbohydrates late in the synthesis.

2.3 Carbonyl Tag (X: -C=0)

One of the first examples of the modification of an unnatural amino acid with a
sugar was reported recently (Liu et al. 2003). By means of the amber codon sup-
pression system (Cornish and Schultz 1994; Cornish et al. 1995), a ketone handle
(Cornish et al. 1996) in the form of p-C-acetylphenylalanine was introduced into
the 8-kDa Z-domain of staphylococcal protein A (Fig. 7). This handle was subse-
quently modified with an oxyamine-functionalized sugar. The resulting oxime-
linked glycoprotein was then further elaborated using glycosyltransferases to yield
a siaLacNAc-modified protein. The enzymatic galactosylation was reported to be
60% efficient and the sialylation proceeded with 65%. The resulting mixtures of
glycoforms were characterized by liquid chromatography—mass spectrometry.

2.4 Olefin Tag (X: —=)

Despite the general utility of double bonds as functional groups in chemistry, applica-
tions in protein chemistry have largely been limited to their presence in o, B-unsaturated
carbonyls, allowing modification through conjugate addition with nucleophilic rea-
gents. Michael-type addition of 1-thio sugars on dehydroalanine-containing peptides
has been demonstrated for the synthesis of S-linked glycopeptides, both on solid
support and in solution (Zhu and van der Donk 2001). Dehydropeptides can be pre-
pared by oxidation of Se-phenylselenocysteines and elimination of the corresponding
selenoxide. The addition of 1-thio monosaccharides (protected or unprotected) on
dehydroalanine-containing peptides proceeded with 62-74% yield in solution.
A potential drawback of this method for the modification of peptide is the resulting
formation of epimers in the peptide chain at the site of modification; very recently
through combination with amber codon suppression methods, this approach has
also been exemplified on protein systems (Wang et al. 2007) albeit with concomi-
tant methionine oxidation.



Chemical Methods for Mimicking PTMs 111

OH OH
HO o) HQ
HS&A/O“NHZ B a NHA
NHAC —
&
[

(\EE@ Goteln

NHAC ?

rotel n>

Fig. 7 Modification of ketone handle introduced in the Z-domain of staphylococcal protein A
with oxyamine-functionalized N-acetylglucosamine. Conditions are a NaOAc buffer, pH 5.5 and
b (1) UDP-Gal, B-1,4-GalT, (2) CMP-Sia, 0-2,3-SiaT

2.5 Azide Tag (X: -N,)

It has recently been demonstrated that a second mutually compatible chemical
protein group, a second tag or modifon, can allow for dual and differential modifi-
cation (van Kasteren et al. 2007). This enabled the construction of a synthetic pro-
tein probe capable of detecting mammalian brain inflammation and disease. This
next-generation approach used three tags in total: thiols in natural cysteine resi-
dues, and azides and alkynes in the unnatural amino acids azidohomoalanine
(Aha) and homopropargyl glycine (Hpg) (see Sect. 2.6). These chemical tags for
site-selective conjugation allowed variable modification at multiple, predeter-
mined sites in the protein backbone. The first modification was based on thiol
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modification using MTS reagents (Davis 2000b). The second chemoselective liga-
tion was accomplished using copper(I)-catalyzed Huisgen—Dimroth cycloaddition
(CCHCO) (Rostovtsev et al. 2002; Tornoe et al. 2002). The latter reaction had been
demonstrated for glycoconjugation in a variety of peptide systems, but these were
the first examples of quantitative site-selective protein modification. Initial optimi-
zation studies of CCHC reactions were conducted on a fully competent enzyme
as a protein substrate: SsBG-Aha43, a ten-point mutant ((Met), (Cys) —(Met43),
(Ile),(Ser),) of the galactosidase SsBG expressed in the methionine auxotrophic
strain E. coli B834(DE3) in the presence of the methionine analog azido-
homoalanine (Van Hest et al. 2000; Kiick et al. 2002). This protein substrate was
reacted with a variety of alkyne glycosides as reagents. These studies highlighted
a requirement for highly pure (99.999%) copper(I) to achieve more than 95% pro-
tein glycosylation.

The first examples of multisite differential modification were demonstrated on
SsPG-Aha43-Cys439 using first a glucose MTS reagent to modify thiol, and then a
galactosyl alkyne to modify azide. This protocol was also successfully applied to a
Tamm-Horsfall glycoprotein fragment (Thp,,, ,.-Aha298-Cys303). In all cases the
native enzymatic function of the protein was maintained after modification, and, in
addition, all modified proteins demonstrated additional sugar-specific binding to
lectins. Furthermore, this differential chemical PTM of proteins was used to mimic
biological processes that are dependent upon PTMs to mediate protein—protein inter-
faces. Investigations into the P-selectin-glycoprotein ligand-1 (PSGL-1) have identi-
fied two critical PTMs required for binding to P-selectin in the primary rolling/adhesion
phases of the inflammatory response; a sulfate attached to Tyr48 and either O-gly-
cans sialLacNAc or sLe*, attached to Thr57 (Kansas 1996; Spevak et al. 1996). As a
more vigorous test of the chemical differential ligation strategy, a novel sulfotyro-
sine mimic (Tys) was installed onto position 439 of the lacZ-type reporter enzyme
SsPG and a sialLacNAc-alkyne or sLe*-alkyne mimic at 43, thereby reconstructing
the structural parameters of the natural interaction between PSGL-1 and P-selectin.

2.6 Alkyne Tag (X: —=

The CCHC reaction (see Sect. 2.5) was also shown to be possible with alkyne-
containing proteins such as SspG-Hpgl (in the “reverse sense”) using azido-
derivatized sugars as reagents.

3 PEGylation as a Mimic of Glycosylation

Covalent attachment of polymers, poly(ethylene glycol) (PEG) in particular, to
therapeutic proteins is a well-established method employed to mimic some of the
natural effects of glycosylation in order to improve protection of proteins towards
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enzymatic degradation, prolong circulation half-life and enhance solubility (Harris
and Chess 2003). To date six PEGylated proteins have been approved by the Food
and Drug Administration, and over a dozen are in the clinical development stage,
thereby illustrating their importance in the functional engineering of therapeutic
proteins (Kochendoerfer 2003, 2005; Veronese and Pasut 2005).

A variety of chemical PEGylation methods have been developed, most based on
the activation of the PEG polymer with an aldehyde functionality (for ligation by
reductive amination with amino groups on the protein), an activated hydroxyl group
(tresyl or tosyl), succinimidyl active esters, or activated carbonates (succinimidyl
carbonate, imidazoyl formate, phenyl carbonate); the merits and limitations of these
methods have been reviewed elsewhere (Harris and Chess 2003; Veronese and
Pasut 2005). These methods typically lack site-selectivity, as is the case for the
ligation to amino groups (0-amino and €-amino groups of lysines, N-terminus)
using active carbonates and esters, aldehydes or tresylates; the indiscriminate modi-
fications derived from these methods render batch-to-batch reproducibility more
complicated. We will focus here only on recent examples of site-selective
PEGylation methods.

3.1 Amine Tag (X: -NH,)

Yamamoto et al. (2003) showed that the mutation of all lysine residues of tumor necro-
sis factor-at to less nucleophilic residues did not compromise bioactivity. This thereby
removed competing lysine nucleophiles and allowed subsequent site-selective
PEGylation of the N-terminus. It afforded higher bioactivity and an antitumor potency
greater than that of nonspecifically mono-PEGylated wild-type tumor necrosis fac-
tor-o.. This example of mutation for effective functional group alteration in proteins
is elegant, and it will be interesting to discover how many proteins can sustain the
drastic primary sequence modification necessitated by this type of approach.

3.2 Azide Tag (X: -N,)

Cazalis et al. (2004) have reported the site-selective PEGylation of thrombomodulin at
its C-terminus using Staudinger ligation, by reacting a methyl-PEG-triarylphosphine
with a truncated thrombomodulin mutant bearing a C-terminal azidomethionine.

A PEGylation technology based on the copper-mediated Huisgen—Dimroth
cycloaddition reaction has been disclosed by Schultz and coworkers (Deiters et al.
2004). The efficiency of this method was exemplified on human superoxide dis-
mutase-1, by the introduction of a nonnatural p-azidophenylalanine residue into
proteins in yeast, followed by formation of a stable triazole linkage with a PEG
chain modified with propargylamine, which proceeded with 70-85% conversion.
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3.3 NCL Assembly

Recently, Kochendoerfer and coworkers constructed a synthetic mimic of EPO
(Kochendoerfer et al. 2003). They chemically coupled synthetic peptide segments
with two other peptides each bearing the PEG polymer at sites corresponding to the
natural glycosylation sites of EPO. The resulting protein displayed prolonged cir-
culation in vivo and enhanced activity. In this example negative charges (carboxylic
acid groups) attached at the end of the PEG chains were used to mimic the sialic
acids featured in the natural glycosylation pattern of EPO.

3.4 Hydroxyl Tag (X: -OH)

DeFrees et al. (2006) have developed a site-specific PEGylation method combining
enzymatic N-acetylgalactosamine (GalNAc) glycosylation at specific serine and threo-
nine residues in proteins expressed in E. coli, and enzymatic transfer of PEGylated
sialic acid onto the introduced GalNAc O-glycan using a 2,6-0-sialyltransferase.
This intriguing example highlights the strong potential of enzymatic methods in
determining chemo- and regioselectivity.

3.5 Thial Tag (X: -SH)

In an interesting attempt to study the effect of PEGylation on the pharmacologi-
cal properties of interferon-B-1b (IFN-B-1b), Basu et al. (2006) PEGylated IFN-[3-
1b either randomly on the 11 lysines, or site-selectively on single cysteines (or
lysine) introduced in redesigned IFN-B-1b variants by site-directed mutagenesis.
Although, on the one hand, it was possible to modify lysine residues with a variety
of succinimide PEG reagents, on the other hand, the alternative site-selective modi-
fication of cysteine residues with maleimide PEG polymers proved problematic
owing to the lability of an internal disulfide linkage; even in acidic pH or with mild
reducing conditions, complete selectivity and overall yields were shown to be insuf-
ficient. This constitutes another example of the limitation of the maleimide method
of cysteine modification.

3.6 Disulfide Tag (X: -SS)

If the presence of native disulfide bonds can sometimes prove to be incompatible with
the chemistries applied for the modification of reduced cysteines, they can in some
cases be themselves selectively modified as shown recently by Shaunak et al. (2006).
Using a cross-functionalized PEG monosulfone containing an o, B unsaturated
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ketone, native disulfides in human interferon o.-2b and a fragment of an antibody to
CD4 were site-specifically bisalkylated at the two cysteine sulfur atoms (after reduc-
tion of the disulfide bond) to form a three-carbon PEGylated bridge. This site-
specific approach brings with it the advantages of leaving the tertiary structure
around the native disulfide bond relatively unperturbed, and of not requiring the
engineering of additional free thiols as chemical tags for modification. It will be
interesting to see if other PTMs can be mimicked in this manner. However, such a
method is also restricted by the limited flexibility in the positioning of native disulfide
bonds (this will prevent the application of a site-selective strategy), and it might also
be tricky to target a specific disulfide if more than one is present in a protein.

Although PEGylation can constitute a pragmatic means of improving the bio-
physical properties of therapeutic proteins, it remains clear that PEG chains are,
from a chemical point of view, poor structural mimics of oligosaccharides and will
be of limited use in the investigation of the precise function of the complex carbo-
hydrate structures attached to glycoproteins.

4 Lipidation

Several types of lipidation exist, myristoylation, prenylation and palmitoylation
being dominant. Surprisingly few attempts have been made to apply chemical
methods to investigate their role in the modulation of protein function. Protein
prenylation in nature refers to the post-translational attachment of either a farnesyl
(C-15) or a geranylgeranyl (C-20) lipid chain to cysteine found in specific sequences
in a protein backbone (Eastman et al. 2006; McTaggart 2006) near (and after further
modification at) the C-terminus of proteins. This process is catalysed by three
different enzyme types: protein farnesyltransferase and protein geranylgeranyl-
transferase types I and II.

Prenylation has a dramatic effect on the lipophilicity of target proteins. It aids
the membrane anchoring of proteins, such as for the Ras family of small G-pro-
teins. This family of proteins first forms a complex with its escort protein REP and
is subsequently prenylated (Rak et al. 2004). Certain protein—protein interactions
are also prenyl-mediated (Magee and Seabra 2003; Ramamurthy et al. 2003), which
makes the rational study of prenylation an attractive target. In the case of Ras pro-
tein, which has been implicated in the insensitivity to apoptosis of certain cancer
cell lines, its farnesylation and subsequent membrane targeting is crucial for its
function (Cohen et al. 2000). More recently, it has been found that inhibition of the
Ras-farnesyltransferase suppresses nuclear factor-kB regulated gene expression
(Takada et al. 2004). Protein farnesylation and geranylgeranylation play a tantaliz-
ing role in certain human diseases, such as osteoporosis, where inhibition of geran-
ylgeranylation prevents the formation and normal functioning of osteoclasts, the
cells involved in the destruction of bone tissue (Van Beek et al. 1999; Woo et al.
2005), and in Hutchinson—Gilford progeria, the disease whereby patients age rap-
idly (Meta et al. 2006).
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The study of these processes would benefit from the availability of a broadly
applicable prenylation method, which would give access to functional mimics of
farnesylated proteins. The synthesis and other applications of lipidated peptide/pro-
tein conjugates were recently comprehensively reviewed (Naider and Becker 1997;
Brunsveld et al. 2006). To date, farnesylated proteins are typically synthesized by
insect cell expression systems (sf9 cells), which suffer from poor yields and at least
partial loss of prenyl functionality during purification (Jenkins et al. 2003).

4.1 NCL Assembly

Prenyls and other lipids have been attached to Ras proteins (which are naturally
prenylated) by generating a truncated version of the protein and coupling to pre-
nylated peptide fragments, which had been synthesized chemically (Bader et al.
2000). Despite the unnatural linkage introduced into the protein backbone, the
hybrid proteins showed excellent activity by causing neurite outgrowth in a rat
pheochromocytoma cell line. Fluorescent peptides carrying prenyl appendages
were also introduced in this fashion (Reents et al. 2004).

4.2 Hydroxyl Tag (X: -OH)

Only one convergent chemical attachment of a farnesyl analog to a protein has been
reported (Tilley and Francis 2006). This method uses palladium-mediated cross-
coupling between a surface tyrosine residue on the protein and a palladium-7-allyl
complex of the farnesyl lipid (Fig. 8). It allowed the modification of protein

R~ Re 2, Ry |——— R'\/\/OTA\:-L
LnFld \\\/// \‘
a:i']i?irote'i;r_a?‘
Riw~Re | =

K\N = OAc
H
O N\) MO
0 13
=
@ H
Et,N 0 NEt,

Fig. 8 Modification of a tyrosine residue with farnesyl or rhodamine by palladium-mediated
m-allyl coupling of an allyl acetate or carbamate precursor. Conditions are a Pd(OAc),, Triphenyl
phosphine trisulfonate (TPPTS), H,O/dimethyl sulfoxide, pH 8.5-9.0
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tyrosine residues in a partially selective manner in yields of up to 40% (Tilley and
Francis 2006). The observed selectivity results from the lower pK, of the phenolic
hydroxyl acting as a tag.

4.3 Thiol Tag (X: -SH)

Although not yet applied to proteins, prenylation of a peptide has been reported by
Crich et al. (2006a). This method makes use of the (2, 3)-sigmatropic rearrangement
of a thioselenyl-lipid intermediate to yield a thioether-linked lipid. This method
shows great promise.

4.4 Olefins (X: —=)

The dehydroalanine conjugate addition reaction (vide supra) is also amenable to
the preparation of a farnesylated peptide by addition of either triisopropylsilyl-
protected farnesylthiol in the presence of cesium fluoride or farnesylthioacetate
with sodium methoxide (Zhu and Van Der Donk 2001).

S Phosphorylation

Protein phosphorylation has most commonly been mimicked very simply through
the use of the side chain carboxylate group of aspartic or glutamic acid as an approx-
imation of the negative charge of the phosphate group. For example, the mutation of
the penultimate serine residue at position 392 to a glutamic acid in the tumor sup-
pressor protein p53 was shown to be an effective mimic of activated, phosphorylated
p53 (Hupp and Lane 1995). The same S392E mutation of human p53 was shown
to lead to an increase in nonspecific DNA affinity and thermal stability (Nichols
and Matthews 2002). The mutation of serine to glutamic acid to mimic phospho-
rylation in the estrogen receptor is sufficient to upregulate estrogen-receptor-
regulated genes (Balasenthil et al. 2004).

Considering the paramount role of protein phosphorylation in the regulation of
protein function, with protein kinases being involved in most signal transduction
events, it is surprising that — so far — relatively little effort has been put into the devel-
opment of an efficient, reliable, chemical method of mimicking phosphorylation.

6 Sulfation

The use of a thiol tag combined with an aryl sulfonate MTS reagent has allowed the
site-selective incorporation of a sulfotyrosine mimic into a protein scaffold (van
Kasteren et al. 2007). This allowed the creation of an effective mimic of human protein
PSGL-1, which was both site-selectively sulfated and glycosylated (see Sect. 2.5)
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7 Conclusion

The key to understanding PTMs is by considering their role as one of fine-tuning
protein function through diversification. Their only very loose connection to template-
driven biosynthesis highlights the consequent need for methods that will generate
more precise protein probes to allow the elucidation of their function in a flexible
and empirical manner. This may be achieved, as we have outlined, through protein
semisynthesis in an approach that incorporates the desired PTM or mimics of that
PTM. If we wish to make sense of this diversity we need to break it into its individ-
ual elements — its modiforms. These will reveal structure—activity relationships in a
realm that has been almost untouched by such precise investigation. This challenge
may be met by the protein chemist through the invention of genuinely protein-
friendly coupling reactions. If they are applied in a convergent manner, both yield
and flexibility will be enhanced. The development of protein-compatible condi-
tions, coupled with modification methods that may be evaluated using state-of-the-
art analytical proteomics tools, will address key issues of conversion and selectivity.
There are already promising examples of novel chemical modification methods that
may ultimately fit these criteria of utility, but these have yet to show their suitability
for the investigation of PTMs. Recently, an iridium-mediated reductive amination
was reported, but only modification with simple aromatic aldehydes was achieved
(McFarland and Francis 2005).

As well as novel reagents, novel tags are now emerging as possible sites for
ligations. Tryptophan modification using carbenoids (Antos and Francis 2004) has
been applied to myoglobin (Fig. 9), although with moderate yield and regioselec-
tivity. Conversion levels of more than 50% were observed for myoglobin at pH 3.5
with a 7-h reaction time, although modification of the single tryptophan residue in
subtilisin Carlsberg under the same conditions failed, and recent reports highlight
that cysteine and methionine and their derivatives are also reactive partners to
carbenoids (Crich et al. 2006b).

Such new reactions for natural amino acids as tags are being complemented by
methods for the introduction of non-natural amino acids as tags. Select examples
have already emerged (Liu et al. 2003; van Kasteren et al. 2007). As technologies
for their incorporation develop, further opportunities will emerge.
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Fig. 9 Carbenoid reactions with tryptophan as an aromatic tag. Although currently nonselective,
these reactions highlight a useful new reaction type for protein modification
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Other competitive techniques will develop for PTM incorporation. Although
incorporation and production levels are still low, the use of cotranslational methods
that utilize transfer RNA intermediates acylated with amino acid esters already bear-
ing requisite PTMs may start to become competitive. Early exciting examples of this
use of the ribosome as the synthetic biocatalytic machinery for PTM introduction
include the incorporation of a GlcNAc-modified serine (Zhang et al. 2004) or threo-
nine (Xu et al. 2004) into a myoglobin via TAG-codon suppression. The incorpora-
tion level of the GlcNAc-threonine was up to 40%.

Key challenges remain. Multiple site-selective chemical modifications have only
recently been disclosed (van Kasteren et al. 2007), an important addition given the
many protein systems known to be functionally dependent on more than one PTM at
precise sites. In addition, many PTMs have been unusually neglected. These include
the small amount of effort applied to prenylation and phosphorylation. Others, such
as sulfation, have been almost entirely neglected (Liu and Schultz 2006).

Moreover, considering the growing importance of protein-based biopharmaceu-
ticals and the difficulties encountered when expressing these therapeutic proteins,
for example production of mixtures of glycoforms of glycoproteins (Doores et al.
2006; Walsh and Jefferis 2006), there is an impetus for the development of either
bioengineered expression systems that can reliably avoid the production of modi-
forms, or semisynthetic mimicking methods based on highly selective chemistries
to generate homogeneous therapeutic compounds.
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Abstract Whether guided by computation, intuition, or evolution, recombinant
DNA methods have enabled the preparation of an astonishing array of new protein
variants of fundamental and practical importance. In recent years, it has become
apparent that the power of protein engineering can be extended further through
the use of an expanded set of amino acid constituents (Budisa 2006). The use of
“noncanonical” amino acids creates new possibilities for protein design, and can
be integrated in straightforward fashion into either “rational” or evolutionary
design strategies. This chapter describes some of these new possibilities, with
emphasis on the use of noncanonical amino acids to interrogate or change the
reactivity, stability, or spectral properties of engineered proteins. Examples
include the use of “bio-orthogonal” ligation reactions to enable selective dye-
labeling and affinity-tagging, the use of aromatic amino acid analogs to alter the
emission properties of luminescent proteins, the use of photosensitive amino acids
to effect controlled protein cross-linking, and the use of fluorinated amino acids
to control protein stability and protein—protein interactions. While many impor-
tant experiments in this field have utilized in vitro translation, this chapter
will focus primarily on cellular synthesis of proteins that contain noncanonical
amino acids.

1 Incorporation of Noncanonical Amino Acids
into Engineered Proteins

There are two generic (and complementary) strategies for metabolic incorpora-
tion of noncanonical amino acids into proteins — the so-called residue-specific
and site-specific methods (Fig. 1) (Budisa 2004; Hendrickson et al. 2004;
Hohsaka and Sisido 2002; Link et al. 2003; Wang and Schultz 2005). The resi-
due-specific approach involves replacement of all (or a fraction) of one of the
natural amino acid residues. This method has its origins in the work of Cohen and
coworkers, who showed in the 1950s that near-quantitative replacement of
methionine by selenomethionine could be accomplished in bacterial cells (Cohen
and Cowie 1957; Cowie and Cohen 1957; Cowie et al. 1959; Munier and Cohen
1956). This observation has had revolutionary consequences for protein science
and engineering, in that it provides the basis of the multiwavelength anomalous
diffraction method for crystallographic structure determination (Hendrickson
et al. 1990).

The site-specific approach allows replacement of a single amino acid residue by
a noncanonical analog. In this approach, a heterologous transfer RNA(tRNA)/ami-
noacyl-tRNA synthetase pair is used to deliver the analog in response to a nonsense
or four-base codon. In 1996, Drabkin and coworkers used an Escherichia coli
tRNA/glutaminyl-tRNA synthetase pair for amber codon suppression in mamma-
lian cells (Drabkin et al. 1996), and showed that the suppressor tRNA was not
charged by any of the mammalian aminoacyl-tRNA synthetases. Shortly thereafter,
Furter (1998) introduced a yeast tRNA/phenylalanyl-tRNA synthetase (PheRS)
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Fig. 1 Methods for incorporation of noncanonical amino acids. Residue-specific incorporation by
sense codon reassignment enables replacement of all, or a fraction, of the corresponding canonical
residues. Nonsense suppression, frameshift suppression, and breaking codon degeneracy can all
be used to place noncanonical amino acids at specific sites. (Reprinted from Link et al. 2003; with
permission from Elsevier)

pair into E. coli for site-specific incorporation of the noncanonical amino acid
p-fluorophenylalanine. Since then, amber codon suppression has become the most
common method for site-specific incorporation of noncanonical amino acids in
vivo (Chin et al. 2003a; Kowal et al. 2001; Liu and Schultz 1999; Sakamoto et al.
2002; Wang et al. 2001). Schultz and coworkers have been especially successful in
producing orthogonal suppressor tRNA/aminoacyl-tRNA synthetase pairs for
incorporation of chemically, structurally, and spectroscopically diverse amino acid
analogs (Wang and Schultz 2005; Xie and Schultz 2005). Site-specific incorpora-
tion has also been accomplished in Xenopus oocytes using microinjected messen-
ger RNAs and chemically misacylated amber suppressor tRNAs (Dougherty 2000;
see also the chapter by Dougherty, this volume). In a recent example, Dougherty
and coworkers have reported the incorporation of two noncanonical amino acids
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into an ion channel protein by using both nonsense and four-base codon suppres-
sion (Rodriguez et al. 2006).

Sisido and coworkers have pioneered the use of four-base codons (frameshift
suppression) for site-specific introduction of noncanonical amino acids into proteins
(Hohsaka et al. 2001b; Hohsaka and Sisido 2002), and have employed this strategy
to label streptavidin with fluorophores for fluorescence resonance energy transfer
(FRET) experiments (Taki et al. 2002). Much of the work reported to date with
four-base codons involves in vitro translation, but design of appropriate orthogonal
tRNA/aminoacyl-tRNA synthetase pairs enables use of the method in bacterial cells.
Anderson and coworkers have reported orthogonal tRNA/leucyl-tRNA synthetase
(LeuRS) pairs for four-base, amber, and opal suppression (Anderson and Schultz
2003). Anderson et al. (2004) have reported use of a four-base codon with an amber
codon for incorporation of two noncanonical amino acids into a recombinant protein
using two orthogonal sets. An analogous five-base codon strategy has also been
described (Anderson et al. 2002; Hohsaka et al. 2001a).

Reassignment of sense codons can also be used for site-specific incorporation
of noncanonical amino acids, although the fidelity of the method is lower than
that of nonsense or frameshift suppression (Fig. 2) (Kwon et al. 2003). Because
the 20 canonical amino acids are encoded by 61 sense codons, the genetic code
is highly degenerate. For example, phenylalanine is coded by two codons, UUC
and UUU. In E. coli, both codons are read by a single tRNA, which decodes UUC
via Watson—Crick base-pairing and UUU through a “wobble” interaction. Reassignment
of the UUU codon was achieved by introducing into an E. coli expression host a
mutant yeast PheRS capable of charging 2-naphthylalanine, and a mutant yeast

| | e
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Fig. 2 Breaking the degeneracy of phenylalanine codons in Escherichia coli. The endogenous E.
coli phenylalanyl-tRNA synthetase (PheRS) charges Phe to tRNAP*_ . The plasmid-borne yeast
PheRS charges 2-naphthylalanine (2Nal) to yeast tRNA™, . UUC codons are decoded pre-
dominantly as Phe, while UUU codons are decoded predominantly as 2-naphthylalanine. mRNA
messenger RNA, fRNA transfer RNA. (Reprinted with permission from Kwon et al. 2003.
Copyright 2003 American Chemical Society)
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tRNAP equipped with an AAA anticodon. Expression of dehydrofolate reduct-
ase led to preferential incorporation of phenylalanine at UUC codons and of
2-naphthylalanine at UUU codons. The generality and quantitative specificity of
this method have not yet been established.

2 Translational Fidelity: Aminoacyl-tRNA Synthetases

Translational fidelity is controlled in large measure by the aminoacyl-tRNA
synthetases (Ibba and Soll 2000), which match the 20 canonical amino acids
with their cognate tRNAs. The remarkable capacity of the synthetases to dis-
criminate among the natural amino acids might lead one to expect noncanonical
substrates to be excluded by the translational apparatus (for more details see the
chapter by Mascarenhas et al., this volume). In fact, many noncanonical amino
acids are activated by the wild-type synthetases at rates that support efficient
protein synthesis in bacterial cells. For analogs that are activated more slowly,
addition of plasmid-encoded copies of the cognate synthetase can restore the
rate of protein synthesis to levels characteristic of overexpressed recombinant
proteins (Kiick et al. 2000; Tang and Tirrell 2001), and synthetase engineering
has enabled further expansion of the set of useful amino acids (Datta et al. 2002;
Hamano-Takaku et al. 2000; Ibba et al. 1994; Ibba and Hennecke 1995;
Kirshenbaum et al. 2002). Szostak and coworkers have described a screen for
identifying noncanonical amino acid substrates that are susceptible to enzymatic
aminoacylation (Hartman et al. 2006). Using the screen, they identified 59 previ-
ously unknown amino acid substrates.

3 Reactive Amino Acids

Post-translational modification of proteins is essential for many aspects of protein
function (Walsh 2006). Chemical methods for protein modification are equally
important, in that they provide powerful approaches to protein engineering and
analysis (Prescher and Bertozzi 2005). For example, “PEGylation” — the attach-
ment of poly(ethylene glycol) — is widely used to enhance the performance of thera-
peutic proteins, and labeling with fluorescent dyes has enabled both visualization
of proteins in cells and instructive in vitro studies of protein structure and dynamics
(Griffin et al. 1998). The most common methods of protein modification exploit
the high reactivity of cysteine and lysine residues (Hermanson 1996). For some
purposes, however, the ubiquity of these amino acids is problematic, in that it may
preclude discrimination among proteins or among sites on a single protein. In this
section, we illustrate the use of noncanonical amino acids to effect selective protein
modification through the chemistry of alkynes, azides, ketones, aryl halides, and
alkenes.
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3.1 Azide-Alkyne Ligation

Sharpless and coworkers and Tornoe and coworkers reported independently in 2002
that the [3+2] cycloaddition of azides and alkynes can be accelerated substantially
by copper catalysis (Fig. 3) (Lewis et al. 2002; Rostovtsev et al. 2002; Tornoe et al.
2002). Since the initial reports, there has been a steady increase in the use of
azide—alkyne ligations of biomolecules. The appeal of this reaction is due to its
selectivity and the ease with which it can be implemented, even in complex biomo-
lecular or cellular milieux. Labeling of proteins via the azide—alkyne ligation
becomes especially straightforward if metabolic incorporation of azide- or alkyne-
functionalized amino acids can be accomplished. In recent years, such reactive
analogs have been incorporated into bacterial proteins by both residue-specific
(Kiick et al. 2001, 2002; Kirshenbaum et al. 2002; Link et al. 2004; van Hest et al.
2000) and site-specific (Chin et al. 2002b; Deiters and Schultz 2005) methods.
Azide- and alkyne-functional analogs have also been incorporated site-specifically
in phage-displayed peptides (Feng et al. 2004) and in proteins expressed in
Saccharomyces cerevisiae (Chin et al. 2003b; Deiters et al. 2003, 2004). After
incorporation of the reactive analog, the protein can be modified by ligation of
dyes, polymers, or affinity tags. The ligation rate is usually enhanced by addition
of a copper catalyst (Rostovtsev et al. 2002; Tornoe et al. 2002), but for systems
that are sensitive to copper, strain-promoted azide—alkyne ligations may be a suita-
ble alternative (Agard et al. 2004; Link et al. 2006).

Residue-specific incorporation of reactive amino acids into E. coli outer membrane
protein C can be detected following covalent modification (Link and Tirrell 2003), and
has been used to develop a simple screening method for the discovery of new aminoa-
cyl-tRNA synthetase activities (Link et al. 2006). Link and coworkers demonstrated
that ligation of azide-bearing amino acids in outer membrane protein C with alkyne—
biotin (Link and Tirrell 2003; Link et al. 2004) or cyclooctyne—biotin reagents (Agard
et al. 2004) followed by cell staining with fluorescent avidin enables analysis of the
extent of cell-surface labeling by flow cytometry. Using this method, Link and cowork-
ers screened a library of methionyl-tRNA synthetase variants to identify methionyl-
tRNA synthetase mutants that enable efficient incorporation of azidonorleucine into
bacterial proteins (Link et al. 2006). The screen yielded three variants, all of which
shared an L13G mutation. The single-site L13G mutant proved to be more active than
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any of the three variants that emerged from the screen, and enabled replacement
of methionine by azidonorleucine with near-quantitative efficiency. The use of cell-
surface display for the discovery of new synthetase activities should be quite general.

Similar chemistry has been used for direct ligation of fluorescent dyes for the
purpose of imaging newly synthesized proteins in cells (Fig. 4). Fluorogenic azide
(Sivakumar et al. 2004) and alkyne (Zhou and Fahrni 2004) dyes have been espe-
cially useful in such experiments (Beatty et al. 2005). For example, cotranslational
introduction of an alkynyl amino acid (either homopropargylglycine or ethynylphe-
nylalanine) into bacterial proteins was followed by selective Cu(I)-catalyzed liga-
tion of the alkynyl side chain to a fluorogenic azidocoumarin. Extension of the
method to mammalian cells has allowed visualization of a “temporal slice” of the
proteome in a variety of cells (Beatty et al. 2006), and should allow imaging of
localized protein translation. An advantage of the residue-specific method for pro-
teomic imaging is that no prior knowledge of the location, function, or identity of
the target proteins is needed for effective labeling. For modification of purified
proteins of predetermined sequence, site-specific Cu(I)-catalyzed labeling has been
reported (Deiters et al. 2003, 2004; Deiters and Schultz 2005).

The azide—alkyne ligation has been used to develop a new method (bio-orthogonal
non-canonical amino acid tagging, BONCAT) for the study of proteome dynamics
(Fig. 4) (Dieterich et al. 2006). In the first report on the method, azidohomoalanine
was used as a methionine surrogate to effect pulse-labeling of newly synthesized
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Fig. 4 Metabolic incorporation of reactive analogs enables visualization (fop) or identification
(bottom) of spatially and/or temporally defined subsets of the proteome. Newly synthesized pro-
teins can be distinguished from all pre-existing proteins by the incorporation of a reactive amino
acid analog. To visualize newly synthesized proteins, the analog is labeled with a fluorescent
probe via the azide—alkyne ligation, as illustrated for the reaction of homopropargylglycine with
3-azido-7-hydroxycoumarin. Proteins are visualized in situ using fluorescence microscopy. To
identify proteins translated during the pulse, an affinity purification tag is attached to the reactive
amino acid. After enrichment, the proteins are cleaved from the affinity column and the peptide
fragments are identified by mass spectrometry
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proteins in human embryonic kidney (HEK 293) cells in culture. Labeled cells were
lysed, and proteins bearing azidohomoalanine were ligated to a biotin tag for affin-
ity purification. Resin-bound proteins were digested with trypsin, and the resulting
fragments (and the proteins from which they were derived) were identified by mass
spectrometry. The BONCAT method should be generally useful for probing
dynamic changes in microbial and mammalian proteomes.

3.2 Staudinger Ligation

The Staudinger ligation allows metabolic incorporation of azides to be detected
selectively by reaction with phosphine probes (Fig. 5) (Kiick et al. 2002; Kohn and
Breinbauer 2004; Prescher et al. 2004; Saxon and Bertozzi 2000). Kiick et al.
(2002) demonstrated the modification of a model protein, dehydrofolate reductase,
containing azidohomoalanine. In purified protein samples and in complex cellular
lysates, the azide reacted selectively with an antigenic FLAG-tag peptide bearing a
reactive phosphine moiety. The purified protein was also labeled successfully with
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Fig. 5 Staudinger ligation of a phosphine to an azide. Metabolic incorporation of azide-bearing
analogs can be detected or visualized selectively following reaction with a phosphine probe.
(Reprinted with permission from Kiick et al. 2002. Copyright 2002 National Academy of
Sciences, USA)
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a fluorogenic phosphine dye (Lemieux et al. 2003). In complementary studies, Tsao
et al. (2005) have shown that p-azidophenylalanine can be incorporated site-
specifically into proteins or phage-displayed peptides for in vitro labeling with flu-
orescent phosphines. A detailed comparison of the Staudinger and azide—alkyne
ligations has been reported (Agard et al. 2006).

3.3 Ketone Addition

Ketones undergo chemoselective ligation with hydrazides, hydroxylamines, and thi-
osemicarbazides under physiological conditions (Lemieux and Bertozzi 1998;
Rodriguez et al. 1998). Acetylphenylalanine provides a convenient source of ketone
functionality for use in protein modification, and has been incorporated into expressed
proteins in both residue-specific and site-specific fashion. Residue-specific incorpo-
ration has been accomplished through development of a computationally designed
PheRS containing an expanded amino acid binding pocket, and has enabled selective
protein modification with biotin hydrazide (Datta et al. 2002). Site-specific incorpora-
tion of acetylphenylalanine into bacterial proteins has also been demonstrated (Wang
et al. 2003a; Zhang et al. 2003). Reaction of m-acetylphenylalanine has allowed fluo-
rescence imaging of dye-labeled proteins on the surface of E. coli (Zhang et al. 2003).
Purified proteins displaying p-acetylphenylalanine were successfully modified
by treatment with aminooxy-derivatized sugars (Liu et al. 2003), with fluorescein
hydrazide, or with biotin hydrazide (Wang et al. 2003a). Site-specific incorporation
of a B-diketone has been used to ligate biotin reagents and fluorophores to model
protein (Zeng et al. 2006). Selective labeling with sugars provides a useful model
for protein glycosylation, an important post-translational modification with implica-
tions for protein folding, stability, and activity, and for protein—protein interactions.
Direct incorporation of glycosylated amino acids has also been reported (Zhang
et al. 2004b).

3.4 Palladium-Catalyzed Cross-Coupling

Palladium-catalyzed cross-coupling provides efficient means of ligating aryl halides
— most commonly bromides and iodides — to terminal alkenes or alkynes. Metabolic
incorporation of bromophenylalanine or iodophenylalanine into recombinant pro-
teins has been demonstrated (Ibba et al. 1994; Ibba and Hennecke 1995; Kast and
Hennecke 1991; Kirshenbaum et al. 2002; Kwon et al. 2006), and recombinant
barstar containing iodophenylalanine has been labeled with an alkyne-rhodamine
dye under mild aqueous conditions via palladium-catalyzed coupling (Fig. 6)
(Carrico 2003). The accessibility of the iodophenylalanine residues affected the
conjugation efficiency, with labeling limited to a surface-exposed iodophenyla-
lanine. Site-specific incorporation of iodophenylalanine in mammalian cells has
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Fig. 6 Selective dye-labeling of recombinant barstar. Palladium-catalyzed cross-coupling was
used to ligate a fluorophore (lissamine rhodamine propargyl sulfonamide) to a surface-accessible
iodophenylalanine residue in barstar (Carrico 2003; Ratnaparkhi et al. 1998). Swiss-PdbViewer
was used to model barstar

also been reported (Chin et al. 2003b; Kiga et al. 2002; Sakamoto et al. 2002).
The Sonagashira coupling has been used to ligate iodophenylalanine in synthetic
peptides to a trialkyne scaffold (Bong and Ghadiri 2001), and to biotin—alkyne
(Dibowski and Schmidtchen 1998) and ferrocene—alkyne reagents (Hoffmanns and
Metzler-Nolte 2006). Suzuki coupling (which uses an aryl boronate in place of
the aryl halide) of a coumarin dye to a synthetic protein has been used to prepare a
fluorescent biosensor for phosphorylated peptides (Ojida et al. 2005). Finally,
a Mizoroki—Heck reaction was used to biotinylate a modified Ras protein made
in a cell-free translation system, although the yield of biotinylated product was
low and the reaction was complicated by dehalogenation and by competitive reac-
tion at cysteine sites in the protein (Kodama et al. 2006a, b). Routine use of palla-
dium-catalyzed coupling reactions on engineered proteins may have to await the
development of reliable methods of suppressing interference by cysteine.

3.5 Olefin Metathesis

Alkenyl amino acids offer protein engineers additional options for protein modifi-
cation via olefin metathesis (Blackwell 1998; Blackwell et al. 2001; Grubbs and
Chang 1998). Tirrell and coworkers have demonstrated that homoallylglycine and
2-amino-3-methyl-4-pentenoic acid can be incorporated into recombinant proteins
in place of methionine and isoleucine, respectively (Mock et al. 2006; van Hest
et al. 2000). Site-specific incorporation of O-allyl-L-tyrosine might enable modifi-
cation at a preselected site in a protein (Zhang et al. 2002). Recombinant proteins
containing these amino acids should be subject to selective metathesis coupling
reactions, but the chemistry reported to date has been restricted to synthetic pep-
tides. Clark and Ghadiri (1995) have used olefin metathesis to stabilize cyclic dim-
ers containing homoallylglycine. Similarly, Schafmeister et al. (2000) reported that
the helicity and proteolytic stability of peptides were improved by judicious intra-
helical coupling of alkene side chains.
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4 Fluorescent Amino Acids

Proteins containing noncanonical amino acids have been labeled with extrinsic flu-
orescent probes via the azide—alkyne, Staudinger, and ketone-mediated ligations, as
described earlier. Incorporation of intrinsic fluorescent probes is also possible
through translational introduction of fluorescent amino acids. Fluorescent analogs
have been introduced by both residue-specific and site-specific methods to yield
proteins with altered spectral properties.

4.1 Tryptophan Analogs

In proteins containing only the 20 canonical amino acids, the most intense fluores-
cence is from the indole ring of tryptophan (Lakowicz 1999). Tryptophan absorp-
tion is maximal at 280 nm; the maximum in the emission spectrum lies near 340 nm.
Modification of the indole ring can shift both the excitation and the emission spec-
tra. Residue-specific replacement of tryptophan by azatryptophan analogs in bacte-
ria was first reported more than 50 years ago (Brawerman and Ycas 1957; Pardee
et al. 1956). More recently, residue-specific incorporation of 5-hydroxytryptophan
was reported by Hogue et al. (1992) (see the review in Correa and Farah 2005). The
excitation maximum of this analog is distinct from that of tryptophan, enabling
5-hydroxytryptophan to be used for monitoring protein—protein interactions, even
in mixtures of proteins containing tryptophan. Hoque et al. (1992) prepared a vari-
ant of the Ca*-binding protein oncomodulin containing a single encoded tryp-
tophan residue (Y57W), which was replaced by 5-hydroxytryptophan. Changes in
the fluorescence anisotropy of the modified protein were observed upon treatment
with antioncomodulin antibodies. More recently, residue-specific incorporation of
5-hydroxytryptophan into phosphoglycerate kinase has enabled fluorescence visu-
alization of the protein in yeast cells (Botchway et al. 2005).

Site-specific incorporation of 5-hydroxytryptophan in mammalian cells has
also been reported (Zhang et al. 2004a). Zhang and coworkers generated an
orthogonal Bacillus subtilis tRNA/tryptophanyl-tRNA synthetase pair that selec-
tively charges 5-hydroxytryptophan. A variant of the foldon protein containing a
single 5-hydroxytryptophan residue exhibited fluorescence 11-fold more intense
than that of the wild-type protein.

Li et al. (2003) reported the use of 5-hydroxytryptophan and 7-azatryptophan in
studies of antibody binding to Staphylococcus protein G. Fluorescence detection
of other protein—protein interactions has also been reported, including the use of
5-hydroxytryptophan in Pseudomonas aeruginosa exotoxin A to detect interactions
with elongation factor-2 (Mohammadi et al. 2001). The authors reported a 260-fold
decrease in k_ for toxin containing 5-hydroxytryptophan compared with toxin
containing the 20 natural amino acids. The loss in activity might be recoverable
through evolution (Montclare and Tirrell 2006).
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Muralidharan et al. (2004) have described a method for incorporating 7-azatryp-
tophan into a single domain of a multidomain protein. Using residue-specific incor-
poration, they expressed an SH3 domain containing 7-azatryptophan. Expressed
protein ligation to the SH2 domain gave the final protein c-Crk-I, with a domain-
specific label. This method should be generally useful for the synthesis of multido-
main proteins containing a single genetically encoded fluorophore (for more details
see the chapters by Merkel et al. and Imperiali and Vogel Taylor, this volume).

Aminotryptophans have been incorporated into proteins to make fluorescent pH
sensors (Budisa et al. 2002). Replacement of three tryptophan residues in barstar
with aminotryptophan resulted in pH-dependent fluorescence. Titration from pH 4
to 9 showed decreasing fluorescence with increasing pH.

4.2 Altering the Spectra of Fluorescent Proteins

4-Aminotryptophan has also been used to alter the spectra of fluorescent proteins
(Bae et al. 2003). The fluorescence of the Aequoria victoria green fluorescent pro-
tein (GFP) is dependent on an aromatic amino acid at position 66, which is part of
a triad of amino acids that forms the chromophore (Tsien 1998). Incorporation of
noncanonical amino acids at position 66 enables engineering of the fluorescence
properties of GFP and related proteins. Using an auxotrophic bacterial strain, Bae
et al. (2003) replaced tryptophan with 4-aminotryptophan in enhanced cyan fluorescent
protein (ECFP). Addition of the electron-donating amino group yielded a red-
shifted, thermostable, monomeric “gold” fluorescent protein (Fig. 7). Similarly,

Fig. 7 Altering the amino acid at position 66 in the chromophore of fluorescent proteins derived
from Aequoria victoria can shift the fluorescence from cyan (tryptophan) to green (tyrosine) to
gold (4-aminotryptophan). The noncanonical amino acid 4-aminotryptophan forms a chromo-
phore that converts the protein to a redshifted, thermostable, monomeric fluorescent protein.
(From Budisa 2004. Reproduced by permission of Wiley)
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replacement of tryptophan has been used to examine chromophore and protein
structure, pH-dependent behavior, and fluorescence properties of enhanced GFP
and ECFP containing fluorine-, chalcogen-, and methyl-substituted analogs (Budisa
et al. 2004b). Incorporation of 4-methyltryptophan resulted in a 4-nm redshift in
emission, while incorporation of fluorinated tryptophan analogs caused a small
blueshift. Incorporation of chalcogen-substituted analogs in enhanced GFP yielded
fluorescent variants, while replacement in ECFP resulted in nonfluorescent pro-
teins. Incorporation of fluorinated tyrosine analogs in enhanced GFP and in yellow
fluorescent protein produced proteins with altered spectral features, including
blueshifted emission for proteins containing 2-fluorotyrosine and redshifted emis-
sion for proteins containing 3-fluorotyrosine (Pal et al. 2005).

Schultz and coworkers have reported that site-specific incorporation of para-sub-
stituted phenylalanine analogs at position 66 resulted in fluorescent proteins with
emission maxima ranging from 428 to 498 nm (Wang et al. 2003b). Use of a cell-free
translation system by Sisido and coworkers demonstrated that large aromatic amino
acids at position 66 resulted in nonfluorescent variants of GFP (Kajihara 2005).
Incorporation of aminophenylalanine and o-methyltyrosine resulted in blueshifted,
weak fluorescence; however, the fluorescence could be enhanced by random muta-
genesis. Randomization of position 145 allowed the intensity of fluorescence to be
increased 1.5- to 4-fold.

4.3 Other Fluorescent Analogs

Site-specific incorporation of other fluorescent amino acids has been described
by Schultz and coworkers (Summerer et al. 2006; Wang et al. 2006). A coumarin
amino acid was incorporated into recombinant proteins using an evolved
Methanococcus jannaschii tRNA/tyrosyl-tRNA synthetase (TyrRS) pair (Wang
et al. 2006). Fluorescence monitoring of myoglobin denaturation was used to dem-
onstrate the utility of the amino acid as a site-specific probe of changes in protein
conformation. Similarly, incorporation of dansylalanine enabled fluorescence
detection of local conformation changes (Summerer et al. 2006). Dansylalanine
was incorporated site-specifically in S. cerevisiae by using an engineered E. coli
LeuRS. The suppression efficiency was optimized by using an evolved LeuRS with
a redesigned editing domain and by increasing the in vivo levels of suppressor
tRNA. Proteins containing other dansylated amino acids as fluorescent electrostatic
probes have been reported previously (Cohen et al. 2002; Hohsaka et al. 2004; Nitz
et al. 2002).

The large size of fluorescent amino acids makes them challenging targets for
cotranslational incorporation into proteins in cells (Hohsaka et al. 1999; Nakata
et al. 2006). In an alternative approach, Sisido and coworkers have shown the incor-
poration of many useful fluorophores at four-base codons by using cell-free transla-
tion systems (Hamada et al. 2005; Hohsaka et al. 2004; Murakami et al. 2000;
Ohtsuki et al. 2005; Taki et al. 2001, 2002). These systems employ chemical liga-
tion or ribozyme-based aminoacylation methods to attach the analog to the tRNA.
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It is likely that newly evolved aminoacyl-tRNA synthetases, such as those reported
by Schultz and coworkers, will enable the in vivo incorporation of an expanded set
of fluorescent amino acids (Summerer et al. 2006; Wang et al. 2006).

4.4 Generating FRET Pairs

Incorporation of FRET pairs into engineered proteins enables the study of a wide
variety of issues in protein structure, dynamics, and function. Many in vitro exam-
ples of FRET labeling have been described by Sisido and coworkers, and in vivo
incorporation of fluorescent probes will further expand the power of the method
(Kajihara et al. 2006; Ohtsuki et al. 2005; Taki et al. 2002). Taki et al. (2002) have
described the incorporation of a fluorophore—quencher pair into streptavidin. An
E. coli in vitro translation system was used to place the fluorescent amino acid
(B-anthraniloyl-L-o, B-diaminopropionic acid) and the quencher (p-nitrophenylalanine)
at defined positions. Ohtsuki et al. (2005) have also reported that a combination of
two fluorophores and a quencher (a total of three analogs) has been incorporated
into a single streptavidin chain by using four-base suppression. In vivo incor-
poration of donor—acceptor pairs consisting of two noncanonical amino acids has
yet to be demonstrated; however, placement of a fluorescence donor—quencher
pair is possible using tryptophan paired with the quencher p-nitrophenylalanine.
p-Nitrophenylalanine quenches the intrinsic fluorescence of tryptophan, and was
utilized by Tsao et al. (2006) to demonstrate distance-dependent fluorescence
quenching in a model leucine zipper peptide.

5 Photosensitive Amino Acids

Incorporation of photosensitive noncanonical amino acids into proteins has enabled
immobilization of proteins on surfaces, isolation of protein—protein complexes, and
time-resolved activation of proteins.

5.1 Aryl Azides

The residue-specific replacement of phenylalanine by p-azidophenylalanine was
described in 2002 by Kirshenbaum et al. (2002). They suggested that the aryl azide
would be a valuable tool for photoactivated cross-linking and photoaffinity labe-
ling. More recently, Zhang et al. (Zhang et al. 2005) have reported selective immo-
bilization of proteins on surfaces coated with photocross-linked artificial proteins
containing leucine-zipper domains (Fig. 8). Extension of this approach to the prepa-
ration of protein microarrays and gradient biomaterials should be straightforward.
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Fig. 8 Azidophenylalanine in protein immobilization. The surface was prepared by irradiation of
spin-coated zipper (ZE)—elastin fusion proteins (ELF) containing p-azidophenylalanine. Target
proteins were immobilized via high-affinity interactions between their basic zipper (ZR) domains
and the acidic zipper (ZE) on the surface. (Reprinted with permission from Zhang et al. 2005.
Copyright 2005 American Chemical Society)

Chin et al. (2002b) have described the evolution of a M. jannaschii tRNA/TyrRS
pair for site-specific incorporation of p-azidophenylalanine into bacterial proteins.
Irradiation of dimeric glutathione S-transferase containing p-azidophenylalanine
resulted in covalently cross-linked dimers. Cross-linking was observed only for
proteins containing the aryl azide at the interhelical dimer interface.

