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The ability to alter protein structure by site-directed
mutagenesis has revolutionized biochemical research.
Controlled mutations at the DNA level, before protein
translation, are now routine. These techniques allow specific,
high fidelity interconversion largely between 20 natural,
proteinogenic amino acids. Nonetheless, there is a need to
incorporate other amino acids, both natural and unnatural, that
are not accessible using standard site-directed mutagenesis
and expression systems. Post-translational chemistry offers
access to these side chains. Nearly half a century ago, the idea
of a ‘chemical mutation’ was proposed and the interconversion
between amino acid side chains was demonstrated on select
proteins. In these isolated examples, a powerful proof-of-
concept was demonstrated. Here, we revive the idea of
chemical mutagenesis and discuss the prospect of its general
application in protein science. In particular, we consider amino
acids that are chemical precursors to a functional set of other
side chains. Among these, dehydroalanine has much potential.
There are multiple methods available for dehydroalanine
incorporation into proteins and this residue is an acceptor for a
variety of nucleophiles. When used in conjunction with
standard genetic techniques, chemical mutagenesis may allow
access to natural, modified, and unnatural amino residues on
translated, folded proteins.
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Introduction

The development of site-directed mutagenesis has revo-
lutionized protein science [1,2]. Specific, high fidelity
mutations at the DNA level are now routine and recombi-
nant expression systems enable site-specific incorporation
and variation of amino acid residues in the final protein.
Standard site-directed mutagenesis, however, is largely

limited to 20 natural, proteinogenic amino acid residues.
As biochemical endeavors and goals have advanced, a need
to incorporate non-natural or modified amino acid side
chains has emerged. Unnatural amino acids can be targeted
for further labeling as well as protein tracking and analysis
[3,4]. Amino acid side chains are also naturally modified —
phosphorylation, methylation, acylation, glycosylation are
a few such examples — and access to these side chains is
highly desirable if we are to explore their roles more
precisely [5]. Amber codon suppression and reprogrammed
genetic codes are two strategies for incorporating some
unnatural or modified amino acids not accessible through
normal translation [6-9]. Semi-synthesis by native chemi-
cal ligation is another alternative and through this method
the total synthesis of proteins has become reality [10].
Another strategy is to use chemistry on an expressed
and folded protein to install a desired side chain ata desired
site. It is this final strategy that is the focus of this review.
Our intention is not to provide a comprehensive review of
protein labeling methods. Rather, we wish to explore —
and indeed revive — the concept of ‘chemical mutagen-
esis’ put forth nearly half a century ago by Daniel E.
Koshland, Jr. [11°°]. Visionary contributions from the Kosh-
land [11°°] and Bender [12°°] laboratories described, for the
first time, the chemical conversion of one amino acid side
chain to another — a chemical mutation. As genetic tech-
nology, expression systems, and aqueous chemistry have
developed, it is worthwhile to revisit the idea of a chemical
mutation. We first trace the inception of this concept and
then consider its place in contemporary chemistry and
biology as a general method to alter protein structure
precisely.

Chemical mutagenesis: a seminal concept in

protein science

In 1966, the laboratories of Daniel E. Koshland, Jr. and
Myron L. Bender independently reported the first point
mutation of an enzyme [11°%,12°°]. In both reports, the
serine protease subtilisin was chemically converted to a
cysteine protease. The transformation is depicted in
Figure 1. The active site serine was first selectively
converted into a leaving group by treatment with phe-
nylmethanesulfonyl fluoride (PMSF) and then displaced
by the attack of thioacetate. The resulting thioacyl-
enzyme was hydrolyzed through the innate activity of
the protease, providing the thiol-subtilisin product.

The mutant enzyme was characterized both chemically
(the cysteine protease contains a single, easily detected
cysteine) and through kinetic analysis of protease activity.
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The first point mutation of an enzyme was reported independently by Koshland and Bender in 1966 [11°*,12°°]. The serine-to-cysteine mutation was
accomplished chemically. The more reactive serine of the active site of subtilisin is selectively converted into a leaving group using a sulfonyl fluoride
(BnSO.F). Displacement by thioacetate provides a thioacyl-enzyme intermediate that is hydrolyzed to the free thiol of cysteine.

