1
Introduction

The important thing in science is not so much to obtain new facts as to discover new
ways of thinking about them.

[W. L. Bragg]

1.1
Classical Approaches to Protein Modification

Chemical modification of solvent-accessible reactive side-chains has a long history
in protein science and a number of group-specific modifying agents are well
known. The N-terminal o-amino groups in protein sequences and e-amino groups
of lysine side-chains are common targets of chemical modifications. Chemical con-
jugations still play an important and general role in protein and cellular chemistry
along with biotechnology. For example, human Annexin-V modified by conjuga-
tion of its lysine side-chains with the fluorescent dye fluoroisothiocyanate is com-
monly used as a marker to study cell apoptosis [1]. The modification of proteins
and peptides with polyethylene glycol was, and continues to be, one of the most
frequent chemical modifications used in the manufacture of biopharmaceuticals
[2]. Moreover, a widely used protein modification method called “crystal soaking”,
where a protein crystal is “soaked” in a solution with certain heavy metals, is an
essential tool for protein X-ray crystallography (“structural genomics”) [3]. Chemi-
cal modifications were also extensively used for the introduction of different labels
(fluorescence markers, spin labels, etc.) and crosslinking with various photo-
linkers, fluorophores and cages in order to study protein topology or protein—
protein interactions [4].

In the era of classical enzymology, chemical modifications (acylations, amida-
tions, reductive alkylations, cage reagents, etc.) of functional groups (lysine, cys-
teine, tyrosine, histidine, methionine, arginine and tryptophan side-chains) repre-
sented the only available approach for studies of structure—function relationships.
At that time, a typical application of these approaches was to identify the residue
involved in catalysis or binding (e.g. carboxyl groups of aspartic or glutamic acids,
imidazole groups of histidine side-chains, hydroxy groups of tyrosine, serine and
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threonine, etc.) by a substance with specific modifying capacity. Cysteine side-
chains were always an attractive target for site-specific modification in proteins.
This is largely driven by the relative ease of specific modification of cysteine in pro-
teins without concomitant modification of other nucleophilic sites such as lysine
and histidine. As a result, a large number of reagents are available for the mod-
ification of cysteine. For example, Bender and Koschland used this approach to
chemically modify (“chemical mutation”) the active site of serine to cysteine in
subtilisin, which resulted in the loss of the peptidase activity [5, 6]. These early
protein structure—function studies also resulted in the mapping of the receptor-
binding regions in insulin. The chemical modification of the N-terminal glycine
of chain A provided a model to help understand the prerequisites of productive
binding. However, it was not possible to resolve the influence of the steric bulk im-
posed upon modification from the effects of the positive charge neutralization at
the N-terminal amino group [7].

The lack of specificity and unpredictability of the reaction accompanied by a dis-
tinct reduction or even loss of activity of the protein under study are, among
others, the major reasons why protein modifications are no longer popular today.
Site-directed mutagenesis offers a much more elegant and precise tool to address
such issues. For example, in the absence of a precise three-dimensional structure,
alanine (or glycine)-scanning mutagenesis [8] is suitable for systematic substitu-
tions of all residues in (or around) the putative active center of the protein under
study and the subsequent identification of the “essential” functional group.

1.2
Peptide Synthesis, Semisynthesis and Chemistry of Total Protein Synthesis

The “peptide theory” put forward in 1902 by Emil Fisher and Franz Hofmeister [9]
correctly postulated that proteins are made up of a-amino acids that are linked
head-to-tail by amide bonds. At that time chemists were mainly interested in the
total chemical synthesis of protein by using the techniques of classical organic
chemistry. Emil Fisher succeeded in synthesizing an 18-residue peptide composed
of glycine and 1-leucine in which amino acids were combined to yield small pep-
tides that could be coupled together to produce larger peptides [10]. The amino
acids could then be linked via the peptide (amide) in a stepwise manner [11]. Alter-
natively, in convergent fragment condensation, small peptides can be coupled
together to give a larger peptide. Fragment synthesis of insulin, the first protein
molecule to have been sequenced, was accomplished by three groups working in-
dependently at approximately the same time. The most recent achievement of so-
lution synthesis was the preparation of a linear 238-residue protein, a precursor of
green fluorescent protein (GFP) from Aequorea victoria [12]. Convergent condensa-
tion in combination with peptide bond synthesis in a stepwise manner was suc-
cessfully applied in the solid phase, resulting in the first total synthesis of the en-
zyme ribonuclease S [13, 14]. In this method, the C-terminal residue of the peptide
which is covalently anchored to an insoluble support is used to assemble the re-
maining amino acids in a stepwise manner and, finally, to cleave the synthesized
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product from the solid phase. These initial results have been followed by a series of
successful syntheses of a variety of enzymes.