5.2 Benzophenones

Site-specific incorporation of p-benzoylphenylalanine has been demonstrated by
using an evolved M. jannaschii tRNA/TyrRS pair (Chin et al. 2002a; Chin and
Schultz 2002). Incorporation of the benzophenone moiety into dimeric glutathione
S-transferase was followed by excitation at 365 nm for 1-5min. Cross-linked pro-
tein dimers could be observed on denaturing gels. Chin et al. (2003b) have also
reported site-specific incorporation of this analog into proteins expressed in S.
cerevisiae, by using an E. coli tRNA/TyrRS pair. The same report detailed the
incorporation of p-acetylphenylalanine, p-azidophenylalanine, o-methyltyrosine,
and p-iodophenylalanine. Detailed instructions for cross-linking of proteins
containing p-benzoylphenylalanine have been reported by Farrell et al. (2005).
Incorporation of this analog has been used to examine the bacterial protein translo-
cation machinery through cross-linking of SecY to SecA (Mori and Ito 2006).

Using the previously reported E. coli tRNA/TyrRS pair, Hino and coworkers
have reported site-specific incorporation of p-benzoylphenylalanine into mamma-
lian proteins (Chin et al. 2003b; Hino et al. 2005). Cross-linking of Grb-2 contain-
ing p-benzoylphenylalanine to epidermal growth factor receptor as well as to
endogenous proteins was described, demonstrating the utility of this amino acid for
identifying protein—protein interactions in mammalian cells (Fig. 9).



142 K.E. Beatty, D.A. Tirrell

Excitation

—p /
365-nm light

Fig. 9 Incorporation of benzoylphenylalanine into Grb-2 for identification of protein—protein inter-
actions inside mammalian cells. Excitation with 365 nm light produces a reactive triplet state in the
amino acid analog, which can then react with a CH bond on an adjacent protein. (Reprinted with
permission from Macmillan Publishers Ltd: Nature Methods; Hino et al. 2005, Copyright 2005)

5.3 Benzofurans

Incorporation of the photoreactive phenylalanine analog benzofuranylalanine into
dihydrofolate reductase has been reported by Nielsen and coworkers, who suggest
that this analog might be useful for cross-linking under long-wavelength (UVA) irra-
diation (Bentin et al. 2004). No cross-linking studies have been reported to date.

5.4 Diazirines

Leucine and methionine analogs containing photoactivatible diazirine rings have
been reported by Suchanek et al. (2005). These analogs were incorporated in resi-
due-specific fashion into mammalian proteins without prior modification of the
cellular translational machinery. Replacement of fraction of the encoded methio-
nine residues with the diazirine analog was sufficient to allow identification of cov-
alently cross-linked protein complexes. Several systems were examined, including
the interaction of the membrane protein PGRMC1 with Insig-1, a regulator of cho-
lesterol homeostasis. A recently reported synthesis should foster the use of L-4-
[3-trifluoromethyl)-3H-diazirin-3-yl]phenylalanine for in vivo photocross-linking
(Nakashima et al. 2006). A review provides additional information on the use of
diazirines, benzophenones, and aryl azides as photochemical cross-linking agents
(Sadakane and Hatanaka 2006).

5.5 Photocaged Amino Acids

Photocaged amino acids have enabled time-resolved analysis of the functional roles
of individual side chains in ion channels, enzymes, and phosphorylated proteins
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Fig. 10 Irradiation promotes decaging to form the natural amino acid. Here, photocaged cysteine
masks the activity of caspase until the active-site cysteine is revealed. (Reprinted with permission
from Wu et al. 2004. Copyright 2004 American Chemical Society)

(see the reviews in Beene et al. 2003; Lawrence 2005). o-Nitrobenzyl tyrosine has
been incorporated into specific sites in ion channel proteins in Xenopus oocytes and
into recombinant enzymes in E. coli. Incorporation in oocytes has enabled detailed
study of individual residues in ion channel proteins (Miller et al. 1998; Philipson
etal. 2001; Tong et al. 2001). For example, decaging of o-nitrobenzyl tyrosine leads
to endocytosis of channel proteins under conditions favoring tyrosine phosphoryla-
tion (Tong et al. 2001). Incorporation of photocaged tyrosine into recombinant
E. coli proteins utilized an evolved M. jannaschii tRNA/TyrRS pair (Deiters et al.
2006). Bacteria with the photocaged amino acid inserted into the active site of
B-galactosidase were irradiated for 30 min, and the enzyme activity was restored
to approximately 67% of that characteristic of cells expressing conventional
B-galactosidase. Photocaged cysteine has also been incorporated into cellular
proteins via nonsense suppression in Xenopus oocytes (Philipson et al. 2001) and
yeast (Wu et al. 2004) (Fig. 10). Incorporation into a yeast caspase utilized an
evolved E. coli tRNA/LeuRS pair. Dougherty and Imperiali have reported the incor-
poration of caged phosphoamino acids into full-length proteins via in vitro transla-
tion (Rothman et al. 2005; see also the chapters by Dougherty and by Imperiali and
Vogel Taylor, this volume).

5.6 Photoisomerizable Amino Acids

Schultz and coworkers have described the site-specific incorporation of the photoi-
somerizable amino acid phenylalanine-4’-azobenzene into the E. coli catabolite
activator protein, a homodimeric transcriptional activator (Bose et al. 2006). The
DNA binding affinity of the modified catabolite activator protein was reduced
approximately fourfold upon photoisomerization of the side chain from the all-
trans form to the photostationary state containing roughly 50% of the cis form of
the chromophore. The authors suggest that photoisomerization might be used to
trigger a variety of biological processes in vitro and in live cells.
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6 Fluorinated Amino Acids

Fluorinated amino acids can be used to alter the properties of proteins or to create
structural probes (Kukhar and Soloshonok 1995). Incorporation of fluorinated ana-
logs should cause minimal perturbation of protein structure because the van der
Waals radii of fluorine (1.35 A) and hydrogen (1.2 A) are similar. On the other
hand, the solubility properties of hydrocarbons and fluorocarbons are strikingly
different. Residue-specific replacement of leucine by trifluoroleucine was first
reported in 1963 (Rennert and Anker 1963). Fluorinated proteins continue to be
designed and evolved today (see the review in Yoder and Kumar 2002).

6.1 Protein Stabilization

Incorporation of fluorinated amino acids has been used to stabilize engineered pro-
teins. Tang and coworkers used trifluoroleucine to stabilize the leucine zipper pro-
tein Al (Petka et al. 1998; Tang et al. 2001a). The fluorinated protein, in which 92%
of the leucine residues were replaced by trifluoroleucine, retained its secondary
structure and showed enhanced thermal and chemical stability compared with the
leucine form of the protein. Recombinant protein was expressed in a leucine auxo-
trophic strain, and the extent of substitution was controlled by altering the amount
of leucine added to the expression medium. Unfolding in urea demonstrated that
increasing the extent of fluorination resulted in an increase in stability. Similarly,
Tang et al. (2001b) have described the incorporation of trifluoroleucine into a leu-
cine zipper DNA-binding peptide. The fluorinated peptides demonstrated increased
stability while retaining their affinity and selectivity for DNA binding. Son et al.
(2006) have reported the residue-specific incorporation of 5,5,5-trifluoroisoleucine
and (2S,3R)-4,4,4-trifluorovaline in place of isoleucine in basic leucine zipper pep-
tides. The fluorinated peptides showed enhanced stability and retained their DNA-
binding specificity. Incorporation of trifluoroleucine produced melittin peptides with
improved membrane binding (Niemz and Tirrell 2001). Similarly, Budisa et al.
(2004a) have described the residue-specific incorporation of trifluoroleucine or
trifluoromethionine into recombinant proteins. Although they reported difficulty
obtaining good substitution for proteins larger than 10kDa, we have not encountered
this problem (Montclare and Tirrell 2006).

Elevating the LeuRS activity of the host strain enables the incorporation of hexa-
fluoroleucine (Tang and Tirrell 2001). Incorporation of this analog resulted in a
zipper protein with defined secondary structure and enhanced thermal and chemical
stability. Compared with trifluoroleucine, hexafluoroleucine demonstrated an addi-
tional enhancement in stability. Hexafluoroleucine has also been used to examine
the stability and flexibility of designed four-helix bundles (Lee et al. 2006). By
systematic replacement of leucine with hexafluoroleucine in the hydrophobic core,
the stability of the bundles could be modulated. It was found that increasing the
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extent of fluorination resulted in a near-linear increase in stability, as well as an
increase in structural rigidity.

The analog (2S5,3R)-trifluorovaline can serve as a surrogate for either valine or
isoleucine. By elevating the cellular activity of either isoleucyl-tRNA synthetase or
valyl-tRNA synthetase, Wang et al. (2004) were able to decode a single messenger
RNA as two different proteins. For E. coli with elevated isoleucyl-tRNA synthetase,
the analog served as an isoleucine surrogate, whereas in E. coli with elevated valyl-
tRNA synthetase, the analog served as a valine surrogate. The corresponding natu-
ral amino acid was removed from the culture medium in each case.

6.2 Evolution of Fluorinated Enzymes

Panchenko et al. (2006) have examined the effect of global fluorination on the
activity and stability of chloramphenicol acetyltransferase. Complete replacement
resulted in fluorinated enzymes with good activity but reduced stability. A method
to compensate for losses in activity and stability has been described by Montclare
and Tirrell (2006). In this work, the residue-specific replacement of leucine by trif-
luoroleucine resulted in a marked decrease (27-fold) in the half-life of thermal
inactivation of chloramphenicol acetyltransferase (Fig. 11). However, the thermosta-
bility of the fluorinated enzyme was restored to that characteristic of the leucine
form through two rounds of random mutagenesis and screening. The evolved
enzyme contained three amino acid substitutions, none of which removed any of the
13 leucine residues.

6.3 Peptide Self-Sorting

Kumar and coworkers have reported intriguing self-sorting behavior in mixtures of
conventional and fluorinated coiled-coil peptides (Fig. 12) (Bilgicer et al. 2001;
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Fig. 12 Fluorinated (F,) and hydrogenated (H,) coiled-coil peptides exhibit self-sorting behavior.

The homodimers, H H, and FF,, represent more than 90% of the dimers present at equilibrium.

(From Yoder and Kumar 2002. Reproduced with permission of the Royal Society of Chemistry)

Bilgicer and Kumar 2002). Otherwise-identical peptides were prepared, with either
fluorinated or hydrogenated leucine side chains. A striking preference for self-sorting
into hexafluoroleucine homodimers and leucine homodimers was observed (Bilgicer
et al. 2001); at equilibrium, only trace amounts of the heterodimer remain.

7 Conclusion

Although it is not a new field, the use of noncanonical amino acids in protein sci-
ence and engineering is moving in important new directions. Methods for introduc-
ing amino acid analogs into proteins, whether in residue-specific or in site-specific
fashion, are now firmly established, and dozens of active analogs have been devel-
oped to impart useful new properties to natural and artificial proteins. The residue-
specific replacement of methionine by selenomethionine has had genuinely
revolutionary consequences for protein science, and newly developed strategies for
protein labeling, stabilization, evolution, and analysis offer substantial promise for
the future. The coming years should witness a shift from methods development
toward the use of noncanonical amino acids to address important chemical and
biological problems in protein science and engineering.
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1 Abstract

The central dogma and its accurate interpretation by a large array of biomolecules
remains a fascinating process. Understanding its mechanisms of decoding holds
tremendous potential for the future of protein engineering. The family of aminoacyl
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transfer RNA (tRNA) synthetases (AARSs) is at the forefront of this field. While
aminoacylation is the primary role of these enzymes, they possess various addi-
tional functions that are important to cell survival. An editing activity, which clears
incorrectly attached amino acids, minimizes errors in protein synthesis. If this error
correction mechanism is disabled, the incorporation of novel amino acids into pro-
teins offers an exciting approach to expand the genetic code (Déring et al. 2001;
Nangle et al. 2006). This chapter focuses on the AARSs that have amino acid edit-
ing functions with an emphasis on their continuing dynamic role in the field of
protein engineering.

2 Aminoacylation and Specificity

Translation employs a large number of diverse proteins, RNAs, and small mole-
cules to decode information contained in DNA, via RNA intermediates, into func-
tional proteins. At each step, accurate interactions are crucial to correctly interpret
the genetic code. Poor or inaccurate translation of the genetic code could threaten
the viability or function of living cells (Karkhanis et al. 2006; Lee et al. 2006).

In the initial step of protein synthesis, a specific amino acid is attached to its
cognate tRNA isoacceptor. Aminoacylation of the tRNA is conferred by the
AARSSs, which are an ancient family of enzymes (Ibba et al. 2000). These AARSs
have the formidable task of selecting their respective amino acids and tRNAs from
large pools of similar substrates within the cell. Each cell typically has one AARS
that is responsible for activating one of the 20 amino acids. Organelle protein syn-
thesis relies on a completely separate set of synthetases that are also encoded in
the nucleus.

AARSs aminoacylate or “charge” tRNA with amino acids via a two-step ami-
noacylation reaction (Fig. 1). The enzyme binds adenosine triphosphate (ATP) and
amino acid to catalyze the formation of an aminoacyl adenylate with concomitant
release of pyrophosphate. The activated amino acid is then transferred specifically
to the 2" or the 3’ ribose hydroxyl of the tRNA’s terminal adenosine to form an
aminoacyl-tRNA (Freist 1989; Ibba and So6ll 2000; First 2005). The charged tRNA

PP; tRNA A4 AMP
E-AA + ATP —4—% EAAAMP  ————="" EAA{RNAM
PP,

1

Fig. 1 Two-step aminoacylation reaction catalyzed by the aminoacyl transfer RNA (tRNA) syn-
thetases (AARSs). The enzyme (E) hydrolyzes ATP to activate amino acid (AA) and form an
aminoacyl adenylate intermediate complex (E-AA-AMP). Inorganic pyrophosphate (PP) is
released as a by-product. The activated amino acid is transferred to its cognate transfer RNA
(tRNA*), producing aminoacylated tRNA (AA-tRNA*)
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is transferred to an elongation factor (EF-Tu in bacteria), which delivers the charged
tRNA to the ribosome, where the attached amino acid is incorporated into the grow-
ing polypeptide chain.

Selection of cognate tRNA isoacceptors is largely dependent on diverse sets of
identity determinants that facilitate interaction with the cognate AARSs (Giegé
et al. 1998). Positive determinants are specific nucleotides and/or functional groups
that confer tRNA recognition for specific aminoacylation. In contrast, negative
determinants prevent noncognate tRNA molecules from misaminoacylation. Most
identity elements are located in the acceptor stem and the anticodon region, although
they can be found throughout the entire tRNA molecule. Specific structural features
in the core of the tRNA can also promote recognition by the synthetase. Interestingly,
many AARSS can tolerate significant variations in their tRNA substrates, including
deletions of entire domains or the absence of base modifications, as long as their
respective identity elements remain intact.

Complete discrimination of amino acids by AARSs is achieved via different
strategies. Certain amino acids have unique side chains that are easily distinguished
at the molecular level (Fersht and Dingwall 1979b). For example, cysteinyl-tRNA
synthetase (CysRS) utilizes an active site with highly conserved residues, as well
as a zinc ion that interacts specifically with the negatively charged thiolate of
cysteine (Newberry et al. 2002). This mechanism allows selection against even the
structurally similar serine (Fig. 2), which has a much lower zinc binding affinity.
Likewise, the active site of tyrosyl-tRNA synthetase (TyrRS) is highly evolved to
preferentially bind tyrosine rather than the isosteric phenylalanine (Fersht et al.
1980). In contrast, isosteric sets of amino acids that differ by a single methyl group
(Fig. 2; i.e., isoleucine and valine or alanine and glycine) cannot be easily distin-
guished by the AARSs, and therefore require an editing mechanism that clears
mistakes to maintain thresholds of fidelity that are sufficient for cell viability
(Hendrickson and Schimmel 2003; Hendrickson et al. 2004).

AARS:s are divided into two classes based on the folding topologies of their
ATP-binding domains (Webster et al. 1984; Ludmerer and Schimmel 1987; Cusack
et al. 1990; Eriani et al. 1990). The class I proteins possess a Rossmann fold
characterized by conserved HIGH (Ludmerer and Schimmel 1987) and KMSKS
(Hountondji et al. 1986) signature sequences. The ten class II members have an
antiparallel PB-sheet arrangement and three degenerate sequence motifs called
motifs 1, 2, and 3 (Cusack et al. 1990; Eriani et al. 1990, 1995). Each class is fur-
ther divided into three subclasses (a, b, and c) depending on related primary
sequences, organization of class-defining structural features, anticodon-binding
domain similarity, and mechanistic distinctions (Moras 1992; Cusack 1995; Landes
et al. 1995; Ribas de Pouplana and Schimmel 2001). However, for both classes, the
canonical core containing the aminoacylation active site is considered the ancient,
historical AARS (Schimmel et al. 1993). Over time, the ancient synthetase core
incorporated insertions, additional motifs, and appendages, including the editing
domains described here, to evolve into the modern family of synthetases (Burbaum
and Schimmel 1991). Some of these additions even introduced secondary functions
for the AARSS in the cell (Martinis et al. 1999a, b).
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Fig. 2 Structurally similar amino acids. Many amino acid side chains share common shapes,
functional groups and/or sizes. a Small amino acids with similar shape and size. b Aliphatic amino
acids. ¢ Aromatic amino acids that differ by a hydroxyl group. d Acids and amides. The asterisks
indicate those amino acids that are activated by cognate AARSs that have amino acid editing
activities

2.1 Historical Background on Amino Acid Editing

The fidelity of protein synthesis relies on the efficient production of correctly
charged tRNAs and thus is completely dependent on the specificity of the AARSSs.
In 1957, Linus Pauling calculated the theoretical hurdles for protein discrimination
of isosteric amino acid substrates that differed by one methyl group (Pauling 1958).
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He predicted an error rate, for example, of a valine substitution for isoleucine in an
isoleucine binding pocket, of about 1 in 20. Subsequent in vivo measurements by
Loftfield estimated the rate of erroneous incorporations of valine for isoleucine into
ovalbumin and globin proteins at less than 1 in 3,000 (Loftfield 1963; Loftfield
and Vanderjagt 1972). This increase in fidelity of 2 orders of magnitude suggested
that amino acid specificity is achieved by molecular recognition mechanisms that
extend beyond the highly complementary substrate binding pocket of the AARS.

Baldwin and Berg (1966) showed that Escherichia coli isoleucyl-tRNA syn-
thetase (IleRS) catalyzed the formation of both isoleucyl adenylate and valyl ade-
nylate (Val-AMP), but only isoleucine was transferred to tRNA to form Ile-tRNA,
Significantly, the addition of tRNA! to the IleRS-Val-AMP complex induced the
hydrolysis of the adenylate intermediate rather than formation of Val-tRNA!. In
1972, the Schimmel laboratory determined that E. coli 1leRS rapidly hydrolyzed
Val-tRNA!™ (Schreier and Schimmel 1972). It was later reported for E. coli 1leRS
that the misactivated Val-AMP is hydrolyzed before valine is transferred to tRNA!®
(Fersht and Dingwall 1979c¢). Thus, the concept of amino acid “editing”” mechanisms
was introduced for the AARSs. Hydrolysis of misactivated adenylate intermediates
and of mischarged tRNAs was termed “pre-transfer editing” and “post-transfer editing,”
respectively.

To explain how AARSs can confer sufficiently high levels of amino acid dis-
crimination to fully distinguish between structurally similar amino acids (Fig. 2),
Fersht proposed the “double sieve” mechanism (Fig. 3a) (Fersht 1977a). Using
IleRS as an example, the model predicted that, whereas one active site could not
completely discriminate isoleucine and valine, two separate active sites with dis-
tinct strategies for recognition could significantly enhance fidelity (Fersht 1977a).
The aminoacylation active site of the AARS would act as a “coarse” sieve for ade-
nylate synthesis, activating the cognate amino acid but also allowing, to a lesser
extent, activation of isosteric or smaller amino acids that could fit into the amino
acid binding pocket. The second “fine” sieve would selectively bind misactivated
amino acids for editing, while excluding the original cognate amino acid. Thus,
substrates synthesized in the first sieve would be further screened by the second
sieve to enhance fidelity by as much as tenfold.

The aminoacylation site or coarse sieve has been well defined by X-ray crystal-
lography, biochemical, and mutagenesis investigations (Carter 1993; Martinis and
Schimmel 1999). A separate editing active site was first identified by the Schimmel
group, when they recombinantly expressed a discrete domain, called connective
polypeptide 1 (CP1) (Starzyk et al. 1987), from IleRS and valyl-tRNA synthetase
(ValRS) and showed that it could specifically hydrolyze mischarged Val-tRNA!
and Thr-tRNAY, respectively (Lin et al. 1996). CP1 is highly conserved through
evolution and a homologous domain is present in all class I editing enzymes that
clear misactivated standard amino acids (Table 1).

Over the past two decades, numerous editing domains have been characterized
via X-ray crystallography. In 1998, the Yokoyama laboratory solved the cocrystal
structure of Thermus thermophilus 1leRS bound to valine (Nureki et al. 1998), which
revealed that the fine sieve for editing is about 35 A from the aminoacylation active
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“Double Sieve” Model

“Fine Sieve”

Editing Active Site \

“Coarse Sieve” /

Aminoacylation Active Site
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| “rinesiever |
............. """ cisEditing Active Site |

. “Coarse Sieve”
*" | Aminoacylation Active Site

b *++«{ trans-Editing Active Site (YbaK) |

Fig. 3 Models for AARS fidelity. a “Double sieve” model for isoleucyl-tRNA synthetase (IleRS).
The crystal structure of IleRS (Protein Data Bank code 1ILE) is depicted with the aminoacylation
active site (light gray), which acts as the “coarse sieve” to block structurally dissimilar amino
acids, such as phenylalanine and tryptophan. The editing active site or “fine sieve” (dark gray)
binds valine for hydrolysis. b Proposed “triple sieve” model for prolyl-tRNA synthetase (ProRS).
The crystal structure of ProRS (Protein Data Bank code 2J3M) is depicted with the aminoacyla-
tion domain or “coarse sieve” which blocks large amino acids such as histidine and tryptophan.
The editing domain or “fine sieve” hydrolyzes noncognate alanine but blocks cysteine and proline.
A freestanding YbaK protein (Protein Data Bank code 1DBU) acts in trans to hydrolyze mis-
charged Cys-tRNA™™, but not correctly formed Pro-tRNA™

site of the AARS. Subsequently, the Steitz group solved the Staphylococcus aureus
[leRS structure with tRNA" bound in an “editing” conformation (Silvian et al.
1999). In this structure, the acceptor stem was positioned such that the CCA-3’ end
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of the tRNA could be modeled to fit into the CP1 domain rather than into the
Rossmann-fold-based aminoacylation site. On the basis of this structure, a translo-
cation mechanism was proposed, wherein the tRNA acceptor end shuttles the non-
cognate amino acid from the aminoacylation active site to the editing pocket.

A novel “triple sieve” mechanism that requires an independently folded free-
standing editing protein appears to be necessary for complete fidelity by class II
prolyl-tRNA synthetase (ProRS) (Fig. 3b) (An and Musier-Forsyth 2004, 2005).
Cognate proline as well as the smaller amino acids alanine and cysteine pass
through the first sieve and are activated in the aminoacylation active site of ProRS.
The insertion domain of bacterial ProRS carries out alanine-specific editing in cis
and functions as the second sieve. However, this editing active site fails to target
Cys-tRNAP® for hydrolysis. Instead, in some organisms, a ternary complex com-
posed of ProRS, tRNA, and the separate freestanding editing protein targets Cys-
tRNAP™ for hydrolytic editing in trans (An and Musier-Forsyth 2005).

2.2 Editing Aminoacyl-tRNA Synthetases

Of the 20 AARSSs, nine enzymes that represent both classes are known to possess
editing activities that hydrolyze noncognate amino acids (Table 1). These include
leucyl-tRNA synthetase (LeuRS) (Englisch et al. 1986), IleRS (Baldwin and Berg
1966), ValRS (Fersht and Kaethner 1976) and methionyl-tRNA synthetase (MetRS)
(Fersht and Dingwall 1979a) from class I; alanyl-tRNA synthetase (AlaRS) (Tsui
and Fersht 1981), phenylalanyl-tRNA synthetase (PheRS) (Yarus 1972), threonyl-
tRNA synthetase (ThrRS) (Dock-Bregeon et al. 2000), ProRS (Beuning and
Musier-Forsyth 2000) and lysyl-tRNA synthetase (LysRS) (Jakubowski 1999)
from class II. Each of these enzymes discriminates against standard and in some
cases nonstandard amino acids that are structurally similar to their cognate amino
acid (Table 1).

The crystal structures of all the editing enzymes have been solved in the presence
and/or absence of various substrates and substrate analogs (Table 2). The structures
for IleRS (Nureki et al. 1998), ValRS (Fukai et al. 2000), and LeuRS (Cusack et al.
2000) with noncognate amino acids or editing substrate analogs bound clearly
localize the editing active site to a threonine-rich region within the CP1 domain.
The class I MetRS and the class II LysRS edit via a cyclization reaction that occurs
in the synthetic site. Most class II AARSs that edit rely on hydrolytic modules and
freestanding domains that are structurally dissimilar. Among class II enzymes,
ThrRS (Dock-Bregeon et al. 2004; Hussain et al. 2006) and PheRS (Kotik-Kogan
et al. 2005) have been cocrystallized with substrates bound in their editing domains.
Very recently, the structure of a bacterial ProRS with a cis-editing domain was
solved in the absence of bound substrate (Crépin et al. 2006). A substantial amount
of structural information (Table 2) has been complemented by a wealth of muta-
tional data to provide additional molecular insights into the editing mechanisms of
both classes of AARSs.
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2.3 Redundant Amino Acid Editing Pathways

Amino acid editing has also been referred to as proofreading or “kinetic proofread-
ing” (Hopfield 1974; Hopfield et al. 1976; Yamane and Hopfield 1977). Although
some authors have limited the definition of kinetic proofreading to a nonenzymatic
pathway involving dissociation of the noncognate adenylate followed by solution
hydrolysis (Fig. 4, pathway 2) (Fersht 1977b; Perona 2005), we have chosen to use
the more general definition that includes enzyme-catalyzed hydrolysis (Hopfield
et al. 1976; Yamane and Hopfield 1977). Thus, amino acid editing generally requires
(1) an initial substrate binding step, (2) a second driving step involving ATP hydrolysis,
and (3) discrimination between cognate and noncognate substrates using one or
more rejection pathways (Fig. 4).

Numerous amino acid editing pathways have been proposed (Fig. 4). The linkages
targeted for hydrolysis consist of a mixed phosphoanhydride (pre-transfer editing) and
an aminoacyl ester bond (post-transfer editing) (Fig. 4). Pre-transfer editing, wherein

ATP PP AMP
E+AA N E-AA-AMP _L, E-AA-tRNA
tRNA
1 tRNA 5
ofactor
E+AA+AMP AA-AMP E + AA + AMP E + AA + tRNA
Cyclization (MetRS) l Selective Hydrolysis
AA + AMP
Selective Release
<+———— Pre-transfer Editing—— Post-transfer Editing
NH, NH, R
&O i A R\Hk :
R 4 NH, -
S \HL? <N | /) / \ ?
. N (ONg /O\
RN ZiNo 0 N © [ tRNA
o\ J r ) o
Na K
OH OH "
Homocysteine Aminoacyl-adenylate substrate Mjscha.rged tRINA substrate

thiolactone

Fig. 4 Proposed editing pathways of the AARSs. Editing of noncognate amino acids can occur
after transfer to the tRNA and hydrolyzes the mischarged tRNA (pathway 5) or it can target the
adenylate intermediate (AA-AMP) in a tRNA-independent (pathways /—3) or dependent (pathway
4) manner. The aminoacyl adenylate intermediate could be hydrolyzed while bound to the enzyme
(pathways 3 and 4) or could be selectively released to the aqueous environment where it is rapidly
hydrolyzed (pathway 2). In methionyl-tRNA synthetase (MezRS), misactivated homocysteine
cyclizes during editing to form a thiolactone (pathway /). Cyclization can also occur for lysyl-
tRNA synthetase misactivated amino acids
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misactivated adenylate intermediates are hydrolyzed, may occur either in the absence
(pathways 1-3 in Fig. 4) or in the presence (pathway 4 in Fig. 4) of a tRNA cofactor
(Fersht and Dingwall 1979c). The first tRNA-independent pathway illustrates the
case of cyclization of homocysteinyl adenylate by MetRS to form homocysteinyl-
thiolactone, followed by expulsion from the active site (Fersht and Dingwall 1979a;
Jakubowski and Fersht 1981; Jakubowski 1991). Alternatively, “selective release” of
the noncognate adenylate intermediate from the amino acid activation active site
would be followed by solution hydrolysis (pathway 2) in the aqueous environment
(Hati et al. 2006; Splan et al. 2007). Finally, selective hydrolysis of the adenylate may
occur in a tRNA-independent (pathway 3) or a tRNA-dependent (pathway 4) fashion,
either in the aminoacylation active site (Gruic-Sovulj et al. 2005) or following selec-
tive release and translocation to a separate editing active site (Nomanbhoy et al.
1999; Nomanbhoy and Schimmel 2000; Bishop et al. 2002; Bishop et al. 2003). If a
noncognate amino acid is attached to a tRNA, this mischarged tRNA is cleared via
post-transfer editing (pathway 5) (Eldred and Schimmel 1972).

X-ray crystallography and biochemical investigations have suggested that the pre-
and post-transfer editing sites could overlap (Lincecum et al. 2003; Dock-Bregeon
et al. 2004; Fukunaga et al. 2004; Fukunaga and Yokoyama 2005b). In these cases,
the common adenine and amino acid moieties of the pre- and post-transfer editing
active sites are accommodated within two subsites of the editing active site (Fig. 5).
However, as discussed below, it is not clear how a small adenylate molecule could be
translocated from the synthetic active site to this remote amino acid editing site for
hydrolysis.

Many AARSs have been reported to carry out both pre- and post-transfer edit-
ing, although in some cases, one pathway clearly seems to dominate. Interestingly,
mutations that can simultaneously abolish both pre- and post-transfer editing activi-
ties have been identified (Lincecum et al. 2003), while other mutations can selec-
tively inactivate one mechanism (Hendrickson et al. 2000) and in some cases
activate the alternate mechanism (Williams and Martinis 2006). Though all the
class I editing enzymes occupy the same subclass Ia, each appears to rely on a dif-
ferent dominant editing pathway. For example, MetRS edits homocysteine via the
cyclization reaction described above (Fersht and Dingwall 1979a; Jakubowski and
Fersht 1981; Jakubowski 1991). ValRS primarily employs post-transfer editing
(Fersht and Kaethner 1976; Jakubowski and Fersht 1981), while IleRS depends
mainly on pre-transfer editing (Fersht 1977b). For LeuRS, the E. coli enzyme
exclusively uses post-transfer editing, whereas Saccharomyces cerevisiae cytoplasmic
LeuRS primarily relies upon a pre-transfer editing mechanism (Englisch et al.
1986). Though these editing reactions are conserved through evolution, a dramatic
shift between mechanisms may be achieved with relative ease (Hendrickson et al.
2002; Williams and Martinis 2006). The redundancy of these editing mechanisms
suggests their importance to protein synthesis and fidelity.

Some class II enzymes also appear to use redundant editing mechanisms,
although the relative contribution of each pathway toward overall fidelity is not
yet clear in all cases. ProRS performs pre-transfer editing of alanyl adenylate in a
tRNA-independent reaction that involves primarily enzymatic hydrolysis (Splan et al.
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T. thermophilus LeuRS

NvaAMS
,\wp.%-lTLf

N R \/ﬁ)\NHOH
= 3
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| ™~
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HH, o
OH OH NH,
Pre-transfer substrate analog Post-transfer substrate analog
a NvaAMS NvaZAA
E. coli ThrRS

Fig. 5 Editing active sites of Thermus thermophilus leucyl-tRNA synthetase (LeuRS) and
Escherichia coli threonyl-tRNA synthetase (ThrRS). a Overlapping pre-transfer (light gray) and
post-transfer (black) editing active sites of 7. thermophilus LeuRS with the superimposed pre-
transfer analog (NvaAMS) and post-transfer (Nva2AA) editing analog (Lincecum et al. 2003). The
universally conserved aspartate that is shared by the connective polypeptide 1 domains of IleRS,
LeuRS and valyl-tRNA synthetase (ValRS) forms a salt bridge with the o-amino group of misac-
tivated amino acid. b The pre- and post-transfer analogs bound to the editing active site of E. coli
ThrRS (Dock-Bregeon et al. 2004). The pre-transfer (5’-O-[N-(L-seryl)-sulfamoyl]adenosine) and
post-transfer analog (seryl-3’-aminoadenosine) form different sets of hydrogen bonds with resi-
dues of overlapping active sites

2007), with selective release of the adenylate followed by solution hydrolysis con-
stituting a minor pathway (Hati et al. 2006). ProRS also clears Ala-tRNAP® via
post-transfer editing (Beuning and Musier-Forsyth 2000). PheRS possesses both
pre- and post-transfer editing capabilities to correct misactivation of noncognate
tyrosine (Lin et al. 1983, 1984; Roy et al. 2004; Kotik-Kogan et al. 2005). Likewise,
AlaRS performs pre- and post-transfer editing to hydrolyze misactivated or mis-
charged glycine and serine (Tsui and Fersht 1981; Beebe et al. 2003a, b). LysRS
discriminates homocysteine, homoserine, and ornithine (Jakubowski 1999) using a
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pre-transfer cyclization mechanism similar to that described for MetRS (Jakubowski
1997). Post-transfer editing is the major pathway for ThrRS editing of Ser-tRNA™,
as this enzyme appears to lack a pre-transfer editing capability (Dock-Bregeon
et al. 2000, 2004).

2.4 Translocation of Editing Substrates

Post-transfer editing involves hydrolysis of the aminoacyl-tRNA bond using an active
site that is distinct from the site of aminoacylation; thus, conformational changes in
both the enzyme and tRNA occur during the translocation process. A cocrystal struc-
ture of T. thermophilus LeuRS in the post-transfer editing orientation shows that the
presence of tRNA causes the CP1 editing domain to rotate by approximately 35° rela-
tive to its apo state (Tukalo et al. 2005) (Fig. 6). This work also identified an “exit
complex” where the tRNA™" acceptor end is near the CP1 domain, but dissociated
from LeuRS (Tukalo et al. 2005). In the aminoacylation complex of Pyrococcus
horikoshii LeuRS with tRNA™, the CP1 editing domain swings approximately 20°
with respect to the canonical core of the enzyme when compared with the apo state.
This orientation prevents a clash between the 5” terminus of tRNA and the CP1
domain (Fukunaga and Yokoyama 2005c). Another LeuRS crystal structure depicts
an intermediate state with the tRNA acceptor end halfway between the aminoacyla-
tion and editing active sites (Fukunaga and Yokoyama 2005c). More recently, a boron
containing inhibitor called AN2690 (5-fluoro-1,3-dihydro-1-hydroxy-2,1-benzox-
aborole) that binds in the LeuRS editing active site covalently trapped the uncharged
3" end of the tRNA in the editing complex (Rock et al. 2007). This suggested that the
uncharged 3’ end of the tRNA sweeps through the editing site enroute to binding to
the aminoacylation active site.

Comparison of the apo-1leRS (Nureki et al. 1998) and the editing complex of
I1eRS with E. coli tRNA" (Silvian et al. 1999) also showed two distinct orienta-
tions of the editing domain that differed by an angle of 47° (Silvian et al. 1999). In
addition, the tRNA! acceptor end adopted a stacked helical conformation that
would allow insertion of A76 into the editing active site for proofreading and/or
hydrolysis (Silvian et al. 1999). A hairpin conformation of the tRNA 3" end would
be required to propel the 3’-terminal adenosine into the aminoacylation active site.
Molecular modeling and the cocrystal structures of 7. thermophilus ValRS and
tRNAY suggested that its editing domain adopts different orientations during edit-
ing to shuttle the flexible CCA-3" end of tRNA from the aminoacylation active site
to the editing site (Fukai et al. 2000). A 3" end shuttling mechanism is also consist-
ent with structural data based on the class II ThrRS system (Dock-Bregeon et al.
2000, 2004). Interestingly, in contrast to the class Ia enzymes, the single-stranded
CCA-3’ end of the tRNA changes from a helical to a bent conformation to reach
the editing active site.

The mechanism of translocation of aminoacyl adenylates remains much less
clear. Some pre-transfer editing reactions take place in the aminoacylation active
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a. Leucyl-tRNA Synthetase

apo-LeuRS (1H3N) apo-LeuRS (1WKB)
Thermus thermophilus Pyrococcus horikoshii

LeuRS (10BH) LeuRS (10BC)
Thermus thermophilus Thermus thermophilus Thermus thermophilus with tRNA
Pre-transfer Editing Complex Post-transfer Editing Complex  Post-transfer Editing Complex

LeuRS (1WZ2) LeuRS (2BTE)
Pyrococcus horikoshii with (RNA Thermus thermophilus with (RNA
Aminoacylation Complex Exit Complex

Fig. 6 Crystal structures of class I editing AARSs. a Crystal and cocrystal structures of LeuRS
(Cusack et al. 2000; Lincecum et al. 2003; Fukunaga and Yokoyama 2005a, c; Tukalo et al. 2005).
b Crystal and cocrystal structures of IleRS (Nureki et al. 1998; Silvian et al. 1999; Nakama et al.
2001). ¢ Cocrystal structures of ValRS with tRNAY! in editing conformation (Fukai et al. 2000,
2003). The main body of the enzymes is shown in dark gray, with the inserted editing domain in
light gray. In the cocrystal structures, cognate tRNA is shown in black. Protein Data Bank codes
are indicated
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apo-lleRS (1ILE) apo-11eRS (1JZQ) [leRS (1FFY)
Thermus thermophilus ~ Thermus thermophilus  Staphylococcus aureus
Editing Complex

c. Valyl-tRNA Synthetase

ValRS (11VS) ValRS (1GAX)
Thermus aquaticus Thermus thermophilus
Editing Complex Editing Complex

Fig. 6 (Continued)

site, obviating the need for a translocation mechanism (Jakubowski 1993a; Gruic-
Sovulj et al. 2005; Perona 2005; Hati et al. 2006). However, fluorescence-based
assays and mutational analysis of class I synthetases suggest that misactivated
amino acids are translocated from the synthetic site to the editing domain in a
tRNA-dependent manner (Nomanbhoy et al. 1999; Nomanbhoy and Schimmel
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2000, 2003; Bishop et al. 2003). A fluorescence energy transfer assay based on the
tRNA!-dependent evacuation of fluorescent adenine analogs from the IleRS ami-
noacylation active site indicated that translocation of noncognate valine, and not
hydrolysis, was the rate-limiting step during amino acid editing (Nomanbhoy et al.
1999). Likewise, ValRS translocation rates of misactivated amino acids for editing
were similar for threonine, cysteine, and o-aminobutyrate (Nomanbhoy and
Schimmel 2000). Interestingly, a single post-transfer editing event has been postu-
lated to initiate conformational changes for translocation of aminoacyl adenylates
during pre-transfer editing by IleRS and ValRS (Bishop et al. 2002; Nordin and
Schimmel 2003).

Translocation determinants for pre-transfer editing in IleRS and LeuRS have also
been identified. For IleRS, mutation of Lys183 and Trp421 within the CP1 domain
did not significantly affect aminoacylation and editing activities, but reduced rates
of translocation (Bishop et al. 2003). This lysine “hinge” is also conserved in
LeuRS and influences translocation of aminoacyl adenylate when the dominant
post-transfer editing activity was inactivated in the E. coli enzyme (Williams and
Martinis 2006). In LeuRS, a flexible peptide at the surface of the CP1 domain is in
close proximity to the lysine “hinge” and was proposed to form a precise molecular
interface between the CP1 domain and the canonical core of the enzyme that is
important to translocation. Mutations within this CP1-based peptide also impacted
fidelity, suggesting that a translocation pathway for pre-transfer editing was acti-
vated (Williams and Martinis 2006).

3 CP1 Domain Based Editing — IleRS,
ValRS, and LeuRS

Among the editing class I enzymes, LeuRS, IleRS, ValRS, and MetRS belong to
subclass Ia, and are highly homologous to one another (Eriani et al. 1990;
Burbaum and Schimmel 1991; O’Donoghue and Luthey-Schulten 2003). In
LeuRS, IleRS, and ValRS, the CP1 domain is inserted into the main body of the
enzyme and is connected via two B-strand linkers (Fig. 6). The CP1 domain
houses the editing active site, which has diverged to accommodate each enzyme’s
specificity for amino acid editing (Schmidt and Schimmel 1994, 1995; Lin and
Schimmel 1996; Nureki et al. 1998; Silvian et al. 1999; Mursinna and Martinis
2002; Zhai et al. 2007). The related MetRS has a small CP1 domain that is not
functional in editing.

The location of the editing active site was first localized by cross-linking
experiments, using N-bromoacetyl-Val-tRNA'Y (Schmidt and Schimmel 1995).
Mutations of conserved residues (H401Q and Y403F) within the CP1 domain of
IleRS, considerably decreased the editing activity of the enzyme (Schmidt and
Schimmel 1995), but not aminoacylation. During deletion analysis, this domain
also appeared to be dispensable for amino acid activation and charging (Starzyk
et al. 1987). Conversely, mutations that abolished the aminoacylation ability of the
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enzyme, but did not affect editing, have also been identified (Schmidt and Schimmel
1994; Lin and Schimmel 1996). Finally, the CP1 domains for IleRS, ValRS, and
LeuRS were isolated, independent of the enzyme’s canonical aminoacylation core,
and actively hydrolyzed their respective mischarged cognate tRNAs (Lin and
Schimmel 1996; Chen et al. 2000). More recent data suggest that the connective
B-linkers are necessary for viable post-transfer editing activity of the isolated CP1
domain from E. coli LeuRS (Betha et al. 2007). Collectively, these and other
results provided strong experimental support for the original double sieve model
(Fersht 1977a) that proposed exclusive separation of the aminoacylation and edit-
ing active site.

Interestingly, the CP1 domain in bacterial and mitochondrial LeuRSs appears
to have a novel point of insertion into the catalytic domain of the enzyme.
Primary sequence analyses show that the insertion of the CP1 for IleRS, ValRS,
as well as archaeal and eukaryotic cytoplasmic LeuRS splits a zinc-binding site
(ZN-1), but the bacterial and mitochondrial LeuRSs have the CP1 domain
inserted after the ZN-1 domain (Cusack et al. 2000). As a result, the T. ther-
mophilus T1leRS and LeuRS structures show different orientations of the CP1
domains, with the LeuRS requiring approximately 180° difference in rotation to
access the 3" end of tRNA in its editing active site. Another polypeptide insert
called the “leucine-specific domain” is unique to LeuRS. However, although this
domain appears to be important for aminoacylation, it has little impact on editing
(Vu and Martinis 2007).

A C-terminal domain with shared structural homology is also common in
I1eRS and ValRS as well as archaeal and eukaryal LeuRS. Bacterial LeuRSs have
a C-terminal domain that is structurally unrelated. This C-terminal domain is
necessary for both aminoacylation and amino acid editing in T. thermophilus
IleRS and ValRS (Fukunaga and Yokoyama 2007) as well as E. coli LeuRS (Hsu
et al. 2006). Conversely, the C-terminal truncated P. horikoshii LeuRS edits Ile-
tRNA™M efficiently (Fukunaga and Yokoyama 2005c) but also hydrolyzes Ile-
tRNA!* that is correctly formed by IleRS (Fukunaga and Yokoyama 2007). This
suggests that the presence of the C-terminal domain P. horikoshii LeuRS is neces-
sary to prevent misediting of Ile-tRNA. Surprisingly, deletion of this domain
significantly enhanced both these activities in yeast mitochondrial LeuRS (Hsu
et al. 2006). This likely reflects evolutionary compensation for its dual role as a
splicing factor.

These enzymes also differ in whether they hydrolyze amino acids from the 2" or
3’ hydroxyl of the A76 ribose of tRNA. In general, class I AARSs charge amino
acids to the 2" hydroxyl of tRNA. However, 1leRS hydrolyzes the amino acid from
the 3’ ribose hydroxyl, which suggests that the acylated amino acid migrates during
translocation prior to editing (Nordin and Schimmel 2002). This mechanism is
enzyme-specific as ValRS (Nordin and Schimmel 2002) and LeuRS (Lincecum
et al. 2003) aminoacylate and edit at the 2" hydroxyl.

Mutational and structural analysis of the class Ia editing enzymes have local-
ized subsites of the editing active site that are responsible for interacting with
the adenine, amino acid side chain, and central region of the editing substrate
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that is targeted for hydrolysis. In the central region, structures for LeuRS,
IleRS, and ValRS show that a universally conserved aspartic acid residue forms
a salt bridge with the amino group of the noncognate amino acid for both pre-
and post-transfer editing substrates (Lincecum et al. 2003; Dock-Bregeon et al.
2004; Fukunaga et al. 2004; Fukunaga and Yokoyama 2005b) (Fig. 5). Mutation
of this conserved aspartic acid abolishes amino acid editing in IleRS (Bishop
et al. 2002), ValRS (Fukunaga and Yokoyama 2005b), and LeuRS (Lincecum
et al. 2003).

In LeuRS, two neighboring conserved threonines, Thr247 and Thr248, within
the editing active site also interact near the hydrolysis site (Lincecum et al.
2003). The hydroxyl group of Thr247 forms a hydrogen bond with both the car-
boxyl group of the bound amino acid and the 3’ hydroxyl group of the ribose
ring. The amide and hydroxyl group of Thr248 form bonds with the 3’ hydroxyl
group of the ribose ring. However, when each of these residues was mutated to
alanine, the editing function was only slightly affected (Mursinna et al. 2004).
A double mutation of both threonines to isosteric valines or alanines abolished
editing activity, whereas substitution with serine maintained amino acid editing
activity. It was proposed that these LeuRS threonines, which are also found in
IleRS and ValRS, may be part of a hydrogen-bonding network that stabilizes the
editing transition state (Zhai and Martinis 2005). Similar results with residues
Thr228 and Thr230 in T. thermophilus 11eRS (Fig. 7), which recognize the car-
boxyl group of valine, indicate their importance in post-transfer editing
(Fukunaga et al. 2004).

This threonine-rich region that is conserved in IleRS, ValRS, and LeuRS also
interacts with the bound amino acid and confers specificity to amino acid editing.
Biochemical, X-ray crystallography and computational studies for LeuRS identi-
fied a conserved Thr252 in E. coli (Fig. 7) as a critical discriminator to block leu-
cine at the editing active site (Mursinna et al. 2001, 2004; Lincecum et al. 2003;
Zhai et al. 2007). The side chain of this residue lies at the bottom of the editing
pocket and blocks the y-methyl branch of leucine (Lincecum et al. 2003). Mutation
to alanine or serine (Mursinna et al. 2001, 2004) uncouples specificity and hydro-
lyzes Leu-tRNA". Mutation of Thr252 to bulky residues fills in the amino acid
binding pocket and blocks the site for editing (Mursinna and Martinis 2002; Tang
and Tirrell 2002). Significantly, mutations at this site have already been capitalized
upon to block leucine to incorporate novel amino acids during in vivo protein syn-
thesis (Tang and Tirrell 2002; Turner et al. 2006).

Interestingly, mutational data indicate that the corresponding Thr233 in T. ther-
mophilus 1leRS does not take part in post-transfer editing (Hendrickson et al. 2002).
However, mutation of a nearby Thr230 in the threonine-rich region uncouples spe-
cificity and causes hydrolysis of the correctly charged substrate (Fukunaga and
Yokoyama 2006). Likewise, an H319A mutation in E. coli IleRS results in editing
of correctly charged Ile-tRNA! (Hendrickson et al. 2002). X-ray structures show
that the extra methyl group of isoleucine clashes with the His319 side chain, block-
ing the cognate amino acid from binding (Fukunaga et al. 2004). In T. thermophilus
ValRS, Thr219, which is equivalent to the Thr252 specificity site in LeuRS, is part
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Fig. 7 Sequence alignment of the editing active site of LeuRS, IleRS, and ValRS. The most con-
served residues within a particular synthetase are highlighted in black and homologous residues
are shown in gray. L, LeuRS, I, 1leRS; V, ValRS; Tt, T. thermophilus; Ec, E. coli; Bs, Bacillus
subtilus; Aa, Aquifex aeolicus; Ph, Pyrococcus horikoshii; Scm, Saccharomyces cerevisiae (mito-
chondria); Hsc, Homo sapiens (cytoplasmic)

of the hydrogen-bonding network surrounding the editing substrate, but appears to
play an indirect role (Fukunaga and Yokoyama 2005b). However, mutation of a
highly conserved Lys277 within the editing site of E. coli ValRS results in deacyla-
tion of the cognate Val-tRNAY (Hountondji et al. 2002). This is likely because the
amino acid binding pocket has been filled in to accommodate smaller amino acids
as targets for hydrolysis.

Adenines of the aminoacyl adenylate and terminal tRNA residue of the edit-
ing substrates bind to a highly conserved GTG motif (Lincecum et al. 2003;
Fukunaga and Yokoyama 2005b). In ValRS, this flexible loop undergoes confor-
mational changes to accommodate differences in binding pre- and post-transfer
editing substrates (Fukunaga and Yokoyama 2005b). A semiconserved tyrosine
in E. coli LeuRS (Tyr330) has been proposed to position the terminal A76 of
tRNA at the editing active site during this translocation process (Liu et al.
2006). In T. thermophilus ValRS, the homologous Phe264 undergoes a confor-
mational change in the presence of tRNAY and its mutation to alanine affects
editing activity. In addition, a nearby conserved Asp276 side chain forms a
hydrogen bond with the 3’ hydroxyl group of A76 of tRNAY (Fukunaga and
Yokoyama 2005b).

The CP1 domains from ValRS (Fukunaga and Yokoyama 2005b), LeuRS
(Lincecum et al. 2003; Tukalo et al. 2005; Liu et al. 2006), and IleRS (Fukunaga
and Yokoyama 2006) have evolved different strategies for recognition of their
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respective editing substrates. In 7. thermophilus ValRS, a cleft formed by the side
chains of Arg216, Thr219, Lys270, Thr272, and Asp279 positions threonine for
binding (Fukunaga and Yokoyama 2005b) in the editing active site. The side chain
hydroxyl of the threonine substrate is recognized by the side chains of Lys270,
Thr272, and Asp279 to confer specificity. Similarly, in E. coli LeuRS, the side
chains of noncognate methionine and isoleucine are accommodated via formation
of a hydrogen-bond network with highly conserved Thr247, Met336, and Asp345
(Liu et al. 2006; Zhai et al. 2007). In T. thermophilus 1leRS, the Trp227 and Thr230
side chains have been proposed to participate in substrate recognition during both
pre- and post-transfer editing (Fukunaga and Yokoyama 2006). For both IleRS edit-
ing substrates (Val-AMP and Val-tRNA!"), valine-specific recognition is conferred
by His319 and Thr233. Interestingly, the valine side chains are positioned in dis-
tinct orientations in the two different complexes.