T'he Ser to Cys mutation provided a near-isosteric mutant
for study of the protease active-site and mechanism. It
should be pointed out that at the time of these discov-
eries, no methods yet existed for site-specific mutagenesis
at the DNA level and the total chemical synthesis of
proteins was not yet feasible. Remarkably, Koshland and
Bender both anticipated the use of genetic modifications
to specifically control protein structure but until this
technology was available, they proposed a more immedi-
ately accessible method of mutation performed on the
translated protein through the use of chemistry — such
modifications were referred to as ‘chemical mutations’ by
Koshland [11°°] and ‘simulated mutations’ by Bender
[13].

The nomenclature for these transformations can be a
matter of contention and confusion, so a few points
regarding the concept of ‘chemical mutation’ are perhaps
in order. In this review, we refer to a ‘chemical mutation’
as a process that converts an amino acid residue on a
translated protein to another amino acid residue. Chemi-
cal mutation in this context does not refer to chemical
alteration of DNA and it does not refer to covalent
labeling of proteins with synthetic probes, cofactors,
and other biochemical tools. To avoid any confusion with
DNA modification, we propose the term ‘post-expression
mutagenesis’ for chemical alteration of the translated,
folded protein [14]. Since in this review we consider only
mutations on proteins, we will use ‘chemical mutation’
and ‘post-expression mutation’ interchangeably.

The proof-of-principle set forth by Koshland and Bender
was a landmark in protein science. The conversion of
active site serines to cysteines has been applied to other
protease substrates such as trypsin [15] and related pro-
tocols for conversion to selenocysteine [16-19] and even
tellurocysteine [20] have been reported. Despite these
advances, the serine to cysteine mutation was only
possible in these cases because of the unique chemical
reactivity of active-site serine.

A different approach was reported not long after Koshland
and Bender’s disclosures. Laskowski described an ‘enzy-
matic mutation’ on soybean trypsin inhibitor that relied on
trypsin and caboxypeptidase B to exise an amino acid from
the protein and re-ligate another amino acid at the site of
mutation [21]. The mutation is carried out on the native
protein, post-expression, in the same spirit as the chemical
mutation described by Koshland and Bender, but Las-
kowski’s method differs conceptually since the protein
backbone is altered, rather than side chain. Moreover,
Laskowski himself conceded that this method relies on
‘a bit of luck’ that all the necessary enzymes can co-exist
under the reaction conditions without deleterious proteol-
ysis [21]. Nevertheless, this concept was further developed
by T'schesche, who described sequential amino acid exci-
sion, chemical coupling, and elastase ligation as a method
to mutate soybean trypsin inhibitor [22,23]. Tschesche
considered these amino acid exchanges a form of ‘chemical
mutation’ [23]. Importantly, these examples illustrate that
some alterations can be accomplished enzymatically and
that such a mutation does not necessarily rely solely on
selective small-molecule chemistry. Collectively, the
mutations described by Koshland, Bender, and Laskowski
were the most precise manipulations of protein structure
that preceded the genetic and biotechnological revolution.

Chemical mutagenesis: expanding scope for
natural residues

A decade after the first examples of chemical mutagenesis
were put forth by Koshland and Bender, Peter Clark and
Gordon Lowe reported the use of cysteine as a precursor
to multiple amino acid side chains. Their ‘chemical
mutations of papain’ can be considered more general
than previous efforts in chemical mutagenesis since the
cysteine residue need not be in a protease, cysteine
residue need not be activated by its presence in an active
site, though in this case the residue was indeed the
nucleophile of the cysteine protease papain [24°°,25°].
In these reports, cysteine was alkylated with a phenacyl
bromide (Figure 2). Photolysis of this intermediate led to
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Clark and Lowe’s ‘Chemical Mutations of Papain.’ Cysteine was used as a common precursor to multiple amino acids: formylglycine, glycine, and

serine [24°°,25°].

irreversible Norrish type 11 cleavage, providing the thioal-
dehyde dehydrocysteine. Hydration of the thiocarbonyl
and loss of H,S results in the formation of formylglycine.
Formylglycine was in turn reduced with NaBH, to pro-
vide serine. In this way, the overall transformation is a
mutation from cysteine to serine. Moreover, formylgly-
cine can also be converted to glycine after prolonged
incubation at pH 9.0 (Figure 2). Lowe’s extension of the
concept of chemical mutagenesis was therefore unique in
that it could provide multiple mutations from a single,
common precursor and, in principle, could be applied to
any free cysteine.