These methods require a high degree of chemical sophistication, advanced syn-
thetic methods and skillful experimentation. These are some of the chief reasons
why they are still not widespread among the community of synthetic chemists.
These approaches have their own drawbacks, such as the poor solubility of the pro-
tected peptide intermediates formed by solution synthesis along with the accumu-
lation of byproducts that block reactions in a stepwise solid-phase synthesis. For all
these reasons, the total chemical synthesis of a homogeneous protein longer than
100 residues still presents a formidable challenge.

The strategy of convergent assembly (i.e. condensation) of synthetic and natural
peptide fragments is termed “protein semisynthesis”. The basic requirements for
semisynthesis are: (i) the synthetic donor peptide has to be protected and activated,
and (ii) an acceptor protein fragment that has to be prepared by enzymatic or
chemical fragmentation of the parent protein should be available and properly pro-
tected. Offord and Rose pioneered the use of hydrazone- and oxime-forming reac-
tions for chemically ligating such fragments [15]. Although these chemistries are
selective, they were in practice often hampered by the insolubility of the large pro-
tected peptide building blocks. Most recently, the rediscovery of the Staudinger li-
gation has represented an additional breakthrough in this field (see Fig. 1.1) [16].
From a purely chemical perspective, it is an excellent tool for protein/peptide liga-
tion that allows different protein/peptide fragments to be coupled at any desired
position, without the requirement for a particular sequence composition [17].

In order to chemically create a native amide bond between interacting frag-
ments, Kent and coworkers successfully performed a thiol-thioester exchange be-
tween unprotected fragments in aqueous solution — a technique they called “native
chemical ligation” (NCL) [18]. The N-terminal fragment contains a C-terminal
electrophilic a-thioester which can be conjugated via a thiol-thioester exchange re-
action to the N-terminal thiol-harboring fragment. Such developments are based
on the early discovery by Wieland and co-workers [19] that thioesters of amino
acids and peptides form peptide bonds with N-terminal cysteine in neutral aque-
ous solution via a spontaneous S — N-acyl shift, along with the procedures of
Blake [20] and Yamashiro [21] for thioester preparation by solid-phase synthesis.
See Fig. 1.1.

Some of the most striking examples that demonstrate the unique capacity of
NCL are total protein synthesis of the p-chiral form of HIV-1 protease (100 resi-
dues) [28] and the preparation of the posttranslationally modified artificial variant
of erythropoietin [29] (polymer modified; 166 residues). The p-enantiomer of
HIV-1 protease is completely active and exhibits reciprocal chiral specificity just as
much as the 1-enantiomer, i.e. it is capable of cutting only the p-peptide substrates.
Its three-dimensional structure is in all respects the mirror image of the “natural”
L-protease. Indeed, these examples dramatically illustrate the considerable poten-
tial of NCL as a complementary approach for protein engineering based on tem-
plated ribosome-mediated protein synthesis.

Since peptide synthesis is generally limited by the size of polypeptide-chain
(around 10 kDa) and genetically encoded protein modification (vide infra) still suf-
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Fig. 1.1. Basic approaches for chemoselec-
tive ligations [22, 23]. (A) NCL between
unprotected peptide fragments that contain
the requisite reactive groups (N-terminal Cys
and C-terminal thioester). (B) Staudinger
ligation forms an amide bond from an azide
and a specifically fictionalized phosphine.
This method allows independent amino acid
sequences to be coupled at any desired Xxx—
Yyy bond and, in this respect, is potentially
almost universal [24]. (C) EEL [25] uses specific
thioesters (generated by “classical” intein-
mediated approaches) as a substrate mimetic

for a Staphylococcus aureus V8 serine protease
in order to bypass the requirement for the
cysteine at the ligation site. (D) Sortase

from S. aureus, a membrane-anchored trans-
peptidase, cleaves any polypeptide provided
with a C-terminal sorting signal (LPXTG motif).
This strategy when applied to tagged green
fluorescent protein (Nt-GFP-LPXTG-6His-Ct)
enables its successful conjugation with various
donor molecules containing two or more N-
terminal glycines [26] (D- and L-peptides,
nonpeptide fragments and even other GFPs).
(From Budisa [27]; © Wiley 2004.)
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fers from limited scope, NCL has no current rival in the various types of experi-
mental designs that include sequential isotopic labeling, preparation of circular
proteins, insertion of the non-native polypeptide fragments or nonpeptide mole-
cules at predefined sites. The most commonly used ligation techniques for chemi-
cal transformation of proteins are thioester ligation, Staudinger ligation, oxime or
hydrazone ligation and disulfide ligation.