3.1 tRNA Determinants for Editing

In ValRS and LeuRS, tRNA identity determinants for aminoacylation also impact
editing activity. Mutational analysis of tRNAY or transplant of its identity elements
into the framework of heterologous tRNAs showed that there is a close correlation
between aminoacylation with valine and stimulation of editing activity (Tardif and
Horowitz 2002). Investigations of tRNA" deletion constructs determined that the
anticodon stem loop and variable loop were dispensable for aminoacylation and
overall editing by E. coli LeuRS and suggested that the D-loop was critical in tRNA
identity (Larkin et al. 2002). Substitution and deletion mutations at U17, G18, G19,
U54, US55, C56, and G59 within full-length E. coli tRNA™" transcripts supported
the conclusion that D/TyC-loop tertiary interaction affected both aminoacylation
and editing (Du and Wang 2003).

In contrast, in the TleRS system, the tRNA™ nucleotide determinants that are
required for aminoacylation are distinct from those that confer overall editing,
which is comprised of pre- and post-transfer editing activities (Hale et al. 1997).
Chimeric tRNA"/tRNA"" molecules determined that three D-loop residues G16,
D20, and D21 were essential to overall editing activity (Hale et al. 1997),
although surprisingly, they do not affect the chemical step of deacylation
(Farrow et al. 1999). The lack of stimulation of editing by a minihelix derived
from the acceptor stem of tRNA! is also consistent with the importance of spe-
cific D-loop nucleotides in the overall editing reaction (Nordin and Schimmel
1999). It was proposed that these D-loop nucleotides may induce a conforma-
tional change during translocation of the mischarged tRNA product from the
aminoacylation to the editing active site (Farrow et al. 1999). These data led to
a model that misacylated tRNA is a crucial intermediate in overall editing, and
that pre-transfer editing is initiated only after one post-transfer editing event
(Bishop et al. 2002).
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Pre-transfer editing is stimulated by the addition of tRNA in a number of class I
and II AARS systems. In the case of class I IleRS and ValRS, it has been suggested
that cognate tRNA triggers translocation of the misactivated amino acid from the
aminoacylation active site to the editing active site (Lin and Schimmel 1996;
Nomanbhoy et al. 1999). Interestingly, a 61-nucleotide DNA aptamer was selected
that could stimulate ATP hydrolysis in the presence of IleRS and noncognate
valine, but not isoleucine (Hale and Schimmel 1996); thus, the DNA aptamer
appears to mimic the tRNA and this suggests that an acceptor hydroxyl group is not
completely necessary for stimulation of pre-transfer editing.

Early work showed that alterations of the tRNA! 3’ CCA end that destroyed
isoleucine acceptor activity also eliminated editing of Val-AMP by IleRS (Baldwin
and Berg 1966). More extensive analysis of 3’ end variants determined that the only
tRNAs that could stimulate ATPase activity in [leRS were those that were active
in post-transfer editing (Nordin and Schimmel 2003). Likewise, mutation of the
3’-terminal A76 in tRNAY! to C or U produces tRNA molecules that can be amino-
acylated with valine (Tamura et al. 1994; Tardif et al. 2001), but are defective in
post-transfer editing, as well as in stimulation of ATP hydrolysis (Tardif et al.
2001). Thus, in both ValRS and IleRS, mutations that differentially affect aminoa-
cylation and editing can be isolated and post-transfer editing appears to be a
requirement for overall editing. This result is also consistent with the cocrystal of
T. thermophilus ValRS with tRNAY! that identifies specific interactions between
functional groups on A76 and the editing active site (Fukai et al. 2000).

The initial site of aminoacylation for most class I enzymes is the 2’ hydroxyl
of A76 (Cramer et al. 1975). A catalytic role in editing was originally proposed
for the 3’ hydroxyl of misacylated Val-tRNA!, which was hypothesized to assist
in activation of a catalytic water molecule (von der Haar and Cramer 1976; Freist
and Cramer 1983). More recent studies using a variety of 3" end modified sub-
strates showed that IleRS deacylates a mischarged 2’-dA76 substrate, but cannot
hydrolyze Val-3’-dA76 tRNA" (Nordin and Schimmel 1999). Thus, under nor-
mal conditions, transacylation from the 2’ to the 3’ hydroxyl appears to be
required for deacylation of Val-tRNA!" by IleRS. In contrast, ValRS deacylates
mischarged 3’-dA76 tRNAY, albeit with a tenfold reduced rate compared with
Thr-tRNAY.

More limited studies of tRNA determinants for editing have been performed for
class II synthetases. Efficient editing by class II AlaRS is dependent on a covalently
continuous two-domain tRNA structure rather than specific sequence elements.
Whereas a minihelix derived from the acceptor stem of E. coli tRNA*® failed to
stimulate editing, chimeric tRNAs with sequence alterations in the D, anticodon,
and TyC stem loops were efficiently deacylated by E. coli AlaRS (Beebe et al.
2003a). In the E. coli PheRS system, 3" end modified tRNAs were tested for stimu-
lation of tyrosine-dependent ATPase activity (Roy et al. 2004). Only 3’-dA tRNA™®
retained phenylalanylation activity, but was unable to stimulate editing. Additional
3’ end substitutions revealed an essential function for the 3’ hydroxyl group in
hydrolysis by PheRS (Ling et al. 2007). Although the exact role is still not clear,
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this group is hypothesized to function as a hydrogen-bond donor, helping with
water molecule positioning or with substrate binding.

4 Class II Synthetase Editing Mechanisms

4.1 Triple Sieves and Freestanding Editing Domains

As evidence accumulated for proofreading by class I synthetases, more detailed
investigations into similar editing functions in class I AARSs were carried out.
Amino acid editing within this class was first observed with PheRS, which can
deacylate Ile-tRNAP™ (Yarus 1973). Similar activities were reported with AlaRS,
which targets glycyl adenylate (Tsui and Fersht 1981), ThrRS, which hydrolyzes
serine via post-transfer editing (Dock-Bregeon et al. 2000), and ProRS, which
clears alanine through both pre- and post-transfer editing pathways (Beuning and
Musier-Forsyth 2000). In accordance with Fersht’s original double sieve hypothesis
for the class I IleRS and ValRS, a similar paradigm with well-separated active sites
exists for class I AARSs. However, in contrast to class I enzymes, which rely pri-
marily on the CP1 domain for editing, structurally dissimilar domains have been
implicated for editing by class Il enzymes.

Mutagenesis analyses localized the ThrRS editing active site to a cleft in an N-
terminal domain (N2) (Dock-Bregeon et al. 2000). In bacteria and eukaryotes, N2
is highly conserved, but a distinct N-terminal editing domain that performs the
analogous function is present in the majority of archaeal ThrRSs (Beebe et al. 2004;
Korencic et al. 2004). The editing domain of AlaRS is weakly related to the ThrRS
N2 domain, but is located internally (Dock-Bregeon et al. 2000; Beebe et al.
2003b). A novel insertion domain (INS) confers editing to prokaryotic ProRS
(Wong et al. 2002), and a fourth distinct editing domain is present in PheRS (Roy
and Ibba 2006). Freestanding editing proteins that are homologs of editing domains
found in ProRS (Wong et al. 2003), AlaRS (Ahel et al. 2003), and ThrRS (Korencic
et al. 2004) have been discovered. These may have evolved to further enhance the
accuracy of protein synthesis (Pezo et al. 2004), or to carry out other, still unknown,
cellular functions (Geslain and Ribas de Pouplana 2004).

4.2 Prolyl-tRNA Synthetase

Most bacterial ProRS enzymes possess a post-transfer editing activity to distin-
guish proline from alanine (Beuning and Musier-Forsyth 2000; Ahel et al. 2002).
A unique domain inserted between motifs 2 and 3 of bacterial ProRS (INS) is respon-
sible for hydrolyzing Ala-tRNAP® (Wong et al. 2002, 2003). Lower eukaryotic
ProRSs, possess a weakly homologous INS-like editing domain appended to the N-
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terminus. Whereas Plasmodium falciparum ProRS was shown to catalyze editing of
E. coli Ala-tRNAP®, S. cerevisiae ProRS lacked this activity (Ahel et al. 2003). The
S. cerevisiae enzyme also fails to deacylate yeast Ala-tRNAP® (Sternjohn et al. 2007).

Alanine-scanning mutagenesis of highly conserved residues in the INS domain
of E. coli ProRS identified key residues required for post-transfer editing (Wong
et al. 2002). Mutation to alanine of a highly conserved lysine residue, Lys279,
selectively decreased post-transfer editing activity by 95% without affecting ami-
noacylation with proline. As expected, K279A ProRS mischarged alanine onto
tRNAP™. An H369A mutation altered editing substrate specificity. With this variant,
deacylation of Ala-tRNAP® was decreased by 80% with concomitant increase of
Pro-tRNAP™ hydrolysis (Wong et al. 2002).

The INS domain was found to be dispensable for pre-transfer editing by E. coli
ProRS. A AINS-ProRS construct with an optimized 16-residue glycine/serine linker
displayed approximately 1,200-fold reduced proline activation efficiency and failed
to activate alanine, but aminoacylated tRNAP® with an overall kcm/KM that was
comparable with that of wild-type ProRS (Hati et al. 2006). Although the AINS
construct did not exhibit pre-transfer editing activity against alanine, this was not
unexpected owing to the lack of alanyl adenylate formation. In contrast, the AINS
variant did exhibit significant pre-transfer editing of substrates that were reasonably
well activated, such as cis-4-hydroxyproline and even proline (Hati et al. 2006).
Studies also showed that a separate editing domain is not required for pre-transfer
editing by ProRS. Enzymatic hydrolysis of the noncognate adenylate in the aminoa-
cylation active site is the major pre-transfer editing pathway, with selective release
of the noncognate adenylate into solution contributing a minor component in the
case of some ProRS species (Hati et al. 2006).

ProRSs from all kingdoms of life also misactivate and mischarge noncognate
cysteine with catalytic efficiencies that are comparable to that for cognate proline
in vitro (Beuning and Musier-Forsyth 2001; Ahel et al. 2002); however, these
enzymes lack a cysteine-specific editing activity (Beuning and Musier-Forsyth
2001; Ahel et al. 2002; An and Musier-Forsyth 2004). The discovery of a single-
domain protein (Haemophilus influenzae YbaK) with significant sequence homol-
ogy to the INS editing domain (Wolf et al. 1999; Zhang et al. 2000) solved the
mystery of how cells clear Cys-tRNAP®. The H. influenzae YbaK was initially
shown to display weak hydrolysis of Ala-tRNAP™ in trans (Wolf et al. 1999; Zhang
et al. 2000; Wong et al. 2003), but was later demonstrated to efficiently deacylate
Cys-tRNAP™ (An and Musier-Forsyth 2004; Ruan and S61l 2005). Mischarged Cys-
tRNAP™ was also shown to form in E. coli cells and to be hydrolyzed by the YbaK
protein in vivo (Ruan and So6ll 2005). Taken together, these data support a “triple
sieve” mechanism of proofreading in the ProRS system (Fig. 3b). Interestingly, an
INS editing domain paralog, ProX from the bacterium Clostridium sticklandii, was
reported to efficiently hydrolyze Ala-tRNAP®, but not Cys-tRNAP° (Ahel et al.
2003). The ProRS from this species lacks an INS domain. Thus, there exist at least
two subclasses of freestanding INS-like proteins with different specificities.

The crystal structure of H. influenzae YbaK (Zhang et al. 2000) shows that the
protein contains a highly curved seven-stranded b-sheet surrounded by six short
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a-helices. An oxyanion hole, similar to that of a serine protease, and a strictly
conserved lysine residue (Lys46) are located in a putative ligand binding pocket.
This residue is essential for post-transfer editing by H. influenzae YbaK (An and
Musier-Forsyth 2004), consistent with the critical role of the equivalent Lys279
residue in E. coli ProRS (Wong et al. 2002). The first structure of a ProRS with an
intact INS domain from Enterococcus faecalis has recently been solved (Crépin
et al. 2006) and shows close structural similarity to H. influenzae YbaK (Fig. 8a).
Structural genomics studies have identified additional proteins with structural
homology to the YbaK protein. These include single domain proteins from
Caulobacter crescentus (1VIF), Agrobacterium tumefaciens (1VKI), and Aeropyrum
pernix (1IWDV) (Murayama et al. 2005).

How is tRNA recognition achieved by freestanding editing modules that lack
tRNA-specific elements such as anticodon binding domains, and how do these
small proteins compete for binding with EF-Tu? Answers to these questions are
also beginning to emerge. Studies with H. influenzae YbaK showed that binding to
uncharged tRNA is relatively weak (K, > 5uM) and nonspecific in the absence
of ProRS (S. An and K. Musier-Forysth, unpublished data), and that YbaK prefer-
entially deacylates any Cys-tRNA sequence, including Cys-tRNA®*, independent
of specific acceptor stem sequence elements (An and Musier-Forsyth 2005; Ruan
and Soll 2005). However, in the presence of ProRS, specific deacylation of Cys-
tRNAP® is observed. YbaK does not deacylate Cys-tRNA®* when CysRS is
included, and in fact stimulates cognate charging activity (An and Musier-Forsyth
2005). In the presence of EF-Tu, deacylation activity is abolished, suggesting that
YbaK functions at a step prior to tRNA release from the synthetase. Binding and
cross-linking studies confirmed that ProRS-YbaK-tRNA associate closely and
specifically. Thus, specific trans-editing of Cys-tRNAP® by H. influenzae YbaK
appears to be ensured through the formation of a novel ternary complex with
ProRS (An and Musier-Forsyth 2005).

4.3 Threonyl-tRNA Synthetase

An N-terminal domain (N2) is responsible for editing in bacterial and eukaryotic
ThrRSs (Dock-Bregeon et al. 2000) and shares weak sequence homology with an
internal editing domain of AlaRS (Sankaranarayanan et al. 1999; Dock-Bregeon
et al. 2000; Beebe et al. 2003b). Crystal structures of E. coli ThrRS obtained in the
absence and presence of cognate tRNA showed that a zinc ion in the aminoacyla-
tion active site interacts with the hydroxyl group of threonine and serine to effec-
tively discriminate against valine during amino acid selection (Sankaranarayanan
et al. 1999, 2000). Thus, hydrolytic editing activity is required to clear just serine,
which has been observed via a post-transfer editing mechanism (Dock-Bregeon
et al. 2000, 2004).

High-resolution crystal structures of the E. coli ThrRS editing domain have
been solved in the absence and presence of serine and pre- and post-transfer editing
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a. Prolyl-tRNA Synthetase and Its Editing Domain Paralog

e

apo-YbaK (1DBU) apo-ProX (1WDV)
Haemophilus influenzae Aeropyrum pernix

ProRS (2J3M) é ;%
Enterococcus faecalis apo-ProX (1VILF) apo-ProX (1VKI)

Caulobacter crescentus ~ Agrobacterium fumefaciens

b. Threonyl-tRNA Synthetase

ThrRS-tRNA (1QF6)
ThrRS (INYQ) Escherichia coli
Staphylococcus aureus Aminoacylation Complex

Fig. 8 Crystal structures of class II editing synthetases. a Crystal structure of ProRS (Crépin
et al. 2006) and its editing domain paralogs (Zhang et al. 2000; Murayama et al. 2005) (1VIJF,
1VKI; unpublished data). b Crystal structures of ThrRS (Sankaranarayanan et al. 1999; Torres-
Larios et al. 2003). ¢ Crystal structure of alanyl-tRNA synthetase (AlaRS) (Swairjo et al. 2004)
and its editing domain paralog AlaX (Sokabe et al. 2005). d Crystal structures of phenylalanyl-
tRNA synthetase (PheRS) (Mosyak et al. 1995; Goldgur et al. 1997; Sasaki et al. 2006). The main
body of the enzymes is shown in dark gray, with the inserted editing domain in light gray. In the
cocrystal structures (e.g., ThrRS—tRNA), cognate tRNA is shown in backbone presentation.
Protein Data Bank codes are indicated
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c. Alanyl-tRNA Synthetase and Its Editing Domain Paralog
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Fig. 8 (Continued)

substrate analogs (5’-O-[N-(L-seryl)-sulfamoyl]adenosine and seryl-3’-aminoade-
nosine) (Fig. 5b). Comparison of this structural information led to a proposed
hydrolytic mechanism that involved two catalytic water molecules (W1 and W2).
His73, one of the two histidines of the conserved HxxxH motif, stabilizes W1 and
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is hypothesized to nucleophilically attack the carboxyl carbon of the seryl group.
The second water molecule, W2, was proposed to donate a proton to O3” of A76,
to cleave the C-O3’ (i.e., aminoacyl ester) bond for post-transfer editing (Dock-
Bregeon et al. 2004). Three residues, His77, Tyr104, and Asp180, block cognate
threonine from binding and mediate hydrolysis via the catalytic water molecules.
Interestingly, the 5’-O-[N-(L-seryl)-sulfamoyl]adenosine phosphate group replaces
a key catalytic water molecule upon binding, providing a structural basis for the
lack of pre-transfer editing of seryl adenylate.

In contrast to the N2 domain of bacterial and eukaryotic ThrRSs, most archaeal
ThrRS enzymes possess a distinct N-terminal editing domain that was also dem-
onstrated to clear Ser-tRNA™ (Beebe et al. 2004; Korencic et al. 2004).
Freestanding modules that resemble the editing domain of archaeal ThrRSs were
also identified in several species (Beebe et al. 2004; Korencic et al. 2004). The
Sulfolobus solfataricus editing domain, which is fused to a C-terminal anticodon
binding domain (ThrRS-ed), hydrolyzes Ser-tRNA™ in fzrans (Korencic et al.
2004). This crenarchaeal species also has an additional thrS-related gene that
encodes a bacterial-type catalytic domain fused to an anticodon binding domain
(ThrRS-cat). Not surprisingly, the latter protein exhibited aminoacylation activity,
but lacked editing activity.

The X-ray crystal structure of the N-terminal editing domain of archaeal
Pyrococcus abyssi ThrRS (Pab-NTD) has significant structural homology with
E. coli D-Tyr-tRNAP" deacylase (DTD), even though they only share 14%
sequence identity (Dwivedi et al. 2005). Notably, although Pab-NTD binds D-
serine and D-threonine, it only interacts with L-serine amongst the corresponding
L-amino acids that were tested (Dwivedi et al. 2005). Recently, insights into the
enantioselectivity of Pab-NTD were elucidated via a combination of site-directed
mutagenesis and X-ray crystallography (Hussain et al. 2006). Mutation to
methionine of a single invariant lysine residue in Pab-NTD decreased L-serine
binding, but retained the p-amino acid binding affinity. Conversely, mutation of
an invariant Met129 residue to lysine in DTD facilitated L-amino acid binding.
Thus, a single residue plays a critical role in the inversion of enantioselectivity in
both enzymes.

4.4 Alanyl-tRNA Synthetase

AlaRS clears mischarged serine and glycine through a post-transfer editing path-
way (Tsui and Fersht 1981; Beebe et al. 2003b). As indicated earlier, a C-terminal
editing domain of AlaRS is weakly homologous to the N2-terminal editing domain
of bacterial and eukaryotic ThrRS (Beebe et al. 2003b, 2004). Although crystal
structures of an active fragment of Aquifex aeolicus AlaRS have been solved in the
presence of bound amino acids, the editing active site was not present in this trun-
cated domain (Swairjo and Schimmel 2005). However, the cocrystal structure with
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serine bound in the aminoacylation active site showed significant conformational
changes compared with the structures of complexes with alanine or glycine. In par-
ticular, in the alanine- and glycine-bound AlaRS structures, the side chain amino
group of Asn194 interacts with the carboxylate group of the bound amino acids. In
contrast, when serine binds, a conformational change occurs to accommodate the
larger side chain. In addition, the amide of the Asn194 side chain forms a hydrogen
bond with the hydroxyl group of the bound serine. These results suggested a mech-
anism whereby serine can bypass steric exclusion of the AlaRS active site (Swairjo
and Schimmel 2005).

A freestanding module called AlaX was also identified, and shares weak homol-
ogy to the editing domains of AlaRS. AlaX from Methanosarcina barkeri and S.
solfataricus deacylates mischarged Ser-tRNAA" and Gly-tRNAA®, but not Ser-
tRNA™ or correctly charged Ala-tRNAA® and Ser-tRNAS®, demonstrating that
AlaX specifically edits in trans (Ahel et al. 2003).

A crystal structure of the P. horikoshii AlaX protein was solved in the absence
and in the presence of an editing substrate, suggesting a mechanism for serine and
alanine discrimination (Sokabe et al. 2005). The side chain hydroxyl group of ser-
ine is recognized by a hydrogen-bonding network that is composed of Thr30,
Asp20, and a water molecule. The hydroxyl group of Thr30 is located at the
entrance of the hydrophilic pocket and near the y-methylene group of the bound
serine. The hydrogen-bond interactions between Thr30 and the bound serine likely
facilitate binding of the noncognate amino acid for editing, whereas the y-methyl
group of alanine would be expected to clash with Thr30 in binding. Structural
analyses, along with mutagenesis and sequence alignments, suggest that the serine
discrimination model that is dependent on Thr30 is comparable to the AlaRS edit-
ing mechanism (Sokabe et al. 2005).

4.5 Phenylalanyl-tRNA Synthetase

E. coli PheRS possesses both pre- and post-transfer editing. The latter has been
localized to the B3/B4 domain of the B-subunit of the enzyme (Roy et al. 2004).
Crystal structures of 7. thermophilus PheRS showed that this unique hydrolytic
domain is about 35-40 A away from the aminoacylation active site that resides in
the B-subunit (Kotik-Kogan et al. 2005). In addition, since recent evidence demon-
strates that neither EF-Tu nor the ribosome discriminates between Tyr-tRNAP®
and Phe-tRNA™*, PheRS appears to provide the sole proofreading mechanism
that is necessary to maintain translational accuracy (Ling et al. 2007). However,
the PheRS editing domain lacks structural features reminiscent of other known
synthetase editing domains.

Although PheRS mischarges several noncognate amino acids, only tyrosine
is a substrate for post-transfer editing (Roy et al. 2005). X-ray crystal structures
of T thermophilus PheRS with tyrosine, Tyr-AMS (tyrosyl adenylate analog), and
p-chlorophenylalanine revealed that the substrate binds at the interface between
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the B3 and the B4 domains (Kotik-Kogan et al. 2005). Molecular modeling stud-
ies suggest an analogous binding mode in the case of E. coli PheRS (Roy et al.
2004). Thus, specific discrimination of tyrosine versus phenylalanine occurs by
anchoring the p-hydroxyl group of tyrosine at the B3/B4 domain interface within
the B-subunit via a hydrogen bond with a conserved glutamic acid (Roy et al.
2004; Kotik-Kogan et al. 2005; Ling et al. 2007). A nucleophilic attack of water
is substrate assisted by the free 3" hydroxyl group of the terminal ribose (Ling
et al. 2007).

A recent crystal structure of an N-terminal fragment of the archaeal/eukaryal-
type P. horikoshii PheRS [-subunit revealed a different orientation for the editing
domain relative to that observed in the bacterial system (Sasaki et al. 2006).
Structure-based alignment studies also suggested that residues postulated to be criti-
cal for T thermophilus PheRS editing (Kotik-Kogan et al. 2005) are not conserved
in the archaeal/eukaryal-type synthetase (Sasaki et al. 2006). Alanine-scanning
mutagenesis of the archaeal enzyme identified an asparagine, which is important for
catalysis, as well as key residues that facilitated p-hydroxyl group recognition of
tyrosine (Sasaki et al. 2006).

Interestingly, while yeast cytosolic PheRS possesses editing activity for Tyr-
tRNAP* (Igloi et al. 1978; Lin et al. 1984; Roy et al. 2005), the yeast mitochondrial
enzyme appears to have lost this function (Roy et al. 2005). Unlike for other class
II editing synthetases, however, efforts to identify a putative trans-editing module
in the yeast PheRS system were not successful (Roy et al. 2005).

5 Single Site Editing and Cyclization

5.1 Methionyl-tRNA Synthetase

MetRS is highly homologous to class Ia LeuRS, IleRS, and ValRS, but possesses a
much smaller CP1 domain that does not have an editing function. Rather, MetRS
edits within the synthetic active site in the canonical core via an altered tRNA-inde-
pendent pre-transfer editing mechanism (Fersht and Dingwall 1979a). MetRS edits
smaller, unnatural amino acids on the basis of size selection (Fersht and Dingwall
1979a; Jakubowski 1991), and primarily targets homocysteine, which differs from
methionine by a single methyl group (Fig. 2). Interestingly, homocysteine is the
immediate precursor of methionine biosynthesis in the cell.

Editing of homocysteine involves its intramolecular cyclization to form homo-
cysteine thiolactone subsequent to the activation step (Fig. 4). The side chain of
homocysteine performs a nucleophilic attack on the activated homocysteinyl
adenylate during the editing reaction (Jakubowski and Fersht 1981). The active
site of MetRS cyclizes cognate methionine to form S-methylhomocysteine thi-
olactone in vitro (Jakubowski 1993a), but this reaction is minimized in vivo
(Jakubowski 1993b).
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Mutagenesis data suggest that the synthetic active site for aminoacylation and
editing pathways is molecularly partitioned (Kim et al. 1993). Likewise, structural
studies have demonstrated a conformational change induced by methionine binding
that is absent when noncognate homocysteine binds (Serre et al. 2001). In E. coli
MetRS, residues Trp305 and Tyrl5 anchor the terminal methyl group and sulfur
atom in the side chain of the bound methionine. Mutations W305A and Y15A
impair discrimination and confer editing against the cognate methionine as well as
homocysteine (Ghosh et al. 1991b; Kim et al. 1993). Conserved residues Asp52 and
Arg233 interact with the main chain amino and carboxyl groups of methionine
(Ghosh et al. 1991a) and also appear to play a role in the cyclization mechanism
(Kim et al. 1993).

5.2 Lysyl-tRNA Synthetase

Unlike other AARSSs, a LysRS representative has been found in each class (Ibba
et al. 1997; Ambrogelly et al. 2002). With rare exception, LysRSs from both
classes are not found together (Ibba et al. 1997; Polycarpo et al. 2003). LysRS-I
and LysRS-II both use the same identity elements for tRNA* recognition, but
differences in their active sites result in divergent mechanisms for amino acid
activation (Ibba et al. 1999). LysRS-1II relies on electrostatic interactions for bind-
ing lysine in an acidic active site (Ataide and Ibba 2004). Aminoacylation studies
suggest that similar to the class I glutaminyl-tRNA synthetase (GInRS) and
glutamyl-tRNA synthetase (GluRS), LysRS-I has a high level of initial substrate
discrimination at the active site and does not require additional proofreading
(Levengood et al. 2004).

LysRS-II however, has a more promiscuous active site (Levengood et al. 2004)
and edits via a cyclization mechanism similar to MetRS (Jakubowski 1999). For
example, homocysteine, homoserine, and ornithine are cyclized to form a thiolac-
tone, lactone, and lactam respectively (Jakubowski 1997, 1999). Within the aminoa-
cylation active site of E. coli LysRS-II, mutagenesis suggests that Phe426 interacts
with the lysine side chain to promote specificity (Ataide and Ibba 2004). In addition,
aspartic acid residues at positions 240, 278, and 428 provide a negatively charged
active site which contributes to substrate discrimination (Ataide and Ibba 2004).

6 Loss of Editing Function in AARSs

Some tRNA synthetases, primarily mitochondrial enzymes, have lost their editing
activities. As mentioned earlier, this includes S. cerevisiae mitochondrial PheRS
(Roy et al. 2005) and human mitochondrial ProRS (Musier-Forsyth et al. 1997),
which are completely missing a post-transfer editing domain. All eukaryotic-like
cytoplasmic ProRS enzymes also lack post-transfer editing activity, as these enzymes
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do not possess the novel insertion domain that is responsible for this editing activity
in most bacterial ProRSs (Beuning and Musier-Forsyth 2001). At least some of these
post-transfer editing-deficient enzymes appear to have been compensated with a
higher initial selectivity at the amino acid activation step (Beuning and Musier-
Forsyth 2001).

The S. cerevisiae ProRS possesses an N-terminal extension with weak homology
to the bacterial post-transfer editing active site, but does not perform post-transfer
editing in vitro (Ahel et al. 2003). Recently, it was shown that replacement of the
N-terminal domain of S. cerevisiae ProRS with the E. coli INS domain confers post-
transfer editing activity to this chimeric enzyme, with specificity for yeast Ala-tRN-
AP (Sternjohn et al. 2007). In contrast, the isolated INS domain displays only weak
editing activity and lacks tRNA sequence specificity. These results demonstrate
how in evolution a weak editing activity can be converted to a more robust state
through fusion to the body of a synthetase. In this manner, a single editing module
can be distributed to different synthetases, and simultaneously acquire specificity and
enhanced activity.

In another example, human mitochondrial LeuRS, which is homologous to
bacterial LeuRSs (Bullard et al. 2000), has acquired substitutions within its edit-
ing active site rendering it inactive (Lue and Kelley 2005). However, kinetic
analysis of aminoacylation suggests that greater stringency in the synthetic active
site maintains the thresholds of fidelity that are sufficient for protein synthesis
(Lue and Kelley 2005). Interestingly, yeast mitochondrial LeuRS has a viable
amino acid editing active site, but when it is inactivated there appears to be little
consequence to the cell (Karkhanis et al. 2006). This suggests that the mitochon-
dria may simply tolerate a lower level of fidelity. It is also possible that other
mechanisms of fidelity, such as freestanding editing proteins in these organelles,
could edit in trans.

7 Role of AARS Editing In Vivo

The prevalence of the amino acid editing reaction for many of the AARSs sug-
gests its importance to the cell. Recently, a modest defect in the AlaRS editing
reaction was linked to mammalian disease (Lee et al. 2006). A missense muta-
tion in the editing domain of mouse AlaRS produced low levels of mischarged
Ser-tRNA*%, Ribosomal misincorporation of serine in place of alanine yielded
misfolded proteins that were concentrated in Purkinje neural cells and resulted
in progressive neurodegenerative disease. Incorporation of editing-defective
ValRS into mammalian cells also resulted in ribosomal mistranslation, which
correlated to decreases in cell viability (Nangle et al. 2006). An editing-defective
IleRS statistically enhances the mutation rate in aging bacteria (Bacher and
Schimmel 2007).

Many unimolecular organisms require the amino acid editing reaction for viabil-
ity, particularly in the presence of excess noncognate amino acid. This includes
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fidelity mechanisms for LeuRS (Xu et al. 2004; Karkhanis et al. 2006, 2007),
PheRS (Roy et al. 2004), and ValRS (Nangle et al. 2002) in E. coli. In addition,
although hydrolysis of Ser-tRNA™ in trans by the freestanding archaeal S. solfa-
taricus editing domain (ThrRS-ed) was dispensable in vivo when challenged by
serine levels normally found in cells (Korencic et al. 2004), in the presence of
elevated serine concentrations, an accumulation of Ser-tRNA™ resulted in a growth
defect of a S. solfataricus ThrRS-ed deletion strain. Interestingly, intracellular
studies using editing-defective LeuRSs indicated that nonstandard amino acids,
rather than standard amino acids, may pose a greater threat to the fidelity of LeuRS
(Karkhanis et al. 2007).

Under some cellular conditions, editing-defective AARSs are tolerated and
can even be used to expand the genetic code. For example, a ValRS editing defect
was used to incorporate aminobutyrate into E. coli proteins at high levels (Doring
et al. 2001). In addition, editing-defective LeuRSs in the yeast mitochondria
appeared to have little or no consequence to cellular viability (Karkhanis et al.
2006). Interestingly, norvaline can be globally incorporated into proteins at leu-
cine positions during high expression conditions of recombinant proteins in
E. coli, suggesting that it escapes the LeuRS amino acid editing mechanism
(Apostol et al. 1997).

Tirrell and coworkers have capitalized upon E. coli amino acid auxotrophs and
wild-type AARSs for global incorporation of unnatural amino acids (see the chapter
by Beatty and Tirrell, this volume). In these systems, the E. coli AARS stably ami-
noacylates its cognate wild-type tRNA with a nonstandard amino acid, which is
then inserted into proteins at the canonical codons. This technique has been success-
fully used to incorporate several phenylalanine analogs by wild-type and mutant
PheRSs (Kast and Hennecke 1991; Sharma et al. 2000; Datta et al. 2002;
Kirshenbaum et al. 2002; Beatty et al. 2005). Unsaturated methionine and isoleu-
cine analogs were also incorporated via MetRS and IleRS (van Hest and Tirrell
1998; Kiick et al. 2000, 2001; Cirino et al. 2003; Wang et al. 2003; Link et al. 2004;
Mock et al. 2006). In one case, the unsaturated isoleucine analog 2-amino-
3-methyl-4-pentenoic acid was not edited by IleRS owing to its large size (Mock
et al. 2006). Likewise, unsaturated, ketone-containing, and fluorinated leucine
analogs were introduced into proteins via LeuRS mischarging activities (Tang and
Tirrell 2002) (Table 3).

8 Orthogonal AARS and tRNAs

The development of orthogonal AARS—RNA pairs has facilitated stable amino-
acylation of nonstandard amino acids that can be used efficiently in vivo during
protein synthesis. Orthogonal systems have the following requirements: (1) the
orthogonal AARS must not aminoacylate the endogenous tRNAs; (2) the orthogo-
nal tRNA must not be aminoacylated by the endogenous AARS; (3) the orthogonal
AARS must preferentially and stably charge the nonstandard amino acid versus
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Table 3 Modification of AARS’s amino acid fidelity for applications in protein engineering

AARS  Mutation/ Result References
modification

LeuRS  T252A Incorporates fluorescent amino acid Summerer et al.
2-amino-3-[5-(dimethylamino) (2006)
naphthalene-1-sulfonamide]
propanoic acid into yeast

LeuRS  T252Y Incorporates norleucine, norvaline, Tang and Tirrell
allylglycine, homoallylglycine, (2002)
homopropargylglycine, and
2-butynylglycine into E. coli
proteins

ValRS T222P Incorporates aminobutyrate into Déring et al. (2001)
E. coli proteins

PheRS  A294G Incorporates p-bromo phenylalanine, Kast and Hennecke
p-iodophenylalanine, p-cyanophenyl- (1991)
alanine, p-ethynylphenylalanine, Sharma et al. (2000)
and p-azidophenylalanine and Kirshenbaum
2-pyridylalanine, 3-pyridylalanine, et al. (2002)
and 4-pyridylalanine into target
mouse DHFR protein

PheRS  A294G, Incorporates p-acetylphenylalanine Datta et al. (2002)

T251G into target mouse DHFR protein

DHFR dehydrofolate reductase

standard endogenous amino acids. Several systems have already been developed to
incorporate a variety of unnatural amino acids (see the chapter by Kohrer and
RajBhandary, this volume).

The RajBhandary laboratory has designed orthogonal AARS—tRNA pairs that
have been applicable in bacteria, yeast, and mammalian cells. E. coli GInRS and
mutated human tRNAX were successfully used in S. cerevisiae for site-specific
amber suppression (Kowal et al. 2001). In E. coli, yeast TyrRS was mutated so that
it no longer interacted with E. coli tRNAP™®, but specifically aminoacylated an
E. coli tRNAM mutant to suppress an amber mutation (Kowal et al. 2001).
Subsequent data showed that an amber suppressor tRNA (supF), derived from
E. coli tRNAT", can be specifically aminoacylated by E. coli TyrRS and then
imported into COS1 mammalian cells (Kohrer et al. 2001).

The laboratory of Peter Schultz has site-specifically incorporated a large number
of nonstandard amino acids in vivo via orthogonal AARS—tRNA pairs in bacteria
and eukarya. One of their first systems paired a mutated M. jannaschii tRNAZ;,
with a modified M. jannaschii TyrRS that contained five substituted residues within
its aminoacylation active site. This orthogonal pair facilitated incorporation of
o-methyltyrosine into chloroamphenicol acetyltransferase and dihydrofolate reduct-
ase (Wang et al. 2001). In addition, the pair has been evolved to incorporate more
than 20 nonstandard amino acids into proteins in E. coli (Xie and Schultz 2005).

These include glycosylated and aliphatic side chains, as well as tyrosine and phe-
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nylalanine analogs. Additional orthogonal AARS—tRNA pairs have been generated
for E. coli expression based on yeast GInRS (Liu and Schultz 1999), P. horikoshiii
GIuRS (Santoro et al. 2003), and P. horikoshii LysRS (Anderson et al. 2004).
Likewise, E. coli TyrRS has been expressed in yeast (Chin et al. 2003; Deiters et al.
2003) and Bacillus subtilis tryptophanyl-tRNA synthetase in mammalian cells
(Zhang et al. 2004) to develop promising orthogonal systems. More recently, a new
pair consisting of yeast PheRS (T415G) and mutant amber suppressor (tRNA™® )
were introduced into an E. coli expression strain for the site specific incorporation
of tryptophan analogs (Kwon and Tirrell 2007). Nonstandard amino acid incorpora-
tion in yeast has also been engineered using E. coli LeuRS (Wu et al. 2004; Turner
et al. 2006), which was optimized by an editing mutation (T252A) (Mursinna et al.
2001) that hydrolyzed correctly charged Leu-tRNA™* (Summerer et al. 2006).

9 Adapting AARS Editing Sites for Protein
Engineering Applications

Canonical and orthogonal AARSs provide a powerful tool for the incorporation of
novel amino acids into proteins. Significantly, those that are promiscuous and
require amino acid editing activities can be exploited to expand the genetic code.
Inactivation of the editing active site would facilitate stable production of mis-
charged tRNAs for ribosomal protein synthesis. For example, in LeuRS, IleRS,
and ValRS, a single mutation of a universally conserved aspartic acid that was
described earlier effectively abolishes amino acid editing to yield mischarged
tRNAs (Bishop et al. 2002). In ProRS, substitution of a single highly conserved
lysine to alanine also eliminated amino acid editing to produce Ala-tRNAP®
(Wong et al. 2002, 2003).

Another strategy relied upon rational design to fill in the amino acid binding
pocket with bulky amino acids at the Thr252 position in LeuRS. This resulted in
blocked editing activity (Mursinna and Martinis 2002) and facilitated in vivo
incorporation of nonstandard amino acids (Tang and Tirrell 2002). There are many
additional mechanisms that can be used to inactivate amino acid editing, including
the insertion of peptides (Chen et al. 2000), prolines (Hendrickson et al. 2000), or
deletion mutations (Beebe et al. 2003b) to grossly disrupt the editing active site
topology, while maintaining aminoacylation activity. Mutational disruption of a
network of hydrogen-bonding interactions among highly conserved residues in the
editing active site of ThrRS also yielded mischarged Ser-tRNA™ (Dock-Bregeon
et al. 2000, 2004).

Mutations in both the aminoacylation and editing active sites have been engi-
neered to redefine the specificity in vitro for a number of standard AARSSs, in addi-
tion to those orthogonal AARSs that have been evolutionarily selected (described
briefly earlier). For example, an A294G mutation in the PheRS o-subunit allows
aminoacylation of para-substituted phenylalanine analogs, including tyrosine and
p-fluoro-I-phenylalanine (Ibba et al. 1994). This mutation in combination with editing
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mutants in the B-subunits (E334A and A356W), allowed production of stably ami-
noacylated Tyr-tRNAP® (Roy et al. 2004). In E. coli AlaRS, mutation of Cys666 to
alanine in the editing active site facilitated stable mischarging of glycine and serine
onto tRNAAR, A second Q584H mutation enhanced the mischarging of C666A to
produce Ser-tRNAA® and Gly-tRNAA® (Beebe et al. 2003b).

Altering the editing active site specificity could be capitalized upon to hydro-
lyze correctly charged standard amino acids and enhance discrimination of a novel
AARS’s activities. As described before, an E. coli LeuRS T252A mutation
(Mursinna et al. 2001) suppressed cognate Leu-tRNA™" formation in an orthogonal
AARS (Summerer et al. 2006). In the editing site of E. coli IleRS, a His333 A muta-
tion hydrolyzed both Ile-tRNA™ and Val-tRNA at a rate similar to that of wild-
type IleRS deacylation of Val-tRNA! (Hendrickson et al. 2002). In a similar
manner, the E. coli K277A mutant ValRS deacylates cognate charged Val-tRNAY!
(Hountondji et al. 2002). Likewise, for class II AARSs, H369A and H369C muta-
tions in the insertion domain of E. coli ProRS resulted in an enzyme that readily
deacylates Pro-tRNAP® (Wong et al. 2002). In addition, editing of correctly charged
Ala-tRNAA® was conferred by introducing mutations into P. horikoshii AlaRS
(Q633M) as well as a parallel mutation in the AlaX trans-editing domain (T30V)
(Sokabe et al. 2005).

A growing foundation of molecular information based on structural and bio-
chemical analyses has provided significant insight into amino acid specificities of
the AARSs and their fidelity mechanisms. These remarkable enzymes in the first
step of protein synthesis that commit an amino acid for site-specific incorporation
into the polypeptide chain are poised for adaptation to enable custom synthesis of
novel proteins. Rational design and in vivo selection of mutations in the aminoa-
cylation and editing active sites promise to yield a greatly expanded genetic code
that has enormous medical and technology applications.
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Abstract Site-specific incorporation of unnatural amino acids (amino acid ana-
logues) into proteins adds a new dimension to studies of protein structure and func-
tion. Here, we describe in detail the development of methods for site-specific
incorporation of unnatural amino acids with novel chemical, physical and biologi-
cal properties using specialized suppressor tRNAs alongside engineered amino-
acyl-tRNA synthetases and ribosomes.

1 Introduction

Incorporation of unnatural amino acids (amino acid analogues) with novel chemical,
physical, and biological properties into proteins has added a new dimension to protein
engineering and has provided the molecular tools for (1) studies of protein folding,

C. Kohrer
Department of Biology, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 02139, USA, e-mail: koehrer @mit.edu

C. Kohrer and U.L. RajBhandary (eds.) Protein Engineering. 205
Nucleic Acids and Molecular Biology 22,
© Springer-Verlag Berlin Heidelberg 2009



206 C. Kohrer, U.L. RajBhandary

structure, and function and (2) design of proteins with new or enhanced characteristics.
Ribosome-based incorporation of unnatural amino acids, often termed ‘“unnatural
amino acid mutagenesis,” has expanded the repertoire of building blocks available for
protein synthesis beyond the 20 naturally occurring amino acids. The most commonly
used unnatural amino acids to date include those that are fluorescent or photoactivata-
ble, those that carry heavy atoms (e.g., iodine) or reactive side chains (e.g., keto amino
acids), and those that mimic post-translational modifications such as phosphorylation
or glycosylation. Amino acid analogues that can be used as affinity or spectroscopic
probes and those that introduce backbone modifications have opened up many new
applications of protein engineering. Unnatural amino acid mutagenesis offers an
important alternative to conventional chemical synthesis and modification of peptides/
proteins, which are often limited by the size of the peptide/proteins that can be synthe-
sized, sample heterogeneity, and/or low yield.

Different strategies for global (residue-specific) and site-specific incorporation of
unnatural amino acids into proteins have been developed, using both prokaryotic and
eukaryotic systems. A detailed description of global amino acid replacement and its
application can be found in the chapters by Beatty and Tirrell and Mascarenhas et
al. in this volume. This chapter will focus on methods for site-specific incorporation
of unnatural amino acids using specialized suppressor transfer RNAs (tRNAs)
alongside engineered aminoacyl-tRNA synthetases and ribosomes. We provide an
introduction to the basic principles and highlight recent studies that have brought
about the optimization of individual components of the translational apparatus lead-
ing to improved systems that are now available for use.

2 Basic Principles of Unnatural Amino Acid Mutagenesis

2.1 Expansion of the Genetic Code

The most common strategy for site-specific insertion of unnatural amino acids, both
in vitro and in vivo, relies on the readthrough of an amber (UAG) stop codon in a
messenger RNA (mRNA) by an amber suppressor tRNA that is aminoacylated with
the desired unnatural amino acid. Thus, the standard genetic code is “expanded” by
reassigning the amber stop codon to a specific unnatural amino acid (Noren et al.
1989) (Fig. 1a). To avoid incorporation of natural amino acids at the designated site
in the target protein, the key requirement for this approach is that the amber sup-
pressor tRNA be “orthogonal” and not be a substrate for any of the endogenous
aminoacyl-tRNA synthetases present in the respective expression system. In the
beginning, efforts were limited almost exclusively to the use of various amber sup-
pressor tRNAs. More recently, the genetic code has been expanded further by iden-
tifying orthogonal ochre and opal suppressor tRNAs, which translate ochre (UAA)
and opal (UGA) codons, respectively, and frameshift suppressor tRNAs, which
translate four- or five-base codons. Yet another approach to expansion of the
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(ii) aminoacyl-tRNAsynthetase
(iii) ribozyme (flexizyme)
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Fig. 1 Transfer RNA (tRNA)-mediated protein engineering. a General approach to site-specific
incorporation of unnatural amino acids. b Different approaches can be used to attach the desired
unnatural amino acid to the suppressor tRNA. i chemical aminoacylation of suppressor tRNAs, i.e.,
ligation of a truncated tRNA lacking the last two 3’-terminal nucleotides to a chemically synthesized
dinucleotide carrying the unnatural amino acid, as pioneered by Hecht and coworkers (Heckler et al.
1984). Alternatively, tRNAs can be aminoacylated chemically using amino acid thioesters linked to
a peptide nucleic acid (peptide nucleic acid thioesters; Ninomiya et al. 2004). Recently, Sisido and
coworkers described a simplified protocol for acylation of dinucleotides in cationic micelles
(Ninomiya 2003). ii use of a wild-type (Hartman et al. 2006, 2007) or engineered aminoacyl-tRNA
synthetase that aminoacylates the suppressor tRNA with the desired unnatural amino acid (Wang et
al. 2001; Sakamoto et al. 2002; Chin et al. 2003). iii ribozyme (e.g., Flexizyme)-catalyzed aminoa-
cylation (Saito et al. 2001; Saito and Suga 2001; Murakami et al. 2002, 2003, 2006)

genetic code involves the introduction of unnatural base pairs (e.g., isoG:isoC), an
idea first developed by Benner and colleagues (Bain et al. 1992).

Much work on unnatural amino acid mutagenesis relies on cell-free protein syn-
thesis systems using orthogonal suppressor tRNAs that are aminoacylated (1) chem-
ically (Heckler et al. 1984; Ninomiya 2003, 2004; detailed in the chapter by Hecht,
this volume), (2) enzymatically using wild-type or mutant aminoacyl-tRNA syn-
thetases, or (3) with the help of engineered ribozymes (Saito et al. 2001; Saito and
Suga 2001; Murakami et al. 2002, 2003, 2006) (Fig. 1b). Recently, Szostak and
coworkers have compiled a list of over 90 amino acid analogues — including 3-amino
acids, N-methyl amino acids, and o, a-disubstituted amino acids — that are substrates
for wild-type aminoacyl-tRNA synthetases in an in vitro reaction (Hartman et al.
2006; Hartman et al. 2007). Pre-aminoacylated suppressor tRNAs have also been
imported into Xenopus oocytes and mammalian cells by means of microinjection,
electroporation, or transfection (Nowak et al. 1995; Kohrer et al. 2001, 2003;
Ilegems et al. 2002, 2004; Monahan et al. 2003). The chapter by Dougherty in this
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volume describes the highly successful application of this approach to studies of ion
channels, GABA, and nicotinic receptors expressed in Xenopus oocytes.

The use of pre-aminoacylated suppressor tRNAs provides the most general
approach to incorporation of unnatural amino acids, since virtually any unnatural
amino acid can be attached to the tRNA using the methods mentioned above. However,
this approach is often limited by the low yields of target protein being synthesized, as
the availability of the unnatural amino acid for incorporation is defined by the amount
of the pre-aminoacylated tRNA that is supplied. In contrast, the use of orthogonal sup-
pressor tRNA/aminoacyl-tRNA synthetase pairs allows the continuous regeneration of
the aminoacyl-tRNA during the course of protein synthesis and thereby makes possi-
ble the efficient synthesis in vivo of proteins containing unnatural amino acids. These
pairs, which function alongside the native cellular tRNA/aminoacyl-tRNA synthetase
pairs, consist of an orthogonal suppressor tRNA and an orthogonal aminoacyl-tRNA
synthetase that aminoacylates only the suppressor tRNA but no other tRNA in the cell.
Once such a pair has been identified for use in Escherichia coli, yeast, or mammalian
cells, the orthogonal aminoacyl-tRNA synthetase has to be modified in such a way that
it activates a specific unnatural amino acid but not the normal amino acid and attaches
it to the orthogonal suppressor tRNA.

2.2 Orthogonal Suppressor tRNA/Aminoacyl-tRNA
Synthetase Pairs

The identification of most orthogonal suppressor tRNA/aminoacyl-tRNA synthetase
pairs exploits the kingdom-specific recognition of certain tRNAs by their cognate
aminoacyl-tRNA synthetases and requires the import of both the suppressor tRNA
and the aminoacyl-tRNA synthetase from a heterologous organism. For example,
bacterial tRNA®" or an amber suppressor tRNA derived from it is not recognized
by eukaryotic tyrosyl-tRNA synthetase (TyrRS); hence, an amber suppressor
tRNA derived from E. coli or Bacillus stearothermophilus tRNA™ is not active in
suppression in yeast (Edwards and Schimmel 1990; Chin et al. 2003) or in mam-
malian cells (Sakamoto et al. 2002) unless the bacterial TyrRS is coexpressed
alongside the suppressor tRNA. It was also confirmed that the bacterial TyrRS is
orthogonal in eukaryotic cells, i.e., does not recognize the eukaryotic tRNA™" or
any other eukaryotic tRNA (Clark and Eyzaguirre 1962). Similarly, a suppressor
tRNA/aminoacyl-tRNA synthetase pair derived from the archaeal Methanococcus
Jjannaschii tRNAD/TyrRS pair was shown to be orthogonal in E. coli (Wang et al.
2001); in this case, the archaeal suppressor tRNA had to be mutated to eliminate
some cross-reactivity with bacterial synthetases (Fig. 2a).