Since Lowe’s report, there have been notably few pub-
lications concerned with chemical mutations. Genetic
and recombinant technology was moving forward at a
striking rate and amino acid interconversion using post-
translational chemistry may have seemed obsolete. Some
illustrative reports of chemical mutations have nonethe-
less appeared that indicate strategic advantages of chemi-
cal mutations. For instance, Venkatesh showed that
glutamine and asparagine residues can be hydrolyzed
with acid to ‘chemically mutate’ the side chain to glu-
tamic and aspartic acid, respectively. It was shown that
these mutations influenced the kinetics of folding in
RNase A [26]. In the reverse mutation, Imoto showed
that amidation of glutamate and aspartate residues could
be used in the study of these residues as catalytic side
chains [27]. The mutation in this case is from glutamate
and aspartate to glutamine and asparagine, respectively.

In these reports, multi-site mutations are accomplished.
In the case of amidation, these mutations are carried out
on the folded protein. It is conceivable that if these
mutations were introduced at the genetic level the
protein would not fold properly and so this example
highlights a strategic advantage of post-expression muta-
genesis where differences in activity between the protein
mutants can be attributed to the mutation and decoupled
from misfolding during expression.

Other examples of chemical mutations have been the
products of efforts to generalize native chemical ligation
(NCL) and overcome its inherent reliance on cysteine
[10]. A number of cysteine desulfurizaton processes have
been put forth that allow the use of NCL in the synthesis
of peptides and proteins that do not contain cysteine.
Dawson has disclosed a method to reduce cysteine to
alanine using palladium or Raney nickel [28]. Related
transformations have since been reported to provide
phenylalanine [29] and valine [30,31] at the site of
ligation. Of note is Danishefsky’s mild, radical based
method for the desulfurization of cysteine [32]. In these
examples the application of chemical mutagenesis in
native chemical ligation is apparent: a chemical mutation
of cysteine to another residue constitutes a ligation, in the
formal sense, at the final residue.

Chemical mutation to an amino acid analog
Chemical mutagenesis in its purest form constitutes the
conversion of some precursor side chain to a natural

www.sciencedirect.com

Current Opinion in Chemical Biology 2010, 14:781-789



784 Methods for Biomolecular Synthesis and Modification

residue. In some cases, however, the natural residue may
not be easily obtained by chemical methods. In these
instances, a mimic or analog may suffice [33]. Indeed,
some of the earliest examples of chemical protein modi-
fication were the conversion of lysine to homoarginine
and the conversion of cysteine to thialysine. As early as
1949, it was shown that treatment of human serum
albumin with O-methyl isourea provided homoarginine
analogs that facilitated protein crystallization [34]. Such a
transformation has also been used to investigate active-
site arginine residues [35,36]. In the 1950s, aminoethyla-
tion of cysteine was used to install a synthetic site of
proteolysis for trypsin, which recognizes lysine residues
[37-39]. Although this technique was used mainly for
tryptic analysis and sequencing proteins, the underlying
enabling technology is the conversion of cysteine to
thialysine. Although this pseudo-mutation does not pro-
vide a natural residue, the similarity to lysine has since
been used many times in the investigation of catalytic
lysine residues, highlighting the clear functional utility of
these analogs [40—44]. Similar alkylations of cysteine have
also provided arginine analogs [45]. Recent interest in
cysteine aminoethylation has intensified since access to
methylated lysine residues is required, especially on
histone proteins [46]. This pseudo-mutation has allowed
an increased understanding of the effects of histone
modification and the overarching epigenetic code [47-
49]. Other pseudo-mutations have allowed access to
different post-translational mimics, such as sulfated and
phosphorylated tyrosine [3,50]. Although these amino
acid analogs have proven useful in a number of contexts,
they are still only analogs, indicating perhaps as much
about the flexibility of the system that recognizes them.
Flexible methods to access the residue, modified or
otherwise, in its #atural state remains an ongoing chal-
lenge in chemical mutagenesis and in protein science in
general. We now turn to the challenges and recent efforts
that have advanced the notion of a chemical mutation.