13
Chemoselective Ligations Combined with Biochemical Methods

In parallel with these purely chemical approaches, a number of biochemical
methods have also entered this arena. For example, protein splicing can now be
coupled with native chemical ligation and to give rise to expressed protein ligation
(EPL) [30]. This technique takes advantage of recombinant DNA technology to
generate protein fragments of any size via ribosomal synthesis. In this way large
proteins become accessible for chemoligation. An interesting alternative to these
chemoligation procedures is enzyme-catalyzed condensation [31] which was dem-
onstrated as early as 1938 by Max Bergman [32]. The studies of Kaiser and co-
workers [33] on subtilisin in the 1960s and 1970s provided a solid base for the
success of Wells and associates [34] in the engineering of an active site for this en-
zyme. They generated an enzyme (“‘subtiligase”) capable of efficiently catalyzing
the ligation of peptide fragments. Subtiligase exhibits a largely reduced proteolytic
activity and is functionally active as an acyl transferase. This property was exploited
for enzymatic condensation of six peptide fragments of ribonuclease A (each 12-30
residues, one of them containing the noncanonical amino acid 4-fluorohistidine)
[35].

Recent research in this field yielded expressed enzymatic ligation (EEL) [25],
which combines the advantages of EPL and the substrate mimetic strategy of
protease-mediated ligation. However, genome and proteome mapping among dif-
ferent biological kingdoms might offer attractive tools for such purposes. For ex-
ample, sortase-catalyzed proteolysis entered the arena of enzyme-mediated native
protein ligation very recently. Sortases are bacterial ( Staphylococcus aureus) enzymes
that are responsible for the covalent attachment of specific proteins to the cell wall
of Gram-positive bacteria in a two-step transpeptidation reaction either in vivo or in
vitro [36]. This strategy has now been “borrowed” from nature and was shown to
be suitable for protein—peptide and protein—protein ligations [26]. It is reasonable
to expect that the recruitment of chemical strategies that living organisms have op-
timized and developed during their evolution and their application in chemistry in
the future will be crucial for the development of novel technologies.

1.4
Methods and Approaches of Classical Protein Engineering

The use of the polymerase chain reaction (PCR) — originally developed by Kary
Mullis for efficient multiplication of specific DNA sequences [37], their sequencing
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and cloning — has revolutionized the possibilities for protein engineering. The PCR
greatly simplified experimental procedures to tailor new genes in vitro via fragment
deletion or insertion or nucleotide substitutions. Indeed, it is only with the ap-
proach of oligonucleotide-mediated site-directed substitutions of particular amino
acids in a target sequence [38] that the term “protein engineering” entered the vo-
cabulary of protein science [39]. The design and identification of proteins with
novel functions and properties was dramatically powered by methods that mimic
Darwinian evolutionary processes, i.e. natural evolution produces a large number
of variants by mutation and subsequently selects the “fittest” among them.
Routine molecular biology methods of mutation/recombination and screening/
selection in the test tube allow for rapid and direct isolation of biomolecules based
on their functional properties. This collection of methods has been termed directed
evolution [40] and provides a powerful tool for the development of biocatalysts
with novel properties without requiring an understanding of their complicated
structure—function relationships, or knowledge of enzyme structures or catalytic
mechanisms.

However, the major limitation of these methods and approaches (usually ne-
glected in the current literature) is that the changes introduced are limited to the
repertoire of the canonical 20 amino acids. The above-mentioned methods, in com-
bination with the experimental extension of the amino acid repertoire of the ge-
netic code through its engineering, will open a new era for designing not only pro-
tein structure and function, but also the design of novel cell types. Thus, traditional
(“classical”) methods for protein engineering and design can be supplemented or
even fully replaced by these novel approaches (Fig. 1.2).