An example of the first orthogonal suppressor tRNA/aminoacyl-tRNA synthetase
pair developed for use in mammalian cells (Fig. 2b) comes from the use of an amber
suppressor tRNA derived from E. coli tRNAS" (hsup2am) and E. coli glutaminyl-
tRNA synthetase (GInRS) (Drabkin et al. 1996). The suppressor tRNA was expressed
in mammalian cells and its activity as a suppressor tRNA in readthrough of amber
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Fig. 2 Orthogonal suppressor tRNA/aminoacyl-tRNA synthetase pairs. a Suppressor tRNA
derived from Methanococcus jannaschii tRNAD" for use in Escherichia coli along with M. jan-
naschii TyrRS (Wang et al. 2001). b Suppressor tRNA derived from E. coli tRNA" (hsup2am)
for use in mammalian cells and yeast along with E. coli GInRS (Drabkin et al. 1996; Kohrer et al.
2004). ¢ Suppressor tRNA derived from E. coli tRNA ™ (fMam) for use in E. coli along with
Saccharomyces cerevisiae TyrRS (Lee and RajBhandary 1991; Kowal et al. 2001). d Suppressor
tRNA derived from human initiator tRNAM* (hM2am) for use in mammalian cells and yeast along
with E. coli GInRS (Drabkin et al. 1998; Kowal et al. 2001; Kohrer et al. 2004)

codons in a reporter gene was shown to be strictly dependent on coexpression of E.
coli GInRS. Based on this orthogonal suppressor tRNA/aminoacyl-tRNA synthetase
pair, a complete set of highly active orthogonal amber, ochre, and opal suppressor
tRNAV/E. coli GInRS pairs has been generated (Kohrer et al. 2004).

In an alternative approach, orthogonal suppressor tRNA/aminoacyl-tRNA syn-
thetase pairs were developed for E. coli, mammalian cells, and yeast, containing a
suppressor tRNA derived from the endogenous initiator tRNA (Lee and RajBhandary
1991; Drabkin et al. 1998; Kowal et al. 2001). A mutant of E. coli initiator tRNAzﬂ\’Iet
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(fMam; U35A36/U2:A71/G72) is orthogonal in E. coli (Fig. 2c). Mutations in the
anticodon abolish recognition by E. coli methionyl-tRNA synthetase, but allow
recognition by GInRS. Subsequent mutations in the acceptor stem abolish recogni-
tion by GInRS and initiation factor IF2 (RajBhandary 1994). The mutant tRNA is,
however, recognized by Saccharomyces cerevisiae TyrRS, and acts as an amber sup-
pressor in yeast (Lee and RajBhandary 1991) and in E. coli cells expressing S. cerevi-
siae TyrRS (Chow and RajBhandary 1993; Kowal et al. 2001). Another amber
suppressor tRNA, orthogonal in mammalian cells and yeast, was derived from the
human initiator tRNAM (Drabkin et al. 1998; Kowal et al. 2001) (Fig. 2d). The tRNA
mutant (hM2am) containing mutations in the anticodon (U35A36) and TyC-arm
(US0G51:C63A64/U54/C60) is a substrate for E. coli GInRS, and allows suppression
of amber alleles in the yeast tester strain S. cerevisiae HEY301-129 (met8-1am, trp1-
lam, his4-580am) expressing E. coli GInRS, as indicated by growth on minimal
media lacking methionine, tryptophan, or histidine (Kowal et al. 2001).

It is important to point out that the transcription of tRNA genes in bacteria and
mammalian cells differs greatly. In mammalian cells, intragenic transcriptional
control elements, A and B boxes, direct transcription of tRNA genes by RNA
polymerase III (Sprague 1994). This requirement limits the efficient synthesis of
certain bacterial tRNAs in mammalian cells. For example, an amber suppressor
derived from E. coli tRNA®" is poorly transcribed due to the lack of a proper A box
(TRGCNNAGY; positions 8-16; Sprague 1994), while an amber suppressor
derived from B. stearothermophilus tRNA™" contains a perfect A box and is, there-
fore, suitable for use in mammalian cells (Sakamoto et al. 2002). This problem can
be avoided by placing the tRNA gene under control of the H1 promoter (Wang et al.
2007b). The H1 promoter drives the expression of the human HIRNA and is rec-
ognized by polymerase III; however, it works as an external promoter and does not
require intragenic control elements (Myslinski et al. 2001).

Since the conception of the first orthogonal suppressor tRNA/aminoacyl-tRNA
synthetase pairs in the 1990s, various such pairs have been identified. These include
archaeal tRNA™"/leucyl-tRNA synthetase (LeuRS) (Anderson and Schultz 2003),
tRNAC"Y/glutamyl-tRNA synthetase (GluRS) (Santoro et al. 2003), and tRNAY*/lysyl-
tRNA synthetase (LysRS) (Anderson et al. 2004) for use in E. coli, and E. coli tRNA-
Lei/LeuRS (Wu et al. 2004) and B. subtilis tRNA™/tryptophanyl-tRNA synthetase
(TrpRS) (Zhang et al. 2004) for use in yeast and mammalian cells (Table 1).

2.3 Evolution of Orthogonal Aminoacyl-tRNA Synthetases
That Accept Unnatural Amino Acids

Having identified orthogonal suppressor tRNA/aminoacyl-tRNA synthetase pairs,
the next step is to mutagenize the aminoacyl-tRNA synthetase in such a way that it
selectively activates a specific unnatural amino acid and subsequently attaches it to
the suppressor tRNA instead of the normal amino acid (reviewed in Hendrickson
et al. 2004; Kohrer and RajBhandary 2005; Wang et al. 2006; Xie and Schultz
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Table 1 Examples of orthogonal suppressor tRNA/aminoacyl-tRNA synthetase pairs described in

this review
Suppressor tRNA/aminoacyl-tRNA synthetase pair References
Developed for a prokaryotic host
Escherichia coli tRNA ™*/Saccharomyces Kowal et al. (2001)
cerevisiae TyrRS
Methanococcus jannaschii tRNA™/M. jannaschii TyrRS Wang et al. (2001)
Halobacterium sp. tRNA™'/Methanobacterium Anderson and Schultz (2003)
thermoautotrophicum LeuRS
Archaeal® tRNA®"/Pyrococcus horikoshii GluRS Santoro et al. (2003)
Archaeal® tRNA™/P. horikoshii type I LysRS Anderson et al. (2004)
Developed for a eukaryotic host
E. coli tRNASYE. coli GInRS Drabkin et al. (1996),
Kohrer et al. (2004)
Human t(RNAMY/E. coli GInRS Drabkin et al. (1998),
Kowal et al. (2001)
E. coli or Bacillus stearothermophilus Sakamoto et al. (2002),
tRNADYE. coli TyrRS Chin et al. (2003)
B. subtilis tRNA™/B. subtilis TrpRS Zhang et al. (2004)
E. coli tRNA™Y/E. coli LeuRS Wau et al. (2004)

tRNA transfer RNA, TyrRS tyrosyl-tRNA synthetase, LeuRS leucyl-tRNA synthetase, GIuRS
glutamyl-tRNA synthetase, LysRS lysyl-tRNA synthetase, GInRS glutaminyl-tRNA synthetase.

*tRNA is derived from the consensus sequence obtained from a multiple-sequence alignment of
archaeal tRNAS" sequences.

®Frameshift suppressor tRNA derived from the archaeal tRNA*,

2006). In this section, we provide three examples of such specialized aminoacyl-
tRNA synthetases for site-specific incorporation of unnatural amino acids into pro-
teins in E. coli, mammalian cells, and yeast. In general, two different approaches
are taken to alter the amino acid specificity of an aminoacyl-tRNA synthetase: the
first one uses libraries of synthetase variants that are subjected to appropriate selec-
tion and counterselection schemes (directed evolution; examples 1 and 2); the sec-
ond one is based on rational design by introducing changes in the amino acid
binding pocket in a site-specific manner (example 3).

2.3.1 Site-Specific Incorporation of Unnatural Amino Acids
into Proteins in E. coli

Example I: Directed evolution of an engineered aminoacyl-tRNA synthetase for
incorporation of O-methyl-L-tyrosine (OMeTyr).

The first example of site-specific incorporation of an unnatural amino acid in
E. coli came from the laboratory of Schultz and coworkers (Wang et al. 2001). The
orthogonal suppressor tRNA/aminoacyl-tRNA synthetase pair used was derived
from the M. jannaschii tRNAY/TyrRS system. M. jannaschii TyrRS fulfills the
basic requirement of orthogonality in E. coli and also lacks a typical editing
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mechanism, thereby reducing the risk of rejecting the unnatural amino acid by
pre- or post-transfer editing (Jakubowski and Fersht 1981; see also the chapter by
Mascarenhas et al., this volume). While the amber suppressor tRNA derived from
M. jannaschii tRNA™" showed high efficiency in translation in E. coli, it was a
partial substrate for one or more E. coli aminoacyl-tRNA synthetases. To improve
the orthogonality of this amber suppressor tRNA, 11 nucleotides that do not inter-
act directly with M. jannaschii TyrRS were randomly mutagenized, and the result-
ing tRNA library was passed through positive and negative selections to isolate a
suppressor tRNA that is not recognized by E. coli aminoacyl-tRNA synthetases
but is efficiently aminoacylated by M. jannaschii TyrRS (Fig. 2a).

To alter the amino acid specificity of M. jannaschii TyrRS to aminoacylate the
newly generated suppressor tRNA with the unnatural amino acid O-methyl-L-tyro-
sine (OMeTyr), a directed evolution approach was developed. On the basis of the
crystal structure of the bacterial TyrRS homologue from B. stearothermophilus (Brick
et al. 1989), a random library of mutants targeting five residues (Tyr32, Glul07,
Aspl58, Tle159, and Leul62) in the amino acid binding pocket of M. jannaschii
TyrRS was generated. This “active-site” library of M. jannaschii TyrRS mutants was
subjected to iterative rounds of stringent positive and negative selections, resulting in
the successful isolation of a mutant TyrRS (Tyr32—GIn32, Glul07—Thr107,
Aspl158—Alal58, and Leul62—Prol162) that specifically attaches OMeTyr to the
amber suppressor tRNA, thus allowing incorporation of the unnatural amino acid
into a protein (Fig. 3). In similar experiments, more than 20 unnatural amino acids
have been incorporated using the M. jannaschii tRNA™/TyrRS system (Xie and
Schultz 2006); most recently, the evolution of M. jannaschii TyrRS mutants specific
for 3-amino-L-tyrosine (an analogue suitable for UV-vis and electron paramagnetic
resonance studies; Seyedsayamdost et al. 2007), p-carboxymethyl-L-phenylalanine (a
phosphotyrosine mimetic; Xie et al. 2007), and 4-trifluoromethyl-L-phenylalanine (a
YF-NMR label; Jackson et al. 2007) was reported.

2.3.2 Site-Specific Incorporation of Unnatural Amino Acids
into Proteins in Eukaryotes

Example 2: Directed evolution of engineered aminoacyl-tRNA synthetases for
incorporation of tyrosine analogues in yeast and mammalian cells.

The synthesis of numerous eukaryotic proteins of scientific, pharmacological, or
industrial interest (e.g., antibodies, transcription factors, membrane proteins) neces-
sitates the availability of eukaryotic expression systems that allow proper protein
folding and post-translational modifications (e.g., phosphorylation, glycosylation),
critical for the structure and function of such proteins. In 2003, an orthogonal sup-
pressor tRNA/aminoacyl-tRNA synthetase pair was used for the site-specific incor-
poration of several unnatural amino acids into proteins in S. cerevisiae (Chin et al.
2003). A suppressor tRNA derived from E. coli tRNA™ was used alongside E. coli
TyrRS. E. coli TyrRS mutants specific for various tyrosine analogues including the
keto amino acids p-acetyl-L-phenylalanine (Acp) and p-benzoyl-L-phenylalanine
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Fig. 3 Expanding the genetic code in E. coli by directed evolution. Step I: Generation of an ami-
noacyl-tRNA synthetase (aaRS) library, in which critical residues in the amino acid binding
pocket are randomized. Transformation of E. coli with the aminoacyl-tRNA synthetase library and
the cognate suppressor tRNA. Step 2: Positive selection is based on suppression of an amber stop
codon at a permissive site in chloramphenicol acetyltransferase (CAT) in the presence of the
unnatural amino acid (aa”). The resulting clones carry functional aminoacyl-tRNA synthetase
mutants that use the unnatural amino acid or any of the natural amino acids. Step 3: Negative
selection is based on suppression of one or more amber codons in the highly toxic barnase in the
absence of the unnatural amino acid. Clones with aminoacyl-tRNA synthetase mutants that use
natural amino acids are eliminated; only those clones with aminoacyl-tRNA synthetase mutants
incorporating the desired unnatural amino acid, which is not present in the medium, survive, Cm
chloramphenicol (Wang et al. 2001)

(Bzp) were generated through directed evolution by applying positive and negative
selection processes, analogous to those developed in E. coli (see Sect. 2.3.1).

The combination of an amber suppressor tRNA derived from B. stearother-
mophilus tRNA™ with one of the TyrRS variants originally developed for use in
yeast (Chin et al. 2003) was applied successfully for incorporation of the photore-
active keto amino acid Bzp into the adaptor protein Grb2 in mammalian cells (Hino
et al. 2005). Bzp was incorporated at ten sequential positions in the ligand binding
pocket of the SH2 domain of Grb2 to study in vivo cross-linking of Grb2 with the
EGF receptor and other proteins. Studies such as these demonstrate the application
of unnatural amino acid mutagenesis to analyses of protein—protein interactions in
vivo in mammalian cells in the context of their native environment.
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Additional reports showed that mammalian cells are highly suitable for selective
and efficient incorporation of unnatural amino acids (Liu et al. 2007; Wang et al.
2007b). Recently, the laboratories of Sakmar and RajBhandary have applied unnatu-
ral amino acid mutagenesis to G-protein-coupled receptors (GPCRs) (Ye et al.
2008). Two keto amino acids, Acp and Bzp, were incorporated into the chemokine
receptor CCRS (major coreceptor for the human immunodeficiency virus) and rho-
dopsin (visual photoreceptor) in mammalian cells. Functional GPCRs that contained
Acp or Bzp at various sites were obtained in high yield (Fig. 4). Rhodopsin contain-
ing Acp at three different sites was also purified from mammalian cells (0.5-2 ng/107
cells) and reacted with fluorescein hydrazide in vitro to produce fluorescently
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Fig. 4 Expansion of the genetic code in eukaryotes. Site-specific incorporation of keto amino
acids into G-protein-coupled receptors. a The secondary structure of CCRS. Positions in CCRS
subjected to site-specific incorporation of unnatural amino acids are indicated. b Expression of
functional CCRS5 mutants containing p-acetyl-L-phenylalanine (Acp) or p-benzoyl-L-phenyla-
lanine (Bzp) at positions 28, 96, or 260. HEK293T cells were transfected with plasmids carrying
the genes for wild-type CCRS or CCRS mutant with an amber mutation at position 128, F96, or
F260. Plasmids encoding a suppressor tRNA (derived from Bacillus stearothermophilus tRNADT),
and E. coli TyrRS variants specific for Acp or Bzp were cotransfected, and the corresponding
unnatural amino acids (Acp or Bzp) were provided in the cell media as indicated. Cell lysates were
analyzed by immunoblot analysis using an antibody against the C-terminal portion of CCRS5 (Ye
et al. 2008)
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labeled rhodopsin. Current dynamic studies of GPCRs rely on fluorescence tech-
niques that are often hampered by inherent limitations; the two most common meth-
ods to introduce site-specific fluorescent labels are maleimide chemistry targeting
cysteine residues and the use of green fluorescent protein fusions. The site-specific
incorporation of reactive keto groups such as Acp or Bzp into GPCRs allows their
reaction with different reagents to introduce a variety of fluorescent, spectroscopic,
and other probes, thereby adding a new dimension to studies of GPCRs, including
GPCR-G protein interactions.

Example 3: Rational design of engineered aminoacyl-tRNA synthetases for
incorporation of unnatural amino acids in mammalian cells.

Yokoyama and colleagues (Kiga et al. 2002) developed an E. coli TyrRS mutant
specific for 3-iodo-L-tyrosine by rational design. On the basis of the crystal struc-
ture of B. stearothermophilus TyrRS (Brick et al. 1989), three residues in the amino
acid binding pocket were chosen for site-directed mutagenesis. A double-mutant of
E. coli TyrRS (Tyr37—Val37, Gln195—Cys195) was found to recognize 3-iodo-L-
tyrosine specifically and was used for efficient incorporation of the analogue into
proteins in a wheat germ cell-free system (Kiga et al. 2002) and in mammalian cells
(Sakamoto et al. 2002). A high-resolution crystal structure of the E. coli TyrRS
Val37Cys195 mutant complexed with 3-iodo-L-tyrosine revealed the structural
details of 3-iodo-L-tyrosine recognition (Kobayashi et al. 2005). Van der Waals
interactions between the iodine atom and Val37 and Cys195 stabilize the position
of 3-iodo-L-tyrosine in the amino acid binding pocket (Fig. 5).

A similar approach was taken to engineer an aminoacyl-tRNA synthetase spe-
cific for 5-hydroxy-L-tryptophan (Zhang et al. 2004). A single point mutation in B.
subtilis TrpRS (Val144—Pro144) allowed incorporation of 5-hydroxy-L-tryptophan
in mammalian cells when coexpressed with an opal suppressor tRNA derived from
B. subtilis tRNAT™.
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Fig. 5 Site-specific incorporation of 3-iodo-L-tyrosine in mammalian cells. Structural basis for
recognition of 3-iodo-L-tyrosine by the mutant of E. coli TyrRS Val37Cys195 (Kobayashi et al.
2005)
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3 Engineering the Perfect Host for Unnatural Amino Acid
Mutagenesis: Optimization and Fine-Tuning of Unnatural
Amino Acid Mutagenesis by Manipulating Individual
Components of the Translational Machinery

It is well known that nonsense suppression depends upon several factors, including
the context of the stop codon within the mRNA (Bossi and Roth 1980; Buckingham
1994), the nature of the suppressor tRNA, and the nature of the unnatural amino
acid. Increased suppression efficiency is essential, particularly for the synthesis of
proteins carrying two or more amino acid analogues, requiring two or more sup-
pression events in the same mRNA. This section will showcase various approaches
directed towards improving the efficiency of unnatural amino acid mutagenesis, by
creating new suppressor tRNAs or modulating the activity and/or specificity of
translation factors and the ribosome.

3.1 Suppressor tRNAs with Enhanced Activities

Early work on unnatural amino acid mutagenesis involved mainly the use of amber
suppressor tRNAs. Kohrer et al. (2001, 2003) showed that the import into mamma-
lian cells of ochre suppressor tRNAs, derived from bacterial tRNAs, led to specific
suppression of an ochre codon in a reporter mRNA. It was further shown that
import of a mixture of pre-aminoacylated amber and ochre suppressor tRNAs led
to concomitant suppression of an amber and an ochre codon in an mRNA, suggest-
ing that this approach could be used for the synthesis of proteins carrying two dif-
ferent unnatural amino acids in mammalian cells (Kdhrer et al. 2003).

With the objective of expanding the nature and number of unnatural amino acids
that can be introduced into proteins, the generation of a complete set of orthogonal
amber, ochre, and opal suppressor tRNA/aminoacyl-tRNA synthetase pairs for use
in mammalian cells was described (Kohrer et al. 2004). Amber, ochre, and opal
suppressor tRNASs (hsup2am, hsup2oc, and hsup2op), derived from E. coli tRNAS™,
were generated for use in mammalian cells. The activity of each suppressor tRNA
was shown to be completely dependent upon the coexpression of E. coli GInRS.

The activity of a suppressor tRNA in protein synthesis is affected by sequences
in and around the anticodon loop and stem and by base modifications, especially
those in the anticodon loop (Colby et al. 1976; Yanofsky and Soll 1977; Yarus
1982; Yarus et al. 1986; Agris 2004; Agris et al. 2007). For example, modification
of A37 located next to the anticodon strengthens the interaction between codon and
anticodon (Ericson and Bjork 1991; Bjork 1995). The enzyme responsible for
modifying the A37 residue, the dimethylallyl diphosphate:tRNA dimethylallyl-
transferase, has been identified in E. coli, yeast, and mammalian cells; its minimal
substrate requirements consists of a stretch of three As, A36-A37-A38, in the anti-
codon loop (Motorin et al. 1997). To improve the activity of the hsup2am, hsup2oc,
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and hsup2op suppressor tRNAs (Kohrer et al. 2004), mutations were introduced
into the anticodon loop (U32C, U38A), creating an A36-A37-A38 recognition ele-
ment and mimicking an anticodon loop configuration found in many strong sup-
pressor tRNAs. The resulting tRNAs had significantly increased activities in
suppression (36-fold for amber, 156-fold for ochre, and 200-fold for opal suppres-
sor tRNA; Fig. 6), and have been used in combination to concomitantly suppress
two or three termination codons in an mRNA. Important applications of such
enhanced suppressor tRNAs, which are used alongside the appropriate aminoacyl-
tRNA synthetases, include site-specific incorporation of two or, possibly, even three
different unnatural amino acids and regulated suppression of amber, ochre, and opal
codons in mammalian cells.

THG73, an amber suppressor tRNAC™ from Tetrahymena thermophila (with a G73
mutation), has been used successfully for the incorporation of more than 100 different
unnatural amino acids by injection of pre-aminoacylated tRNA into Xenopus oocytes
(Beene et al. 2003; for details see the chapter by Dougherty, this volume). However,
under certain conditions (e.g., increasing amounts of tRNA, extended incubation

C32 <y u —>» A38
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anticodon amber ochre opal
XXX CUA UUA UCA
U32U38 0.95% 0.03% 0.05%
136 x v 156 X ¥ 200 x
C32A38 34.5% 4.54% 10.4%

Fig. 6 Complete set of orthogonal amber, ochre, and opal suppressor tRNAs for use in eukaryotic
cells. Suppression efficiencies of individual suppressor tRNAs in mammalian cells, cotransfected with
a plasmid for E. coli GInRS and a luciferase reporter construct, are indicated (Kohrer et al. 2004)
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times), THG73 is mis-aminoacylated by endogenous aminoacyl-tRNA synthetases
with glutamine. A library of T. thermophila glutamine amber suppressor tRNAs with
mutations in the acceptor stem was generated and analyzed in detail, along with an
opal suppressor tRNAs, derived from the same tRNA (Rodriguez et al. 2007a, b).
Acceptor stem mutants with improved orthogonality were isolated, while preserving
high suppression efficiencies.

3.2 Systems with Reduced Release Factor Activity

Site-specific incorporation of unnatural amino acids into proteins by nonsense suppres-
sion has opened up exciting new possibilities for protein engineering. Nevertheless,
while established as the method of choice, the strategy involving the use of nonsense
codons to define the site of interest in the target protein has some inherent weaknesses.
When a ribosome translating an mRNA reaches a stop codon, release factors bind to the
“empty” ribosomal A-site and catalyze translation termination resulting in the release
of the nascent polypeptide chain (Nakamura et al. 1996; Kisselev et al. 2003). In
E. coli and other bacteria, this reaction is carried out by release factors 1 and 2
(RF-1, RF-2) recognizing amber/ochre and ochre/opal stop codons, respectively;
in eukaryotes, eRF-1 recognizes all three stop codons. Consequently, a suppressor
tRNA recognizing the stop codon has to compete against the release factor, leading
to a reduction of readthrough efficiency by the suppressor tRNA.

Under optimal conditions, the readthrough efficiency obtained with certain
orthogonal suppressor tRNAs can be as high as 25-75% in E. coli (Wang et al. 2006)
and 30-40% in mammalian cells (Kohrer et al. 2004), but is often lower and drops
drastically when two or more stop codons are used within the same mRNA for inser-
tion of two or more unnatural amino acids. Several strategies have been developed
to increase suppression efficiencies. These include (1) reducing the levels of active
release factor, and most recently (2) the development of specialized ribosomes (ribo-
X) for improved suppression efficiencies in E. coli.

3.2.1 Reduced Levels of Release Factor Lead
to Increased Amber Suppression

In a study by Abelson, Miller, and colleagues (Kleina et al. 1990), 17 E. coli amber
suppressor tRNA genes were constructed, yielding suppressor tRNAs of different
efficiency. The same study also showed that the use of an E. coli host with a tem-
perature-sensitive mutation in RF-1 markedly improved suppression efficiency of
weaker suppressor tRNAs in vivo. Partial heat inactivation of the temperature-
sensitive RF-1 resulted in an E. coli cell-free transcription/translation system with
reduced levels of RF-1, increasing suppression efficiency more than tenfold (Short
et al. 1999). Similarly, the omission of RF-1 from the fully reconstituted PURE
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system led to superior readthrough efficiency of nonsense codons (Shimizu et al.
2001; see also the chapter by Hirao et al., this volume).

In eukaryotes, eRF-1 recognizes all three stop codons and competes with amber,
ochre, and opal suppressor tRNAs at the ribosomal A-site (Drugeon et al. 1997).
Yarus, Leinwand, and coworkers (Carnes et al. 2003) showed that reduction of
eRF-1 levels in mammalian cells allowed increased readthrough of a leaky stop
codon in the absence of suppressor tRNAs. Small interfering RNAs were targeted
against different portions of the eRF-1 coding region to increase readthrough effi-
ciency approximately 2.5-fold. These results were confirmed in a study by Janzen
and Geballe (2004), who analyzed the effects of depleting eukaryotic release fac-
tors, eRF-1 and eRF-3, on translation termination in various human cell lines. The
idea of downregulating eRF-1 by RNA interference was subsequently applied to
increase the efficiency of incorporation of unnatural amino acids into proteins in
mammalian cells approximately fivefold (Ilegems et al. 2004).

It is evident, however, that complete depletion of release factor for further improve-
ment of suppression efficiency is not feasible, as ribosomes would read through natural
termination codons, causing cytotoxicity and ultimately cell death.

3.2.2 Specialized Ribosomes: Ribo-X

Recent work by Chin and colleagues (Wang et al. 2007a) revolutionized unnatural
amino acid mutagenesis in E. coli by endowing cells with an additional set of highly
specialized ribosomes that function side by side with natural ribosomes (Fig. 7).
These specialized ribosomes, called ribo-X, are remarkable for two reasons: (1) they
translate only the UAG-containing mRNA encoding the target protein; and (2) they
have reduced affinity for —1.

First described by de Boer (Hui and de Boer 1987), Dahlberg (Jacob et al. 1987),
and their colleagues in the late 1980s, specialized ribosomes have been and are being
used extensively in studies of the translational machinery, such as the interaction
between ribosome and mRNA, the binding of tRNA to the ribosome, and the func-
tion of individual components of the ribosome. The principle of ribosomes that are
dedicated to translate a single mRNA species is based on the well-established roles
of sequences on the mRNA (Shine-Dalgarno sequences) and sequences near the 3’
end of the 16S rRNA (anti-Shine-Dalgarno sequences). A ribosome can, therefore,
be targeted to a particular mRNA by changing the Shine—Dalgarno sequence located
seven to 13 nucleotides upstream of the AUG initiation codon in the mRNA and by
concomitantly introducing the appropriate complementary changes in the anti-
Shine-Dalgarno sequence in the 16S rRNA. An additional mutation (C1192U) in the
16S rRNA confers resistance to spectinomycin (Makosky and Dahlberg 1987). As a
result, the spectinomycin-sensitive wild-type ribosomes can be “switched off” by
addition of the antibiotic, while the specialized ribosomes remain unaffected.

Chin and colleagues have extended the principle of specialized ribosomes
(Rackham and Chin 2005) and have isolated ribosomes with increased efficiency in
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Fig. 7 Specialized ribosomes for improved suppression of amber codons: ribo-X. Using a
genetic selection system, Wang et al. (2007a) isolated specialized ribo-X ribosomes with muta-
tions in the 16S rRNA, leading to reduced affinity for release factor 1. Ribo-X ribosomes, which
are consequently more efficient in suppression of amber codons, are directed exclusively to the
UAG-containing messenger RNA (mRNA) encoding the target protein, through a modified
Shine-Dalgarno/anti-Shine-Dalgarno interaction

translation of amber codons (Wang et al. 2007a). A library of mutants was designed
around the well-characterized 530-loop in 16S rRNA and passed through a genetic
selection system using chloramphenicol acetyltransferase mRNA with a UAG codon
along with an appropriate amber suppressor tRNA. The 530-loop of 16S rRNA com-
prises part of the ribosomal A-site and is known to be involved in binding of RF-1 and
RF-2 (Yusupov et al. 2001; Klaholz et al. 2003; Petry et al. 2005; Selmer et al. 20006).
A mutant ribosome, referred to as ribo-X, carrying two point mutations (US31G and
U534A) in the 530-loop was isolated. Suppression efficiency of a single UAG codon
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in an mRNA by a suppressor tRNA aminoacylated with the unnatural amino acid Bzp
increased from 24% for wild-type ribosomes to 62% for ribo-X. Even more impres-
sively, concomitant suppression efficiency of two UAG codons increased from less
than 1 to 22%.

3.3 Systems Independent of Release Factor Activity:
Alternative Codon/Anticodon Pairs

The expansion of the genetic code by virtue of nonsense suppression is limited to the
three naturally occurring stop codons. Alternative strategies that include novel unnat-
ural base pairs in the codon/anticodon interaction or frameshift suppressor tRNAs
open up the possibility of expanding the genetic code further and facilitating the
incorporation two or more different unnatural amino acids. In addition, codons trans-
lated by such alternative suppressor tRNAs are not recognized by release factors, thus
ensuring high suppression yields.

3.3.1 Novel Unnatural Base Pairs

Benner, Chamberlin, and coworkers demonstrated the incorporation in vitro of
3-iodo-L-tyrosine into a peptide through the use of a novel base pair, isoC-isoG, based
on unnatural nucleoside bases (Bain et al. 1992). An isoCAG codon-containing mRNA
was used alongside a tRNA featuring a CUisoG anticodon, where isoG represents a
nonstandard purine complementary to isoC, a nonstandard pyrimidine. Both, mRNA
and tRNA were synthesized chemically for this purpose. In an in vitro protein syn-
thesis system, readthrough efficiency of the isoCAG codon, and thereby incorpora-
tion of 3-iodo-L-tyrosine, was specific and was as high as 90%, compared with 60%
readthrough efficiency of a standard UAG codon in the presence of an amber suppres-
sor tRNA. The increased readthrough efficiency of the novel isoCAG codon confirms
the specificity of release factors, which do not recognize isoCAG as a stop codon and,
therefore, allow ribosomes to translate isoCAG with high efficiency.

To overcome the shortcomings of this approach, mainly caused by the require-
ment for chemical synthesis of both mRNA and tRNA, new unnatural bases, which
can be incorporated into RNA through in vitro transcription by T7 RNA polymer-
ase, have been developed. For example, Yokoyama and coworkers designed new
base pairs on the basis of hydrogen-bonding pattern and shape complementarity
(Ohtsuki et al. 2001; Hirao et al. 2002; Mitsui et al. 2002, 2003). They showed that
the unnatural base pyridin-2-one (y) was inserted into mRNA in response to bases
2-amino-6-methylaminopurine (x) or 2-amino-6-(2-thienyl)purine (s) in the tem-
plate DNA, but not in response to any of the standard bases. Base pairs y-x and y-s,
characterized by high specificity in transcription, were used in a coupled transcrip-
tion—translation system for site-specific insertion of amino acid analogues.
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Similarly, the groups of Schultz and Romesberg have used the concept of hydro-
phobic bases as building blocks for novel base pairs (McMinn et al. 1999; Wu et al.
2000; Ogawa et al. 2000a, b). Further improvement of systems employing unnatu-
ral base pairs has involved the design of novel unnatural base-pairs that are also
accepted by the replication machinery, allowing amplification of the analogue-con-
taining DNA template.

A detailed review of design, characterization, and use of unnatural base pairs in
protein engineering can be found in the chapters by Hirao et al. and Leconte and
Romesberg in this volume.

3.3.2 Four- and Five-Base Codon/Anticodon Interactions

Following the discovery of Crick, Brenner, and coworkers, who established the tri-
plet nature of the genetic code (Crick 1958; Crick et al. 1961), work by Riddle and
Roth (1970) and Yourno and coworkers (Yourno 1972; Yourno and Kohno 1972)
showed that a codon consisting of four bases could be translated by a mutant tRNA
containing an extra nucleotide in the anticodon (frameshift suppressor tRNA).
Sisido and coworkers have exploited four- and five-base codons extensively for
site-specific insertion of one or two different unnatural amino acids into proteins in
vitro (Hohsaka et al. 1996, 1999, 2001a, b). In their studies, a wide variety of four-
and five-base codons were evaluated; those derived from codons that are rarely
used in bacteria were found to be most suitable, working efficiently without serious
competition from endogenous tRNAs. For example, concomitant incorporation of
2-naphthyl-L-alanine and p-nitro-L-phenylalanine into streptavidin was accom-
plished at 60% efficiency in response to four-base codons CGGG and GGGU
(Hohsaka et al. 2001b). The successful incorporation of various aromatic amino
acid analogues, some carrying relatively large and bulky (expanded) side groups,
also demonstrated the flexibility of the translation machinery (elongation factor,
ribosome) to accept amino acid analogues differing significantly from natural
amino acid substrates.

Hecht and coworkers have used an amber suppressor tRNA along with a frameshift
suppressor tRNA to synthesize in vitro a protein containing two different amino acid
analogues to demonstrate fluorescence resonance energy transfer between two
unnatural amino acids, 7-aza-L-tryptophan (fluorescence donor) and a dabcyl diami-
nopropionic acid derivative (fluorescence acceptor) in a structurally modified dihy-
drofolate reductase (Anderson et al. 2002).

In contrast to the in vitro work, Anderson et al. (2004) reported the first example of
an orthogonal frameshift suppressor tRNA/aminoacyl-tRNA synthetase pair using a
type I LysRS from Pyrococcus horikoshii in E. coli. The frameshift suppressor, a tRN-
AP derivative, incorporated the unnatural amino acid L-homoglutamine (hGln) in
response to the AGGA codon. Combining this new frameshift suppressor tRNA/ami-
noacyl-tRNA synthetase pair with an orthogonal amber suppressor tRNA/
aminoacyl-tRNA synthetase pair developed earlier (Wang et al. 2001) permitted con-
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Fig. 8 Selection strategy for specialized ribosomes capable of utilizing D-amino acids in protein
synthesis. PTC peptidyltransferase center, rRNA ribosomal RNA (Dedkova et al. 2003, 2006)

comitant incorporation of two unnatural amino acids, hGln and OMeTyr, in vivo
(Anderson et al. 2004). Similarly, a combination of nonsense and frameshift suppres-
sor tRNAs was used to site-specifically incorporate up to three unnatural amino acids
simultaneously into a neuroreceptor in Xenopus oocytes (Rodriguez et al. 2006).
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3.4 Incorporation of p-Amino Acids Using Evolved Ribosomes

D-Amino acids are present in all living organisms, from bacteria to higher eukaryo-
tes, in the form of free amino acids, peptides, and proteins (Kreil 1997; Fujii 2002).
The protein synthesis machinery discriminates efficiently between L-amino acids
and D-amino acids, rejecting D-amino acids from being used under conditions
where the corresponding L-amino acids are also present (Pingoud and Urbanke
1980; Yamane et al. 1981; Soutourina et al. 2000). For example, Calendar and Berg
(1966) showed that although E. coli TyrRS is able to aminoacylate tRNA™ with
either L-tyrosine or D-tyrosine, activation is more efficient for L-tyrosine than it is
for D-tyrosine and the resulting D-Tyr-tRNA®" is hydrolyzed by D-tyrosyl-tRNA
deacylase, an essential enzyme in E. coli (Soutourina et al. 1999). Yamane et al.
(1981) estimate that the combined effects of discrimination at each stage, from
aminoacylation to peptide bond formation, favor L-tyrosine by a factor greater than
10*. Because of this, p-amino acid containing peptides and proteins are produced
only through post-translational modification or nonribosomal peptide synthesis
(Kreil 1997).

Hecht and colleagues used directed evolution to isolate ribosomes that allowed
enhanced incorporation of D-amino acids into proteins (Dedkova et al. 2003, 2006).
Two regions in 23S rRNA (2447-2450 and 2457-2462), corresponding to the pep-
tidyltransferase center (2447, 2449) and helix 89, were randomized. The mutated
23S rRNA, which was also thiostrepton resistant, was expressed from a multicopy
plasmid (Dedkova et al. 2003). To study the incorporation of D-amino acids, S30
extracts were prepared from individual E. coli clones having different mutant ribos-
omes (Fig. 8). All S30 extracts were active in the presence of thiostrepton, which
inactivated chromosomally encoded wild-type ribosomes. The modified ribosomes
produced pD-amino acid containing proteins with increased efficiency, although the
fidelity of these ribosomes was somewhat lower than that of wild-type ribosomes
(Dedkova et al. 2006).

4 Conclusion

Expansion of the genetic code using a stop codon along with the corresponding
suppressor tRNA/aminoacyl-tRNA synthetase pairs has provided the necessary
tools to incorporate unnatural amino acids with diverse chemical, physical, and
biological properties into proteins. Modifications and optimization of various com-
ponents of the translational machinery have made possible the site-specific incor-
poration of one or more unnatural amino acids into a target protein in prokaryotic
and eukaryotic expression systems. More than 200 different unnatural amino acids
have been incorporated into proteins using suppressor tRNAs, both in vitro and in
vivo, adding a variety of functionalities useful for studies of protein folding, stability,
structure, function, protein—protein interactions, and protein localization.
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1 Introduction

The integral membrane proteins of the mammalian central nervous system (CNS)
present special challenges to investigators interested in the structure and function
of proteins. As with other membrane proteins, the powerful tools of structural biology —
X-ray crystallography and nuclear magnetic resonance spectroscopy — are of limited
applicability. However, additional issues of incompatibility with typical overex-
pression systems, complex and variable subunit composition, and multiple post-
translational modifications make CNS proteins even more challenging. In fact, the
significant advances that are being made in membrane protein structural biology
include only a single mammalian channel, the K 1.2 potassium channel from rat
brain (Long et al. 2005).

As such, structure—function studies have played an especially prominent role in
studies of CNS proteins. Fortunately, an excellent functional probe exists. Many of
the key proteins of the CNS are ion channels, or can be made to act through ion
channels. This enables the powerful tools of electrophysiology, and arguably no
functional probe can match the dynamic and temporal range and the detailed
mechanistic insights afforded to studies of ion channels by electrophysiology tech-
niques. And while single molecule studies are, justifiably, a topic of great current
interest, recall that for 30 years the patch clamp technique has provided detailed,
single channel recordings of ion channels (Neher and Sakmann 1976). A number
of additional tools, most notably fluorescence (Cha et al. 1999; Glauner et al.
1999), spin labeling (Hubbell et al. 2003; Perozo 2006), and chemical modification
approaches such as the substituted cysteine accessibility method (Wilson and
Karlin 1998; Karlin 2002) have also provided invaluable information. When con-
sidering structure—function studies of channels and receptors, the availability of a
functional probe is not the major limitation.

To vary structure and thus allow a structure—function study, the standard tool is
site-directed mutagenesis. Throughout the 1980s, representatives of most of the
major classes of receptors/channels of the CNS were cloned, and this allowed them
to be expressed under controlled conditions, enabling detailed electrophysiological
characterization. Combine site-directed mutagenesis with this protocol and we have
molecular neurobiology: structure—function studies of key proteins of the CNS.

While it is certainly useful, conventional site-directed mutagenesis is far from
optimal because of the limited structural and functional variation among the 20
natural amino acids. As such, unnatural amino acid mutagenesis is a natural exten-
sion that could enable insightful probes of CNS proteins. Building on early work
by Hecht and others (Heckler et al. 1984), Schultz reported in 1989 the successful
incorporation of unnatural amino acids into a protein (Noren et al. 1989), and
Chamberlin incorporated an unnatural amino acid into a small peptide (Bain et al.
1989). Subsequent work primarily from Schultz’s laboratory established that the
nonsense suppression approach could be used to incorporate a wide range of
unnatural amino acids into a variety of proteins, enabling an array of structure—
function studies (Cornish et al. 1995).
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Despite the evident potential of the unnatural amino acid approach, it did not
become a broadly adopted addition to the toolbox of chemical biology. No doubt
the major factor that discouraged other groups from employing this powerful
procedure was the quite limited quantities of protein that could be made. More
than a decade ago, we recognized that the remarkable sensitivity of electrophysi-
ology techniques could provide a solution. With an ultrasensitive assay, the low
protein yields of unnatural amino acid mutagenesis are no longer an issue. Such
reasoning, however, led to a new challenge. The unnatural amino acid method
was compatible only with in vitro protein synthesis, but the channels and recep-
tors of the CNS require a more advanced expression system of the sort associated
with a vertebrate cell.

In this context, our group, in a fruitful and ongoing collaboration with Henry
Lester, set out to develop the in vivo unnatural amino acid method (Nowak et al.
1995). We will refer to protein expression in a live, vertebrate cell as in vivo, rec-
ognizing that some in the biological community use this term differently. We also
note that more recent advances in the unnatural amino acid method promise to
overcome the quantity limitations mentioned above for some cases, although the
applicability of these approaches to CNS proteins has yet to be established (Link
and Tirrell 2005; Wang and Schultz 2005). The cell of choice was the Xenopus
oocyte, a favorite vehicle of molecular neurobiology that allows expression and
electrophysiological evaluation of most of the important receptors/channels of neu-
robiology. In the present work we summarize the results of studies of a range of
receptors/channels in vertebrate cells. Over a dozen different channels and recep-
tors have been probed with over 100 different residues, resulting in a number of
insights into the structure and function of these important molecules. We will
present a brief description of the method, but the major focus will be on the types
of studies that can be performed and the insights that can be obtained when the
proteins of the CNS are probed with unnatural amino acid mutagenesis.

2 In Vivo Nonsense Suppression Method
for Unnatural Amino Acid Incorporation

The essential methodological aspects are outlined in Fig. 1, and have been described
in detail elsewhere (Nowak et al. 1998). A nonsense (stop) codon, typically TAG
(amber), is inserted at the site of interest, and the mutant messenger RNA (mRNA)
is prepared. Separately, a designed transfer RNA (tRNA) (termed a “suppressor”)
that recognizes the nonsense codon is prepared and chemically aminoacylated with
the desired unnatural amino acid. Note that this chemically synthesized, aminoacyl
tRNA is a stoichiometric reagent in the process, and this is the factor that most lim-
its the quantity of protein that can be produced. A key feature of the suppressor
tRNA is that it must be orthogonal to the natural machinery of the chosen expres-
sion system, in this case the Xenopus oocyte. An orthogonal tRNA is one that is not
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Fig. 1 In vivo nonsense suppression method for unnatural amino acid incorporation into receptors/
channels expressed in a Xenopus oocyte

recognized by any of the endogenous aminoacyl tRNA synthetases, and so it is
never charged with a natural amino acid. Were such a complication to arise, the
resultant protein would be a mixture of molecules, some containing the desired
unnatural amino acid, but others containing a, typically unidentified, natural amino
acid at the mutation site. This would render all further study meaningless, and so
the development of an orthogonal tRNA is essential.

Early studies established that the tRNA developed by Schultz for in vitro non-
sense suppression, a modified yeast tRNA-Phe, was not orthogonal to the Xenopus
oocyte expression system (Nowak et al. 1995). In designing a better tRNA, we took
advantage of the fact that Tetrahymena thermophila uses TAG as a coding codon
(for glutamine). We reasoned this might be an especially efficient suppressor, and
after making one mutation to improve orthogonality, we produced THG73, an effi-
cient, orthogonal suppressor tRNA. The overwhelming majority of our studies in
Xenopus oocytes have used THG73 (Saks et al. 1996), and others have found this
tRNA useful also. More recently we have developed two new tRNAs that employ
frameshift suppression, that is, the recognition of four-base codons (Rodriguez
et al. 2006), a remarkable process that was pioneered by Sisido (Hohsaka et al.
1996). These new tRNAs recognize CGGG and GGGU quadruplet codons, and are
“more orthogonal” than THG73. Combining these with THG73 has allowed us to
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incorporate three different unnatural amino acids site-specifically into a single pro-
tein expressed in a Xenopus oocyte. Very recently, we have developed new amber
suppressors and an opal suppressor that function well in Xenopus oocytes and fur-
ther expand the collection of viable tRNAs (Rodriguez et al. 2007a, b).

The mutant mRNA and the aminoacyl suppressor tRNA are coinjected into the
Xenopus oocyte, a process facilitated by the large size of the oocyte (approximately
1 mm across; volume of approximately 1ul). After 24—48h, standard whole-cell,
two-electrode, voltage-clamp electrophysiology recordings reveals that the oocyte
has obligingly expressed the mutant protein, assembled the typically multisubunit
receptor, and transported it to the surface of the cell. Importantly, the pharmaco-
logic properties and physiologic function of the protein expressed in the Xenopus
oocyte are identical to what is seen in the native environment, be it neuron, muscle,
kidney, etc. For the rare cases where this is not true, this method should not be
applied. Substantial electrical signals can be obtained from oocytes expressing as
little as 10amol of channel; the quantity of protein expressed is rarely an issue.

While the overwhelming majority of studies of receptors and channels using
unnatural amino acids have been performed in Xenopus oocytes, there is no funda-
mental limitation to moving into other cell types. Using a microelectroporation
protocol, we have demonstrated that nonsense suppression and unnatural amino
acid incorporation can be achieved in cultured mammalian cells such as Chinese
hamster ovary cells, human embryonic kidney cells, and hippocampal neurons
(Monahan et al. 2003). Others have shown that nonsense suppression in mamma-
lian cells can be achieved through microinjection and through chemical transfection
(Ilegems et al. 2002; Sakamoto et al. 2002). Thus, we can anticipate further expan-
sion of this protocol to other cell types.

Figures 2 and 3 show a collection of residues that have been successfully incor-
porated into functioning channels or receptors expressed in Xenopus oocytes. As
others have seen with other expression systems, the ribosome of the Xenopus oocyte
is remarkably tolerant. Extraordinary variation in side chain structure can be accom-
modated. Even the protein backbone can be changed, in that a-hydroxy acids can
be incorporated instead of a-amino acids. The most substantive limitation is that
the natural stereochemistry at the o-carbon is essential for efficient incorporation;
D-amino acids are not readily accepted. A byproduct of this limitation is that sup-
pressor tRNA linked to a racemic unnatural amino acid can be employed; the ribos-
ome will perform an efficient kinetic resolution.

The method described is applicable to a broad range of receptors and channels
(Dougherty 2000; Beene et al. 2003). To date, the following systems have been
successfully probed with unnatural amino acids using the nonsense suppression
method: nicotinic acetylcholine receptors (both muscle-type and neuronal); 5-HT,
and MOD-1 serotonin receptors; GABA, and GABA,, receptors; G protein coupled
receptors (NK2 and M2); K* channels (Shaker, hERG, ROMKI1, Kir2.l, GIRK1,
GIRK4); Na* channels (Navl.4); the GABA transporter GAT-1; and the NMDA
receptor. It seems safe to conclude that any system that is compatible with the
Xenopus oocyte heterologous expression system can be probed with unnatural
amino acids.
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Fig. 2 Select residues that have been incorporated into functional receptors/channels expressed in
Xenopus oocytes. Examples include photoresponsive residues, biotin-containing residues, o-hydroxy
acids, tethered agonists, small nonpolar residues, and small polar residues

A majority of our studies have probed members of the so-called Cys-loop super-
family of neuroreceptors (Corringer et al. 2000; Karlin 2002; Lester et al. 2004; Unwin
2005). These comprise five identical or homologous subunits that are symmetrically or
pseudo-symmetrically arrayed around the central channel. They are ligand-gated ion
channels that contain both a binding site for an appropriate neurotransmitter and an
ion channel that spans the membrane and is typically closed. Binding of neurotrans-
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Fig. 3 Select residues that have been incorporated into functional receptors/channels expressed in
Xenopus oocytes. Examples include phenylalanine/tyrosine analogs, tryptophan analogs, asparag-
ine analogs, nitrohomoalanine, and proline analogs

mitter or any of a number of unnatural agonists initiates a conformational change
that ultimately leads to opening (gating) of the channel. Cys-loop receptors thus
enable fast synaptic transmission throughout the CNS and the peripheral nervous
system. Members of the Cys-loop superfamily include the nicotinic acetylcholine
receptors of both the neuromuscular junction and the CNS, the 5-HT, and MOD-1
serotonin receptors, the GABA, and GABA,, receptors, and the glycme receptor.
The present work will emphas1ze studies of receptors and channels performed in
living cells. However, it is important to appreciate that the breadth of successful
unnatural amino acid incorporation demonstrated in Figs. 2 and 3 parallels that seen
in other expression systems, both in vitro and in vivo. Therefore, useful unnatural
amino acids that have been incorporated into soluble proteins with other expression
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systems will almost certainly be applicable to studies of receptors and channels (see
the chapter by Kohrer and RajBhandary, this volume).

The wide range of experiments one can envision with such an extensive collec-
tion of residues can be conceptually grouped into two separate types. One involves
unnatural amino acids that are substantially different from the natural set and that
deliver a novel functionality to the protein. Examples include photoreactive amino
acids, spectroscopic probes, and tethered functionalities such as agonists or antago-
nists. The other class involves unnatural amino acids that are only subtly different
from the natural set. These allow systematic structure—function studies of the sort
that have been a hallmark of small molecule chemistry. We will provide examples
of both classes here, beginning with the former.

3 “Highly Unnatural” Amino Acids

3.1 Photoresponsive Amino Acids

Figure 2 shows a number of unnatural amino acids that are designed to be responsive
to light. A common strategy is the so-called caged amino acid, a side chain that con-
tains, in effect, a photocleavable protecting group, most typically an o-nitrobenzyl
derivative (Petersson et al. 2003). Photolysis decages the side chain, revealing the

0/©/-\1w
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hv /@A ©i
—_— +
HO NO

"caged"” tyrosine
tyrosine

Rty 0O R,
éi N ii (0] J\ -
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Fig. 4 Examples of photoreactive unnatural amino acids: a caged tyrosine; b o-nitrophenyl-
glycine (Npg)
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native functionality. Examples include caged tyrosine (1, Fig. 4a) and caged
cysteine (2) (Philipson et al. 2001). Some time ago we demonstrated the feasibil-
ity of this approach by incorporating caged tyrosine into several sites of the nic-
otinic acetylcholine receptor (nAChR) (Miller et al. 1998). Using a setup that
allowed delivery of millisecond pulses of light to a Xenopus oocyte that was
voltage-clamped allowed real-time electrophysiological monitoring of the
decaging process. When the caged tyrosine was incorporated at a site where it
was expected to substantially distort the acetylcholine (ACh) binding site, flash
decaging was followed by a slow recovery of receptor activity, allowing us to
monitor in real time the conformational change associated with reforming the
natural binding site.

Subsequently, we incorporated caged tyrosine into the inward rectifying potas-
sium channel K, 2.1 at a site that was believed to be modulated by kinases (Tong
et al. 2001). When the caged protein was expressed in the presence of a kinase such
as Src and a phosphatase inhibitor, photolysis launched a biochemical cascade that
could be monitored by electrophysiology techniques. Interestingly, two kinase-
dependent processes were revealed. One was a direct modulation of the channel,
leading to a decrease in current. The other was a dynemin-dependent endocytosis,
in which decaged channels were removed from the surface of the cell in a kinase-
dependent manner. The caged residue thus revealed a complexity in the kinase
modulation of channel behavior that conventional studies could not have detected.
Since kinases are thought to play a critical role in many aspects of synaptic plastic-
ity, the temporal and spatial control of kinase signaling afforded by caged residues
could be of great value to neuroscience.