Towards a general chemical mutagenesis

For chemical mutagenesis to be a general strategy for
protein amino acid interconversion, it is desirable to use a
precursor, natural or unnatural, that can provide access to
a functional set of side chains. Ideally, this universal
precursor would provide divergent access to the 20 most
common natural side chains, along with many unnatural
residues. For example, in the work of Koshland [11°°] and
Bender [12°°] such a precursor was the active serine of
subtilisin. This residue can be selectively converted into a
leaving group and displaced with a nucleophile. In their
case the conversion to cysteine was their target, yielding a
near isosteric mutant to investigate the catalytic active
site of these proteases. Yet one can imagine other nucleo-
philes that could displace the sulfonylated serine of
subtilisin. Such a transformation could provide other
chemical mutants, and indeed has since been extended
to Se- and Tellurocysteine variants [16,20]. Nonetheless,

when such transformations are possible, they rely on the
innate reactivity of the protease to render the hydroxyl
moiety of the serine a leaving group. The method could
not be easily extended to other protein substrates. For
general application, a different handle is needed.

A recent example of a precursor to other amino acids was
reported by the Schultz group. Although their method was
not presented in the context of chemical mutagenesis, the
overall transformations could be considered chemical
mutations. The incorporation of p-boronophenylalanine
in response to the amber stop codon created a protein with
an unnatural amino acid that can be converted to phenyl-
alanine and tyrosine when reduced or oxidized, respect-
ively (Figure 3) [51°]. To aid this work, the authors
elegantly took advantage of the boronic acid as an affinity
tag since it binds to polyhydroxylated resin. Elution with
oxidant or reductant provided the native protein, free of
tag. Full conversions were observed in the oxidation after
2 hours while overnight incubation was required for the
reduction. While the main application of this technology is
traceless affinity purification, the chemical conversion of a
common precursor to otheramino acids can be considered a
chemical mutation. Moreover, the chemical handle for
mutation (the boronic acid) can be incorporated at a pre-
determined site of the protein in response to a unique
codon and does not rely on the innate functionality or
sequence of the protein of interest.

The preceding example provides access to phenylalanine
and tyrosine from a common precursor. A different pre-
cursor is needed for aliphatic side chains. Koshland again
provides inspiration for such an amino acid precursor. In a
protease system similar to the one where he reported the
first point mutation of an enzyme, Koshland showed that
the sulfonylated serine of chymotrypsin can be elimi-
nated under basic conditions to give dehydroalanine
[52,53°]. This enamide in dehydroalanine can be con-
sidered to be an electrophile, and various thiols were
added to this residue. Koshland recognized that this
residue could, in principle, be a precursor to other amino
acid side chains [53°]. Addition of H,S, for instance,
would provide cysteine. Indeed the addition of thiols
to dehydroalanine has since provided access to multiple
cysteine derivatives and amino acid analogs. These
examples have relied largely on the multiple methods
that have become available for the incorporation of dehy-
droalanine into proteins.

For instance, the Schultz group has described the use of
phenylselenocysteine as a precursor to dehydroalanine on
proteins [54°]. Oxidative elimination using hydrogen per-
oxide provided dehydroalanine. Addition of glycosyl thiols
and aliphatic thiols provided §-hexadecylcysteine and
S-mannosylcysteine. Our own lab has reported a novel
chemical method to oxidatively eliminate cysteine
directly to dehydroalanine using O-mesitylenesulfonylhy-
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Schultz’s boronic acid: a chemical precursor to Phe and Tyr mutant proteins [51°].

droxylamine (MSH) [55°]. In this report it was shown that
dehydroalanine is a precursor to glycosyl cysteines, phos-
phocysteine, and farnesyl cysteine — all residues that are
found in nature. We also reported access to methylated
lysine analogs; this use of Dha as a precursor to lysine
analogs is a complementary method to the more common
aminoethylation protocol [46]. Similarly, the Schultz group
later used dehydroalanine as a precursor to methyl and acyl
lysine analogs on histone H3 [56]. In their report, they
demonstrated the first use of N-acetyl-thialysine as a sub-
strate for histonedeacetylase enzymes.