1.5
Genetically Encoded Protein Modifications — Reprogramming Protein Translation

The ability and capacity of living cells to synthesize functional proteins is un-
rivaled. From the synthetic chemist’s point of view, the basic features which dem-
onstrate the power and versatility of ribosome-mediated protein synthesis over syn-
thetic approaches are the structural homogeneity of the synthesized polypeptide
and the possibility for the precise control of the (stereo)chemical composition of
the desired sequence. On the other hand, the same mechanisms that ensure high
fidelity of such templated protein synthesis limit the diversity of the amino acid
basic building blocks in this process. Therefore, breaking these limits either
in vitro or in vivo (eubacteria and eukaryotic cells) should offer the possibility to
add novel amino acids into the existing repertoire of the genetic code. This would
be possible only if the protein translational apparatus is reprogrammed, and sub-
sequently the scope and utility of the protein engineering is greatly expanded. This
means that genetically encoded (i.e. templated) protein modifications in combina-
tion with genetics, physiology and metabolic manipulation of living cells should
have great advantages over classical chemical modification, peptide synthesis, che-
moligation and even routinely used site-directed mutagenesis. This would make



1.5 Genetically Encoded Protein Modifications — Reprogramming Protein Translation

Genetic

Code

“Classical” protein engineering
(site-directed mutagenesis)

DNA level

o

codon manipulations
(DNA template changed)

- TAT -
_Tyr_

-TGG -
_Trp_

Sequence permutations
in the frame of standard

“‘New” protein engineering
(new amino acids into proteins)

Protein biosynthesis
level

&

codon reassignments
(DNA template unchanged)

- TGG -
- AminoTrp -

- TGG -
_Trp_

Adding novel amino acids
to the standard amino acid

amino acid repertoire

Fig. 1.2. Classical versus new protein
engineering. The discovery of site-directed
mutagenesis [38] allowed for permutation of
any existing gene-encoded protein sequence by
codon manipulation such as TAT (Tyr) — TGG
(Trp), i.e. replacement of one standard and
conserved amino acid with another. The
delivery of novel amino acids into the existing
amino acid repertoire as prescribed by the
genetic code is a novel form of protein
engineering [41]. This is exemplified above by
the experimental reassignment of the UGG
(TGG) coding unit for Trp to aminotryprophan
(AminoTrp). In this way, the interpretation of
the genetic code is changed, i.e. canonical —

repertoire

noncanonical amino acid replacement at the
level of the target protein sequence is fully
achieved. Related proteins can be defined as
mutants and variants. Mutant denotes a
protein in which the wild-type sequence is
changed by site-directed mutagenesis (codon
manipulation at the DNA level) in the frame of
the standard amino acid repertoire. Variant
denotes a protein in which single or multiple
canonical amino acids from a wild-type or
mutant sequence are replaced with non-
canonical ones (expanded amino acid
repertoire, codon reassignment at the protein
translation level).

not only novel side-chain and backbone chemistries accessible, but also open a
general perspective for novel chemistry to be performed in a controlled manner ex-

clusively inside the living cells.

Methods for the expansion of the number of amino acids that can serve as basic
building blocks in ribosome-mediated protein synthesis are described in the cur-

7
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rent literature under different names, such as “expanded scope of protein synthe-
sis” [42], “expanded amino acid repertoire” [43], “expanded genetic code” [44],
“tRNA-mediated protein engineering” (TRAMPE) [45], “site-directed non-native
amino acid replacement” (SNAAR) [46], etc. Their common feature is experimen-
tal re-coding, read-through or changes in meaning of coding triplets in the frame
of the existing universal genetic code. The experimental read-through can be
achieved either by reassignment of evolutionarily assigned coding triplets (i.e.
sense codons), suppression of termination triplets (UGA, UGG and UGU) or non-
triplet coding units. In the context of protein expression, this can be achieved by
controlling environmental factors (i.e. selective pressure) of the intact, but geneti-
cally modified, cells, by their supplementation with redesigned translation compo-
nents or by a combination of both. At the level of the universal genetic code these
experiments lead to an increase in its coding capacity by expanding its amino acid
repertoire. The term “engineering of the genetic code” covers all these aspects. It
strictly refers to experiments aimed at changing the interpretation of the universal
genetic code or changing the structure of the code by the introduction of novel cod-
ing units.