A novel caged amino acid is o-nitrophenylglycine (Npg, 3, Fig. 4b) (England
et al. 1997). When incorporated into a protein this residue in effect cages a backbone
nitrogen. Photolysis then cleaves the peptide bond; in a process we have termed
“site-specific, nitrobenzyl-induced, photochemical proteolysis” (SNIPP). We have
used Npg and SNIPP to convert the Shaker K* channel from one that undergoes
rapid (N-type) inactivation, the wild type, to one that does not inactivate. When Npg
is placed near the N-terminus of the channel, photolysis snips off the N-terminal
residues. This removes the inactivation domain, which is, in effect, the ball in a ball
and chain mechanism for inactivating the channel by plugging the pore. The reca-
pitulation of this well-known phenotype (termed “‘Shaker IR”, for inactivation
removed) established the viability of SNIPP.

We also incorporated Npg into the Cys-loop of the nAChR, a 15-residue disulfide
loop that is the definitive structural feature of the nicotinic superfamily of ligand-
gated ion channels. Earlier conventional mutagenesis studies that converted either
cysteine to serine destroyed the loop and produced receptors that were unable to
fold/assemble properly. This eliminated any possibility of functional characteriza-
tion of a receptor with a compromised Cys-loop. Incorporating Npg into the Cys-
loop, however, produced functional receptors that expressed well and functioned
like the wild type. Then, photolysis completely destroyed receptor function, estab-
lishing that the Cys-loop not only had a role in receptor folding/assembly but also
in proper functioning of this ligand-gated ion channel.
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A valuable type of photoreactive unnatural amino acid is one that has the poten-
tial to cross-link two proteins or two regions of a single protein. The benzophenone
derivative 4 in Fig. 2 is one example. Other potential cross-linking residues such as
phenylazide and diazirine derivatives have been incorporated by nonsense suppres-
sion (Link and Tirrell 2005; Wang and Schultz 2005). Since the proteins of neuro-
science are frequently multisubunit proteins and are often components of highly
organized protein assemblies, one can envision many applications of unnatural
amino acids that involve cross-linking.

A potentially very important application of the unnatural amino acid method is
the incorporation of fluorescent unnatural amino acids that can serve as probes of
conformational changes by either direct fluorescence changes or, with two fluoro-
phores, by fluorescence resonance energy transfer (FRET). The potential is espe-
cially great for receptors and channels. The signaling proteins of neuroscience all
exist in multiple states, and it is the interconversions among those states that are
essential to understanding receptor/channel function. The potential of the method
has been established by several groups (Cha et al. 1999; Glauner et al. 1999),
including ours (Dahan et al. 2004), using receptors/channels that are made fluores-
cent by a more conventional, cysteine-labeling strategy. But it is clear that the
unnatural amino acid approach could be very powerful in this regard. One of the
earliest applications of the unnatural amino acid method in Xenopus oocytes was
reported by Chollet and coworkers and involved incorporation of the fluorescent
unnatural amino acid 2-amino-3-(7-nitrobenzo[1,2,5]oxadiazol-4-ylamino)propionic
acid (5) into the NK2 receptor (Turcatti et al. 1996, 1997). When this was combined
with a fluorescent antagonist, it allowed the determination of several geometrical
parameters of this G protein-coupled receptor. Jan and Boxer have introduced the
highly environmentally sensitive aladan into a K* channel expressed in a Xenopus
oocyte (Cohen et al. 2002). The groups of Hecht (Anderson et al. 2002) and Sisido
(Taki et al. 2002) have combined nonsense suppression and frameshift suppression
to incorporate two fluorescent unnatural amino acids and demonstrate FRET in a
soluble protein expressed in vitro, and Schultz has shown that several fluorescent
unnatural amino acids are compatible with ribosomal incorporation into proteins
(Summerer et al. 2006; Wang et al. 2006).

Despite these encouraging results, the most desirable fluorescence/FRET
experiment — monitoring a conformational/structural change in a receptor or chan-
nel in a living cell using one or two fluorescent unnatural amino acids — has yet to
be achieved. The NK2 study involved protein expression in Xenopus oocytes, but
also subsequent harvesting of receptors from many oocytes and in vitro fluores-
cence measurements. Other studies have involved soluble proteins. While most
workers consider fluorescence measurement to be a very sensitive method, electro-
physiological monitoring is much more sensitive. Quantities of protein that are
readily detectable by electrophysiology techniques can be invisible to fluorescence
techniques. In addition, the Xenopus oocyte presents a significant background
autofluorescence from the yolk, which comprises most of the oocyte, and that sub-
stantially complicates in situ measurements. Thus, successful exploitation of FRET
in receptors/channels using two unnatural amino acids will require either very high
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expression levels in Xenopus oocytes or use of mammalian cells that are more
compatible with fluorescence.

3.2 Chemically Reactive Functionality

There is increasing interest in the introduction of bio-orthogonal functionality into
proteins (Prescher and Bertozzi 2005; van Swieten et al. 2005). These are reactive
functionalities that are not found in the molecules of biology and that react specifi-
cally and efficiently with designed targets but do not react with the functional
groups of biology. These bio-orthogonal functionalities are appealing because they
allow selective functionalization of a protein in situ. The reagent can be a fluores-
cent group, a spin label, or another protein. The advantage over the more typical
strategies such as cysteine modification is that there is essentially no undesired
labeling of other sites and other proteins. The system is bio-orthogonal, and so
labeling can be quite specific. One can anticipate a number of interesting applica-
tions of the bio-orthogonal strategy to studies of receptors and channels. We note
that the caging strategy outlined above offers a similar approach. After naturally
occurring cysteines have been passivated, photodecaging of a caged cysteine would
allow selective modification.

Almost a decade ago, we showed how this strategy could be implemented in the
Xenopus oocyte system by incorporating the amino acid biocytin, 6 (Gallivan et al.
1997). Since this residue terminates in a biotin moiety, its incorporation allows
labeling of an expressed protein with streptavidin and derivatives thereof (fluores-
cent streptavidin, etc.). However, such labeling will only be efficient in a cellular
context if the biocytin residue is exposed on the surface of the cell and thus acces-
sible to the streptavidin. As such, biocytin incorporation can serve as a probe of
surface accessibility of particular residues in a complex membrane protein. To evaluate
this method, we probed the main immunogenic region (MIR) of the nAChR of the
neuromuscular junction. The MIR is a ten-residue stretch of the o subunit of the
nAChR that binds many antibodies, including those associated with myasthenia
gravis, a human autoimmune disease. As such, we anticipated that much, if not all,
of the MIR would be surface-exposed and thus amenable to the biocytin strategy.
Biocytin was incorporated efficiently at five of the ten residues of the MIR.
Interestingly, though, efficient streptavidin labeling was seen at only one of the
five biocytin-containing sites, position Asp70. This suggested that the biocytin—
streptavidin system was fairly sensitive to steric environment and is thus respon-
sive to only highly exposed residues.

Several other bio-orthogonal strategies involving unnatural amino acids have been
employed with in vitro expression and should be adaptable to the in vivo approach
(Cornish et al. 1996; Prescher and Bertozzi 2005; Dieterich et al. 2006). These
include ketones, which are efficiently modified by hydroxylamines, and azides,
which are compatible with both click chemistry and Staudinger-type ligations. We
can anticipate application of these types of strategies to many in vivo problems.
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3.3 Backbone Esters

It has been known since 1970 that a remarkable aspect of ribosomal protein synthe-
sis is that a-hydroxy acids are readily accepted by the ribosome just like oi-amino
acids (Fahnesto et al. 1970). Schultz showed that a-hydroxy acids could be incor-
porated by in vitro nonsense suppression, and evaluated the disruption of an o-helix
that results from incorporating an o-hydroxy acid (Koh et al. 1997).

We have incorporated a number of o-hydroxy acids (7-9 and others) into recep-
tors expressed in the Xenopus oocyte. The frequently observed improved protein
expression yields with a-hydroxy acids could reflect the fact that aminoacyl tRNAs
are chemically unstable, with hydrolysis of the ester linkage between the amino
acid and the tRNA being accelerated by the positive charge of the amino acid’s
NH,* group. Hydroxyacyl tRNAs are more chemically stable, and so may have a
longer lifetime in the Xenopus oocyte. Another valuable feature of o-hydroxy acid
incorporation is that the backbone ester that results is, in a sense, bio-orthogonal.
That is, treatment of proteins that have a backbone ester with ammonium hydroxide
hydrolyzes the ester, thus cleaving the protein backbone. In a study of a number of
sites in the nAChR, visualization of the base hydrolysis process with western blot-
ting established that cleavage efficiency, and thus the efficiency of nonsense sup-
pression, was very high (England et al. 1999a, b). This led to a novel approach to
mapping disulfide connectivities in complex proteins (Fig. 5). In the extracellular
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Fig. 5 The use of backbone esters obtained by incorporating a-hydroxy acids to map out disulfide
connectivity
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domains of many receptors/channels, there are many cysteines that are known to be
cross-linked, but the exact connectivity pattern is unclear. If a backbone ester is
incorporated within a disulfide loop, treatment with base alone should still produce
full-length protein, as the disulfide bond keeps the chain intact. Subsequent
treatment with dithiothreitol after the base hydrolysis will give two fragments.
Alternatively, if the ester is outside the disulfide loop, base hydrolysis alone will give
two fragments; dithiothreitol will not be necessary. Thus, backbone modification
via unnatural amino acid mutagenesis and simple western blotting provides a
definitive test (England et al. 1999a).

One potentially informative use of o-hydroxy acids is as surrogates for proline,
in that both lack the backbone NH bond that contributes so substantially to o-helix
and B-sheet formation. In other ways backbone esters are a poor mimic of proline:
while prolines show an increased propensity for the s-cis conformer relative to all
other natural amino acids (see below), esters actually prefer the s-frans conformer
more strongly than amides. Also, the rotation barrier around the backbone ester
bond is much smaller than for the amide of amino acids.

We have used backbone esters to evaluate a number of proline sites in receptors
and channels. In the Cys-loop receptors there is a completely conserved proline
residue in the middle of a particular transmembrane o-helix — the first of four such
a-helices in each subunit which is termed “M1.” A proline in the middle of a trans-
membrane helix seems likely to have an important functional or structural role, but
attempting to probe that role with conventional mutagenesis simply produced non-
functional receptors, a not overly informative result. However, we found that incor-
poration of essentially any o-hydroxy acid at the proline site produced a wild-type-like
receptor (England et al. 1999b; Dang et al. 2000). That is, the o-hydroxy analogs
of alanine, valine, or leucine (7-9) all function very well at this site. These results
suggest that it is the absence of the backbone NH in a proline linkage that is the
essential feature provided by this particular proline.

Replacing a natural amino acid with its a-hydroxy analog does not always
produce such a benign result. We replaced a number of non-proline amino acids
with their o-hydroxy analogs throughout the second transmembrane region, M2,
which lines the ion channel (England et al. 1999b). Significant changes in gating
behavior were seen throughout M2, and these results supported a gating model
that proposed significant backbone conformational changes in M2 associated
with gating.

A subtle aspect of backbone ester incorporation is that the backbone carbonyl
becomes a measurably poorer hydrogen-bond acceptor than the amide carbonyl of
the conventional peptide bond. In the context of both an o-helix and a B-sheet, this
effect has a significantly destabilizing influence on secondary structural stability.
We have used this aspect of o-hydroxy acid incorporation to probe drug-receptor
interactions in the ACh receptor (Cashin et al. 2005). In the nAChR the natural
agonist ACh is a quaternary ammonium ion, but nicotine and related potent ago-
nists such as epibatidine are protonated ammonium ions. As such, the latter can
participate in hydrogen-bonding interactions with the receptor, while ACh cannot.
Model structures suggested that a particular backbone carbonyl was involved in just
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such a hydrogen bond. We replaced the i + 1 residue with the o-hydroxy analog,
converting the implicated carbonyl to an ester rather than an amide. Indeed, both
nicotine and epibatidine showed diminished activity at the receptor, but ACh did
not, supporting the proposed hydrogen bond.

3.4 Spin Labels

Another valuable biophysical probe would be a spin label, allowing many studies
of receptor/channel structure and function with relatively sensitive electron para-
magnetic resonance techniques. The method has produced many interesting results
on receptors/channels with the spin label introduced by cysteine modification
(Hubbell et al. 2003; Perozo 2006), and it seems clear that valuable information
could be obtained if spin labels could be incorporated biosynthetically. Early stud-
ies evaluated this possibility and found generally low efficiencies for incorporation
of the spin label (Cornish et al. 1994). Voss and coworkers employed the Xenopus
oocyte expression system and established incorporation into protein using a luci-
ferase assay on homogenized oocytes (Shafer et al. 2004), but no electron paramag-
netic resonance studies on proteins prepared in this way were reported. At present,
this promising approach awaits validation.

3.5 Tethered Agonists

Another type of novel unnatural amino acid is the tethered agonist, a structure that
mimics the natural ligand of a neuroreceptor but is covalently linked to the receptor.
We have exploited this approach extensively in the nAChR, and several examples
are shown in Fig. 2 (10, 11, and others) (Zhong et al. 1998; Li et al. 2001; Petersson
et al. 2002). If the unnatural amino acid containing the agonist analog is incorpo-
rated at a position that allows the tethered agonist to occupy the natural agonist
binding site, the receptor will be locked in an open state, forming a so-called con-
stitutively active receptor. In the nAChR, a simple tethered quaternary ammonium
ion can be enough to create a constitutively active receptor, if it is incorporated at
the right position and has the proper tether length. Such experiments can provide
important geometrical information. For example, in the nAChR field it was univer-
sally accepted that the o. subunit of the pentameric receptor was a major contributor
to the agonist binding site. However, there was a debate as to whether the agonist
binding site was buried deep within the o subunit or whether it lay at the interface
of two adjacent subunits. Tethered agonists incorporated into the o subunit func-
tioned well. In addition, a tethered agonist incorporated into an adjacent, non-o
subunit was able to reach the o subunit agonist binding site, establishing that the
interfacial agonist binding site model was correct.
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4 Structure-Function Studies

While the ability to incorporate unnatural amino acids that are qualitatively dis-
tinct from the natural set presents a powerful tool to biophysical chemists, sub-
tler variations have proven to be equally valuable. Conventional mutagenesis
often establishes that a particular residue is important to receptor/channel func-
tion, in that changing the residue significantly alters receptor/channel function.
However, the precise role of the residue is often unclear. For example, if conver-
sion of a tyrosine to a phenylalanine produces a large effect, it is often concluded
that the OH of the tyrosine is involved in an important hydrogen bond. However,
whether that OH is acting as a hydrogen-bond donor and/or an acceptor is not
clear. Also, we will show later that such reasoning is not at all compelling, and
sometimes the OH of a tyrosine is simply a steric placeholder. It may be that
biochemists are uninterested in questions at this level; however, we seek chemical-
scale insights into receptor structure and function. By chemical scale we mean,
in effect, the distance scale to which chemists are accustomed: the functional
group; the specific bond rotation or local conformational change; the precise
noncovalent interaction. We have found that the unnatural amino acid method is
very well suited to providing chemical-scale insights into receptor structure and
function.

Along with providing more subtle structural variation than conventional muta-
genesis, the unnatural amino acid method enables multiple, systematic changes. We
will see later several examples of trends across four or five related amino acids in
which receptor/channel function correlates well with the variation of a particular
property of the series of residues. This provides the most compelling kind of argu-
ment. Even when the change is subtle, a single variant of the natural residue will
always be open to multiple interpretations. Any change will impact steric, elec-
tronic, solvation properties, etc. and it is a challenge to sort these out. However,
when a consistent trend across a systematically varying series of residues is seen,
compelling conclusions can be reached. Many of the studies we will describe are
very much of the form of classical physical organic chemistry. Structure—function
studies that closely resemble Hammett plots have been produced. The target mole-
cules are much more complex than the small molecules of classical physical
organic chemistry, but the mindset and the types of conclusions that can be reached
are strikingly similar.

4.1 Hydrophobic Effects

Hydrophobic residues contribute substantially to the transmembrane regions of
receptors and channels, and often this hydrophobicity is considered to be the defin-
ing aspect of a residue. However, with the natural 20 amino acids, efforts to vary
hydrophobicity inevitably involve concomitant changes in size and shape. The
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unnatural amino acid method provides several ways to address this ambiguity. For
example, the natural amino acid isoleucine (12) and the unnatural allo-isoleucine
(13) have identical size and hydrophobicity. If the latter is the only feature that mat-
ters, the two should give receptors with nearly identical functionality. However, if
the amino acid side chain is involved in a key structural interaction, the isomeric
side chains could be sensitive to this in the chiral environment of the protein.
Coupled to the isoleucine/allo-isoleucine pair is the duo of O-methylthreonine (14)
and allo-O-methylthreonine (15). These are isosteric to isoleucine/allo-isoleucine
but have a single CH, replaced by an ether oxygen, a change that reduces hydro-
phobicity in a very subtle way.

In an example of the use of such strategies, we studied a very highly conserved
leucine residue of the Cys-loop receptors termed “Leu 9”” It lies in the middle of a
transmembrane helix (M2), and conventional mutagenesis studies established that
alteration of this residue significantly affected receptor function, and that polar resi-
dues such as serine had large effects (Revah et al. 1991; Labarca et al. 1995). To a
chemist, a leucine-to-serine mutation in not at all subtle, and we set out to see if
hydrophobicity was really the issue at Leu 9 (Kearney et al. 1996b). Systematic
alterations of hydrophobicity can be achieved in many ways with unnatural amino
acids. For example, aminobutyric acid (16) to norvaline (17) extends the chain
length by one CH,; norvaline to isoleucine adds a 3 branch; and norvaline to leucine
(18) adds a y branch. Dozens of substitutions of this sort established a consistent
trend that increasing hydrophobicity made the receptor more difficult to open.
However, other subtleties were revealed. At one specific site, isoleucine and allo-
isoleucine showed a fivefold difference in response to agonist. This observation was
confirmed by single channel, patch clamp studies, which showed comparable
changes in channel open times. Seeing a noticeable distinction between stereoiso-
meric side chains indicates that hydrophobicity alone is not the whole story at the
9’ position; apparently the residue fits into a well-defined pocket.

4.2 Hydrogen Bonding

Hydrogen bonding can also be probed using unnatural amino acids. As noted already,
a large effect seen for a tyrosine-to-phenylalanine mutation is often interpreted to indi-
cate that the OH of tyrosine is involved in a hydrogen bond. Unnatural amino acids
allow more insightful distinctions (Nowak et al. 1995; Kearney et al. 1996a; Price et al.
2003; Beene et al. 2004; Lummis et al. 2005a). In some instances, O-methyltyrosine
(methoxyphenylalanine, Fig. 3, 19, X is OCH,) produces results comparable to tyro-
sine, suggesting that the tryrosine is a hydrogen-bond acceptor. In other cases, results
with O-Me-Tyr resemble those with phenylalanine, suggesting tyrosine is a hydro-
gen-bond donor. In still other cases, however, O-methyltyrosine is similar to tyrosine,
but so are 4-fluorophenylalanine and even 4-methylphenylalanine (19, X is F, CH,).
In such cases the OH of tyrosine is more likely a steric placeholder, rather than a spe-
cific hydrogen bonder. Similar kinds of studies are possible with serine and threonine.
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Possible hydrogen bonding involving the NH of the indole side chain of tryptophan
(20) can be nicely probed with naphthalene analogs (21, 22), N-methyltryptophan (23),
and the benzothiophene analog (24) (Zhong et al. 1998).

Other potential hydrogen-bonding groups can also be evaluated systematically. To
probe the amide groups of asparagine, the methyl ketone analogs (25) remove the NH,
but keep the carbonyl oxygen. A large effect would suggest the NH, is a hydrogen-
bond donor. The ketone carbonyl is a poorer hydrogen-bond acceptor than the amide
carbonyl, and so a small impact from ketone substitution is an ambiguous result.
However, progressively fluorinating the methyl group further diminishes the hydrogen
bond accepting ability of the carbonyl, and so observation of an appropriate trend
establishes the side chain as a hydrogen-bond acceptor. As noted before, o-hydroxy
acids can be used to evaluate hydrogen-bonding involving backbone amides.

A subtle but informative unnatural amino acid substitution is available for anionic
amino acids such as glutamic acid. A nitro group (NO,) and a carboxylate (CO,") are
isosteric and isoelectronic. The only substantive difference between the two is the
charge. As such, substituting nitrohomoalanine (26) for glutamic acid provides an
ideal test of the importance of charge for a particular glutamic acid. We recently used
this approach to evaluate a highly conserved aspartate residue in the nAChR that is
in the vicinity of but apparently is not part of the ACh binding site (Cashin et al.
2007). Conventional mutagenesis concluded that the negative charge of the aspartate
was essential for proper receptor function. However, near-wild-type behavior could
be obtained with a receptor that contained a nitro group instead of a carboxylate,
suggesting a more subtle function.

4.3 Cation-7 Interaction

Substitution of aromatic amino acids is facile, and a great many derivatives of phe-
nylalanine, tyrosine, and tryptophan have been incorporated into receptors/channels
(Fig. 3). Our long-standing interest in the cation—m interaction (Dougherty and
Stauffer 1990; Dougherty 1996; Ma and Dougherty 1997) was a prime motivator
for developing the in vivo nonsense suppression method, and, indeed, the cation—n
interaction has proven to be especially well suited to evaluation through unnatural
amino acid mutagenesis. Basic studies of the cation—r interaction established the
influence of many substituents on the aromatic ring (Mecozzi et al. 1996a, b). In
particular, fluorine is deactivating, and multiple fluorines show additive deactivat-
ing effects. The steric perturbation from fluorine substitution is very small, and so
fluorination is an ideal probe of whether an aromatic amino acid is binding to a
cationic ligand or side chain. The approach is to successively incorporate monofluoro,
difluoro, trifluoro, etc. derivatives [27-30, 19 (X is F), 31, 32] and look for a sys-
tematic change in receptor/channel function.

We have used this strategy to establish key ligand binding contacts in a number
of neuroreceptors and ion channels, including the nAChR (Zhong et al. 1998), the
5-HT, serotonin receptor (Beene et al. 2002; Mu et al. 2003), the GABA, (Padgett
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Fig. 6 Structure—function relationships obtained from unnatural amino acid mutagenesis. a
Cation— interactions revealed by progressive fluorination of an aromatic amino acid. The x-axis
describes the innate cation—n binding ability of the aromatic ring, referenced to the parent system.
The y-axis is log of the efficiency of inhibition (tetracthylammonium, TEA) or activation (acetyl-
choline, ACh; 5-hydroxytryptophan, 5-HT), again referenced to the parent system. Moving from
right to left, residues have no, one, two, three, or four fluorines. Note the point at (0,0) is shared
by all three plots. Systems are as follows: TEA, extracellular blockade of the Shaker K* channel
by TEA (Ahern et al. 2006); 5-HT, activation of the 5-HT, receptor by serotonin (Beene et al.
2002); ACh, activation of the nicotinic ACh receptor of the neuromuscular junction by ACh
(Zhong et al. 1998). b Effect on receptor gating (y-axis) vs. intrinsic cis/trans preference for a
series of proline analogs (residues 33-37, Fig. 3) (Lummis et al. 2005b). The site probed is Pro308
of the 5-HT, receptor



In Vivo Studies of Receptors and Ion Channels 249

et al. 2007) and GABA_, (Lummis et al. 2005a) receptors, the Shaker K* channel
(Ahern et al. 2006), and the sodium channel Na 1.4 (Santarelli et al. 2007). Figure 6a
shows several such fluorination plots for various ligands binding to differing receptor/
channel systems. Such studies drive home the power of observing a systematic
trend across a series of subtly varying series of residues. Compelling conclusions
can be reached from such studies.

Not all key aromatic interactions, of course, are cation—7 interactions. Often an
aromatic, especially phenylalanine, is simply a hydrophobic residue. An especially
useful probe in such instances is cyclohexylalanine (33). Phenylalanine and
cyclohexylalanine are very similar in size, shape, rigidity, and hydrophobicity. If
cyclohexylalanine functions well at a phenylalanine site, clearly the phenylalanine
is not there for a cation—7 interaction. Such a situation was seen in our study of the
NMDA glutamate receptor, a critical neuroreceptor in models of learning and
memory that contains several binding sites, including a Mg?* binding site that
occludes the ion channel. A cation— interaction had been proposed to be important
to Mg?* binding on the basis of conventional mutagenesis; however, fluorination
had no effect, and cyclohexylalanine performed well at the site of interest, ruling
out a cation—7 interaction (McMenimen et al. 2006).

4.4 Conformational Changes

As noted already, prolines often play a pivotal role in receptor/channel structure and
function. Along with disrupting backbone hydrogen bonding, prolines facilitate
s-cis/s-trans isomerization about the peptide bond. Using unnatural amino acid
mutagenesis, we were able to directly associate the isomerization of a proline
amide with the conformational change that opens (gates) the ion channel (Lummis
et al. 2005b). The series proline, pipecolic acid, azetidine carboxylic acid, 5-z-butyl
proline, 5,5-dimethylproline (34-38) shows a progressive increase in intrinsic s-cis
preference, varying from 5% for proline to 71% for dimethylproline. At a particular
proline of the 5-HT, serotonin receptor, a linear free-energy relationship was seen
between the intrinsic cis preference and the open probability of the channel (Fig. 6b).
This established a clear link between the s-cis/s-trans isomerization of the particu-
lar proline and channel opening, and thus provided the first chemical-scale model
for the gating of a neuroreceptor.

5 Conclusion

To a chemist interested in protein structure and function, the ability to site-specifically
incorporate unnatural amino acids into any protein of interest immediately suggests
an almost limitless number of interesting and informative experiments. We felt from
the outset that the area of protein science that could most benefit from the method was
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the field of integral membrane proteins. Membrane proteins comprise approximately
30% of the genome and approximately 60% of drug targets, but structural information
is sparse. Much more so than for soluble proteins, for which crystallography has
become such a broadly applicable tool, membrane proteins need sophisticated tools
to tease out structure—function relationships. Happily, receptors and channels natu-
rally provide a way to circumvent the long-standing limitation of unnatural amino
acid mutagenesis — the high sensitivity of electrophysiology techniques allows very
small quantities of proteins to be evaluated.

Indeed, the nonsense suppression approach to unnatural amino acid incorporation
has translated very effectively to receptors and channels. The key advance was to
develop a suppressor tRNA that is orthogonal to the translational machinery of the
Xenopus oocyte. Dozens of receptors and scores of unnatural residues have been
evaluated, and the approach has produced a number of valuable insights into the
structure and function of many neuroreceptors and ion channels. Challenges remain,
most notably routine incorporation of unnatural amino acids into receptors/channels
expressed in mammalian cells, and, hopefully, the adaptation of the more recently
developed nonstoichiometric approaches to unnatural amino acid incorporation to
the proteins of neuroscience. We can anticipate many more exciting applications of
unnatural amino acids to studies of receptors and ion channels.
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expand the repertoire of amino acids that can be incorporated into proteins for
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1 Introduction

Since the pioneering work of Chapeville et al. (1962), the use of misacylated trans-
fer RNAs to introduce modified amino acids into specific positions in synthesized
proteins has received growing attention. The ability to engineer proteins containing
specific side chain modifications of utility for studying protein function, and intro-
ducing novel structures and functionally important groups at specific sites, no doubt
underpins this effort.

This chapter summarizes the status of key initiatives within the overall program
designed to permit the elaboration of modified proteins. Specific topics covered
include amino acid protecting group strategies for preparing misacylated transfer
RNAs (tRNAs), the use of alternative codons for amino acid incorporation at specific
sites, and the introduction of multiple unnatural amino acids into a single protein. Also
discussed are the incorporation of amino acids that afford proteins having modified
backbones and the engineering of modified bacterial ribosomes to facilitate the
incorporation of such unusual amino acids into proteins. Finally, the use of bisami-
noacylated tRNAs in protein synthesizing systems is described.

2 Amino Acid Protecting Groups for Misacylated tRNAs

2.1 Preparing Misacylated tRNAs

Strategies for preparing misacylated tRNAs were first defined by the Hecht labora-
tory (Hecht et al. 1978; Heckler et al. 1983, 1984) and almost every cell-free study
reported since that time has used that approach. As shown in Fig. 1, the optimized
strategy involves the use of a tRNA (transcript) lacking the dinucleotide (pCpA ;)
ordinarily present at the 3’-terminus of a tRNA. T4 RNA ligase-mediated ligation
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\N ~
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Fig. 1 Strategy employed for the preparation of misacylated transfer RNAs (tRNAs)
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of this abbreviated tRNA (tRNA-C_,) to a synthetic dinucleotide containing an
appended amino acid on the ribose moiety of adenosine affords the requisite acti-
vated tRNA.

Relative to the initial publications, a few key technical modifications have been
described that substantially facilitate the preparation of misacylated tRNAs. These
include the finding that tRNA transcripts lacking post-transcriptional modifications
function well in cell-free protein synthesizing systems. Thus, the abbreviated tRNA-
C,s can be prepared by runoff transcription of a linearized plasmid that encodes the
tRNA-C_, of interest (Noren et al. 1990). This strategy has provided a convenient
alternative to the removal of nucleotides from the 3’-terminus of mature tRNAs iso-
lated and purified from natural sources (Hecht 1992).

A second innovation that has facilitated the preparation of misacylated tRNAs
involves the use of an aminoacylated pCpA in which the cytidine moiety lacks the
2’-OH group on ribose, pdCpA (Robertson et al. 1989). While the finding that the
OH group on the ribose moiety of the penultimate nucleotide at the 3’-terminus of
tRNA is not essential to tRNA function in protein synthesis might seem to be a rela-
tively “minor” technical finding, it has proven to be quite important in simplifying
the preparation of misacylated tRNAs. Relative to the original scheme for the syn-
thesis of aminoacylated pCpAs (Heckler et al. 1984), the preparation of aminoa-
cylated pdCpAs is much simpler.

2.2 Amino Acid Protecting Groups

Perhaps the most critical and technically demanding facet of the method for preparing
misacylated tRNAs has involved the choice of the protecting group for the aminoacyl
moiety of the aminoacylated pdCpA derivative employed in the ligation reaction. T4
RNA ligase effects the transformation shown in Fig. 1 rather slowly. In the absence
of a protecting group for N* of the aminoacyl moiety of pdCpA, hydrolysis of the
aminoacylated pdCpA to afford pdCpA proceeds more quickly than the ligation
reaction. Thus, the ligation reaction would likely produce mostly unacylated full-
length tRNA, as well as products formed from multiple additions of (deacylated)
dinucleotide. While there has been one report of the use of unprotected pCpA deriva-
tives to produce misacylated tRNAs (Baldini et al. 1988), all other reports have
employed protecting groups.

The difficulty in identifying suitable N protecting groups is a direct consequence
of the nature of the aminoacyl moiety of activated tRNAs. This group undergoes
facile hydrolysis, especially at higher pH. The problem, then, is identifying a pro-
tecting group that is removable from N¢ of the aminoacyl moiety of the aminoacyl-
tRNA formed without effecting concomitant amino acid hydrolysis from the tRNA.
Four protecting groups identified for this purpose to date are shown in Fig. 2.

The earliest protecting group described was the o-nitrophenylsulfenyl protecting
group, removable under weakly acidic (or reductive) conditions (Hecht et al. 1978;
Robertson et al. 1989). Limitations include the poor aqueous solubility properties of
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Fig. 2 Protecting groups used for N“ of the aminoacyl moiety in the formation of misacylated
tRNAs: o-nitrophenylsulfenyl protecting group (fop left); pyroglutamate protecting group (top
right); nitroveratryloxycarbonyl protecting group (bottom left); pentenoyl protecting group (bot-

tom right)

some of the o-nitrophenylsulfenyl-protected aminoacylated pCpAs, as well as
relatively inefficient removal of the protecting group. A second protecting group
described by the Hecht laboratory is the pyroglutamate protecting group, removable by
the commercially available enzyme pyroglutamate aminopeptidase. Since the com-
mercial preparation utilized to date lacked any detectable esterase activity, depro-tec-
tion of the pyroglutamylaminoacyl-tRNAs studied was quite specific (Roesser
et al. 1989). While the enzyme has broad substrate specificity, the Pseudomonas
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fluorescens enzyme does fail to cleave the N-pyroglutamyl-L-proline linkage (Uliana
and Doolittle 1969), and a potential limitation is that the enzyme may also fail to cleave
a conjugated pyroglutamate from some amino acid analogs appended to tRNA.

The two types of protecting groups that have been employed the most extensively
for amino acid protection during the misacylation of tRNAs include the nitroveratryl-
oxycarbonyl (NVOC) protecting group, shown in Fig. 2. Originally reported by
Patchornik for amino acid protection (Patchornik et al. 1970; Amit et al. 1974), the
light-sensitive NVOC group was adopted for use in the preparation of misacylated
tRNAs by the Schultz laboratory (Robertson et al. 1991). The NVOC group can be
removed efficiently, providing that a high-intensity light source is available, and is
broadly applicable to the deprotection of many amino acid analogs. One potential
limitation would be for use with light-sensitive amino acid analogs.

The other protecting group that has been employed extensively for the prepara-
tion of misacylated tRNAs is the pentenoyl protecting group. This protecting group
was used previously for amines in carbohydrates (Debenham et al. 1995) and other
molecules (Madsen et al. 1995), and has been adapted by the Hecht laboratory for
use in preparing misacylated tRNAs. N-Pentenoyl-L-amino acids are readily
prepared (Lodder et al. 1997, 1998); the protecting group can be removed from the
N-pentenoylaminoacyl-tRNAs by simple treatment with aqueous iodine. The mecha-
nism of removal presumably involves an iminolactone intermediate (Debenham et al.
1995; Madsen et al. 1995). This protecting group is also quite versatile, although it
clearly cannot be used with amino acids having oxidizable side chains such as cysteine,
tryptophan, and tyrosine. It may be noted that an interesting variation of the pentenoyl
protecting group is the amino acid allylglycine, which can be incorporated into pro-
teins at specific sites, and then cleaved specifically at those sites by treatment with
aqueous iodine (Wang et al. 2000, 2002; Baird et al. 2000).

A typical scheme for the synthesis of a protected aminoacyl-pdCpA derivative
is illustrated in Fig. 3, using N-pentenoylphenylalanyl-pdCpA as an example

o) H O
N
H2N\:)kOCH3 1-pentenoic acid g \:)kOCHs
B 0 B

\@ 2.DCC,HOBt \@

phenylalanine methyl ester

H
1- LiOH N Ao ~en c N
[ AN 0 pdCpA  Z " Y ~OpdCpA

—
2-CICH,CN 0 \© 0 \@

Fig. 3 Pathway employed for the synthesis of protected aminoacyl-pdCpA derivatives, as
exemplified for N-pentenoyl-L-phenylalanyl-pdCpA DCC, dicyclohexylcarbodiimide; pdCpA,
5’-phosphoro-2’-deoxycytidylyl (3’-5") adenosine
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(Lodder et al. 1998). A transformation of particular interest in this scheme is the
use of a cyanomethyl ester of N-pentenoylphenylalanine to effect specific deriva-
tization of the ribose OH groups in the dinucleotide, thus obviating the need for
nucleobase protection. This method of activation was first reported by Robertson
et al. (1991).

3 Alternative Codons for Incorporation
of Unnatural Amino Acids

While most of the misacylated tRNAs used to introduce unnatural amino acids into
proteins have been used to effect readthrough of the stop codon UAG, in principle
any unique codon will suffice. Thus recent studies involving mammalian cells have
also utilized messenger RNAs (mRNAs) engineered to contain UAA (Kohrer et al.
2001) and UGA codons (Zhang et al. 2004), as well as various combinations of
such codons (Kohrer et al. 2003, 2004).

The use of stop codons is obviously limited by the number of such codons pro-
vided by nature, but expansion of the available code has been realized by utilizing
tRNAs that recognize four- and five-base codons (Hohsaka et al. 2001a, b). Clearly,
this strategy can potentially be used to introduce multiple amino acids within a
protein (Hohsaka et al. 2001a). It is also possible to employ a combination of stop
codons and four-base codons, and an example of this strategy has been reported
(Anderson et al. 2002).

Yet another strategy that has been explored to create unique codons is the crea-
tion of new base pairs, and the introduction of a novel nucleoside in the mRNA,
with its complement in the corresponding position in the anticodon. Clearly this
strategy requires significant effort in the elaboration of the requisite tRNA and
mRNA, but has actually been realized in two studies (Bain et al. 1992; Hirao et al.
2002; for more details see the chapters by Hirao et al. and Leconte and Romesberg,
this volume).

Strategies have also been defined to reassign codons intended for the incorpora-
tion of one of the 20 proteinogenic amino acids. This has been accomplished by the
use of bacteria auxotrophic for a specific amino acid, which have been grown on a
medium containing a structural analog of that amino acid (Hortin and Boime 1983;
Wilson and Hatfield 1984; Budisa et al. 1999; Link et al. 2003). A characteristic of
this procedure is that all amino acids of one type are replaced with the structural
analog. While such amino acid substitutions have been used to good advantage to
study the physical properties of the derived proteins as materials (Deming et al.
1996; Tang and Tirrell 2001), the use of this strategy to facilitate a study of enzyme
mechanism (see the chapter by Beatty and Tirrell, this volume) is clearly more
problematic. This strategy has been extended to include tRNAs activated with
unnatural amino acids by “chemical misacylation” (Tan et al. 2004).

The use of translation systems reconstructed from purified components has the
promise to permit an unprecedented level of control over the amino acid constitu-
ents incorporated into proteins in cell-free protein synthesizing systems (Forster
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et al. 2001; Shimizu et al. 2001) (see the chapter by Hirao et al., this volume).
Forster et al. (2003) were able to reassign three sense codons for the incorporation
of three unnatural amino acids. By the use of a reconstructed translation system
and amino acid analogs known to be recognized by specific aminoacyl-tRNA syn-
thetases, the Szostak laboratory has recently demonstrated the incorporation of 12
unnatural amino acid analogs in a system that involved the reassignment of 35 of
the 61 sense codons (Josephson et al. 2005). Thus, in spite of the considerable
experimental demands of reconstituted translation systems, the ability to incorpo-
rate multiple unnatural amino acids holds exceptional promise.

4 Incorporation of Unnatural Amino Acids Affording
Proteins Having Modified Backbones

4.1 Synthesis of Proteins with Altered Backbones

While most unnatural amino acids incorporated into proteins have involved simple
alteration of the amino acid side chains, there are now a number of examples involv-
ing amino acid alterations that afford proteins with altered backbones. As shown in
Fig. 4, this has included the use of N-methylated amino acids (1 and 2) (Bain et al.
1991a, b; Ellman et al. 1992; Frankel et al. 2003; Merryman and Green 2004) and
a-hydroxy acids (3 and 4) (Fahnestock and Rich 1971a, b; Bain et al. 1991a, b;
Ellman et al. 1992; Koh et al. 1997; England et al. 1999a—c; Lu et al. 2001), as well
as amino acids having the D-configuration at the a-carbon atom (Roesser et al.
1986; Bain et al. 1991a, b; Ellman et al. 1992; Starck et al. 2003). While the yields
realized for incorporation of the N-methyl and o-hydroxy acids were adequate to

CHgHN"=

H,N

5 6 7 8

Fig. 4 Amino acid analogs whose incorporation into protein has resulted in peptides/proteins with
modified backbones
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good, the D-amino acids were incorporated in very low yields, possibly reflecting
the design of the ribosome for specific incorporation of L-amino acids.

Also studied has been the ability of the ribosome to direct the incorporation of
amino acids with the formation of polypeptide analogs having altered “connectiv-
ity.” The earliest example involved the use of a deaminated amino acid (3) leading
to the formation of a depsipeptide (Fahnestock and Rich 1971b); this type of modi-
fied backbone has now been realized in a few different studies (Fahnestock and
Rich 1971a, b; Bain et al. 1991a, b; Ellman et al. 1992; Koh et al. 1997; England
et al. 1999a—c) and used to assess the contribution of individual backbone amides
to protein structure (Koh et al. 1997; Shin et al. 1997). While the number of atoms
in the peptide backbone is unchanged as a consequence of using an o-hydroxy acid
at individual positions in a protein, the yields of incorporation of such species are
generally low, perhaps reflecting the diminished nucleophilicity of the heteroatom
attached to the a-carbon of the amino acid (see, however, Tan et al. 2004).

Proteins having polypeptide backbones with altered connectivity may also be acces-
sible by the use of misacylated tRNAs containing amino acids with an NH, group in
the B or yrather than the o position (e.g., 5 and 6). Studies of the incorporation of such
species have been reported (Heckler et al. 1983; Roesser et al. 1989; Bain et al. 1991a,
b; Ellman et al. 1992), but also reflect a diminished efficiency of utilization of such
species as peptidyl acceptors in the ribosomal A-site. This may be rationalized on the
basis of a suboptimal orientation of the nucleophilic nitrogen atom with respect to the
carboxylate moiety of the peptidyl tRNA during the peptidyltransferase reaction. It is
interesting to note that B-phenylalanine actually demonstrated an enhanced ability to
function as a donor in the peptidyltransferase reaction (Heckler et al. 1988).

In this context, two additional types of amino acid analogs are worthy of note.
These are the hydrazino amino acids (exemplified by hydrazinophenylalanine 7)
(Killian et al. 1998) and aminooxyglycine 8 (Eisenhauer and Hecht 2002). Both
of these amino acid analogs would be expected to form proteins of altered connec-
tivity having peptide bond analogs that might be expected to display distinct confor-
mational preferences (Aubry et al. 1991; Lecoq et al. 1991; Dupont et al. 1993; Yang
et al. 1996; Wu et al. 1999; Peter et al. 2000; Thévenet et al. 2000). Experimentally,
hydrazinophenylalanine was found to be utilized for ribosome-mediated peptide
bond formation, albeit with diminished efficiency. This might be considered surpris-
ing since the misacylated tRNA activated with hydrazinophenylalanine actually has
two nucleophilic groups, both of which might be expected to be more nucleophilic
than a single a-amino group, and one of which can assume the same nominal orien-
tation in the peptidyltransferase reaction as the o-amino group of a proteinogenic
amino acid. In spite of the fact that the two possible products of the peptidyltrans-
ferase reaction are actually formed (Fig. 5) in good yield, the efficiency of incorpo-
ration of hydrazinophenylalanine into a protein was only about 10% in a system that
utilized readthrough of a UAG codon at position 10 of dihydrofolate reductase
(DHFR) for incorporation of the analog (Killian et al. 1998). Plausibly, this may
reflect inefficient function of the analog as a donor in the ribosomal P-site.

Aminooxyglycyl-tRNA ., . has also been prepared recently and employed for

CUA
incorporation of aminooxyglycine into both DHFR and DNA polymerase [
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Fig. 5 Products formed in a protein synthesizing system that employed misacylated hydrazi-
nophenylalanyl-tRNA

(Eisenhauer and Hecht 2002). In spite of the fact that this amino acid analog con-
tains only one of the two nucleophilic groups present in hydrazino amino acid ana-
logs (cf. 7 and 8), the incorporation of this analog proceeded in comparable yield,
and was dependent upon codon context. In addition to the formation of full-length
protein in a fashion that was dependent on the presence of aminooxyglycyl-tRNA,  ,
the presence of an N-alkoxyamide linkage at position 72 of DNA polymerase } was
verified by its ability to undergo reductive cleavage of the N-O bond at the site of

aminooxyglycine incorporation (Fig. 6).

4.2 Modified Ribosomes for Incorporation
of p-Amino Acids

While the ribosomally mediated formation of proteins having modified backbones
is of special interest in expanding the repertoire of polypeptide structures available
for study and use as novel catalysts and biomaterials, the elaboration of such spe-
cies inevitably relies upon the ability of the amino acid analog building blocks to
be utilized for ribosomal protein (analog) synthesis. Intrinsic limitations in the abil-
ity of both prokaryotic and eukaryotic ribosomes to utilize such unusual amino acid
species are clearly reflected in the exceptionally poor incorporation yields noted for
most of the analogs shown in Fig. 4.

A potential strategy for increasing the yields of proteins that incorporate unusual
amino acid analogs involves reengineering the ribosome to facilitate the use of spe-
cific amino acids. The Hecht laboratory has recently reported the formation and
assay of bacterial ribosomes with mutations in two regions of 23S ribosomal RNA
(rRNA) (2447-2451 and 2457-2462) known to be important for the peptidyltrans-
ferase reaction (Dedkova et al. 2003). Colonies of Escherichia coli containing
modified ribosomes were chosen on the basis of their altered growth rates in the
presence of chloramphenicol.
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Fig. 6 Incorporation of aminooxyglycine into position 72 of DNA polymerase  and reductive
cleavage of the N-alkoxyamide bond formed. The fragments having masses of 30.6 and 9.9kDa
correspond to the expected cleavage products

Table 1 Suppression of a UAG codon at position 22 of dihydrofolate reductase messenger RNA
(mRNA) with D- aminoacyl-tRNA_ s and L-aminoacyl-tRNA_ , s*

Suppression (%)

Amino acid Wild-type ribosomes Mutant ribosomes
L-Phenylalanine 58 54
D-Phenylalanine 3 12
L-Methionine 52 47
D-Methionine 5 23
-b 0.9 2

*Relative to the amount of protein produced using wild-type mRNA and wild-type ribosomes
tRNA, transfer RNA

"No misacylated tRNA

The 23S rRNAs from the selected colonies were sequenced to verify that the
intended sequences had been altered. Functional characterization of the ribosomes
was effected using S-30 preparations from individual colonies; these were used to
measure the ability of the modified ribosomes to incorporate D-phenylalanine or
D-methionine from the respective aminoacyl-tRNA_, s by readthrough of a UAG
codon. To ensure that the modified ribosomes were capable of maintaining reason-
able fidelity of protein synthesis, the S-30 preparations were also used to elaborate
the same wild-type proteins (DHFR and firefly luciferase). The wild-type and

modified proteins were then assayed for function. As shown in Table 1, the incor-
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poration of D-phenylalanine and D-methionine was much greater in the presence of
the modified ribosomes. The modified ribosomes were also shown to produce wild-
type proteins whose activity as catalysts was not dramatically different from those
of the same proteins elaborated by native ribosomes.

Perhaps the most compelling evidence for the incorporation of the D-amino acids
was the properties noted for the modified DHFRs and luciferases putatively contain-
ing D-amino acids at specific sites. The incorporation of D-amino acids into positions
believed not to be important to protein function had little effect. For example,
replacement of valine at position 10 of DHFR with L-methionine or D-methionine
had little effect on protein function. In contrast, introduction of D-phenylalanine into
position 22 of the same protein significantly reduced the activity of the derived
protein, relative to the protein containing L-phenylalanine at the same position.
Position 22, which contains tryptophan in wild-type DHFR, has been shown to be
important for dihydrofolate binding by the enzyme (Bystroff et al. 1990).

The ability to create bacterial ribosomes that exhibit enhanced incorporation of
D-amino acids argues that it should be possible to identify modified ribosomes that
significantly facilitate the incorporation of other types of modified amino acids into
proteins in cell-free protein synthesizing systems.

5 Bisaminoacylated tRNAs as Participants
in Protein Synthesis

While all studies of protein synthesis reported to date have involved the use of
tRNAS bearing a single amino acid at the 3’-end, Stepanov et al. (1992, 1998) have
described the formation of bis(2’, 3’-O-phenylalanyl)-tRNA by the cognate aminoa-
cyl-tRNA synthetase from Thermus thermophilus. To determine whether such tan-
demly activated tRNAs could function in protein synthesis, the Hecht laboratory has
prepared tRNAs bisaminoacylated with alanine or methionine; the strategy employed
is exemplified for bismethionyl-tRNA in Fig. 7. Following activation of pdCpA, the
monomethionyl-pdCpA and the bismethionyl-pdCpA were separated and the latter
was ligated to tRNA-C_ .. Treatment with aqueous iodine then afforded bismethionyl-
tRNA.

The use of bisalanyl-tRNA_, and bismethionyl-tRNA, , in protein synthesis was
studied in both prokaryotic and eukaryotic protein synthesizing systems. As shown in
Table 2, both bisaminoacylated tRNAs effected the incorporation of the activated
amino acids into three different positions of DHFR (positions —1, 10, and 27) by sup-
pression of UAG codons at those positions. Under conditions limiting for aminoacyl-
tRNA_ s, the yields of full-length protein were approximately twice as great those
obtained in analogous experiments that employed the respective monoaminoacylated
tRNAs (Wang et al. 2006).

The bisaminoacylated species were studied for stability at the level of the
bisaminoacylated pdCpA derivatives. While monoaminoacylated pdCpA deriva-
tives were found to undergo hydrolysis readily to afford pdCpA and the free amino
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Table 2 Relative suppression efficiencies of mono- and bisaminoacylated tRNAs in the synthesis

of dihydrofolate reductase®

Suppression efficiencies (%)

Misacylated Position 1 Position 10 Position 27
suppressor tRNA

Monoalanyl 41 61 34
Bisalanyl 39 63 29
Monomethionyl 18 29 19
Bismethionyl 21 41 23

“Relative to the amount of protein produced using wild-type mRNA

acids, the bisaminoacylated species were found to be completely stable under a
variety of conditions, including incubation at pH 7.0 for 6h at 25 °C, incubation at
pH 4.0 for 12h at 25°C, and incubation at pH 7.0 for 2h at 65 °C. As the yields of
proteins in cell-free protein synthesizing systems incorporating misacylated tRNAs
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Table 3 Relative stabilities of mono- and bisaminoacylated tRNAs in a cell-free protein synthesizing
system

Suppression efficiency (%)*

Misacylated suppressor No preincubation 30-min preincubation
(RNA_

= 100 48
Monoallylglycyl 72 15
Bisallylglycyl 73 41

*Relative to the amount of protein produced using wild-type mRNA
®No misacylated fRNA

are often limited by the stability of the misacylated tRNAs, it seemed possible that
the bisaminoacylated species might therefore afford enhanced yields of proteins.

In fact, as shown in Table 3, when tRNA_ s activated with one or two allylgly-
cines were incubated for 30 min in a rabbit reticulocyte protein synthesizing system
prior to the addition of plasmid encoding DHFR mRNA, it was found that the yield
of DHFR was much greater in comparison with the yield for wild-type DHFR syn-
thesis when the protein synthesizing system contained bisallyglycyl-tRNA  , (85%)
than when it contained the monoallyglycyl-tRNA (31%). Thus, the use of bisami-
noacylated tRNAs may provide an important advantage in the elaboration of pro-
teins in cell-free systems, e.g., where continuous protein synthesizing systems are
employed.