1.6
Basic Definitions and Taxonomy

A precise terminology is usually hampered in the early stages of development of
any novel research field because not enough is known to permit accurate defini-
tions. A pragmatic strategy applied in this book is to accept provisional, rough ter-
minological characterizations which can leverage the field’s early developmental
stages with the taxonomic refinements emerging as the surrounding facts become
clearer. For example, a great deal of knowledge gained from code engineering ex-
periments is actually related to the chemistry of Escherichia coli which, to date, re-
mains to the main cell type for protein expression experiments. There should be
no doubt that genetic code engineering in eukaryotic cells will provide additional,
novel and exciting facts, insights and concepts, and subsequently lead to revisions
of the existing ones. By taking into account the engineering of the genetic code’s
integration in several disciplines, it is obvious how difficult it is to gain a compre-
hensive overview in this field. Molecular and systems biology, genetics, metabolic
research, research on posttranslational modifications or pharmacological proper-
ties are also bringing their own rather complex terminology in this field. For exam-
ple, functional genomics or proteomics cover gene actions and interactions on a
genome- or proteome-wide scale, and include at least four levels of complexity:
genes (the genome), messenger RNA (the transcriptome), proteins (the proteome)
and metabolism (the metabolome).

In the early studies [47], the basic criterion for one substance to be regarded as
an “analog” was the requirement to have a shape and size similar to a naturally
occurring molecule without any dramatic differences in biophysical properties.
Such amino acid analogs that are sterically almost identical to the canonical
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ones, e.g. Met/SeMet or Arg/canavanine, are named isosteres. Modifications that
include addition/deletion of one or more side-chain methylene, e.g. Met/ethionine,
or other groups resulted in amino acids termed homologs. Relatively simple ter-
minology, already proposed in the current literature [43], that classifies a-amino
acids into two general groups (canonical and noncanonical) is used throughout
this book. Other terms that will occasionally be used in the text are cognate/
noncognate, coded/noncoded, proteinogenic/nonproteinogenic, standard/non-
standard, natural/unnatural/non-natural, special canonical amino acids (gener-
ated via cotranslational modifications) and biogenic amino acids (generated via
posttranslational modifications). Indeed, such a-amino acids, e.g. selenocysteine
or diiodo-tyrosine, are also “natural”, “proteinogenic” or ‘“‘common” and even “ca-
nonical” in the context of their physiological appearance. All these aspects are
summarized in Tab. 1.1.

Nowadays, the true meaning of the nature of the universal genetic code is often
confused. For example, it is often reported in the media that the human, yeast or
mouse ‘“‘genetic code” has been “cracked”, thereby causing unnecessary confusion.
In fact, this relates to the complete genome sequencing (i.e. nucleotide sequence
mapping) of the human, yeast or mouse genome. The term “genetic code” specifi-
cally refers to the correspondence between nucleotide sequence and amino acid

Tab. 1.1.  Taxonomy of canonical and noncanonical amino acids (these amino acids that
participate in ribosome-mediated protein synthesis are classified according to their
assignments/reassignments in the code table, metabolic activity and origin; posttranslational
modifications are strictly separated form coding process).

Feature a-amino acids®

Mode of translation in the polypeptide
sense codon-dependent incorporation canonical noncanonical

mostly nonsense coding unit reassignment  special canonical® special noncanonical®
in a context-dependent manner

posttranslational modifications (strictly special biogenic -
separated from basic coding)

Other aspects

position in the genetic code tabled naturally assigned  experimentally assigned
in vivo effects on cellular viability vital mostly toxic
origin mostly metabolism  mostly anthropogenic

3Most canonical or noncanonical amino acids can indeed be built into
peptides and proteins by peptide synthesis or total chemical synthesis
protocols as discussed in previous sections.

b“Special canonical amino acid” refers to formyl-methionine,
selenocysteine and pyrrolysine (see Section 3.10).

¢ Site-directed introduction of special noncanonical amino acids is
extensively discussed in Chapter 5.

dThis does not apply for special biogenic amino acids since they enter
the protein structure after translation.

9
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sequence. Canonical amino acids were defined by a three-letter code, e.g. methio-
nine (Met), leucine (Leu), phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp),
proline (Pro), etc. Noncanonical amino acids are given comparable names often
denoted by a three letter code: norleucine (Nle), ethionine (Eth) or with prefixes
that denote chemical functionality, e.g. 7-azatryptophan [(7-Aza)Trp]|. They are all
defined upon their first appearance in the text. The term “analog” defines strict
isosteric exchange of canonical/noncanonical amino acids (e.g. methionine/
selenomethionine) while the term “surrogate” defines nonisosteric changes (e.g.
methionine/ethionine, tryptophan/thienopyrrolylalanine). Their mode of transla-
tion in proteins can be position-specific (directed by reassignments of rare codons
and by suppression of termination or frameshifted coding units) or multiple-site
(usually directed by reassignments of common coding triplets or codon families
in the target sequence).
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