A detailed study of the mechanism of protein synthesis in the presence of
bisaminoacylated tRNA_ ,s has been performed, and it demonstrated that each of
the amino acids from the tandemly activated species is incorporated into different
protein molecules (Wang et al. 2006).
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Abstract The site-specific incorporation of unnatural amino acids into proteins
enables us not only to elucidate the function of amino acid residues at particular
positions but also to endow natural proteins with new features. Protein expression
using living cells, however, imposes limit on efficiency and site-specificity of the
introduction of amino acid analogs irregular to translation system or cellular
metabolism. Cell-free translation system can contend against such difficulties by
its high controllability such as removal and/or supplement of components in the
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system. In this chapter, the advantage of the reconstituted translation system,
named PURE system, for the efficient incorporation of an unnatural amino acid at
amber codon is demonstrated. Moreover, introduction of nucleic acids containing
unnatural base into a cell-free transcription-translation system can expand the
genetic code to create novel codon-anticodon correspondence for non-standard
amino acids.

1 Introduction

Natural proteins are generally composed of the 20 standard amino acids. One of the
most powerful protein engineering tools available today is site-directed mutagene-
sis, in which a mutant protein with an amino acid substitution at a desired position
can be easily obtained by expressing it in vivo. However, since this method relies
on the use of living cells, it is typically limited to substitutions involving the 20
standard amino acids and their closely related derivatives. In contrast, an in vitro
approach, which employs a cell-free translation system, allows for the site-specific
incorporation of a wide variety of unnatural amino acids. We describe here the
improvement of a reconstituted cell-free translation system for the efficient incor-
poration of unnatural amino acids, as well as the expansion of the genetic code
using artificial nucleic acids.

2 Conventional Cell-Free Translation

2.1 Overview of Conventional Cell-Free Translation

Conventional cell-free translation systems are based on cell extracts prepared
from Escherichia coli, wheat germ, or rabbit reticulocytes. Cell extracts com-
prise most of the soluble cell components, with the exception of macromole-
cules, such as cell-surface membrane components and genomic DNA. As the
cell extract fraction contains all protein components necessary for protein syn-
thesis, it is possible to synthesize a desired protein simply by supplying the
template nucleic acids and the necessary low molecular weight compounds,
including energy sources and amino acids. This system is convenient compared
with in vivo methods using living cells because protein production is completed
within a few hours. Moreover, reaction conditions are highly controllable.
Optimization of conditions, such as temperature, or the inclusion of additional
factors can be easily achieved. Therefore, techniques based on cell-free transla-
tion have been developed for the site-specific incorporation of unnatural amino
acids into proteins.
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Fig. 1 Preparation of misaminoacylated transfer RNA (fRNA). AA™ desired unnatural amino acid,
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2.2 Amber Suppression

In 1976, Johnson et al. (1976) demonstrated synthesis of a protein containing a modi-
fied lysine. Lysyl transfer RNA (tRNA), which had previously been modified at its
€-amino group, was added to a rabbit reticulocyte lysate, resulting in the incorporation
of modified lysine into the protein product. However, in their work, the modified
lysine was uniformly introduced at lysine residues at all positions. Subsequently,
Hecht and coworkers developed the chemical aminoacylation method (Heckler et al.
1984). For this, a dinucleotide pCpA was chemically aminoacylated with the desired
unnatural amino acid, following (5’-phospho-2’-deoxycytidylyl-3’,5’-adenosine)
which the aminoacylated pCpA was ligated to the truncated tRNA lacking the
3’-terminal dinucleotide, pCpA, by using T4 RNA ligase, as shown in Fig. la.

In 1989, Schultz’s and Chamberlin’s groups developed a method which allows
for incorporation of unnatural amino acids into proteins at an amber codon (Noren
et al. 1989; Bain et al. 1989). Schultz’s group also modified the chemical aminoa-
cylation method; they used pdCpA (5’-phosphocytidylyl-3’,5’-adenosine) instead of
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pCpA (Robertson et al. 1989) and a truncated amber suppressor tRNA generated by
runoff transcription of the corresponding DNA template (Noren et al. 1990). The
resultant aminoacylated suppressor tRNA and a gene containing an amber nonsense
codon, TAG, at the site of interest in the open reading frame were added to an in
vitro transcription/translation system using E. coli S30 extracts. This effectively
allowed the incorporation of an unnatural amino acid at the position corresponding
to the amber codon. They showed that more than 50 unnatural amino acids were
compatible with the E. coli translation system (Ellman et al. 1991) and that even
proteins with modified polypeptide backbone structures could be synthesized
(Ellman et al. 1992).

2.3 Genetic Code and Misaminoacylated tRNA

Codon and tRNA selection are key factors in the site-specific incorporation of
unnatural amino acids into a polypeptide. For example, a nonsense codon, such as
the amber codon, can be used for this purpose, as described in the previous section.
But, because there are only three nonsense codons, this strategy cannot be used for
the incorporation of multiple unnatural amino acids into a single polypeptide.
Sisido and coworkers found that by using a four-base codon instead of the amber
codon, two or more unnatural amino acids could be introduced into a single
polypeptide (Hohsaka et al. 2001; Kajihara et al. 2006). The frameshift caused by
the artificial tRNA with a four-base anticodon results in efficient production of a
polypeptide into which unnatural amino acids have been incorporated, whereas
intrinsic tRNAs with canonical three-base anticodons fail to synthesize a full-length
polypeptide. As described below, an artificial base pair system can also be used for
the site-specific incorporation of amino acid analogs into proteins (Benner 1994;
Service 2000).

Another requirement for incorporation of amino acid analogs is the aminoacyla-
tion of tRNA with an unnatural amino acid. However, while the chemical aminoa-
cylation method is logistically difficult, several groups have reported other methods
by which tRNA can be aminoacylated with the required unnatural amino acid.
Suga’s group developed a ribozyme, termed “Flexizyme,” which has aminoacylating
activity (Kourouklis et al. 2005; Murakami et al. 2006). Flexizyme facilitates tRNA
acylation by recognizing the 3’ end of tRNA and the activated amino acid (Fig. 1b).
Originally, Flexizyme could not recognize amino acids that lack an aromatic side
chain (Kourouklis et al. 2005), but a recent modification has overcome this problem
such that an almost unlimited selection of amino acids can now be used to generate
aminoacylated tRNA with the Flexizyme system (Murakami et al. 2006).

Another method of utilizing the orthogonality of an aminoacyl-tRNA synthetase
(AARS)/tRNA pair has been reported by several groups (Wang et al. 2001; Ohno et al.
2001; Kiga et al. 2002). In this method, a pair of an orthogonal AARSs, which does
not aminoacylate any tRNA in the host translation system, and an orthogonal sup-
pressor tRNA, which is not aminoacylated by any AARS in the host system, is used
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(Fig. 1c). By using an engineered AARS, which more efficiently recognizes a spe-
cific unnatural amino acid than a canonical amino acid, one can site-specifically
introduce the unnatural amino acid into the polypeptide. For example, Yokoyama’s
group used an E. coli AARS/tRNA pair specific for iodotyrosine in a wheat germ
extract system (Kiga et al. 2002).

3 PURE System

3.1 Overview of the PURE System

Recently, we developed a novel cell-free translation system based on a new concept
that relied solely on E. coli translation components. We termed it the “PURE” sys-
tem, for protein synthesis using recombinant elements (Shimizu et al. 2001, 2005).
The PURE system contains His-tagged versions of all protein factors considered by
Weissbach and coworkers over 25 years ago (Kung et al. 1977) to be sufficient for
protein synthesis. Messenger RNA (mRNA) is translated into the relevant polypep-
tide using aminoacyl-tRNA intermediates and a ribosome, which, in prokaryotes,
consists of three ribosomal RNAs and dozens of proteins. To complete translation
of one open reading frame encoded in the mRNA sequence, three reaction steps
proceed on the ribosome: initiation, elongation, and termination. This is followed by
a ribosome recycling step to reinitiate translation. In E. coli, several translation fac-
tors take part in each translation step: three initiation factors (IF1, IF2, IF3), three
elongation factors (EF-G, EF-Tu, EF-Ts), three release (termination) factors (RF1,
RF2, RF3), and ribosome recycling factor. In addition to this main translation reac-
tion, three other reactions are necessary to facilitate protein synthesis (Fig. 2): tran-
scription to synthesize mRNA from the template DNA; aminoacylation of tRNAs
(including the formylation of the initiator tRNA); and energy source regeneration.

Thus, besides the ten translation factors described above, T7 RNA polymerase,
20 AARSs, methionyl-tRNA transformylase, pyrophosphatase, creatine kinase,
myokinase, and nucleoside-diphosphate kinase were also prepared and integrated
into the PURE system. All these protein factors were overexpressed and purified in
their His-tagged forms without any loss in their activities. Ribosomes were pre-
pared from E. coli (Ohashi et al. 2007), and the PURE system was reconstituted
with buffer, tRNA mixture, and various substrates, such as the 20 amino acids and
four nucleoside triphosphates. The present composition of the PURE system is
shown as follows:

» His-tagged transcription/translation factors
o Three initiation factors (IF1, IF2, IF3)
o Three elongation factors (EF-Tu, EF-Ts, EF-G)
o Three release factors (RF1, RF2, RF3)
o Ribosome recycling factor
o 20 AARSs
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o Methionyl-tRNA transformylase
o T7 RNA polymerase
e E. coli ribosomes
e E. coli tRNA
* Energy regeneration system
» Four nucleoside triphosphates (ATP, GTP, CTP, UTP)
e 20 amino acids
e Salts
¢ Buffer

The PURE system is completely different from other conventional cell-free transla-
tion systems in that it consists only of those factors necessary for transcription,
translation, and energy regeneration. One of the remarkable features of the PURE
system is the complete elimination of ingredients that are irrelevant to the protein
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Fig. 2 The four main reactions in the PURE system. mRNA messenger RNA, /F’s initiation fac-
tors, EFs elongation factors, RF's release factors, RRF ribosome recycling factor, NTPs nucleoside
triphosphates
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synthesis process, such as amino acid metabolic enzymes, energy-consuming fac-
tors, and degradation enzymes (e.g., nucleases and proteases). This feature enables
us to circumvent problems encountered during transcription and translation,
thereby resulting in a reproducible and reliable system. Another advantage is the
possibility of arbitrarily altering the composition of the system depending on the
purpose. For instance, we can freely omit, enhance, and/or reduce either single or
multiple ingredient(s) within the reaction mixture. Overall, therefore, we believe
that the PURE system is an excellent substitute for conventional cell-extract-based,
cell-free translation systems.

3.2 Amber Suppression in the PURE System

There are practical difficulties in achieving efficient incorporation of unnatural
amino acids using cell extracts in the amber suppression method. Release factors in
the cell extract, such as RF1, inevitably compete with the aminoacylated suppressor
tRNA and can result in the generation of by-products caused by translation stops at
the introduced amber codon (Fig. 3a). To circumvent this competition, attempts

Crude E.coli S30 Extract

Aminoacylated
suppressor tRNA

RF1
Full-length product
A »

o\ containing
unnatural amino acid
Truncated product
Sl AUG, C@  UGAZEE]

a

PURE system without RF1

;s —

Fig. 3 Amber suppression using the PURE system without release factor 1 (RF1). AA* desired
unnatural amino acid
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have been made to inactivate RF1, including the use of an RNA aptamer or an anti-
body (Szkaradkiewicz et al. 2002; Agafonov et al. 2005). However, using the
“designed” PURE system, in which RF1 is not provided, one can easily prevent this
type of premature peptide termination (Fig. 3b). In fact, highly efficient suppression
of almost 100% was achieved using the designed PURE system (Shimizu et al.
2001). In the designed PURE system, a near-cognate tRNA may decode the stop
codon, albeit only at low efficiency (Agafonov et al. 2005). However, we found that
such low-fidelity decoding can be prevented by optimizing certain factors of the
PURE system, such as the magnesium ion concentration and the tRNA concentra-
tion (unpublished observations).

In the PURE system, unnatural amino acids can be easily introduced not only at
nonsense codons but also at sense codons. This is because the decoding of mRNA on
the ribosome can be completely separated from the aminoacylation step of tRNA by
supplying the PURE system with pre-aminoacylated tRNAs (Fig. 2). Forster et al.
(2003) succeeded in synthesizing a peptide that comprised only unnatural amino acids
by adding misaminoacylated tRNAs to a synthetic system that included ribosomes
and a subset of translation factors. Suga’s group synthesized unnatural peptides in the
presence of misaminoacylated tRNAs prepared by their Flexizyme system (Murakami
et al. 2006). On the other hand, Szostak and coworkers synthesized an unnatural
amino acid peptide by adding amino acid analogs recognized by native AARSSs to the
reaction mixture in place of natural amino acids (Josephson et al. 2005).

3.3 N-Terminal Labeling and the PURE System

In eubacteria, formylmethionine is usually used as the first amino acid (Laursen
etal. 2005). Using E. coli cell extracts, Hardesty’s and Rothschild’s groups
described the synthesis of a polypeptide that starts with a modified methionine resi-
due (Kudlicki et al. 1994; Gite et al. 2000) and the successful use of such a system
to create a polypeptide containing a fluorescent probe at its N-terminus. However,
because of the competing reaction with endogenous initiator tRNA in the E. coli
extract, the polypeptide labeling efficiency achieved using this method was very
low (1-2%; Olejnik et al. 2005). To avoid this competing reaction and to improve
the efficiency of unnatural amino acid incorporation at the start codon, template
DNA (or mRNA) with an amber codon instead of an initiation codon, as well as an
initiator tRNA with an anticodon CUA corresponding to the amber codon were
employed (Varshney and RajBhandary 1990; Olejnik et al. 2005). Alternatively, a
conventional translation system from which endogenous initiator tRNA is depleted
could be used, but it is very difficult to remove endogenous initiator tRNA from cell
extracts. In contrast, because, as described earlier, the PURE system is a completely
reconstituted system, it is relatively easy to prepare a reaction mixture without
endogenous initiator tRNA. Indeed, Forster et al. (2004) were able to efficiently
synthesize a polypeptide in which the N-terminal methionine was biotinylated
using a translation system that lacked endogenous initiator tRNA.
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4 Expansion of the Genetic Code

4.1 Overview of the Expansion of the Genetic Code
by Unnatural Base Pair Systems

Within the present codon table, codons that could potentially be exploited for the
production of unnatural amino acids are very restricted. Although a limited number
of codons, such as termination codons, can, in principle, be used for this purpose,
this provides little scope for the incorporation of multiple unnatural amino acids
into a single polypeptide. Expansion of the genetic code using an unnatural base
pair system would provide a means to overcome this limitation and may prove to
be an efficient way of achieving site-specific, multiple incorporations of amino acid
analogs into proteins (Fig. 4) (Benner 1994; Service 2000). The present codon table
consists of 64 different combinations of triplet-base sequences, composed of the
four natural bases, encoding the standard 20 amino acids. The addition of an extra
base pair to the natural A-T and G-C pairs would expand the codon table and
increase the number of triplet sequences to 216 (i.e., 6°). Of these 216 codons, 152
would be novel codons containing unnatural bases, and these could be used to
produce various amino acid analogs (Fig. 5). For this expanded system to be work-
able, the unnatural base pairs need to function in translation, as well as in replication
and transcription. For efficient translation, the novel codon—anticodon interactions
of unnatural base pairs must be highly selective and thermally stable. In addition,
recognition of an unnatural base pair by DNA and RNA polymerases would facili-
tate the generation and amplification of (1) DNA templates via replication and
(2) mRNA and tRNA molecules by transcription.

4.2 Creation of Unnatural Base Pairs

Early progress in the establishment of an unnatural base pair system was made
by Benner and colleagues (Switzer et al. 1989; Piccirilli et al. 1990), who devel-
oped a series of unnatural base pairs, such as isoguanine (isoG)-isocytosine
(isoC) and xanthosine (X)—diaminopyrimidine (K), which have unique hydrogen-
bonding patterns between pairing bases (Fig. 6b). The hydrogen-donor and
hydrogen-acceptor pattern in the A-T pair is different from that in the G-C pair
(Fig. 6a), thus conferring the highly orthogonal selectivity of each base pair.
Benner and colleagues noticed that unnatural base pairs, such as isoG-isoC and
X-K, could be designed by using combinations of the hydrogen-bonding patterns
different from those of the natural base pairs. Therefore, they chemically synthe-
sized substrates (nucleoside 5’-triphosphates) and DNA templates containing the
unnatural bases. These base pairs exhibited high selectivity in replication, tran-
scription, and translation. For example, the isoG substrate was site-specifically
incorporated opposite isoC into a complementary DNA strand in DNA templates
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using the Klenow fragment of E. coli DNA polymerase 1. The isoG-isoC pair was
also used in a cell-free translation system to synthesize a peptide containing an
amino acid analog, 3-iodotyrosine (Bain et al. 1992). Synthetic RNA molecules,
including an mRNA fragment (54-mer) with an iso0CAG codon and an iodotyrosine-
charged tRNA with a CUisoG anticodon, were used in an E. coli cell-free transla-
tion system, resulting in the synthesis of an iodotyrosine-containing peptide
(16 amino acids).

Recently, replication systems that include isoG-isoC and X-K pairs were improved,
enabling the use of these base pairs in PCR amplification (Johnson et al. 2004;
Sismour et al. 2004; Sismour and Benner 2005). It is known that in solution, the isoG
base forms both 2-keto and 2-hydroxy forms through tautomerization in positions
1 and 2. The enol tautomer of isoG preferentially pairs with T, rather than with isoC,
because of the complementary hydrogen-bonding patterns between these two bases
(Fig. 6¢). To address this problem, Benner and colleagues employed 2-thiothymidine
(TS) in place of T (Fig. 6d) (Sismour and Benner 2005). The 2-thio group of TS steri-
cally clashes with the 2-hydroxyl group of the enol tautomer of isoG. Thus, the com-
bination of isoG-isoC, A-TS, and G-C pairs improved the selectivity of each base pair,
thereby facilitating PCR amplification at high fidelity.

Unfortunately, the 2-amino groups of isoC and K are poorly recognized by some
polymerases (Switzer et al. 1993; Horlacher et al. 1995). For example, ribonucle-
otide substrates of isoC and K cannot be incorporated into RNA by T7 RNA
polymerase, whereas the isoG and K substrates are incorporated into RNA opposite
their pairing partners. Ternary crystal structures of polymerases in complex with
DNA templates and incoming substrates revealed hydrogen-bonding interactions
between the amino acid residues in the polymerases and the 2-keto groups of pyri-
midines or 3-nitrogens of purines (Doubli€ et al. 1998; Kiefer et al. 1998; Cheetham
et al. 1999). This observation suggests that the presence of proton-acceptor groups
is essential for position 2 of pyrimidines, and thus, that isoC and K 2-amino groups
are unfavorable for polymerase recognition.

Another unnatural base pair system which combines the concepts of hydrogen-
bonding patterns (Switzer et al. 1989; Piccirilli et al. 1990) and shape complemen-
tarity (Rappaport 1988; Morales and Kool 1998; Delaney et al. 2003) has been
developed by Hirao and colleagues (Ohtsuki et al. 2001; Hirao et al. 2002; Mitsui
et al. 2005). One example of this system is the unnatural base pairing between
2-amino-6-thienylpurine (s) and 2-oxopyridine (y) (Fig. 7a) (Hirao et al. 2002).
The bulky 6-thienyl group of s sterically clashes with the 4-keto group of T and the
4-amino group of C, and thus prevents the formation of noncognate s-T and s-C
pairs (Fig. 7b). In contrast, the relatively small hydrogen at position 6 of y main-
tains the shape complementarity of the s-y pairing. The thermal stability of the
double-stranded DNA fragment (12-mer) containing the s-y pair (7, = 43.4°C) was
higher than that observed in fragments containing the s-T pair (T = 40.3°C) or the
s-C pair (T = 41.1°C) (Fujiwara et al. 2001). In transcription, the ribonucleotide
substrate of y (yTP) can be site-specifically incorporated into RNA (opposite s in
DNA templates) by T7 RNA polymerase. The incorporation selectivity of y opposite
s exceeds 97%.
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Fig. 7 The unnatural 2-amino-6-thienylpurine (s)-2-oxopyridine (y) and s—imidazolin-2-one (z)
pairs. The s base containing the bulky 6-thienyl group preferentially pairs with y (a) rather than
with T (b). However, the shape of y sterically fits that of A (c). The five-membered ring of z fits
s (d) and reduces the fitting with A (e), relative to the six-membered ring of y

4.3 Unnatural Base Pair Systems for Unnatural
Amino Acid Incorporation

To incorporate unnatural amino acids into proteins, specific transcription of nucleic acids
containing unnatural bases was combined with a cell-free translation system from E. coli
(Fig. 8) (Hirao et al. 2002). Using the s-y pair, Hirao and colleagues created an extra
codon (yAG)-anticodon (CUs) interaction and prepared tRNA_ by combination of
chemical synthesis and enzymatic ligation. For the tRNA ., the Saccharomyces cerevi-
siae tRNA™" sequence was employed, because it can be aminoacylated with 3-substituted
tyrosine analogs by S. cerevisiae tyrosyl-tRNA synthetase, and is poorly recognized by
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Fig. 8 System containing two unnatural base pairs for incorporating unnatural amino acids into
proteins. unAA desired unnatural amino acid

E. coli AARSs (Ohno et al. 1998), making it orthogonal in an E. coli system. In the cou-
pled transcription-translation system, the use of a 3-chlorotyrosine-charged tRNA, , a
DNA template containing s, and yTP led to the selective generation of human Ha-Ras
protein (185 amino acids) containing 3-chlorotyrosine at position 32.

Although this coupled transcription—translation system using the s-y pair has the
potential for site-specifically incorporating amino acid analogs into proteins, there is
certainly room for further methodological improvement. The preparation of tRNA,
is laborious, as it combines chemical and enzymatic procedures. Transcription is
more convenient for the preparation of the tRNA containing s, but the incorporation
of s into RNA opposite y is less selective than that of y opposite s in T7 transcription.
The bulky thienyl group of s prevents pairing with natural bases, whereas y has no
such functional group. As a result, natural purine substrates, especially A, were par-
tially incorporated into RNA opposite y in DNA templates (Fig. 7¢), and the incor-
poration selectivity of s opposite y was reduced by 70-80%. This low selectivity of
s incorporation hinders the transcriptional preparation of RNA molecules containing
s at specific positions.

The unidirectional complementarity of the s-y pair was overcome by using a five-
membered-ring base, imidazolin-2-one (z) (Fig. 7d) (Hirao et al. 2004). Shape com-
plementarity between the five-membered ring of z and s is better than that between
the six-membered ring of y and s. In contrast, the fit between z and the natural
purines is inferior to that of y (Fig. 7e). As a result, the s substrate was selectively
incorporated into RNA opposite z in DNA templates by T7 RNA polymerase.
Unexpectedly, the z base was less effective as a substrate than y, and the selectivity
of z incorporation opposite s was lower than that of y incorporation opposite s.
Therefore, in combination with the s-y pair, the s-z pair can be used in a coupled
transcription—translation system, in which the extra codon—anticodon interaction is
mediated by the s-y pair. The y-containing mRNA is prepared by transcription using
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the s-y pair, and the s-containing tRNA is prepared by transcription using the s-z pair
(Fig. 8). This system, with two unnatural base-pairs, will be a powerful tool when
combined with an orthogonal AARS/tRNA set for the site-specific incorporation of
amino acid analogs into proteins (Liu and Schultz 1999; Déring et al. 2001; Wang
et al. 2001; Kowal et al. 2001; Kiga et al. 2002) or with ribozymes that aminoacylate
tRNA molecules (Kourouklis et al. 2005; Murakami et al. 2006).

4.4 Further Development of Unnatural Base Pair Systems

Another approach to the creation of extra base pairs is to use hydrophobic base ana-
logs (Henry and Romesberg 2003). Kool and colleagues generated non-hydrogen-
bonded base pairs between 4-methylbenzimidazole (Z) and difluorotoluene (F), and

\
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Fig. 9 Hydrophobic, non-hydrogen-bonding base pairs. The Z-F pair, an isostere of the A-T pair
(a) and several hydrophobic base pairs (b)
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found that each of the base analogs was complementarily incorporated into DNA by
the Klenow fragment of DNA polymerase I (Fig. 9a) (Morales and Kool 1998). Their
results indicated that hydrogen bonds in a base pair are not absolutely required in
replication, and they suggested that shape complementarity plays an important role
in faithful base pairing. Although the Z-F pair, which mimics the shape of the A-T
pair, cannot be used as an extra base pair, the results showed that hydrophobic base
pairs are good candidates for creating extra base pairs. The use of hydrophobic base
analogs can avoid the tautomerization problem observed with hydrogen-bonded base
analogs, and as a consequence several hydrophobic base pairs with high selectivity
in replication have been developed (Fig. 9b) (McMinn et al. 1999; Ogawa et al.
2000; Wu et al. 2000; Mitsui et al. 2003; Henry et al. 2004). Recently, another hydro-
phobic base pair has been reported exhibiting high selectivity both in PCR amplifica-
tion and transcription (Hirao et al. 2006). However, there have been no reports
describing the use of hydrophobic base pairs during translation in protein synthesis.
This raises the question of whether non-hydrogen-bonded base pairs can be used for
the codon—anticodon interaction in ribosome-mediated translation.

At present, no unnatural base pairs that complementarily function in replication,
transcription, and translation with high selectivity have been created. The selectiv-
ity of the s-y pair in replication is not as high as it is in transcription. Accordingly,
protein synthesis using unnatural base pair systems is presently restricted to the test
tube. However, studies of unnatural base pairs have rapidly advanced, and these
studies have generated valuable information about the mechanisms of base pairing
in DNA and RNA biosyntheses. It is expected that this in turn will facilitate the
development of more sophisticated unnatural base pair systems. In addition, the
development of modified and evolved polymerases that can selectively and effi-
ciently form unnatural base pairs is in progress (Chelliserrykattil and Ellington
2004; Fa et al. 2004; Leconte et al. 2005, for more details see Chap. 11 by Leconte
and Romesberg). Thus, the practical use of unnatural base pair systems for codon-
expanded translation may soon become a reality.

5 Conclusion

Four billion years ago, living systems employed 20 amino acids as basic elements for
the synthesis of polypeptides and four bases as the basic elements of nucleic acids.
Based upon these elements, translation systems have integrated various components,
such as translation factors and the ribosome, and have evolved to become extremely
complicated systems to guarantee high fidelity and efficiency. Simultaneously, cells
have evolved to support this fundamental system by building up metabolic pathways,
including those involving amino acid and nucleotide biosynthesis. Such convoluted
cellular systems seriously impede the development of new production systems for
artificial proteins or nucleic acids. Thus, a cell-free approach may be a powerful
means of facilitating the incorporation of an artificial amino acid at a desired site.
In particular, the reconstituted PURE system increases the feasibility of producing
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proteins with unnatural amino acids because of its high degree of functionality. Here,
we have described how the omission of RF1 resulted in the highly efficient suppres-
sion of an amber codon. If we succeed in reconstructing individual tRNA species,
manipulation of the genetic code will become achievable, and this will enable us to
incorporate various unnatural amino acids into one polypeptide. Moreover, with the
addition of a set of unnatural bases to the genetic code, more than 100 unnatural
amino acids could be harnessed for use in such a cell-free translation system.
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Abstract The four natural nucleotides of DNA form base pairs capable of encoding
the complex genetic information necessary for all life; additionally, the sequence
specific hybridization and enzymatic synthesis of DNA has revolutionized biotech-
nology. Expansion of the genetic alphabet to include additional, orthogonal nucle-
otides to work within the context of natural DNA has the potential to greatly expand
this essential biopolymer’s utility. Here, we detail the three general approaches to
the design of unnatural DNA base pairs: alternative hydrogen bonding, shape com-
plementarity, and hydrophobic forces. All of these approaches have been imple-
mented with notable success, but are still limited by DNA polymerase recognition
of the unnatural pairs. Thus, we also consider the role of the DNA polymerase and
highlight efforts to use alternative DNA polymerases, either natural or engineered.
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1 Introduction

DNA is the repository for all biological information within a cell; its replication and
transcription into RNA underlie information storage and retrieval, respectively. The
ability to manipulate DNA sequences, and therefore genetic information, has revo-
lutionized modern biology and is one of the most significant scientific advance-
ments of the past century, enabling now-common techniques such as molecular
cloning and protein expression. Additionally, since DNA and RNA are the only
molecules with a natural link between phenotype and genotype, chemists have suc-
cessfully used the power of selection to isolate and amplify individual oligonucle-
otides that possess a desired property (i.e., recognition of another molecule or the
ability to catalyze a desired reaction) from a pool of random oligonucleotides
(Joyce 2004; Klussman 2006). In vitro oligonucleotide selections promise to be,
among other valuable biotechnology applications (Clark and Remcho 2002; Tombelli
et al. 2005), an important and novel route to drug discovery (Nimjee et al. 2005;
Lee et al. 2006), as evidenced by the recent approval of the first nucleic acid thera-
peutic which selectively binds a protein target (Ng et al. 2006).

While the manipulation of DNA and RNA is undoubtedly a significant advance,
the potential of natural oligonucleotides is restricted by the four nucleotides that pair
to form the two natural base pairs. These four nucleotides lead to a finite set of three-
base codons, which limits the coding capacity of DNA. Additionally, these nucleo-
bases are similar structurally and chemically, limiting the functional diversity of
oligonucleotides. Thus, the expansion of the genetic alphabet, and the subsequent
expansion of the genetic code, has captivated the imaginations of scientists for years.
On an academic level, efforts towards expanding the genetic alphabet complement a
large body of work which evaluates the properties of modified natural DNA (Spratt
2001; Chiaramonte et al. 2003; Adelfinskaya et al. 2005; Zhang et al. 2005) and
DNA polymerase analogs (Astatke et al. 1998; Spratt 2001), and asks basic ques-
tions about the composition and characteristics of the most fundamental biopoly-
mers and the enzymes that synthesize them. Now, with the rapidly expanding roles
of nucleic acid (Clark and Remcho 2002; Tombelli et al. 2005) and protein (Pavlou
and Reichert 2004; Hultschig et al. 2006) biotechnologies, expansion of the genetic
alphabet and code would have broad industrial applicability, from directed evolution
to drug discovery.

Generally, a candidate unnatural base pair must satisfy several basic criteria.
First, the base pair must be thermally stable in duplex DNA and must be more sta-
ble than mispairs formed between unnatural and natural nucleotides. Second, the
base pair must be enzymatically synthesized efficiently and selectively by DNA
polymerases. The use of most unnatural base pairs is limited by inadequate DNA-
polymerase-mediated synthesis, which is commonly evaluated using the exonucle-
ase-deficient Klenow fragment of Escherichia coli DNA polymerase I (Kf; Kf with
3’—5" exonuclease activity will be denoted as “Kf exo*”) (Jacobsen et al. 1974;
Derbyshire et al. 1988). Several studies have evaluated other polymerases for their
ability to accept the unnatural substrates and have found that their activities differ
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significantly from that of Kf. More recently, directed evolution methods have been
used to produce a DNA polymerase that more efficiently synthesizes DNA con-
taining unnatural base pairs. Here, we review the candidate unnatural base pairs
identified to date (summarized in Table 1), as well as efforts to identify polymer-
ases which better synthesize DNA containing unnatural base pairs (summarized
in Table 2).

2 Unnatural DNA Base Pairs

The earliest unnatural nucleobase design strategies were, quite reasonably, based on
the presumed physical properties that make DNA stable and efficiently replicated by
DNA polymerases (Watson and Crick 1953). Benner and coworkers examined pairs
based on isostructural nucleobases with complementary hydrogen-bonding patterns
that were different from those used by the natural pairs (Fig. 1b). More recently,
strategies have also been pursued that are based on the observation of Kool and
coworkers that hydrogen bonds are not absolute requirements for efficient DNA
synthesis (Moran et al. 1997). Yokoyama, Hirao, and coworkers have designed
unnatural base pairs which use natural scaffolds with altered shape to guide selective
synthesis by shape complementarity (Fig. 1c¢). Contemporaneously, we have devel-
oped unnatural base pairs which use predominantly hydrophobic forces to drive
selective pairing and synthesis (Fig. 1d). These efforts have resulted in the identifica-
tion of pairs that are replicated efficiently by DNA polymerases despite, in some
cases, possessing no conventional shape complementarity and little to no hydrogen-
bonding potential. The broad success of non-purine:pyrimidine pairs has dramati-
cally increased the number of potential nucleobase analogs for expansion of the
genetic alphabet.

a OnH.N C
Fig. 1 Representative natural V A e N*‘w
and unnatural base pairs. N -‘§NH“I N\!_ P N_;-S_
a T:A, a natural base pair, “ 0 N “ O“‘H;N}- N

uses hydrogen bonding to

drive selective pairing. dT dA dy ds
b isoC:isoG uses nonnatural is d

hydrogen-bonding patterns. OmHaN - N N

¢ y:s uses hydrophobic pack- 7’ N HN&S’NJ @
LU . N~% F

ing in the major groove. TN >N ()
d 3FB:3FB uses predomi- . 20 . ki

nantly hydrophobic forces disoC disoG d3FB d3FB
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2.1 Alternative Hydrogen-Bonding Nucleobase Pairs

Selective hydrogen bonding drives natural DNA synthesis; however, the natural
pairs represent only two of the possible 16 purine:pyrimidine pairs which can form
on the basis of three complementary hydrogen bonds. By designing pyrimidine and
purine nucleobases that pair via hydrogen-bonding schemes which are orthogonal
to the natural nucleobases, Benner and coworkers were the first to design and char-
acterize unnatural base pairs (Switzer et al. 1989; Piccirilli et al. 1990). Alternative
hydrogen-bonding pairs are generally thermally stable and selective against natural
mispairs in duplex DNA (Geyer et al. 2003). However, these pairs are limited by
DNA-polymerase-mediated DNA synthesis. It should be noted that these pairs
were evaluated solely on the basis of the ability of DNA polymerases to synthesize
full-length product containing the unnatural pair. Thus, the qualitative nature of
these experiments makes comparison somewhat difficult, especially with later can-
didate base pairs, which are typically evaluated using steady-state kinetic methods.
The alternative hydrogen-bonding design strategy has produced two interesting
candidate base pairs, which are discussed further next.

2.1.1 disoC:disoG

The disoC:ddisoG pair (Fig. 1b) was the first unnatural nucleobase pair to be syn-
thesized and characterized (Switzer et al. 1989; Switzer et al. 1993). It is more stable
than, and as thermally selective as, a dA:dT pair in the same context (Geyer et al.
2003). Kf, with disoC in the template, inserts disoGTP preferentially over the natu-
ral nucleotides; however, complete full-length synthesis requires a small amount of
dATP (Switzer et al. 1989, 1993). This was attributed to the deamination of disoC,
possibly during oligonucleotide synthesis, which results in dU. Thus, the chemical
instability of disoC, and resultant mispairing with dA, largely limits this sequence
context. With disoG in the template, disoCTP is inserted, although less efficiently
than dTTP. The facile insertion of dTTP is presumably due to the phenolic tautomer
of disoG, which also results in efficient insertion of disoGTP against dT (Switzer

_NHs0

&__(N"'HNW

NHz 110 =

Fig. 2 dk:dX d K dx
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et al. 1993). While the disoC:disoG pair has been used in some biotechnological
applications (Elbeik et al. 2004a, b), its utility is generally limited by poor fidelity
during enzyme-mediated synthesis, especially during disoCTP incorporation.

2.1.2 dx:dX

The dx:dX pair (Fig. 2) is also thermostable and selective in DNA, although not as
stable or as selective as the disoC:disoG pair (Geyer et al. 2003). Considering that
the riboside of dX has a pK_ of 5.7, and duplex DNA containing the pair is more
stable at pH 5.4 than at pH 7.9, the relative destabilization of the dk:dX pair appears
to be caused by the anionic form of dX (Geyer et al. 2003). Despite the destabiliza-
tion, this pair is thermally stable and selective in DNA; however, like disoC:disoG,
the dx:dX pair is predominantly limited by polymerase-mediated replication
(Piccirilli et al. 1990). With dx in the template, dXTP is inserted and extended rela-
tively efficiently and selectively; full-length product was only observed in the pres-
ence of dXTP. Unfortunately, Kf does not incorporate dkTP against dX (Horlacher
et al. 1995), limiting the practical use of the base pair, and making the disoC:disoG
pair the most viable of the alternative hydrogen-bonding nucleobase pairs.

2.2 Shape Complementary Nucleobase Pairs

The remarkable discovery that hydrogen bonds are not necessary for efficient DNA
synthesis (Moran et al. 1997) spurred a new era of nucleobase design. Yokoyama,
Hirao, and coworkers have designed base pairs using natural scaffolds which are
modified to occlude mispairing with the natural nucleobases via steric interactions
rather than noncomplementary hydrogen bonding. By the addition of a bulky sub-
stituent to the purine nucleobase on the major groove of the Watson—Crick face,
mispairs formed between the unnatural purine and dC or dT are minimized. In a
complementary fashion, the pyrimidine-like nucleobase has no functional group in
the major groove, and is more shape-complementary to the unnatural purine nucleo-
base than to the natural purines. In a second approach, hydrophobic isosteres were
derivatized to optimize their polymerase-mediated synthesis. These strategies have
yielded several interesting base pair candidates, and the progression of the strategy
is detailed next.

2.2.1 dx:dy and Derivatives

The first attempt at using a bulky major-groove substituent to occlude mispairs
through sterics was dx:dy (Fig. 3a); dx features a dimethyl amine oriented in the major
groove, while dy is a modified pyrimidine with no functional group oriented into the
major groove (Ishikawa et al. 2000). With dx in the template, dyTP was inserted by
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Fig. 3 Shape complementary nucleobase pairs with hydrogen bonding. (a) The parent pair, dy:dx.
(b) dy derivative. (c) dx derivatives

Kf exo* with moderate efficiency and some selectivity. Later studies showed that the
exonuclease domain of Kf was largely responsible for the fidelity seen in these experi-
ments, as steady-state kinetics experiments revealed that Kf incorporates dTTP two-
fold more efficiently than dx (Fujiwara et al. 2001). The characterization of the reverse
context, with dxTP incorporated against dy, has not been reported.

Yokoyama, Hirao, and coworkers obtained their first selective nucleobase pair by
increasing the size of the purine major-groove substituent, to a five-membered ring,
resulting in ds (Fig. 3c) (Fujiwara et al. 2001). This reduces dTTP incorporation
2.5-fold, and simultaneously increases the efficiency of dyTP incorporation three-
fold, presumably through hydrophobic packing interactions. Unfortunately, ds tem-
plates dCTP incorporation approximately sevenfold more efficiently than dx
templates dCTP incorporation, perhaps owing to either weak hydrogen bonding or
reduced desolvation of the amine. Thus, dCTP is the most efficiently inserted ANTP
opposite ds, at a rate approximately twofold below that of dyTP. In the reverse con-
text, with dy in the template, dsTP was inserted with moderate efficiency and seven-
fold selectivity over the most efficiently inserted natural triphosphate, dATP, making
it the more efficient and selective context (Hirao et al. 2004b).

The encouraging characteristics of the ds:dy pair led to later studies where the
five-membered ring, oriented into the major groove, was derivatized with heter-
oatoms, creating do (Hirao et al. 2004a) and dv (Mitsui et al. 2005) (Fig. 3c). The
effects of these substitutions on polymerase-mediated DNA synthesis were typi-
cally minor, and resulted in less than fourfold increases in the second-order rate
constant of unnatural base pair synthesis. Notably, these changes did not occur
selectively, as the derivatizations also caused increased rates of mispair formation,
resulting in only small gains in fidelity. The s nucleobase was also modified by
removing the minor-groove amine, resulting in ds” (Fig. 3¢), which had a more pro-
nounced effect on polymerase-mediated synthesis (Hirao et al. 2004a). While the
rate of dyTP incorporation decreased threefold, misincorporation of dCTP, the most
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efficiently incorporated natural mispair with ds, decreased 20-fold. This large effect
indicates the dCTP mispair requires the minor-groove hydrogen-bond donor, while
the unnatural pair does not, demonstrating that hydrophobic interactions contribute
substantially to the synthesis of the ds:dy pair. Changing the pyridone nucleobase,
dy, to an imidazolinone yielded dz (Fig. 3b), which had a more pronounced and
selective effect (Hirao et al. 2004b). The rate of misincorporation of dATP against
dz decreased tenfold relative to the misincorporation of dATP against dy, while only
having a minor effect on dsTP incorporation, giving a substantial increase in fidelity.
Curiously, despite the reduction in aromatic surface area and the change in shape,
dzTP was inserted at approximately the same rate as dyTP against ds.

Unfortunately, in all cases, incorporation of the pyrimidine analog triphosphate
against the template purine analog is less efficient and less selective than the reverse
context, and consistently limits the utility of these unnatural base pairs during DNA
replication. Despite this slow step, the moderately efficient and selective synthesis
of these pairs shows promise, and they are interesting scaffolds for further derivati-
zation. Considering that these base pairs are also generally incorporated into RNA
by T7 RNA polymerase (Kawai et al. 2005; Moriyama et al. 2005), such derivatives
could prove to be strong candidates for expansion of the genetic alphabet.

222 dQ:dPa

The polymerase-mediated synthesis of base pairs formed between the hydrophobic
isosteres of dA and dT, dQ and dF (Fig. 4a), respectively, is moderately efficient
(Morales and Kool 1998, 1999), and dQ:dF is stable in duplex DNA (Mitsui et al.
2003b). While these nucleobases make interesting probes of polymerase activity,
they make poor base pairs since dF templates dATP incorporation more efficiently
than dQTP incorporation, and extension of the dF primer is inefficient (Morales and
Kool 1999). To circumvent both of these deficiencies, Yokoyama, Hirao, and co-
workers designed dPa as a pairing partner for dQ (Fig. 4b) (Mitsui et al. 2003b).
Relative to dF, dPa templates dQTP more selectively and, unlike dF, does not
inhibit full-length synthesis. In the reverse context, dPaTP is incorporated somewhat
less efficiently, but also with tenfold selectivity over natural mispairs. Kf was able
to synthesize full-length DNA containing the unnatural pair, confirming the selectiv-
ity and efficiency found using detailed steady-state kinetics. Propynyl derivatization
of dPa had only nonselective effects (Mitsui et al. 2003a). Although the incorpora-
tion of dPaTP is somewhat inefficient, the relatively high selectivity with which the

a b
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pair is synthesized makes the dPa:dQ pair an interesting target for further derivatiza-
tion, and also makes it a strong candidate for expansion of the genetic alphabet.

2.3 Predominantly Hydrophobic Nucleobase Pairs

The discovery that hydrogen bonds are not necessary for DNA-polymerase-medi-
ated synthesis suggested that hydrophobic forces may be used to guide polymerase-
mediated DNA synthesis. Rather than modify natural analogs, like Yokoyama,
Hirao, and coworkers did, we have designed nucleobases which have little to no
similarity to their natural counterparts and typically little to no traditional shape
complementarity. We have systematically examined nucleobases of various shapes,
sizes, and functional groups, and found that hydrophobic forces are capable of syn-
thesizing unnatural base pairs at rates similar to those for natural base pairs. It
should be noted that these efforts were generally focused on self-pairs, which are
base pairs formed between two of the same nucleobase. Self-pairs do not practi-
cally limit the additional coding capacity of a third base pair; even the addition of
a single self-pair would yield an additional 61 codons, practically doubling the cod-
ing capacity of natural DNA. More importantly, the use of a self-pair is advanta-
geous as it limits complications due to mispairing. Some of the successful self-pairs
are highlighted next. However, while not discussed here, more recent efforts have
also identified promising heteropairs.

2.3.1 ICS and Derivatives

One of the earliest self-pairs we developed was that formed by dPICS (Fig. 5),
which was the first unnatural base pair shown to be synthesized by Kf, based only
on hydrophobic interactions (McMinn et al. 1999). The self-pair is as stable and
nearly as selective as a natural dG:dC pair in duplex DNA. More impressively,
despite the fact that it bears little similarity to a natural nucleobase, Kf synthesizes
the dPICS self-pair with a second-order rate constant of 2.4 x 105 M™! min,
which is only approximately 200-fold less than the rate of natural synthesis in the
same sequence context. Importantly, the self-pair synthesis is relatively selective,
as the rates of misincorporation of natural nucleoside triphosphates by Kf are all

\\ N=
fp/\ /})/@
N N N N
T o0 T o %% T 0

Fig. 5 dICS and derivatives dICS dPICS dSNICS dMICS
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less than 1.2 x 10* M~! min~!. Unfortunately, extension, i.e., synthesis immediately
following the unnatural pair, is inefficient, and limits the utility of this unnatural
base pair.

To improve extension, later studies focused on derivatizing the parent dICS scaf-
fold (Fig. 5) (Ogawa et al. 2000b) with methyl groups and heteroatoms as well as
examining the effect of 2-position thio substitution (Wu et al. 2000; Yu et al. 2002).
The dSNICS self-pair (Fig. 5) was the most promising of these candidates and is
synthesized at a rate of 1 x 10° M~! min™!, which is 15-fold more efficient than the
most efficiently synthesized mispair, formed with dA, and 50-fold more efficient
than the synthesis of the self-pair of the parent scaffold, dICS. While the rate of
extension was 12-fold greater than the rate of dICS self-pair extension, the rate is
still several orders of magnitude less than the rate of natural synthesis. Further
improvements in the rate of extension may actually be limited by the nature of the
scaffold itself.

2.3.2 d7AlI and Derivatives

Another promising scaffold which is synthesized with moderate efficiency and
selectivity based predominantly on hydrophobic interactions is d7AI (Fig. 6)
(Ogawa et al. 2000b). The d7AI self-pair is synthesized at a rate of 2 x 10° M™!
min~!, which is 37-fold faster than the synthesis of the most efficiently formed mis-
pair, dA:d7AI. Derivatization of the scaffold with heteroatoms, methyl groups, or
propynyl groups (Wu et al. 2000) resulted in some improvements; for example, the
dP7AI self-pair (Fig. 6) is synthesized with a rate of 1 x 105 M~' min™!, fivefold
faster than the parent scaffold. However, while these derivatizations increased the
rate of self-pair synthesis, they did so nonselectively, as they also increased the rate
of mispair synthesis. In fact, these derivatizations typically decreased the overall
selectivity of the self-pair synthesis. While later studies successfully used a second
DNA polymerase to extend the d7AI pair (see Sect. 3.3), Kf-mediated extension is
highly inefficient and, as observed with the dICS scaffold, currently limits these
base pairs.

I

r\/ll\ //\
7 NF “ N~

Fig. 6 d7AI and derivatives d 7A| d P 7A|
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Fig. 7 dNap and derivatives

“ 4

dNap  d3MN  d2MN

2.3.3 dNap and Derivatives

Another class of unnatural base pairs which bear large, hydrophobic nucleobases is
based on the naphthyl scaffold (Ogawa et al. 2000a). These self-pairs are among
the most efficiently synthesized unnatural base pairs reported to date, despite their
lack of hydrogen-bonding functionalities and their nonnatural shape. The self-pair
formed by the parent scaffold, dNap (Fig. 7), is synthesized with a rate constant of
3 x 10 M~ min!, placing it among the most efficiently synthesized unnatural base
pairs. Notably, methyl substitution has a significant effect on base pair synthesis.
Substitution at the 2-position (A2MN, Fig. 7) resulted in a self-pair which is syn-
thesized with a second-order rate constant of 4.4 x 107 M~! min~! (Ogawa et al.
2000b). This rate is approximately equal to the rate of natural synthesis in the same
sequence context (k_/K,, = 6.3 x 10’ M™' min™"). The most efficiently synthesized
mispair is formed with dA and is synthesized approximately tenfold less efficiently
that the d2MN self-pair. Methyl substitution at the 3-position (d3MN, Fig. 7)
decreases the rate of dATP misincorporation, relative to d2MN, approximately
46-fold (Ogawa et al. 2000a). The d3MN self-pair is still efficiently synthesized
and, considering the relatively high fidelity (62-fold selective over the fastest incor-
porated natural triphosphate, dTTP), it is an attractive candidate base pair.
Unfortunately, as observed with other large scaffolds, synthesis beyond the primer
terminus is inefficient.

2.3.4 dBEN and Derivatives

The aforementioned studies with large, aromatic nucleobases clearly demonstrate
that the determinants of efficient synthesis and extension of unnatural pairs are
independent. Since extension consistently limited the utility of large base pairs,
we hypothesized that these pairs were interbase intercalating, resulting in geo-
metric distortion of the unnatural primer terminus, which may prevent further
synthesis (Brotschi et al. 2001; Reha et al. 2006). Geometric distortion has been
suggested to be a significant cause of inefficient extension of natural mispairs
(Johnson and Beese 2004; Meyer et al. 2004), and it is plausible that a mechanism
which prevents the extension of purine mispairs would also prevent the extension
of bicyclic hydrophobic analogs. To prevent this type of unfavorable interaction,
we have synthesized and characterized self-pairs formed between smaller aro-
matic nucleobases, which are expected to interact in a more natural-like, edge-on



304 A.M. Leconte, F.E. Romesberg

Fig. 8 Small, predominantly

F
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derivatives

dBEN dPYR dDM5 d3FB d3,5DFB

manner. We have evaluated nucleotides bearing nucleobases consisting of simple
phenyl rings derivatized with fluoro (Henry et al. 2004), methyl (Matsuda and
Romesberg 2004; Matsuda et al. 2006), bromo (Hwang and Romesberg 2006),
cyano (Hwang and Romesberg 2006), and pyridone (Leconte et al. 2006) func-
tional groups. Each of these substitutions was made on a common scaffold in an
attempt to deconvolute their individual effects. While the parent scaffold, dBEN
(Fig. 8), is neither synthesized nor extended efficiently (Matsuda et al. 2006),
large effects were observed with even simple modifications to the scaffold. For
instance, pyridone substitution (dPYR, Fig. 8) increased the rate of extension
approximately 50-fold when the carbonyl was directed into the developing minor
groove (Leconte et al. 2006). Additionally, methyl substitution had large effects
on stability, synthesis, and extension in a manner that was highly position
dependent (Matsuda and Romesberg 2004, 2006). Notably, while it might appear
that reduced aromatic surface area would lead to less stable base pairs, all of the
self-pairs examined are stable in DNA, and several analogs, such as dDMS (Fig. 8),
are virtually as stable and selective as a dA:dT pair in the same sequence context
(Matsuda and Romesberg 2004).

The most successful of the small analogs is also one of the simplest. The
3FB (Fig. 8) self-pair is synthesized at a rate of 2 x 10° M~! min~! (Henry et al.
2004). Importantly, the unnatural self-pair is extended relatively efficiently, at a
rate of 3 x 10° M~ min~', which, at the time, was the fastest known extension of an
unnatural terminus. Both the synthesis and the extension steps are selective over
the most efficiently incorporated natural nucleotide, dATP, resulting in 20-fold
selectivity over the two steps. Other analogs with 3-fluoro derivatization, such as
3,5DFB (Fig. 8) are also efficiently synthesized and extended, although with
diminished rates (Henry et al. 2004). Curiously, analogs with single bromo or
cyano substitutions showed very different activities, both in terms of extension
as well as in terms of mispair formation, even when substituted at the
3-position (Hwang and Romesberg 2006). The physical forces which drive the
uniquely efficient synthesis and extension of the 3FB pair are currently unclear.
Regardless of its physical origins, the pair is one of the strongest base pair candi-
dates to date and a promising target for further derivatization and optimization.
This work illustrates that neither large aromatic surface area nor hydrogen bonds
are necessary for efficient synthesis and extension.
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3 Recognition of Unnatural DNA Base Pairs by DNA
Polymerases: Alternatives to Kf

Although the majority of work on unnatural base pairs has focused on the
development of the base pairs themselves, the DNA polymerase that replicates
the unnatural base pair is equally important. Most studies, including all of
those detailed so far herein, employ Kf to synthesize unnatural DNA. Kf is
among the most thoroughly characterized DNA polymerases and is commer-
cially available (Kuchta et al. 1987; Eger and Benkovic 1992; Beese et al.
1993); however, it is unclear whether other DNA polymerases are better suited
to replicate unnatural DNA. Early work indicates that, at the very least, even
fairly structurally similar polymerases have widely varying activities with
unnatural base pairs.

3.1 Alternative DNA Polymerases

Benner and coworkers characterized the full-length synthesis of DNA containing
the dx:dX base pair (see Sect. 2.1) by several DNA polymerases. Since Kf was
unable to incorporate dkTP against dX, alternative polymerases were examined
for their ability to synthesize full-length DNA in this context. Polymerases o and
€, from calf thymus, are able to incorporate dkTP opposite dX, but neither is able
to extend the unnatural pair (Horlacher et al. 1995). Interestingly, although
polymerase § has been shown to efficiently synthesize a wide range of damaged
templates (Kunkel et al. 1983; Huang et al. 1993; Matsuda et al. 2000) and would
later be shown to be effective in a bipolymerase system using unnatural base pairs
(see Sect. 3.3), it did not incorporate either unnatural or natural triphosphates
against dX (Horlacher et al. 1995). Four thermostable DNA polymerases were also
screened for their ability to synthesize DNA containing the unnatural pair; how-
ever, these reactions resulted in either inefficient synthesis or poor fidelity (Lutz
et al. 1998).

The reverse transcriptase from HIV-1 (HIV-RT), which is the lowest fidelity
polymerase of those tested, was the most adept at synthesizing the dk:dX pair
(Horlacher et al. 1995). With dX in the template and all four dNTPs, full-length
DNA was the major product in the presence of high concentrations of dkTP. The
opposite context was also selective, as misincorporation of dNTPs against dk was
not observed. However, extension of the unnatural terminus appeared to be limit-
ing, as the unextended unnatural pair was the major product. This is particularly
interesting, considering that Kf, which is a higher-fidelity polymerase than HIV-RT,
was shown to incorporate and extend dXTP against dk, but not dKTP against dX.
In an analogous study, Benner and coworkers substituted the 7-deaza analog c7dX
for dX and examined the recognition of the base by polymerase o, polymerase J3,
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polymerase €, HIV-RT, and Kf (Lutz et al. 1996). Interestingly, this small perturba-
tion, far from the Watson—Crick face, had drastic effects on polymerase recogni-
tion. Unlike dx:dX, the full-length product observed, regardless of the polymerase,
was essentially the same in the presence or absence of the unnatural nucleoside tri-
phosphates, indicating that any full-length product observed was a result of the
misincorporation of a natural triphosphate.

3.2 Thermostable DNA Polymerases

The practical use of an unnatural base pair, either in vivo or in vitro, will likely
require the most common of molecular biology techniques, the polymerase chain
reaction (PCR). Unfortunately, the DNA polymerase most often used in kinetic stud-
ies of unnatural base pairs, Kf, is not thermostable, and is thus impractical for ther-
mocycled PCR. While PCR amplification of DNA will likely gain more consideration
once there is a truly viable unnatural pair, it is noteworthy that early efforts have met
with some success. The disoC:disoG pair (see Sect. 2.1) was the first unnatural pair
amplified in multiple rounds by PCR. However, the reaction was still not practically
viable, as it utilized HIV-RT, which is not thermostable, and required long time
periods for each round of amplification (Sismour et al. 2004). The disoC:disoG pair
was later amplified in a PCR using a commercially available variant of the DNA
polymerase I from Thermus aquaticus (Taq), and, while the reaction appeared to be
reasonably efficient, the selectivity is too low for practical use (Johnson et al. 2004).
Recently, Benner and coworkers replaced dT with the 2-thio analog of dT, which is
less likely to mispair with the phenolic tautomer of disoG, in a PCR containing the
disoC:disoG pair (Sismour and Benner 2005). With use of Taq polymerase, the most
common DNA polymerase used in PCR, the approach was successful in improving
the estimated fidelity of the PCR, from 93 to 98% fidelity per round. While all four
natural nucleotides will be necessary for molecular biology applications, it is not an
absolute requirement for nucleic acid biotechnology applications, such as DNAzymes
and DNA aptamers, and the successful PCR amplification of this six-base system is
likely to be of value for in vitro systems.

3.3 Bipolymerase Systems

As noted previously, large hydrophobic self-pairs are commonly limited by Kf-
mediated extension of the unnatural terminus (see Sect. 2.3); however, other DNA
polymerases may be more adept at extending these base pairs. For example, while
Kf is unable to extend the d7AI self-pair (discussed in Sect. 2.3) (Ogawa et al.
2000b), mammalian polymerase 3, which cannot synthesize the pair, can extend the
d7AI pair as efficiently as it extends natural base pairs (Tae et al. 2001). Remarkably,
when a Kf exo*/polymerase B system was used, full-length DNA was synthesized
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with 400-fold selectivity relative to the most efficiently synthesized mispair formed
with d7AIL. Although the idea of a bipolymerase system may appear cumbersome,
the idea is not without precedent. Most organisms, from bacteria to humans, use
multiple polymerases to efficiently bypass DNA lesions with high efficiency and
selectivity (Goodman 2002; Prakash et al. 2005).

3.4 Directed Evolution of DNA Polymerases

While natural polymerases may be able to utilize unnatural substrates with moder-
ate efficiency and selectivity, practical use of unnatural base pairs may require
optimization of the nucleobases as well as the polymerase. Directed evolution has
the capacity to improve the ability of DNA polymerases to synthesize DNA con-
taining unnatural base pairs. The directed evolution of DNA polymerases to study
the determinants of natural DNA synthesis is well studied and has been reviewed
recently (Loh and Loeb 2005); however, the directed evolution of DNA polymer-
ases to utilize unnatural substrates is relatively new. Two effective selection systems
have been developed and implemented, and both appear well suited to the expan-
sion of the genetic alphabet (Ghadessy et al. 2001; Xia et al. 2002). Since these are
both selections, rather than screens, they are able to efficiently sort through large
libraries containing at least 10’-10® polymerase mutants. The two selection sys-
tems, as well as their early successes, are discussed next.

3.5 In Vitro Compartmentalized Self-Replication

In the method of in vitro compartmentalized self-replication (CSR) (Fig. 9), cells
overexpressing polymerase library members are added to an aqueous solution con-
taining gene-specific primers, nucleoside triphosphates, metal cofactors, and RNase
(Ghadessy et al. 2001). Since the reaction is in vitro, components are added exoge-
nously, allowing selection to be based on a potentially wide variety of unnatural
activities, including unnatural base pair synthesis. The aqueous mixture is added to
a mineral oil based detergent solution to create segregated compartments, each of
which contains one cell and, thus, one polymerase mutant. Upon heating, the cells
lyse, releasing the encoded DNA polymerase mutant. Importantly, the compart-
ments are stable even upon heating at 90°C for prolonged time periods; thus,
polymerases which are active under the variable conditions enrich themselves by
synthesizing their own genes using the added primers, and do so in proportion to
their activity. Following disruption of the droplets by a simple extraction procedure
(Tawfik and Griffiths 1998), the pool of active genes can be collected from the
aqueous layer.

As a proof of principle, Holliger and coworkers used in vitro CSR to identify Taq
mutants which were either more thermostable or more resistant to the polymerase



308 A.M. Leconte, F.E. Romesberg

Transform,

Emulsify DNA Amplification

Mutant

< DNA Polymerase
“— Primers

Plasmid encoding
polymerase mutant

Fig. 9 In vitro compartmentalized self-replication. a cells are transformed with plasmids encod-
ing a polymerase mutant (marked with an arrow) and are emulsified along with substrates for
DNA synthesis. b cells are lysed without disrupting compartments, and polymerase mutants
amplify their own genes using specific primers. ¢ polymerase mutants that are active under given
conditions will amplify their genes, which can be isolated and transformed into new cells

inhibitor heparin (Ghadessy et al. 2001). In a more recent study, in vitro CSR was
used to increase the substrate specificities of Taq polymerase to include a wide
range of modified natural triphosphates (Ghadessy et al. 2004). Using a library
generated via error-prone PCR, Holliger and coworkers selected polymerases that
are able to utilize primer termini which were mismatched at the 3" end. Their goal
was to relax the geometric requirements of extension to improve synthesis of DNA
containing a broad spectrum of modified natural nucleobases. Polymerases which
were isolated retained wild-type ability to synthesize natural DNA but gained the
ability to extend some aberrant termini. In a steady-state single nucleotide incorpo-
ration assay, the most improved polymerase mutant, M1, is able to extend a dC:dC
mispair more efficiently than wild-type Taq, by a factor of 427-fold. In PCR, M1
was able to incorporate a wide range of modified substrates, such as 5-nitroindol,
fluorescently labeled dNTPs, biotin-labeled dNTPs, and phosphorothioates, none of
which are efficiently synthesized by the wild-type polymerase.

3.5.1 Activity-Based Phage Display Selection
In the activity-based phage display selection system (Fig. 10), a mutant DNA

polymerase and a DNA substrate are codisplayed on a single phage particle, and
are selected on the basis of their ability to incorporate a biotinylated nucleoside
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Fig. 10 Activity-based phage display selection system. A phage particle, containing a plasmid
encoding a polymerase mutant, displays zero to one pIlI-polymerase mutant fusion and four to five
plll-acidic peptide fusions, only one of which is shown. The acidic peptide is coupled to an oligo-
nucleotide duplex through a basic peptide, which has been previously covalently linked to a primer
template. The basic peptide forms a leucine zipper with the displayed acidic peptide and is further
anchored with a disulfide bond. DNA-templated synthesis on the covalently attached primer
requires incorporation of biotin—~dUTP, labeling phage particles displaying active polymerases

triphosphate (Xia et al. 2002). E. coli is first transformed with a library of plasmids,
each encoding a mutant polymerase as a fusion with the minor phage coat protein,
plI. The transformed E. coli cells are infected with X30 helper phage, which
encodes a plll-acidic peptide fusion. Each phage particle displays zero to one pllI-
DNA polymerase fusions and four to five plll-acidic peptide fusions, and also
physically encapsulates the DNA polymerase encoding plasmid. An oligonucle-
otide, which will serve as the primer for the selection, is then linked to a basic pep-
tide through a bismaleimide linker. After the basic peptide—primer conjugate has
been annealed to a template oligonucleotide, the basic peptide—primer/template is
selectively attached to the phage particles through a high-affinity leucine zipper
formed between the acidic and basic peptides, which are then covalently linked
through a disulfide bond. The phage particle, displaying both a DNA polymerase
mutant as well as a DNA substrate, is resuspended in the reaction buffer, and chal-
lenged to synthesize DNA under user-controlled conditions. Successful DNA syn-
thesis results in the incorporation of a biotin~dUTP into the covalently attached
primer. Phage particles encoding the successful DNA polymerases can be enriched
by recovery with streptavidin beads and released by DNase I cleavage.

As a proof of principle, the selection system was used to select polymerases that
effectively synthesize RNA from a DNA template (Xia et al. 2002). The system has
also been used to select DNA polymerases that synthesize DNA containing 2’OMe
modified sugars (Fa et al. 2004). Recently, the selection system was used to select
a variant of the Stoffel fragment from Taq (Sf) which better synthesizes DNA con-
taining the dPICS self-pair (discussed in Sect. 2.3) (Leconte et al. 2005). While
wild-type Sf is not able to extend the pair under even very forcing conditions,
mutant P2 extends the dPICS self-pair at an improved, but still slow, rate. Although
it was selected only for extension of the dPICS self-pair, P2 was also able to syn-
thesize the dPICS self-pair with a second-order rate constant that is 320-fold higher
than that of wild-type Sf, and approximately 200-fold more efficient than the rate
at which P2 synthesizes the most efficient mispair, formed with dT. Thus, P2 syn-
thesizes and extends the unnatural dPICS pair more efficiently than the wild-type
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enzyme, and, importantly, the improved activity does not come at the expense of
the fidelity of natural synthesis. However, P2-mediated extension of the dPICS
self-pair was not detectable under steady-state conditions, and thus, despite its sig-
nificant improvement, is not yet viable for practical use.

4 Conclusion

The three approaches to base pair design, alternative hydrogen bonding, shape com-
plementarity, and hydrophobic interactions, have already yielded promising third
base pair candidates, which are both stable in duplex DNA and replicated with mod-
erate efficiency and selectivity. Although these unnatural base pairs are currently not
viable for either in vivo or in vitro use, they each provide promising scaffolds for
further synthetic derivatization. The examination of alternative polymerases deserves
further study, and may be enabled by the development of screening methods which
have the potential to tap the plethora of different DNA polymerases available from
nature. This technology could be especially valuable if interfaced with DNA
polymerase evolution, which has proven to be capable of dramatically altering the
activities of DNA polymerases. The advent of new strategies, such as development
of screening and selection methods, and continued execution of multidisciplinary
approaches, combining synthesis, enzymology, and directed evolution, should accel-
erate the search for an expanded genetic alphabet.
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interaction of two particular amino acids to the exclusion of their interaction with
the rest of the protein. Such analysis of bacteriarhodopsin showed that amino acids
in the correct orientation for hydrogen bonding contribute stabilization energies
between —1.7 and +0.4 kcal mol™! with an average over 8 pairs of —0.6 kcal mol.
This is approximately the same value as that of a hydrogen bond in a soluble
protein, and is consistent with the notion that the core of membrane proteins and
soluble proteins are biochemically similar. However, it should be noted that the
burial of polar amino acids exerts a stablizing effect on membrane proteins beyond
hydrogen bonding as well. Though hydrogen bonds may contribute less to the sta-
bility of a membrane protein than previously understood, this does not necessarily
argue against the importance of the membrane protein hydrogen bond. The mem-
brane protein’s unfolded state is more similar-and therefore closer in energy-to its
folded state than the unfolded soluble protein is to its folded state. Therefore,
although the energy of the hydrogen bond is the same, the relative contribution of
the hydrogen bond to the stability of the fold is greater in membrane proteins.

This same study also showed a disparity between hydrogen bonding at lipid-
exposed positions and at positions in the core of the protein. Distances between atoms
and the strength of the bond between those atoms are tightly correlated. Analysis of
the distance of hydrogen bond donors and acceptors in membrane proteins and in
soluble proteins revealed that hydrogen bonding in buried positions of membrane
proteins have a similar distance distribution to that of solvent exposed positions on
soluble proteins. However, lipid-exposed hydrogen bonds are shorter, and thus likely
exert a greater stabilizing effect than buried hydrogen bonds in the membrane. This
is consistent with the change in dielectric constant for the two environments.

Protein—protein interactions in the membrane are just beginning to be explored.
Recently, significant advances have been made in disrupting protein—protein inter-
actions in the membrane through protein design. These advances have allowed for
the manipulation of biological processes in vivo, and have been shown to be useful
probes for understanding the features that stabilize protein—protein interaction in the
membrane. By bringing together information on how individual amino acids modu-
late transmembrane structure, what forces are responsible for oligomerization in the
membrane, and how to computationally encode those concepts, a method has been
established to create and disrupt protein—protein interactions in the membrane. This
review aims to describe the necessity and utility of such probes, as well as provide
a “how-to manual” for the design of such probes.

1 Introduction: The Significance of and Impediments
to Designing Transmembrane Protein Inhibitors

The importance of creating probes to disrupt membrane protein interaction is
due to the control of membrane proteins over a multitude of biological pathways, e.g.,
cell signaling, catalysis, and import/export. However, there are many difficulties inher-
ent in studying membrane proteins. Nature’s rule book for creating functional mem-
brane protein structure is in many ways different from that of soluble protein structure.
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High-resolution protein structure in the membrane has been historically more impene-
trable owing to difficult expression and crystallization (von Heijne 1999).

While the driving force for the folding of soluble proteins is the hydrophobic effect,
this force is absent for the regions of a protein embedded in the membrane. Additionally,
the secondary structure is generally more rigid in a membrane environment because
the lipids lack the ability to form hydrogen bonds with membrane protein backbones;
thus, all hydrogen bonding must be satisfied internally. These factors result in differ-
ences in the distribution and function of amino acids utilized by proteins.

Although structural information is harder to come by, it is certainly the case that
the great majority of transmembrane (TM) domains in cellular membranes adopt an
a-helical conformation, including ion channels, transporters, and redox proteins.
Understanding how these helices interact with each other and with the membrane
is of critical importance. The differences between membrane proteins and soluble
proteins are manifested in the conformations of these o-helices. The structural
preferences of membrane helix—helix packing were first discussed by Bowie (1997)
and were characterized as having less acute packing angles and to be more likely
to be antiparallel than soluble helix pairs.

An individual TM helix can interact with another TM helix to initiate diverse cel-
lular functions. For example, in phospholamban, a 52 amino acid integral membrane
protein that regulates the Ca?* pump in cardiac muscle cells, changes in TM o-helical
packing are important in the process of transfer of Ca?* ions across the membrane and
affect the activity of the Ca**-ATPase (Lee 2002). Heterodimer forming helices of
G-protein-coupled receptors (GPCRs) have been implicated in a number of pathways
(Milligan 2004). The TM helix of spleen focus forming virus gp55-P envelope glyco-
protein specifically binds the TM helix of the murine erythropoietin receptor (EpoR),
triggering proliferation of erythroid progenitors and inducing erythroleukemia
(Constantinescu et al. 1999). Interactions such as these are clearly important to probe,
despite the technical difficulties of characterizing membrane proteins.

In this chapter we discuss methods of learning about such interhelical interac-
tions by disrupting them. Many of the methods discussed involve the use of syn-
thetic peptides. As membrane proteins are difficult to study owing to impediments
in expression and crystallization, synthetic peptides can be a useful alternative to
study membrane protein behavior. These peptides incorporate themselves into
membrane mimetic environments such as nonpolar solvents, detergent micelles,
and phospholipid bilayers and can readily adopt secondary structures (Zhang et al.
1992; Ren et al. 1997; Killian 1998). Peptides that correspond to TM regions of
membrane proteins are much easier to synthesize and purify compared with their
corresponding full-length proteins. Detection methods for this sort of peptide are
also more straightforward than for the full-length protein. The ability to manipulate
the peptide’s sequence and add chemical labels allows for detection with fluores-
cence spectroscopy, electron spin resonance, and nuclear magnetic resonance
(Zhang et al. 1992, 2001; Ren et al. 1997; Killian 1998; Lew et al. 2000). The relative
ease of reconstituting synthetic peptides into membrane vesicles also allows for the
investigation of lipid—protein interactions involving lipids that exist in very low
concentrations in natural membranes or that form bilayers of a variety of hydropho-
bic thickness (Ren et al. 1997; Killian 1998).
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Many aspects of membrane protein function have been elucidated through syn-
thetic peptides. Synthetic inhibitors of TM interactions have been used to test the
role of membrane protein interaction in signal transduction, assembly, and cataly-
sis. A synthetic peptide of the TM domain integrin allb has been found to inhibit
the interaction between integrin ollIb and integrin B3 in vitro and in vivo (Yin et al.
2006). Similarly, a nine-residue peptide representing the core sequence of T-cell
receptor o (TCR) interferes with the usual TCR—CD3 interaction both in vitro and
in vivo (Manolios et al. 1997). A p-amino acid core sequence of TCRo was also
found to interfere with TCR—CD3 binding (Quintana et al. 2007), as well as a part
D-amino acid/part L-amino acid core sequence (Gerber et al. 2005). Additionally, a
peptide corresponding to wild-type diacylglycerol kinase TM-2 inhibited the enzy-
matic activity of diacylglycerol kinase through formation of an inactive protein—
peptide complex (Partridge et al. 2003).

More broadly, there are two ways to disrupt protein—protein interactions in the
membrane. One is to add a natural binding partner to increase the likelihood of a
peptide binding to that partner instead of to another membrane-located partner. This
was illustrated in the previous paragraph. The second method of disrupting interac-
tion is to design or select a nonnative inhibitor. Such inhibitors have the advantage
of being able to have attributes that may not exist in natural partners, including
differences in specificity and in affinity. This chapter will focus on the methods and
considerations used to design such inhibitors.

Recently, it has been shown that peptides that bind with high specificity
and affinity to TM regions of proteins can now be designed using de novo compu-
tational methods (Yin et al. 2007). This technique should have a wide array of
applications both for diagnostics and for therapeutics. Although a variety of meth-
ods exist for the design or selection of antibodies and other proteins that recognize
the water-soluble regions of proteins, companion methods for targeting TM regions
are not as available. Thus, methods of membrane protein design may be of use for
creating proteins with antibody-like utility.

2 Considerations for Peptide Design, Part I:
How Amino Acids Modulate Transmembrane
Structure

There are many factors that must be considered when designing a peptide that can
inhibit protein—protein interactions in the TM: (1) the peptide must be capable of
inserting itself into the membrane; (2) once it is inserted it must be thermodynami-
cally stable into the membrane at a depth and orientation that would make it availa-
ble for binding to its target; and (3) once it is at the proper depth and location, the
designed peptide must prefer to bind to its target rather than to the lipid in which it
is solvated. As will be discussed in the present section, the amino acids that com-
prise the peptide modulate all of these interactions. Each amino acid modulates
structure and function by affecting the overall ability of the peptide to insert itself,
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the peptide’s helical propensity, and the peptide’s propensity to interact with different
lipids or other peptides.

2.1 Insertion

Popot and Engelman (1990) have proposed a two-stage model to describe membrane
protein folding — first insertion, then oligomerization. When designing a membrane
peptide, one must consider its ability to insert itself from aqueous solutions into
micelles, lipid bilayers, and preformed vesicles. Although natural proteins need to
be able to insert themselves into the membrane through the translocon and need to
be stable in the membrane, synthetic peptides have an additional requirement for
function. In addition to being kinetically able to insert themselves into the membrane
and to having thermodynamic stability in the membrane, synthetic peptides must
also be water-soluble such that they do not aggregate prior to insertion (Fig. 1).

Appending solubility-enhancing groups to the C- and N-termini has been shown
to facilitate this step (Harris et al. 2001; Gerber et al. 2004; Yan-Chun Tang 2004).
The most commonly used solubility-enhancing groups include poly(ethylene glycol)
and amino acid residues that carry charged side chains, such as Lys and Arg. The
advantage of these modifications is threefold:

1. TM peptides usually have poor solubility in aqueous solution. With a solubility-
enhancing auxiliary, it is possible to dissolve these peptides and study them in
micelles or phospholipid systems.

2. The solubility-enhancing group at both ends of a TM peptide can also facilitate
insertion.

3. Polar groups can prevent these hydrophobic peptides from aggregating.

Each amino acid has a different free energy of insertion into the membrane.
There have been a number of methods of characterizing the contribution of each
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Fig. 1 A synthetic peptide must be soluble in water and capable of inserting itself in the mem-
brane before it will be able to bind its target. A helical synthetic peptide with solubilizing groups
affixed to its termini. Left free in solution, center inserted in the membrane, right oligomerizing
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type of amino acid to the free energy of insertion of a protein. Calculating the free
energy of partitioning from water to octanol has long been used as the best method
for predicting the contribution towards the energy of insertion of an individual
amino acid. This partitioning free energy was first calculated for the individual
amino acids (Eisenberg and McLachlan 1986), and then for the amino acids when
they were within the sequence AcCWLXLL (where X is each of the 20 amino acids)
(Wimley et al. 1996). The energies calculated by the latter method have recently
been corrected slightly to lessen the originally assumed backbone contribution
(Jayasinghe et al. 2001).

Recently, an in vivo method for understanding the free energy of insertion of
amino acids was developed by the von Heijne group. In this method, peptides are
biosynthetically incorporated into bilayers using the rough microsome membrane
system, and the free-energy cost of inserting a TM helix into the phospholipid
bilayer is calculated (Hessa et al. 2005). The design is as follows. The helix of inter-
est is expressed between two glycosylation sites which can only be glycosylated if
they are in the lumen of the endoplasmic reticulum. If the helix inserts itself into
the lipid bilayer, one of the glycosylation sites will be in the cytoplasm and will
therefore not be glycosylated. Measuring the fraction of singly glycosylated mole-
cules to doubly glycosylated molecules allows for the calculation of the free energy
of insertion. This method allowed for an assessment of the biological AG of inser-
tion into the membrane for each amino acid.

Bioinformatics statistical potentials have also recently been used to predict the
contribution of an amino acid to the protein’s free energy of insertion. These meth-
ods were developed by inverting the Boltzmann equation to calculate a pseudo free
energy from each amino acid’s propensity to be located in the membrane as calcu-
lated from a database of high-resolution crystal structures (Ulmschneider et al. 2005;
Senes et al. 2007). The three types of scales of characterizing the contribution of
each amino acid to the free energy of insertion of a protein correlate fairly well.

2.2 Insertion and Helical Propensity

Li and Deber (1994) have studied the character of amino acids and have explored
their helix propensity in the membrane as well as their ability to insert themselves into
the membrane. In their study, they compared the propensity of different amino acids
to form o-helices in aqueous solution, sodium dodecyl sulfate and lysophosphatidylg-
lycerol micelles, and dimyristoylphosphatidylglycerol phospholipid vesicles. The
peptides used in this study had a sequence of H N-SKSKAXAAXAWAXAKSKSKS-
OH and the helical content was determined by circular dichroism measurements. The
propensity of the X residue in promoting helicity followed the order Ile > Leu > Val
> Met > Phe > Ala > GIn > Tyr > Thr > Ser > Asn > Gly > Pro. The potentially
hydrophobic region (ten residues) of the peptide is too short to span the bilayer, so it
is plausible that the “inserted” state measured in these studies corresponds to a helix
that is embedded in the membrane, but with its axis parallel to the membrane surface
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rather than spanning the bilayer. Using such a short peptide shows the partitioning,
and thus validates the expectation that a peptide that is inserted into an apolar environ-
ment will preferentially form a helix. This is important as it allows for the assumption
that a peptide that inserts itself into the membrane will be o-helical, and leads to the
conclusion that, when modeling such peptides, an unbound o-helix can be considered
the unfolded state.

It is notable that B-branched residues (Val and Ile) that are known to promote
B-sheet formation in water favor o-helices in the membrane. This observation is
rationalized by the ability of these residues to destabilize helical conformation in
water, retarding the premature folding of the TM domains in the aqueous compart-
ment of the cell before insertion. However, when designing membrane helices it is
important to avoid using multiple sequential B-branched amino acids, as such
sequences have been shown to form amyloidogenic conformations (Lopez de la Paz
and Serrano 2004).

2.3 Hydrophobic Mismatch: Characteristics That Control
Tilt and Insertion Depth in the Membrane

A designed peptide should be thermodynamically stable at an appropriate depth
and orientation within the membrane to facilitate binding to its target. The length
and amino acid content of a peptide and the length and content of the lipids in the
membrane with which the peptide is expected to interact can have significant
effects on a peptide’s preferred depth and tilt in a membrane. Caputo and London
(2003a) have examined the interactions of amino acids with various types of lipid
bilayers to determine features required for efficient insertion of synthetic peptides.
Using lipid vesicles, they studied the effect of individual amino acids on peptide
insertion into the membrane using a poly-Leu helix substituted with A, F, G, S, D,
K, H, P, GG, SS, PG, PP, KK, or DD. A Trp was placed in the center of the peptide
to allow measurement of insertion using fluorescence A and dual quenching
analysis (Caputo and London 2003b). All of the peptides w1th single substitutions
efficiently inserted themselves into dioleoylphosphatidylcholine (DOPC) vesicles
and adopted a TM state. In the thicker dierucoylphosphatidylcholine (DEuPC)
vesicles, TM states were destabilized by a mismatch between helix length and
bilayer thickness, especially for peptides with P, K, H, or D substitutions. In con-
trast to single substitutions, certain consecutive double substitutions strongly
interfered with formation of TM states, regardless of hydrophobic mismatch. In
both DOPC and DEuPC vesicles, DD and KK substitutions abolished the normal
TM state, but GG and SS substitutions had little effect. A peptide with a PP sub-
stitution maintained the TM state in DOPC vesicles, but in DEuPC vesicles, the
level of formation of the TM state was significantly reduced. Upon disruption of
the normal TM insertion, peptides moved close to the bilayer surface, with the
exception of the KK-substituted peptide in DOPC vesicles, which formed a trun-
cated TM segment.
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The effect of hydrophobic mismatch on the orientation of a peptide in the
membrane has been explored with nuclear magnetic resonance. Peptides with
hydrophobic stretches of 17 amino acids were shown to have an increase in tilt
angle upon decreasing bilayer thickness. More tilt was seen for hydrophobic
stretches flanked by Lys than for those flanked by Trp, likely owing to Trp’s
greater affinity for the interfacial region of the membrane and Lys’s ability to
snorkel (Ozdirekcan et al. 2005). In that study the maximum tilt observed was
12° off from perpendicular to the membrane. A much greater degree of tilt was
seen by Park and Opella (2005). By using a TM helix of Vpu from HIV-1, with
a hydrophobic stretch of 22 amino acids and sufficiently short lipid bilayers, they
observed tilts of up to 51°.

2.4 Protein—Protein Versus Protein—Lipid Propensity

The design of peptides that interact with proteins hinges on the use of amino acids
that will have a greater propensity to interact with other proteins than they will
with the solvating lipid. It is widely known that the proportion of hydrophobic
amino acids in membrane proteins is much higher than that of soluble proteins.
This difference enables highly successful prediction of which parts of a protein
will be in the TM region (Eisenberg et al. 1982; Rost et al. 1995, 1996; Jayasinghe
et al. 2001) (Fig. 2). However, it is only in their surface residues that they differ
most substantially — being very polar in water-soluble proteins and very apolar in
membrane proteins. Despite this overall difference, membrane protein interiors
have a similar distribution of polar and apolar amino acids to the interiors of solu-
ble proteins (Rees et al. 1989). It should be noted that these interior positions are
most often conserved (Liu et al. 2004), especially the hydrophilic residues
(Freeman-Cook et al. 2004). The differences in amino acid composition between
the lipid exposed and protein interacting faces of the TM helices also allow for the
prediction of which residues participate in the protein—protein interface (Adamian
and Liang 2001, 2005).

While the interiors of water-soluble and membrane proteins are similar, there are
some essential differences. In membrane proteins, small amino acids (particularly
Gly, Ala, and Ser) are most likely to participate in the binding face of a TM helix
(Javadpour et al. 1999). This has been attributed to a number of factors. First, the
smaller the residue, the greater the ability to create a cavity on the surface of the
TM, which facilitates binding through shape complementarity, creating a larger van
der Waals surface. In fact, amino acid volume correlates well with normalized
occurrence at the helix interface (Fig. 3). Gly, as the smallest residue, is especially
prevalent in mediating particular helix—helix interactions and may be involved in
C_-hydrogen bonding, discussed later in this chapter. Also, the docking of two heli-
ces results in an energetically unfavorable loss in entropy of the side chains. In
water-soluble proteins, this energetic feature can be balanced by favorable hydro-
phobic interactions, which is not available in membrane proteins. Thus, helix—helix
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Fig. 2 Amino acid composi-
tion of membrane proteins as
annotated in Swiss-Prot.
Shading emphasizes that half
of residues in the transmem-
brane are L, I, V, or A; two
thirds are represented with
the inclusion of F and G.
(Adapted from Senes et al.
2000)
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Fig. 3 Correlation between normalized occurrence of amino acids at the helix interface and amino
acid volume — the smaller the volume of the amino acid, the more likely it is to occur at the helix
interface in the membrane. (Adapted from Javadpour et al. 1999)

interfaces in membrane proteins are rich in side chains such as Gly and Ala or the
B-branched amino acids — especially Val — which lack multiple side chain rotamers
that need to be fixed when the helices coalesce. Small residues such as Ser and Thr
might be preferred, both because of their size and because they can create hydrogen
bonds with the neighboring helix.
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2.5 Sequence Motifs Predict Structure

Small residues such as Gly have been found to interact with -branched residues
with an unusually high frequency (Senes et al. 2000), but there are more extreme
examples of sequence conservation. Sequence motifs such as the GX3G motif
(Russ and Engelman 2000) and GX3G-like motifs have been especially prevalent
in the membrane and are known for modulating tight and specific interhelical inter-
actions in the membrane. A more thorough review of these sequence motifs can be
found elsewhere (Senes et al. 2004). The GX3G motif contains a Gly at the i and
i + 4 positions within a helical peptide. It has been shown that similar patterns exist
for smaller residues Ala and Ser replacing one or both of the Gly residues. It seems
that the two small residues next to each other on the binding surface create a cavity,
and that the use of this cavity for “knobs into holes” style packing is a strategy
chosen by nature to provide a highly complementary binding site. GX3G motifs
have been found in both homodimeric and heterodimeric helix bundles in mem-
brane proteins. Examples of membrane protein TM regions that contain a GX3G-
like motif at the helix-packing site include the epidermal growth factor receptor
ErbB (Mendrola et al. 2002), the y-secretase component APH-1 (Lee et al. 2004),
FF -ATP synthase (Arselin et al. 2003), GPCRs (Overton et al. 2003), and integrins
(Schneider and Engelman 2004).

Although it has long been understood that there are both particular sequence
motifs and particular structure motifs in TM helices, connections between the two
have only recently been pieced together. Walters and DeGrado (2006) showed that
for all the high-resolution membrane protein structures, there are only a very lim-
ited number of structural motifs for helical dimers — with approximately three
quarters of all dimer pairs falling into one of five structure motifs. More impor-
tantly, these structures have particular sequence motifs. For example, a GX3G
motif generally corresponds to a helix pair that packs in a parallel, left-handed
manner with an approximately 40° crossing angle. This connection between struc-
ture and sequence holds tremendous possibility for both structure prediction and
protein design.

3 Considerations for Peptide Design, Part II:
Forces Responsible for Oligomerization

In Sect. 2, we discussed the effects of sequence on creating structure and oli-
gomerization. Although it is increasingly possible to predict structure from
sequence, e.g., knowing that Gly prefers the interface between two TM helices,
does not tell us explicitly about the physical forces that nature is using to create
that interface. To fully understand how to design peptides that interact with mem-
brane proteins, we need to know nature’s energy function for oligomerization in
the TM. Interhelix oligomerization in the membrane can only occur when a helix
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will have more stabilizing interactions with another membrane helix than it will
with the membrane lipids. These interactions include contributions from enthalpic
factors such as van der Waals forces, electrostatics, and hydrogen bonds; methods
for characterizing these contributions will be described later. It has generally
been more difficult to quantify the entropic factors involved in this process.
In soluble proteins, the hydrophobic effect is dominated by entropic interactions,
and in the design of soluble proteins much of the hydrophobic effect has been
captured using knowledge-based contact potentials. Lipophobic effects can simi-
larly be captured by membrane protein contact potentials, which will be discussed
in Sect. 4.

3.1 van der Waals Packing

van der Waals contacts play an important role in oligomerization. Membrane pro-
teins have been shown to have a higher packing value than soluble proteins, which
corresponds to greater van der Waals packing (Eilers et al. 2000). This increase of
protein interaction seems to confer a level of stability that compensates for the
lack of hydrophobic effects. Mutational analysis of the helical homodimer glyco-
phorin A TM has shown that although most Ala mutations on the interface of the
dimer are destabilizing, many double Ala mutations stabilize the dimer (Doura
and Fleming 2004). The existence of stabilizing double mutations that obliterate
the GX3G motif demonstrates that changing multiple interactions allows for a
shift in conformation such that a different van der Waals interaction drives
oligomerization.

3.2 Electrostatics

Because there are so few charged residues in the membrane, there has been less
biophysical characterization of membrane electrostatics than there has been of
other interatomic forces in the membrane. Recent attempts to recoup native
sequences when repacking membrane backbones have shown no significant
increase in sequence recovery by adding an electrostatic term, though a 2% increase
in sequence recovery was seen by adding a hydrogen-bonding term. This argues for
the importance of modeling the orientational dependencies of such energies (Barth
et al. 2007). Although charged residues are difficult to recover from backbones;
when they do exist in the membrane they create salt bridges that can cause oli-
gomerization. Notably, it has been shown that in the adaptive immune response,
one NKG2D homodimer pairs with a single DAP10 dimer by formation of two
Asp-Arg salt bridges in the TM, and that the mutation of the charged residues pre-
cludes oligomerization (Garrity et al. 2005).
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3.3 Hpydrogen Bonding

Hydrogen bonding is generally believed to be important in TM helix—helix interac-
tions. How hydrogen bonds shape membrane protein structure has been discussed
extensively elsewhere (White 2005). Studies have shown that the side chains of
polar residues, such as Asn or Asp, provide a strong thermodynamic driving force
for membrane helix—helix association — especially self-association (Choma et al.
2000; Gratkowski et al. 2001; Zhou et al. 2001). This propensity for polar amino
acids to drive oligomerization has similarly been shown with molecular dynamics
simulations (Ash et al. 2004).

The strength of hydrogen bonding varies at different depths within the mem-
brane. This has been shown through both statistical and experimental studies.
Hydrogen bonding of Asn residues was shown to stabilize a trimeric bundle by at
least 2kcal mol~! per monomer when the polar residues were placed at the center
of the membrane, but only by 0.1kcal mol~' when the polar residues were at the
interfacial region (Lear et al. 2003). It has also been reported that replacing Ile for
Asn in a dimer destabilizes the oligomerization by approximately 1.5kcal mol~' per
monomer (Acharya et al. 2002). And most recently, an assay measuring the free
energy of TM helix insertion though glycosylation showed that the formation of an
Asn-Asn or Asp-Asp hydrogen bond stabilizes a peptide in the membrane by
approximately 1kcal mol~' (Meindl-Beinker et al. 2006). These data are consistent
with the understanding that as the polarity of the environment of the polar side
chain increases the stability of the hydrogen bond decreases.

Hydrogen bonding of hydroxyl-containing amino acids has also been implicated
in oligomer formation. In fact, by some calculations, Ser, Tyr, and Thr are, in that
order, the most common residues participating in interhelical TM hydrogen bonds
(Adamian and Liang 2002) (Fig. 4). These residues can bond with other polar side
chains or oxygen from the backbone. Ser residues were used to hold together the
earliest de novo designed TM helical bundles (Lear et al. 1988; Chung et al. 1992).
Ser residues placed at the interface in every heptad of a coiled coil have been shown
to be sufficient for stabilization of a TM dimer (North et al. 2006). And ToxCAT,
which measures TM helix association in the Escherichia coli inner membrane, has
revealed the prevalence of SXXSSXXT and SXXXSSXXT in oligomer formation
through what seems like a cooperative network of interhelical hydrogen bonds
(Dawson et al. 2002).

The C_ hydrogen of amino acids in general, and Gly in particular, frequently
approaches acceptors with distances and geometries that are typical of hydrogen
bonding. The weak hydrogen-donating capabilities of this carbon are strength-
ened by its neighboring amide groups that increase the acidity of the C_ atom.
The existence of these bonds in membrane protein structures were originally pro-
posed by the Smith laboratory (Javadpour et al. 1999), and since then many crys-
tal structures have shown Gly residues in the correct orientation and distance for
this bond to occur (Kleiger et al. 2001, 2002; Senes et al. 2001; Loll et al. 2003).
The strength of this bond has recently been measured with IR spectroscopy and
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Fig. 4 Percentage of hydrogen bonds formed in the membrane by each type of side chain. Gray
bars represent side chain—side chain hydrogen bonding, black bars represent side chain—backbone
hydrogen bonding. (Adapted from Adamian and Liang 2002)

was found to have an energy of approximately 0.9 kcal mol~' (Arbely and Arkin
2004). Molecular dynamics studies have estimated that that the energy of the C -
H---O interaction varies widely depending on the angle of the C_~H:--O atoms,
with some C -hydrogen bonds stabilizing structures by almost 1kcal mol™" and
other interactions being dominated by the repulsion between the oxygen and a
nearby backbone nitrogen and resulting in destabilizing energies (Mottamal and
Lazaridis 2005). These calculations corroborate experimental results showing
the stabilization of a protein via the removal of a possible C_~H---O interaction
(Yohannan et al. 2004).

Recent computational treatment of hydrogen bonding in the membrane has
incorporated these data, modulating strength of the hydrogen bond based on mem-
brane depth and atomic burial, and including a weaker hydrogen-bonding term for
hydroxyl-containing amino acids and an even weaker term for C_-hydrogen bonds
(Barth et al. 2007).

4 Methods for Design: Computational
Potential Energy Functions

To computationally design peptides, potential energy functions must be developed
which reflect the forces proteins experience in the membrane. In light of all of the
various different ways of viewing what causes oligomerization, a variety of meth-
ods have been used to model membrane proteins in silico. Computational modeling
generally relies on the summation of various energy terms to calculate the stability
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of a given sequence in a particular conformation. Summations often take the form
of an equation:

Etoml = EvdW + EHbond+ Eeleclroslalic +E solvation + Eself + Ecomacz'
The terms can include physical potentials and statistical potentials. Physical poten-
tials such as van der Waals (E ) interactions, hydrogen bonding (E,, ), and
electrostatics (E , ..) are identical in the membrane and in soluble solution.
Therefore, equations for modeling these interactions can be found in papers on
soluble protein modeling (Gordon et al. 1999) and will not be covered here. In the
following sections we discuss potentials that describe interactions particular to

membrane proteins (E E . E

solvation” ~ self” comacl)'

4.1 Solvation

The purpose of a solvation potential is to account for the effect of the solvent — in
this case, the lipid — on the protein. The desolvation of water molecules from the
protein during insertion into the TM is generally not calculated when calculating
the stability of the protein, as the unfolded state is generally considered to be in the
membrane. It has been shown experimentally that a protein’s solvation by the mem-
brane determines its depth within the membrane as well as its orientation with
respect to the membrane (Ozdirekcan et al. 2005; Park and Opella 2005). A good
solvation potential is one that is capable of predicting these effects.

The simplest method of calculating the effect of a lipid bilayer on the orienta-
tion of a protein is through statistical methods. Two similar residue-based statisti-
cal methods have been shown to be able to predict protein orientation in the bilayer
(Ulmschneider et al. 2005, 2006; Senes et al. 2007). These methods use high-
resolution crystal structures to calculate the propensity of each amino acid in any
particular region of the membrane bilayer. The propensity is then converted to a
pseudo energy using the Boltzmann equation. The two methods differ in that in the
method of Ulmschneider et al. the cytoplasmic and extracellular orientations are
treated independently, whereas in the method of Senes et al. the two orientations
are treated symmetrically. Treating the membrane as asymmetric yields a truer fit
for charged residues though at the cost of a reduced count size and therefore less
statistical certainty. Another difference is the way in which the propensity is cal-
culated. Nonetheless, the two methods arrive at similar scoring functions. Baker’s
group has used a similar more coarse-grained method, in which the membrane is
divided into only four bins (representing inner hydrophobic, outer hydrophobic,
interface, and polar membrane layers), in structure prediction in concert with a
number of other potential energy functions (Yarov-Yarovoy et al. 2006). More
recently, the same group has replaced this statistical function with a more physi-
cal-based function relying on implicit solvation energies, including implicit mem-
brane model 1 (IMM1; described below) to model desolvation between buried and



Understanding Membrane Proteins 329

membrane-exposed protein positions and calculated transfer free energies of
amino acid side chain analogs from vacuum to water and from vacuum to
cyclohexane to model desolvation from water to the membrane. This change along
with others allowed for more accurate structure prediction (Barth et al. 2007).

Implicit solvation is a much more computationally intensive method with which
to calculate solvation effects on peptides. This method calculates generalized effects
of the lipid on each atom of the protein. The two methods currently in use are the
generalized Born method (Spassov et al. 2002; Im et al. 2003) and IMM1 (Lazaridis
2003). IMML is the less computationally intensive of the two, using a slightly less
rigorous approximation for electrostatics, and a simpler reference energy (see Sect.
4.2). Both methods have been shown to successfully predict a peptide’s orientation
in the membrane (Im and Brooks 2005; Lazaridis 2005). Poisson—Boltzmann calcu-
lations are possible, and can yield information on position and orientation (Berneche
et al. 1998; Kessel et al. 2000) but are also computationally expensive.

The most rigorous methods used to describe solvation within the membrane
have explicit lipid and water molecules. These calculations can yield the most
detailed information, but at a high computational cost. Simulations using molecular
dynamics (Sansom et al. 1995; Shepherd et al. 2003) can only predict effects in the
nanosecond time scale, and therefore using this method to determine conformation
of a peptide within a bilayer will be considerably biased by the starting conditions
of the calculation.

4.2 Self-Energy

A self-energy, also known as reference energy, is used to correct for the unfolded
state. As discussed earlier, because of the stability of isolated helices populated by
two-stage folding in membrane proteins, the unfolded state is usually approximated
by a monomeric helix.

4.3 Contact Potentials

A contact potential is a statistical potential with energy based on the prevalence
of the proximity of two bodies. The information contained in proximity includes
hydrogen-bonding, electrostatics, hydrophobic, and solvophobic interactions. Such
potentials have been developed for soluble proteins both for atom types (Mitchell et
al. 1999; Lu and Skolnick 2001; McConkey et al. 2003; Summa et al. 2005) and for
residue types (Miyazawa and Jernigan 1996; Zhang, Chen et al. 2006). Contact
potentials have the benefit of being much less computationally intensive than physi-
cal potentials and can accurately predict soluble protein structure (Simons et al.
1997). So far, there has been very little use of contact potentials in the computational
modeling of membrane proteins. A very coarse grained contact potential that gives
contacting residues a score of —1, —1/2, —1/4, or 0, was shown to predict the native
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structure of the glycophorin A homodimer (Fleishman and Ben-Tal 2002). More
recently, residue contact propensities were derived for membrane proteins on the
basis of high-resolution crystal structures (Adamian and Liang 2001). A similar
contact potential was recently used for structure prediction (Yarov-Yarovoy et al.
2006; Barth et al. 2007), but these potentials have yet to be used for protein design.

5 Putting It All Together: Membrane Structure
Prediction and Membrane Protein Design

Using (1) the understandings of how amino acids modulate membrane protein
interaction, (2) the knowledge of what forces are involved in membrane protein
oligomerization, and (3) the computational tools that predict some of the more
complex forces, one can carry out meaningful structure prediction and protein
design. Protein structure prediction and protein design can be seen as two sides of
the same coin. In structure prediction one has the sequence and desires to know
what the lowest-energy conformation will be; with design one has the shape and
desires a sequence that will adopt that shape with low energy. Both goals generally
require conformational searches of both the side chains and the backbone. Often the
backbone is designed or selected first and then — in the case of design — the side
chain identity and conformations are determined. However, sometimes, the design
or structure prediction is iterative, with backbone structure and side chain structure
informing each other (Rohl et al. 2004). Because of these parallels, similar strate-
gies and potential energy functions are utilized for both.

5.1 Structure Prediction

Many methods have been used to predict membrane protein structure. The TM dimer
of glycophorin A can be predicted with an elegant energy function that simply sums
two terms: a negative term for the contact of two residues known to promote helix
packing and a positive term for the burial of large residues (Fleishman and Ben-Tal
2002). Combining a van der Waals energy function with a scoring function from muta-
tional data has been shown to predict helical dimer structure (Metcalf et al. 2007).
More complicated methods, including those that combine statistical energy functions
and physical energy functions, have been used to predict more complicated membrane
protein structure. A modification of the Rosetta algorithm (Rohl et al. 2004), which
builds the conformation of a proteins using a fragment assembly method, was used to
predict the structure of some portions of a wide range of proteins (Yarov-Yarovoy
et al. 2006). The energy function used differs from the standard Rosetta energy function
in the addition of a statistical environmental energy. This term is based on the propen-
sity of a given amino acid being within a particular burial state and depth within the
membrane. The energy function also includes a membrane-specific contact potential.
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More recently, this function was modified by replacing the statistical solvation/envi-
ronmental potential with an implicit solvation and environmental potential, and a more
detailed hydrogen-bonding treatment. This led to structure prediction of near atomic
accuracy for a number of helical proteins (Barth et al. 2007). A modified form of
TASSER (Zhang and Skolnick 2004), a program that combines homology modeling
with statistical and physical energy functions, has been used to model GPCRs (Zhang
et al. 2006). These functions have yet to be used in design.

5.2 Membrane Peptide Design

Recently, TM helical peptides that can bind to targets with high specificity and
affinity have been designed de novo (Yin et al. 2007). The method consists of four
steps (Fig. 5): (1) selection of a helical-pair structural motif based on sequence;
(2) selection of a nativelike helical-pair backbone within the chosen structural
motif; (3) threading the sequence of the targeted TM helix onto one of the two
helices of the selected pair; and (4) selection of the amino acid sequence of the
designed peptide helix with a side chain repacking algorithm.

Because the natural backbones that were used were positioned such that they
had nativelike interhelical hydrogen bonding, hydrogen bonding did not need to be
encoded in the potential energy function. The potential that was used was very
simple and consisted of only two terms: a van der Waals term and a statistical
depth-dependent potential (Senes et al. 2007) in lieu of a solvation term. The ability

Fig. 5 Design process for peptides that bind to transmembrane proteins. a Superimposed helical-
pair backbones of one structural motif. b Selected backbone. ¢ Target structure is threaded onto
one helix (front helix), positions for repacking are selected on the other helix. Repacked positions
are highlighted in light gray with spheres on C . d The designed helix (farther back) is repacked
to have good van der Waals contacts with the target helix. Repacked positions shown in light gray
with spheres on C
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of the designed peptides to discriminate between similar targets testifies to the
importance of the shape complementarity in membrane protein oligomerization.

To illustrate the method, peptides were designed that specifically recognize the
TM helices of two closely related integrins (atIIbB3 and avB3). The affinity and
specificity of this design was verified using a large number of experimental meth-
ods. Fluorescence resonance energy transfer assays and analytical ultracentrifuga-
tion in micelles demonstrated the affinities of the designed peptides for their
targets. A dominant negative ToxCAT assay in E. coli membranes established that
the designed peptides acted specifically on their targets to the exclusion of other
homologous proteins. Platelet assays and force spectroscopy demonstrated that the
designed peptides activated their targets in vivo. More work will be needed to verify
that this method can be used for a wider variety of protein targets, but it seems
likely that this method has many diagnostic and therapeutic applications.

6 Conclusion

The interactions between helices in the lipid bilayer are critical for many areas of
cellular function. The ability to manipulate these interactions can only come
through understanding how individual amino acids modulate TM structure, what
forces are responsible for oligomerization in the membrane, and how to computa-
tionally encode those concepts. Recent design of TM peptides that bind to TM pro-
teins with high specificity and affinity tests and extends our understanding of the
principles of membrane protein structure and function. Furthermore, it suggests
that sequence-specific recognition of helices in TM proteins can be achieved
through optimization of the geometric complementarity of the target—host complex.
Not only does this provide insight into protein—protein interactions in the mem-
brane, it also provides a method to design antibody-like reagents that target a vari-
ety of membrane proteins. We believe that this method for targeting TM helices
should have applications as widespread as antibodies themselves.

Acknowledgment We thank the National Institutes of Health (GM60610 and training grant
5-T32-GMO08275) for support of this work.

References

Acharya A, Ruvinov SB, Gal J, Moll JR, Vinson C (2002) A heterodimerizing leucine zipper
coiled coil system for examining the specificity of a position interactions: amino acids I, V, L,
N, A, and K. Biochemistry 41:14122-14131

Adamian L, Liang J (2001) Helix—helix packing and interfacial pairwise interactions of residues
in membrane proteins. J Mol Biol 311:891-907

Adamian L, Liang J (2002) Interhelical hydrogen bonds and spatial motifs in membrane proteins:
polar clamps and serine zippers. Proteins Struct Funct Genet 47:209-218



Understanding Membrane Proteins 333

Adamian L, Nanda V, DeGrado WF, Liang J (2005) Empirical lipid propensities of amino acid
residues in multispan alpha helical membrane proteins. Proteins Struct Funct Bioinformat
59:496-509

Arbely E, Arkin IT (2004) Experimental measurement of the strength of a C —H-+-O bond in a lipid
bilayer. ] Am Chem Soc 126:5362-5363

Arselin G, Giraud MF, Dautant A, Vaillier J, Brethes D, Coulary-Salin B, Schaeffer J et al (2003)
The GxxxG motif of the transmembrane domain of subunit e is involved in the dimerization/
oligomerization of the yeast ATP synthase complex in the mitochondrial membrane. Eur J
Biochem 270:1875-1884

Ash WL, Stockner T, MacCallum JL, Tieleman DP (2004) Computer modeling of polyleucine-
based coiled coil dimers in a realistic membrane environment: insight into helix—helix interac-
tions in membrane proteins. Biochemistry 43:9050-9060

Barth P, Schonbrun J, Baker D (2007) Toward high-resolution prediction and design of transmem-
brane helical protein structures. Proc Natl Acad Sci USA 104:15682-15687

Berneche S, Nina M, Roux B (1998) Molecular dynamics simulation of melittin in a dimyristoyl-
phosphatidylcholine bilayer membrane. Biophys J 75:1603-1618

Bowie JU (1997) Helix packing in membrane proteins. J Mol Biol 272:780-789

Caputo GA, London E (2003a) Cumulative effects of amino acid substitutions and hydrophobic
mismatch upon the transmembrane stability and conformation of hydrophobic alpha-helices.
Biochemistry 42:3275-3285

Caputo GA, London E (2003b) Using a novel dual fluorescence quenching assay for measurement
of tryptophan depth within lipid bilayers to determine hydrophobic alpha-helix locations
within membranes. Biochemistry 42:3265-3274

Choma C, Gratkowski H, Lear JD, DeGrado WF (2000) Asparagine-mediated self-association of
a model transmembrane helix. Nat Struct Biol 7:161-166

Chung LA, Lear JD, Degrado WF (1992) Fluorescence studies of the secondary structure and
orientation of a model ion channel peptide in phospholipid-vesicles. Biochemistry 31:
6608-6616

Constantinescu SN, Liu XD, Beyer W, Fallon A, Shekar S, Henis YI, Smith SO et al (1999)
Activation of the erythropoietin receptor by the gp55-P viral envelope protein is determined by
a single amino acid in its transmembrane domain. EMBO J 18:3334-3347

Dawson JP, Weinger JS, Engelman DM (2002) Motifs of serine and threonine can drive associa-
tion of transmembrane helices. J Mol Biol 316:799-805

Doura AK, Fleming KG (2004) Complex interactions at the helix—helix interface stabilize the
glycophorin A transmembrane dimer. J Mol Biol 343:1487-1497

Eilers M, Shekar SC, Shieh T, Smith SO, Fleming PJ (2000) Internal packing of helical membrane
proteins. Proc Natl Acad Sci USA 97:5796-5801

Eisenberg D, Weiss RM, Terwilliger TC (1982) The helical hydrophobic moment - A measure of
the amphiphilicity of a helix. Nature 299(5881):371-374

Eisenberg D, McLachlan AD (1986) Solvation energy in protein folding and binding. Nature
319:199-203

Fleishman SJ, Ben-Tal N (2002) A novel scoring function for predicting the conformations of
tightly packed pairs of transmembrane alpha-helices. J] Mol Biol 321:363-378

Freeman-Cook LL, Dixon AM, Frank JB, Xia Y, Ely L, Gerstein M, Engelman DM et al (2004)
Selection and characterization of small random transmembrane proteins that bind and activate
the platelet-derived growth factor beta receptor. J Mol Biol 338:907-920

Garrity D, Call ME, Feng J, Wucherpfennig KW (2005) The activating NKG2D receptor assem-
bles in the membrane with two signaling dimers into a hexameric structure. Proc Natl Acad
Sci USA 102:7641-7646

Gerber D, Sal-Man N, Shai Y (2004) Two motifs within a transmembrane domain, one
for homodimerization and the other for heterodimerization. J Biol Chem 279(20):
21177-21182



334 J.S. Slusky et al.

Gerber D, Quintana FJ, Bloch I, Cohen IR, Shai Y (2005) p-enantiomer peptide of the TCRo;
transmembrane domain inhibits T-cell activation in vitro and in vivo. FASEB ]
19:1190-1192

Gordon DB, Marshall SA, Mayo SL (1999) Energy functions for protein design. Curr Opin Struct
Biol 9:509-513

Gratkowski H, Lear JD, DeGrado WF (2001) Polar side chains drive the association of model
transmembrane peptides. Proc Natl Acad Sci USA 98:880-885

Harris JM, Martin NE, Modi M (2001) Pegylation - A novel process for modifying pharmacokinet-
ics. Clinical Pharmacokinetics 40(7):539-551

Hessa T, Kim H, Bihlmaier K, Lundin C, Boekel J, Andersson H, Nilsson I et al (2005)
Recognition of transmembrane helices by the endoplasmic reticulum translocon. Nature 433:
377-381

Im W, Brooks CL (2005) Interfacial folding and membrane insertion of designed peptides studied
by molecular dynamics simulations. Proc Natl Acad Sci USA 102:6771-6776

Im W, Feig M, Brooks CL (2003) An implicit membrane generalized born theory for the study of
structure, stability, and interactions of membrane proteins. Biophys J 85:2900-2918

Javadpour MM, Eilers M, Groesbeek M, Smith SO (1999) Helix packing in polytopic membrane
proteins: role of glycine in transmembrane helix association. Biophys J 77:1609-1618

Jayasinghe S, Hristova K, White SH (2001) Energetics, stability, and prediction of transmembrane
helices. ] Mol Biol 312:927-934

Joh NH et al (2002) Modest stabilization by most hydrogen-bonded side-chain interactions in
membrane proteins. Nature 453(7199):1266-1270

Kessel A, Cafiso DS, Ben-Tal N (2000) Continuum solvent model calculations of alamethicin-
membrane interactions: thermodynamic aspects. Biophys J 78:571-583

Kleiger G, Perry J, Eisenberg D (2001) 3D structure and significance of the G Phi XXG helix
packing motif in tetramers of the E1 beta subunit of pyruvate dehydrogenase from the archeon
Pyrobaculum aerophilum. Biochemistry 40(48):14484—14492

Kleiger G et al (2002) GXXXG and AXXXA: Common alpha-helical interaction motifs in
proteins, particularly in extremophiles. Biochemistry 41(19):5990-5997

Killian JA (1998) Hydrophobic mismatch between proteins and lipids in membranes. Biochim
Biophys Acta 1376:401-415

Lazaridis T (2003) Effective energy function for proteins in lipid membranes. Proteins Struct
Funct Genet 52:176-192

Lazaridis T (2005) Implicit solvent simulations of peptide interactions with anionic lipid membranes.
Proteins Struct Funct Bioinformat 58:518-527

Lear JD, Wasserman ZR, Degrado WF (1988) Synthetic amphiphilic peptide models for protein
ion channels. Science 240:1177-1181

Lear JD, Gratkowski H, Adamian L, Liang J, DeGrado WF (2003) Position-dependence of stabi-
lizing polar interactions of asparagine in transmembrane helical bundles. Biochemistry 42:
6400-6407

Lee AG (2002) Ca2+-ATPase structure in the E1 and E2 conformations: mechanism, helix—helix
and helix-lipid interactions. Biochim Biophys Acta-Biomembr 1565:246-266

Lee SF, Shah S, Yu C, Wigley WC, Li H, Lim M, Pedersen K et al (2004) A conserved GXXXG
motif in APH-1 is critical for assembly and activity of the y-secretase complex. J Biol Chem
279:4144-4152

Lew S, Ren J, London E (2000) The effects of polar and/or ionizable residues in the core and
flanking regions of hydrophobic helices on transmembrane conformation and oligomerization.
Biochemistry 39:9632-9640

Li SC, Deber CM (1994) A measure of helical propensity for amino acids in membrane environ-
ments. Nat Struct Biol 1:368-373

Liu W, Eilers M, Patel AB, Smith SO (2004) Helix packing moments reveal diversity and conser-
vation in membrane protein structure. J Mol Biol 337:713-729

Loll B et al (2003) Functional role of C-alpha-H center dot center dot center dot O hydrogen bonds
between transmembrane alpha-helices in photosystem I. J Mol Biol 328(3):737-747



Understanding Membrane Proteins 335

Lopez de la Paz M, Serrano L (2004) Sequence determinants of amyloid fibril formation. Proc
Natl Acad Sci USA 101:87-92

Lu H, Skolnick J (2001) A distance-dependent atomic knowledge-based potential for improved
protein structure selection. Proteins-Structure Function and Genetics 44(3):223-232

McConkey BJ, Sobolev V, Edelman M (2003) Discrimination of native protein structures using
atom-atom contact scoring. Proceedings of the National Academy of Sciences of the United
States of America 100(6):3215-3220

Manolios N, Collier S, Taylor J, Pollard J, Harrison LC, Bender V (1997) T-cell antigen receptor
transmembrane peptides modulate T-cell function and T-cell-mediated disease. Nature Med
3:84-88

Meindl-Beinker NM, Lundin C, Nilsson I, White SH, von Heijne G (2006) Asn- and Asp-medi-
ated interactions between transmembrane helices during translocon-mediated membrane pro-
tein assembly. EMBO Rep 7:1111-1116

Mendrola JM, Berger MB, King MC, Lemmon MA (2002) The single transmembrane domains of
ErbB receptors self-associate in cell membranes. J Biol Chem 277:4704-4712

Metcalf DG, Law PB, DeGrado WF (2007) Mutagenesis data in the automated prediction of
transmembrane helix dimers. Proteins Struct Funct Bioinformat 67:375-384

Mitchell JBO, et al (1999) BLEEP- potential of mean force describing protein-ligand interactions:
I. Generating potential. ] Computational Chem 20(11):1165-1176

Milligan G (2004) G protein-coupled receptor dimerization: function and ligand pharmacology.
Mol Pharmacol 66:1-7

Miyazawa S, Jernigan RL (1996) Residue-residue potentials with a favorable contact pair term
and an unfavorable high packing density term, for simulation and threading. J Mol Biol
256(3):623-644

Mottamal M, Lazaridis T (2005) The contribution of C-H:--O hydrogen bonds to membrane pro-
tein stability depends on the position of the amide. Biochemistry 44:1607-1613

North B, Cristian L, Fu Stowell X, Lear JD, Saven JG, DeGrado WF (2006) Characterization of
a membrane protein folding motif, the Ser zipper, using designed peptides. J Mol Biol
359:930

Overton MC, Chinault SL, Blumer KJ (2003) Oligomerization, biogenesis, and signaling is pro-
moted by a glycophorin A-like dimerization motif in transmembrane domain 1 of a yeast G
protein-coupled receptor. J Biol Chem 278:49369-49377

Ozdirekcan S, Rijkers DTS, Liskamp RMJ, Killian JA (2005) Influence of flanking residues on
tilt and rotation angles of transmembrane peptides in lipid bilayers. A solid-state ’H NMR
study. Biochemistry 44:1004—1012

Park SH, Opella SJ (2005) Tilt angle of a trans-membrane helix is determined by hydrophobic
mismatch. J Mol Biol 350:310

Partridge AW, Melnyk RA, Yang D, Bowie JU, Deber CM (2003) A transmembrane segment
mimic derived from Escherichia coli diacylglycerol kinase inhibits protein activity. J Biol
Chem 278:22056-22060

Popot JL, Engelman DM (1990) Membrane-protein folding and oligomerization — the 2-stage
model. Biochemistry 29:4031-4037

Quintana FJ, Gerber D, Bloch I, Cohen IR, Shai Y (2007) A structurally altered D,L-amino acid
TCRo transmembrane peptide interacts with the TCRo and inhibits T-cell activation in vitro
and in an animal model. Biochemistry 46:2317-2325

Rees DC, Deantonio L, Eisenberg D (1989) Hydrophobic organization of membrane-proteins.
Science 245:510-513

Ren J, Lew S, Wang Z, London E (1997) Transmembrane orientation of hydrophobic alpha-heli-
ces is regulated both by the relationship of helix length to bilayer thickness and by the choles-
terol concentration. Biochemistry 36:10213-10220

Rohl CA, Strauss CEM, Misura KMS, Baker D (2004) Protein structure prediction using Rosetta
numerical computer methods, Pt D, vol. 383. Methods Enzymol 383:66-93

Rost B, et al (1995) Transmembrane Helices Predicted at 95-Percent Accuracy. Protein Science
4(3):521-533



336 J.S. Slusky et al.

Rost B, Fariselli P, Casadio R (1996) Topology prediction for helical transmembrane proteins at
86% accuracy. Protein Science 5(8):1704-1718

Russ WP, Engelman DM (2000) The GxxxG motif: A framework for transmembrane helix—helix
association. J Mol Biol 296:911-919

Sansom MSP, Son HS, Sankararamakrishnan R, Kerr ID, Breed J (1995) 7-Helix bundles — molecular
modeling via restrained molecular-dynamics. Biophys J 68:1295-1310

Schneider D, Engelman DM (2004) Involvement of transmembrane domain interactions in signal
transduction by alpha/beta integrins. J Biol Chem 279:9840-9846

Senes A, Gerstein M, Engelman DM (2000) Statistical analysis of amino acid patterns in trans-
membrane helices: the GxxxG motif occurs frequently and in association with beta-branched
residues at neighboring positions. J Mol Biol 296:921-936

Senes A, Ubarretxena-Belandia I, Engelman DM (2001) The C alpha-H center dot center dot
center dot O hydrogen bond: A determinant of stability and specificity in transmembrane helix
interactions. Proceedings of the National Academy of Sciences of the United States of
America 98(16):9056-9061

Senes A, Engel DE, DeGrado WF (2004) Folding of helical membrane proteins: the role of polar,
GxxxG-like and proline motifs. Curr Opin Struct Biol 14:465-479

Senes A, Chadi DC, Law PB, Walters RFS, Nanda V, DeGrado WF (2007) E-z, a depth-dependent
potential for assessing the energies of insertion of amino acid side-chains into membranes:
derivation and applications to determining the orientation of transmembrane and interfacial
helices. ] Mol Biol 366:436-448

Shepherd CM, Vogel HJ, Tieleman DP (2003) Interactions of the designed antimicrobial peptide
MB21 and truncated dermaseptin S3 with lipid bilayers: molecular-dynamics simulations.
Biochem J 370:233-243

Simons KT, Kooperberg C, Huang E, Baker D (1997) Assembly of protein tertiary structures from
fragments with similar local sequences using simulated annealing and Bayesian scoring functions.
J Mol Biol 268:209-225

Spassov VZ, Yan L, Szalma S (2002) Introducing an implicit membrane in generalized Born/solvent
accessibility continuum solvent models. J Phys Chem B 106:8726-8738

Summa CM, Levitt M, DeGrado WF (2005) An Atomic Environment Potential for use in Protein
Structure Prediction. J Mol Biol 352(4):986

Ulmschneider MB, Sansom MSP, Di Nola A (2005) Properties of integral membrane protein struc-
tures: Derivation of an implicit membrane potential. Proteins-Structure Function And
Bioinformatics 59(2):252-265

Ulmschneider, M.B., M.S.P. Sansom, and A. Di Nola (2006) Evaluating tilt angles of membrane-
associated helices: Comparison of computational and NMR techniques. Biophy J. 90(5):
1650-1660

von Heijne G (1999) A day in the life of Dr K. or how I learned to stop worrying and love
lysozyme: a tragedy in six acts. J Mol Biol 293:367-379

Walters RF, DeGrado WF (2006) Helix-packing motifs in membrane proteins. Proc Natl Acad Sci
USA 103:13658-13663

White SH (2005) How hydrogen bonds shape membrane protein structure. Adv Protein Chem
72:157-172

Wimley WC, Creamer TP, White SH (1996) Solvation energies of amino acid side chains and
backbone in a family of host—guest pentapeptides. Biochemistry 35:5109-5124

Yan-Chun Tang CMD (2004) Aqueous solubility and membrane interactions of hydrophobic pep-
tides with peptoid tags. Peptide Science 76(2):110-118

Yarov-Yarovoy V, Schonbrun J, Baker D (2006) Multipass membrane protein structure prediction
using Rosetta. Proteins Struct Funct Bioinformat 62:1010-1025

Yin H, Litvinov RI, Vilaire G, Zhu H, Li W, Caputo GA, Moore DT et al (2006) Activation of
platelet oIIbP3 by an exogenous peptide corresponding to the transmembrane domain of ollb.
J Biol Chem 281:36732-36741

Yin H, Slusky JS, Berger BW, Walters RS, Vilaire G, Litvinov RI, Lear JD et al (2007)
Computational design of peptides that target transmembrane helices. Science 315:1817-1822



Understanding Membrane Proteins 337

Yohannan S, Faham S, Yang D, Grosfeld D, Chamberlain AK, Bowie JU (2004) A CQ—H---O
hydrogen bond in a membrane protein is not stabilizing. ] Am Chem Soc 126:2284-2285
Zhang J, Chen R, Liang J (2006) Empirical potential function for simplified protein models:
Combining contact and local sequence-structure descriptors. Proteins: Structure, Function, and
Bioinformatics 63(4):949-960

Zhang Y, Skolnick J (2004) Automated structure prediction of weakly homologous proteins on a
genomic scale. Proc Natl Acad Sci USA 101:7594-7599

Zhang YP, Lewis RN, Hodges RS, McElhaney RN (1992) FTIR spectroscopic studies of the con-
formation and amide hydrogen exchange of a peptide model of the hydrophobic transmem-
brane alpha-helices of membrane proteins. Biochemistry 31:11572-11578

Zhang YP, Lewis RN, Hodges RS, McElhaney RN (2001) Peptide models of the helical hydro-
phobic transmembrane segments of membrane proteins: interactions of acetyl-K2-(LA)12-K2-
amide with phosphatidylethanolamine bilayer membranes. Biochemistry 40:474-482

Zhang Y, DeVries ME, Skolnick J (2006) Structure modeling of all identified G protein-coupled
receptors in the human genome. Plos Computat Biol 2:88-99

Zhou FX, Merianos HJ, Brunger AT, Engelman DM (2001) Polar residues drive association of
polyleucine transmembrane helices. Proc Natl Acad Sci USA 98:2250-2255



Index

A

A37, 216,217

Abbreviated tRNA, 257

Acetylation, 50, 78, 81, 83

Acetylphenylalanine, 135

Acp, 211, 214, 215. See also p-acetyl-
L-phenylalanine

Acyl-initiated capture, 38, 39

Acyl shift, 35-38, 41, 71, 72, 74, 76

Adenoviral, 107

Aggregation phenomena, 32

7AI and derivatives, 302

Alanine (Ala), 17, 40, 47, 48, 68, 73, 74, 76,
87, 157, 160, 162, 163, 165, 176, 177,
180, 181, 186, 187, 189, 192, 193,
243, 265, 320, 322, 323, 324, 325

Aladan, 240

Aldehydes, 34, 35, 106-108

Alkenes, 131, 135

Alkynes, 52, 53, 131, 132, 135

Allo-isoleucine, 246

Allo-O-methylthreonine, 246

Alanine scanning, 181, 187

Allylglycine, 191, 259

Amber codon suppression,
128, 129

Amber suppression, 273, 274, 277

Amines, 35-39, 43, 106

2-Amino-3-(7-nitrobenzo[ 1,2,5]oxadiazol-
4-ylamino)propionic acid, 240

2-Amino-3-methyl-4-
pentenoic acid, 136

2-Amino-6-(2-thienyl)purine, 221

2-Amino-6-methylaminopurine, 221

Amino acid

o-amino acid, 235, 242
analogs, 85, 87-88, 128, 129, 133, 142, 146,

205, 206, 207, 216, 221, 222, 259, 261,
262, 263, 274, 278, 279, 281, 284, 285

caged, 88-89
caged amino acid, 238, 239
composition, 322
phosphorylated analog, 87-88
protecting groups, 256, 257
unnatural, 85-90
unnatural amino acid, 232-235, 237,
240, 243-249
B-Amino acids, 54
Aminoacylated pdCpAs, 257
Aminoacylation, 156, 157, 159, 160, 163,
169, 171, 174, 175, 178, 179, 181,
182, 185, 186, 188-193
Aminoacyl-tRNA synthetases, 128—132,
140, 163, 206-208, 210-215,
218, 261, 265
Aminobutyric acid, 246
2-Aminohexanoic acid, 49
3-Amino-L-tyrosine, 212
Aminolysis, 37, 38, 41, 56
Aminooxy-containing compounds, 35
Aminooxyglycine, 262, 263
Aminooxy groups, 34
Aminophenylalanine, 86, 139
Aminotryptophan, 138
Aminoxy, 54
Anticodon, 131, 157, 178, 179, 182, 185, 210,
216, 217, 221-223, 260, 272, 274, 278,
279, 281, 283, 284, 286
Aqueous iodine, 259
Aryl azide(s), 140-142
Aryl halide(s), 131, 135, 136
Aspartate (Asp), 49, 56, 68, 69, 170, 247,
325, 326
Atomic mutations, 47, 50
Automated synthesis, 100
Automated synthesizers, 32
Auxiliary(ies), 40, 71, 72, 76, 77, 319
Azapeptide, 54

339



340

Azatryptophan, 137

7-Azatryptophan, 137, 138

7-Aza-L-tryptophan, 222

Aza-ylide, 43, 44

Azetidine carboxylic acid, 249

Azide(s), 134, 140-142

Azide-alkyne ligation, 132135

AARS(s), 156-164, 166, 168, 169, 172,
175, 179, 180, 188-193, 273-275,
278, 284, 285

Azidocoumarin, 133

Azidohomoalanine, 44, 54, 133, 134

Azidonorleucine, 132-133

B

Backbone carbonyl, 243
Backbone chemistries, 30-31
Backbone ester, 242, 243

Backbone modification(s), 54-55, 206, 243

Backbone NH, 243

Barstar, 54, 135, 136, 138

Basic chemical principles, 45
Benzofurans, 142

Benzophenone(s), 90, 141, 142, 240
Benzothiophene, 247
Benzoyl-L-phenylalanine, 88, 212, 214
Bioavailability, 50, 54

Biocatalysts, 55

Biocytin, 241

Bioinformatics statistical potentials, 320
Bio-orthogonal, 128, 133, 241, 242

Bio-orthogonal ligation reactions, 128, 133

Biotechnology, 52, 202, 206, 292

Biotin, 52, 54, 57, 90, 91, 102, 132-136,
238, 241, 308, 309

hydrazide, 135
ligase, 57

Biotinylation, 50, 99

Bipolymerase Systems, 306-307

Bisalanyl-tRNA,,,, 265

Bisallyglycyl-tRNA,, ., 267

Bisaminoacylated pdCpA, 265

Bisaminoacylated tRNA 267

Bisaminoacylated tRNAs, 256, 265-267

Bismethionyl-tRNA_, ,, 265

Blunt-ended ligation, 8, 9

Boropeptide, 54

Bovine serum albumin, 102, 103,
105-109

Bromoacetamide, 40, 103, 104

Bromoacetyl, 34, 35

B-Bromoalanine, 38

Bromophenylalanine, 135

BSA. See Bovine serum albumin
Bzp, 213-215, 221. See also p-benzoyl-
L-phenylalanine
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Caging, 47, 88, 89, 143, 239, 241

Catalase, 106

Cation—T interaction, 247-249

C-C coupling chemistries, 52

C-C cross-coupling, 52

CCRS, 214

Cell-free translation, 136, 139, 272-273,
275-2717, 281, 283, 287

Cell-surface, 57, 132, 272

Cell-surface display, 133

Central nervous system (CNS), 232, 233

Chain elongation, 32, 56

Chemical misacylation, 260

Chemical mutation, 48

Chemical transfection, 235
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Chemoselective ligation, 30, 31, 34-36, 38,

112, 135
Chemoselective reaction, 37, 66, 105
Chemoselective transformations, 39
Chemoselectivity, 34, 35, 99
Chimera, 2, 18, 20, 50
Chimeragenesis, 3, 4, 6, 8, 10, 14,
20, 22-24
advantages, 22
disadvantages, 23
Chinese hamster ovary cells, 235
Chromophore formation, 33
Circular permutation, 6, 20
Click chemistry, 52-54, 241
Coiled-coil peptides, 145
Combinatorial domain swapping, 6

Compartmentalized self-replication, 307-310

Conformational preferences, 262

Contact potentials, 325, 329, 330

Coumarin, 11, 12, 54, 104, 136, 139

Coupling efficiency, 31, 32

Crambin, 41

Cross-linking, 47, 50, 90, 128, 140-142,
174, 182, 213, 240

Cross-over, 2, 4, 6-11, 13, 17

Cu(I)-catalyzed cycloaddition, 53, 54

Cyan fluorescent protein, 138

Cyanomethyl ester, 260

Cyclization, 43, 51, 163, 168, 169, 171,
187, 188

Cycloaddition(s), 29, 52-54, 112, 113, 132

Cyclohexylalanine, 249
Cyclooctyne-biotin reagents, 132
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Cysteine (Cys), 15, 32, 35, 36, 38-42, 47-49,
51, 56, 66-69, 72-717, 80, 81, 84, 91,
92,98, 100, 102, 103, 105, 111, 114,
115, 118, 131, 136, 143, 157, 161-163,
174, 181, 215, 232, 239-241, 244, 259

Cystine, 51

D
Dabcyl diaminopropionic acid, 222
D-amino acid(s), 185, 223, 224, 235,
262, 263, 265, 318
Dansylalanine, 139
Decarboxylative condensation, 42
Dehydroalanine, 39, 110, 117
Dehydrofolate reductase, 103, 131, 134, 191
Deprotection, 31, 32, 70-72, 105, 107,
256, 259
Depsipeptide, 32, 54, 262
Desulfuration, 40
DHEFR. See Dihydrofolate reductase
DHFR mRNA, 267
Diazirines, 142, 240
Dihydrofolate reductase, 17-20, 142,
191, 222, 262, 264-267
Dimethylallyl diphosphate:tRNA
dimethylallyl-transferase, 216
dIsoC, 297, 298, 306
dIsoG, 297, 306
5,5-Dimethylproline, 249
Diphenylphosphinomethanethiol, 44
2-(diphenylphosphinyl phenol, 44
2-diphenylphosphinylthiophenol, 44
Disulfide, 32, 37, 39, 51, 102, 103, 105, 106,
114, 115, 239, 242, 243, 309
D-methionine, 264, 265
DNA
binding, 78, 85, 143, 144
methyltransferase, 20, 21
polymerase 3, 262
polymerase I, 281, 286, 292, 295, 306
reassembly by interrupting synthesis, 7, 8
shuffling, 2, 7-9, 17, 22, 23
Domain swapping, 6, 20
D-phenylalanine, 264, 265
Drug discovery, 54, 292
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Editing
post-transfer, 159, 164, 168-171, 174-182,
185, 186, 188, 189
pre-transfer, 159, 164, 168-171, 174, 178,
179, 181, 185, 187
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Editing domain, 157, 159-163, 181-183,
186-190
cis, 163
CP1, 171
C-terminal, 185
freestanding, 180
INS-like, 180
N-terminal, 180, 185
trans, 193
Electrostatics, 325, 328
Endothiopeptide, 54
Enzymatic fragmentation, 34
Enzyme-mediated protein modifications, 57
Enzyme profiling, 54
Epibatidine, 243, 244
eRF-1, 218, 219
eRF-3, 219
Erythropoietin, 103, 317
Ethylphenylalanine, 54
Ethynylphenylalanine, 133, 191.
See also p-ethynylphenylalanine
Evolution, 2, 10, 14, 17, 20-23, 45, 55,
128, 137, 141, 145, 146, 159, 169,
189, 210-213, 224, 292, 296, 307,
310 2, 10, 14, 17 20-23, 45, 55, 128,
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Evolution of fluorinated enzymes, 145
Expansion of genetic code, 206, 207, 213,
214, 221, 224, 272, 279, 280, 292
Expressed protein ligation, 41, 42, 67, 70,
72,74, 138
Extein, 41, 72-75

F

Factor Xa, 42, 74, 76

Firefly luciferase, 264

Fischer-Hofmeister theory, 30

Five-base codon(s), 130, 206, 222, 260

Flavin cofactor, 50

Flow cytometry, 54, 132

Fluorescein hydrazide, 135, 214

Fluorescence resonance energy transfer,
83, 84, 130, 140, 222, 240, 332

Fluorescent amino acids, 137-140

Fluorescent dyes, 131, 133

Fluorinated amino acids, 128, 144-146

Fluorination, 144, 145, 247-249

Fluorination plot, 249

4-Fluorohistidine, 57

4-Fluorophenylalanine, 246

Fluorophore(s), 138-140, 240

Fluorotyrosine, 139
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Formate dehydrogenase, 48, 49

Formylmethionine, 46, 278

Four-base codon(s), 130, 222, 226, 234,
260, 274

Four-helix bundles, 144

Fragment condensation, 31-33

Frameshift suppression, 129, 130, 234, 240

Free energy of insertion, 320

FRET. See Fluorescent resonance energy
transfer

G

Generalist enzyme, 23

Gene rearrangement, 10, 22

Gene splicing by overlap extension, 5

Genetic code, 30, 45, 48, 52, 78, 130, 156,
190, 192, 193, 206, 207, 213, 214,
221, 222,224,272, 274, 279, 280,
287, 292

Genome(s), 21, 45, 57, 98, 250

GFP. See Green fluorescent protein

Glutamine (Gln), 40, 49, 218, 222, 234, 320

Glutamate (Glu), 40, 49, 56, 68, 74, 249

Glutathione peroxidase, 48

Glutathione transferase (GST), 10-14, 23

Glutharylaldehyde-mediated, 50

Glycine (gly), 35, 40, 48, 56, 57, 68, 70,
74,776,717, 86, 111, 157, 162, 165,
170, 181, 185, 186, 193, 237, 320,
322-324, 326

Glycoaldehyde ester, 35-37

Glycodendriproteins, 105

Glycoforms, 80, 98, 102, 110, 119

Glycosylation, 78, 80-82, 98, 101, 102-107,
112, 114, 135, 206, 212, 320, 326

Glycosyltransferases, 98, 106, 110

Glyoxalase II (GlyIl), 14-17, 23

GPCRs. See G-protein coupled receptors
(GPCRs)

G-protein coupled receptors (GPCRs),
214, 215, 317, 324, 331

Grb2, 213

Green fluorescent protein (GFP), 33, 45, 56,
57, 82, 83, 138, 139, 215

Guanidine hydrochloride, 39

GX3G, 324, 325

H

HI1 promoter, 210
HZ/Raney nickel, 76
Half-life, 50, 113, 145
Haloacetamide, 102
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Heck reaction, 52, 53

Helicity, 136, 320

Helix-helix interactions, 322, 326

Helix interface, 322, 323

Helix propensity, 320

Hexafluoroleucine, 144, 146

hGln, 222, 223. See also L-homoglutamine

Histidine, 15, 39, 49, 54, 68, 103, 160, 210

Histones, 83

HIV-protease, 35, 36

HIV-RT, 295, 305, 306

Homoallylglycine, 136, 191

Homocysteine, 39, 161, 162, 168-170, 187, 188

Homologous recombination, 6-8

Homology search, 22

Homopropargylglycine, 54, 133, 191

Huisgen cycloaddition, 53, 54

Human chromosomes, 45

Human embryonic kidney cells, 235

Humanization, 23

Human serum albumin (HSA), 108, 109

Hybrid, 1-10, 14, 18, 20, 22, 23, 47, 100, 116

Hybrid enzyme(s), 2, 3, 8-10, 14, 23

Hybrid protein(s), 24, 8, 23, 116

Hydrazide-containing compounds, 35

Hydrazide(s), 34, 35, 57, 71, 82, 135, 214

Hydrazine, 43, 54

Hydrazino amino acid(s), 262, 263

Hydrazinophenylalanine, 262

Hydrazone, 34, 35, 43

Hydrogen bonding, 176, 177, 186, 192,
221, 243, 246, 247, 249, 279, 281,
282, 285, 293, 296-300, 303, 310,
316, 317, 322, 325-329, 331

Hydrophobic, 15, 20, 57, 81, 88, 90, 144,
222,245, 249, 285, 286, 288, 294,
296, 298-306, 310, 317, 319-322,
325, 328, 329

Hydrophobic mismatch, 321

Hydrophobicity, 85, 245, 246, 249

Hydroxy, 35, 38, 39, 47

a-Hydroxy acid, 235, 236, 242, 243, 247,
261, 262

Hydroxy groups, 38, 47

Hydroxyl, 36, 113, 114, 116, 117, 156, 158,
175-179, 182, 286, 287, 327

Hydroxylamine(s), 41, 42, 57, 135, 241

5-Hydroxy-L-tryptophan, 215

5-Hydroxytryptophan, 137, 248

I
ICS and derivatives, 301-302
Imidates, 107
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Imidazole, 47, 68, 103

Iminolactone, 259

Immunogenicity, 50, 54

Immunoglobulin, 105

IMP-1, 15-17

Implicit solvation, 328, 329, 331

Incremental truncation for the creation of
hybrid enzymes (ITCHY), 8, 9, 11,
13, 21

Indole, 47, 137, 247

Intein, 38, 41, 42, 56, 72-75

In vivo method(s), 272, 320

JTodoacetamide, 102, 103

Todoarenes, 52

3-lIodo-L-tyrosine, 215, 221

Iodophenylalanine, 135:
See also p-iodophenylalanine

Iodotyrosine, 275, 281

3-Iodotyrosine, 281

Ton channel(s), 130, 142, 143, 208, 232, 236,
239, 243, 247, 249, 250, 317

Ion channel protein(s), 130, 143

IPRO, 23

Iso-1-cytochrome c, 31

IsoC, 207, 221, 279, 281

IsoG, 207, 221, 279, 281, 282

Isosteric analogs, 49, 50

Isosteric changes, 49

Isotopic labeling, 38, 90

K

a-Keto carboxylic acids, 42

Ketomethylene ester, 54

Ketone addition, 135

Ketone(s), 43, 57, 110, 111, 115, 131, 135,
137, 190, 241, 247

Keyhole limpet hemocyanin (KLH),
103, 104, 107, 108

Kf, 292, 296-302, 305, 306

Kinase(s), 78, 79, 80, 85, 86, 117, 239

Kinetic scheme, 18, 19

Klenow fragment, 281, 286, 292

KLH. See Keyhole limpet hemocyanin

L

Labeling, 38, 84, 90, 91, 99, 131-133, 135,
136, 140, 232, 240, 241, 278, 309

L-amino acid(s), 45, 185, 224, 259, 262, 318

Leucine zipper, 140, 144, 309

L-homoglutamine, 222

Lipidation, 78, 81-82, 101-102, 115

L-methionine, 264, 265
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530-Loop, 220

L-phenylalanine, 264, 265

LPXTG motif, 56, 57

Luciferase(s), 217, 244, 264, 265

Lysine (Lys), 34, 46, 50, 51, 83, 91, 98, 103,
104, 106, 107, 109, 110, 113, 114,
131, 167, 174, 181, 182, 185, 188,
192, 273, 319, 322

M
Main immunogenic region (MIR), 241
Maleimide, 103, 104, 114, 215
Mannose receptor, 107
Mass spectrometry, 105, 110, 133, 134
2-Mercaptobenzyl, 40
Mercaptodibenzofuranyl ester, 37
Mercaptoethyl ester, 41
Messenger RNA(s), 44, 46, 129, 130,
145, 166, 206, 220, 233, 260,
264, 275, 276
Metabolic stability, 47, 54
Methanethiosulfonates, 51, 105
Methionine, 39, 44, 49, 50, 54, 68, 74, 75,
85, 86, 110, 112, 118, 128, 133, 136,
142, 178, 185, 187, 188, 190, 210,
264, 265, 278
Methionyl-tRNA synthetase, 132, 163, 168,
187-188, 210
Methoxinine, 49
Methyl ketone, 247
4-Methylphenylalanine, 246
Methyl p-nitrobenzenesulfonate, 39
Microbial pathogenicity, 57
Microelectroporation, 235
Microinjection, 87, 207, 235
Misacylated, 47, 129, 178, 179, 266
Misacylated (transfer) tRNA(s), 47, 128, 156,
255-257, 259, 260, 262, 264, 267
Mizoroki—Heck reaction, 52, 53, 136
Modifon, 101
Molecular dynamics, 326, 327, 329
Monoallyglycyl-tRNA, 267
Monoaminoacylated pdCpA, 265
mRNA, 206, 216-221, 233, 235, 260, 267,
275, 278, 279, 281, 284
Multiwavelength anomalous diffraction, 128

N

N-acetylglucosamine (GlcNAc),
103, 105, 119

N-alkylhydroxylamine, 42

Nap and derivatives, 303



344

Naphthalene, 247

2-Naphthylalanine, 130, 131

2-Naphthyl-L-alanine, 222

Native chemical ligation (NCL), 36-42,
65-92, 101

N-bromoacetyl, 35

Neurons, 235

NCL. See Native chemical ligation

Nicotine, 243, 244

Nitrohomoalanine, 237, 247

Nitroveratryloxycarbonyl (NVOC), 259

N-methylated amino acids, 261

N-methyltryptophan, 247

NMR. See Nuclear magnetic resonance

Noncanonical amino acids, 49, 52,
128-146

Noncombinatorial domain swapping, 4

Nonhomologous recombination, 6, 8

Nonnatural amino acids, 54

Norvaline, 161, 162, 190, 191, 246

Novel proteins, 193

N—S acyl shift, 72, 74

Nuclear magnetic resonance (NMR),
90, 232, 317, 322

(0]
O-allyl-L-tyrosine, 136
Ochre, 206, 209, 216-219
Olefin metathesis, 136
2’0OMe modified, 309
O-methylhydroxylamine, 41
O-methyl-L-tyrosine, 211, 212
O-methylthreonine, 246
O-methyltyrosine, 139, 246
OMeTyr, 211, 212, 223. See also
O-methyl-L-tyrosine
o-nitrophenylglycine, 238, 239
o-nitrophenylsulfenyl, 257
Opal, 130, 206, 209, 215-219, 235
Organometallic chemistry, 52
Orthogonal
AARS, 189, 192, 193
aminoacyl-tRNA synthetase(s), 128-132,
140, 155-193, 206-224
pair, 191
tRNA, 130, 190-192, 233, 234
Oxazolidine, 36
Oxidative refolding, 32
Oxime, 34, 35
Oxime-linked, 110
Oxyethanethiol, 40
Oxytocin, 31
Ozonolysis, 107
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P
p-acetyl-L-phenylalanine, 212, 214
p-acetylphenylalanine, 135, 141, 191
p-aminophenylalanine, 162
p-C-acetylphenylalanine, 110
p-fluoro-L-phenylalanine, 192
p-fluorophenylalanine, 129
Palladium, 29, 40, 52, 76, 116, 135-136
Papain, 50, 55
Patch clamp, 232, 246
p-azidophenylalanine, 54, 113, 135, 140, 141
p-benzoyl-L-phenylalanine, 212, 214
p-benzoylphenylalanine, 141
p-carboxymethyl-L-phenylalanine, 212
PEGylation, 50, 112115, 131
Pentenoyl, 259
Peptide
backbone, 55, 72, 98, 262, 274
bond, 30, 31, 34, 36-38, 46, 54-56, 65,
67, 224, 239, 243, 249, 262
design, 318-327, 331-332
ligation, 41, 44
mimicry, 55
self-sorting, 145
synthesis, 31, 32, 46, 47, 55, 67,
70,71, 224
Peptidomimetics, 31, 54
Peptidyl acceptors, 262
Peptidyltransferase reaction, 262
Peptidyl tRNA, 262
Permutation by duplication, 20-22
Phage display, 132, 308-309
Phenyl rings, 304
1-Phenyl-2-mercaptoethyl, 40
Phenylalanine (Phe), 49, 52, 54, 68, 87, 90,
130, 131, 139, 140, 142, 143, 157,
187, 190, 192, 245-247, 249
Phenylazide, 240
Phenylselenenylsulfide, 105
Phenylthiosulfonates, 105
Phosphatase, 87, 88
Phosphine(s), 43, 44, 113, 134, 135
Phosphinothiol, 43
Phosphorylation, 51, 78-80, 85, 87, 89,
117, 119, 143, 206, 212
Photobleaching, 83
Photocaged amino acids, 142
Photocross-linkers, 88, 90
Photoisomerizable amino acids, 143
Photolabile groups, 41
Photolysis, 76, 238, 239
Photoreactive, 142, 213, 238, 240
Physical potential, 328, 329
p-iodophenylalanine, 52, 141, 191
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Pipecolic acid, 249
p-nitro-L-phenylalanine, 222
p-nitrophenyl acetate, 48
p-nitrophenylalanine, 140
Poly(ethylene glycol) (PEG), 50, 112-115
Polymerase o, 305
Polymerase chain reaction (PCR), 5-8, 16
Polymerase €, 305
Polymerase beta, 262-264, 305, 306
Polypeptide synthesis, 46, 55
Post-translational modification(s), 5-8, 16, 45,
97-119, 131, 135, 281, 286, 306, 308
Post-translational processing, 45, 77-78, 83,
92, 98, 100, 131, 135, 212, 224
Potential energy function(s), 327-331
Primary amines, 35, 43
Primordial enzymes, 23
Proline, 49, 68, 163, 180, 181, 243, 249, 259
Protease, 35, 48, 50, 54, 56, 74, 75, 182
Protease-mediated ligation, 56
Protection, 31-33, 37, 41, 68, 70, 76, 88,
112, 259, 260
Protection strategies, 31-33
Protein
biosynthetic machinery, 50
evolution, 10, 20-22
folding, 81, 135, 212, 224, 319
fragment(s), 30, 34, 40-42, 56, 66, 67,
69, 72,74, 75
isoform(s), 98
microarrays, 91, 140
modification(s), 29, 44, 48, 52, 57, 98,
99, 106, 112, 131, 135, 136
modiforms, 98, 106, 118, 119
oligomerization, 79, 80, 84, 89, 316,
319, 324-327, 330, 332
splicing, 38, 41, 45, 57, 72-73
stabilization, 144
structure, 2, 30, 47, 49, 50, 66, 67, 131,
139, 140, 244, 249, 262, 316, 324,
329, 330, 332
synthesis, 45, 131, 156, 158, 169, 176,
180, 189, 190, 192, 193, 206-208,
216, 221, 224, 233, 242, 257,
264-267, 272, 275, 286
synthesizing system(s), 256, 257, 260,
265-267
21st proteinogenic amino acid, 48
Proteolytic stability, 136
Proteome, 57, 77, 133, 134
Proteome dynamics, 133
Proteomic imaging, 133
Proximity principle, 35, 37, 41
Proximity rule, 36
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Pseudoproline, 32, 35, 36

PURE system, 218, 219, 275-278
Purine:pyrimidine, 296, 297
Pyridin-2-one, 221
Pyroglutamate, 258

Pyrrolysine, 46, 50

R
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Random priming recombination, 7
Raney nickel, 40, 47
Ras, 52, 81, 82, 91, 100-101, 100-101,
115, 116, 136, 284
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binding, 47
Cys-loop superfamily, 236, 237
GABAA and GABAC receptor, 235, 237,
247, 249
GABA transporter, 235
glycine receptor, 237
G protein coupled receptor, 214, 215, 235,
240, 317
K+ channels, 235, 239, 240, 248, 249
Na+ channels, 235
NK?2 receptor, 240
nicotinic acetylcholine receptor (nAChR),
235,237, 239
NMDA receptor, 235
serotonin receptor, 247, 249
Recombinant DNA technology, 42, 47
Recombinant technique, 34, 42
Recombinant technology, 34
Reductive amination, 106, 113, 118
Reference energy, 329
Regioselectivity, 114, 118
Release factor, 218-221, 277
Removable auxiliaries, 40
Replicate unnatural DNA, 305
Reporter groups, 47
Reverse transcriptase, 305
RF-1, 218, 220
RF-2, 218, 220
Rhamnosidase, 107
Rhodopsin, 214, 215
Ribonuclease, 31, 33, 44, 57, 85, 86
Ribonuclease A, 31, 33, 44, 57, 85, 86
Ribonuclease T1, 31
Ribosomal A-site, 218-220, 262
Ribosomal protein synthesis, 45, 192, 242
Ribosomal P-site, 262
Ribosomal synthesis, 42, 45, 47
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Ribosome(s)
ribo-X, 218-220, 221
specialized, 218-221, 223
Ribozyme(s), 139, 207, 274, 285
RNA
polymerase III, 210
templates, 45, 46
Rosetta algorithm, 330

S

S-30 preparations, 264

Scanning mutagenesis, 49

SCHEMA, 23

Schiff base, 34, 35

s-cis/s-trans isomerizations, 249

SCRATCHY, 9, 11

Selective chemical ligation, 35

Selenenylsulfide, 105-106

Selenocysteine (Sec), 39, 40, 46, 48, 49, 76

Selenolate, 39, 48

Selenomethionine, 49, 85, 128, 146

Selenotrypsin, 48

Semisynthesis, 30, 65-92, 98, 99, 118
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Sequence dependence, 32

Sequence homology independent protein
recombination (SHIPREC), 10

Sequence motifs, 21, 42, 157, 324

Sequential ligation, 41, 76, 78, 90

Sequential peptide ligation, 41

Serine (Ser), 34-36, 39, 48, 49, 56, 112, 166,
171, 185, 186, 189, 190-193, 320,
323, 324, 326

SH2 domain, 138, 213

Shape complementary, 298-300

[B-Sheet formation, 33, 243, 321

Shine-Dalgarno sequence, 219

Side chain modifications, 30, 47, 256

Site-directed amino acid mutagenesis, 48

Site-directed mutagenesis, 50-52, 67, 114,
185, 215, 232, 272

Site-selective, 48, 101, 102, 105, 111-115,
117, 119

Site-specific, nitrobenzyl-induced,
photochemical proteolysis
(SNIPP), 239

Smad2, 79, 80, 88, 89

S—N Acyl Shift, 36-38, 41, 76

Solid-phase peptide synthesis, 31, 32, 71

Solubility-enhancing groups, 319

Solvation, 245, 328-329, 331

Solvation potential, 328

Sonogashira coupling, 136
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Sonogashira reaction, 52, 53

Sortase, 56, 57

Spin label, 51, 90-91, 232, 241, 244

Squarate, 107-109

23S Ribosomal RNA, 263

Statistical methods, 328

Statistical potential, 320, 328, 329

Staudinger ligation, 42—44,
53, 113, 134-135

Staudinger-type ligation, 241

Stereochemistry, 45, 235

Stoffel fragment from Taq (Sf), 309

Stop codons, 20, 21, 48, 50, 206, 213, 216,
218, 219, 221, 224, 260

Structure prediction, 324, 328-331

Substrate mimetic approach, 56

Substrate selectivity, 10, 11

Subtiligase, 57

Subtilisin, 48, 56, 57, 118

Suppression

frameshift, 129, 130, 234, 240
nonsense, 129, 130, 143, 216, 218, 221,

223, 232-235, 240, 242, 247

Suppressor tRNA/aminoacyl-tRNA
synthetase pair(s), 129, 208-212,
216, 222, 224

Suzuki coupling, 136

Synthetic peptide(s), 34, 56, 67, 114, 136,
317, 318, 319

T

T4 RNA ligase, 256, 257, 273

Tag-modify approach, 101

Tandemly activated tRNAs, 265

Taq, 306-309

TASSER, 331

5-t-butyl proline, 249

Tellurocysteine, 48, 49

Telluromethionine, 49

(Te)Met, 49, 50

Tethered agonist, 236, 244

Tetrahymena thermophila, 217, 234

TEV protease, 74

Thermostable DNA Polymerases,
305, 306

Thermus thermophilus, 159, 167, 170, 265

Y-thialysine, 51

Thiazolidine, 36, 76

1,3-Thiazolidine-2-carboxylic acid, 41

Thioalkyl esters, 41

Thioester ligation, 35

Thioester(s), 14, 34-36, 38, 39, 41-44,
54, 56, 66-71, 207



Index

Thiol, 34, 35, 3840, 47, 48, 51, 67,
68-72, 74,76, 91, 102-106, 111,
112, 115, 117

B-Thiol, 35

Thiol capture, 37

Thiol-sulfide exchange, 37, 51

Thionation, 106

Thiosubtilisin, 56

Threonine (Thr), 34-36, 39, 49, 57, 72,
73,78, 80, 88, 114, 119, 246, 320,
323, 326

Total chemical synthesis, 33, 34, 45

Toxicity, 50

Translation, 44, 45, 128, 130, 133, 136,
139, 140, 143, 149, 156, 212,
218-222, 260, 261, 272-281,
283, 284, 286, 287

Translational machinery, 45, 142,
216-224, 250

Translation systems, 136, 139, 140, 260,
261, 271, 272, , 272, 274-278,
281, 283, 284

Translocation, 141, 163, 169, 171-175,
177-179

Transthioesterification, 44, 66, 68, 69, 76

Triaryl phosphines, 43

Trifluoroisoleucine, 144

Trifluoroleucine, 144, 145

4-Trifluoromethyl-L-phenylalanine, 212

Trifluorovaline, 144

tRNA transcripts, 257

Truncated intermediate, 21

Trypsin, 48, 134

Tryptophan, 39, 49, 68, 84, 137-140, 160,
192, 210, 237, 247, 259, 265
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