In this way, dehydroalanine is a useful precursor to
cysteine derivatives, including #atural residues such as
glycosyl-, phosphoryl-, and farnesyl cysteine. Thialysine
analogs, however, are only mimics of the natural side
chain. While mimicking this functionality may suffice in
many cases, it is desirable to access native structures.
With the development of a host of aqueous and asym-
metric transformations, the potential of dehydroalanine as
a general handle in chemical mutagenesis is not out of the
question and we may speculate on future directions. For
instance, aryl side chains can be accessed from dehydroa-
lanine by the Rh(I) catalyzed conjugate addition of aryl
boronic acids. This reaction is compatible with water, has
several asymmetric variants [57], and its use on peptide
substrates has also been investigated [58,59]. For aliphatic
side chains, radical additions to unsaturated systems are
possible in water [60]. The deployment of such trans-
formations at dehydroalanine can, in principle, provide
access to many diverse side chains. Applying a similar

retrosynthetic analysis to other side chains reveals that a
significant number of residues can be considered acces-
sible from a dehydroalanine precursor. Alanine, for
instance can be accessed by catalytic, and perhaps asym-
metric, hydrogenation. A similar exercise in retrosynth-
esis may reveal other transformations that will constitute a
‘chemical mutation.” A proposal for several side chains is
depicted in Figure 4. It is worth noting the diverse
functionality accessible from dehydroalanine. Aromatic,
aliphatic, acidic, basic, and post-translationally modified
side chains are all accessible, in principle, from this
precursor. Figure 4 only depicts natural residues. It is
clear that many other complementary unnatural amino
acids should be accessible through a similar route.

Dehydroalanine as a handle for chemical mutagenesis is
not without potential pitfalls and cautionary notes. The
first is the requirement for dehydroalanine. Although sev-
eral methods for its incorporation into proteins are known,
none is entirely general. A simple, selective (or better yet,
specific) installation of dehydroalanine is required. Second,
the transformations proposed in Figure 4 have not been
reported on any protein substrates, much less fragile, pH
sensitive protein samples. The challenge of water compa-
tible, chemoselective mutations of Dha to other residues is
the second outstanding problem. In addition, many of
these proposed transformations may require an asymmetric
variant or some understanding of substrate control of the
diastereoselectivity. The very analysis of the chemical and
stereochemical outcome of the proposed transformation is
also no small feat.
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A proposal: dehydroalanine as a general chemical mutagenesis handle. Aryl and aliphatic nucleophiles may allow access to a diverse functional set of

amino acid side chains.

When these challenges are met using diverse and diver-
gent intermediates such as dehydroalanine, we envision
many advantages and applications of chemical mutagen-
esis. For instance, a single mutant derived from routine
site-directed mutagenesis can be a chemical precursor for

multiple mutant proteins. Thus, a single round of expres-
sion and purification could yield a diverse library of
mutant proteins after chemical mutation. Furthermore,
the final chemical mutation could be carried out on the
Jfolded protein, so protein activity can be attributed to the

Current Opinion in Chemical Biology 2010, 14:781-789
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mutation itself and not misfolding during expression.
Another significant application would be access to unna-
tural amino acids and modified natural amino acids that
are not yet accessible in standard expression systems.
Ultimately, chemical mutagenesis may resolve supply
issues for proteins bearing these post-translational modi-
fications, several examples of which are shown in
Figure 4. Finally, efforts in chemical mutagenesis are
attractive chemical challenges that may inspire new
chemistry that is mild and compatible with biological
systems. These challenges and potential applications
are guiding our current efforts while we revisit Koshland’s
idea of chemical mutations.

Conclusions

The concept of chemical mutagenesis dates back to the
first point mutation of an enzyme by Koshland and
Bender in 1966. However, as DNA and recombinant
expression technology developed, the use of chemistry
in amino acid conversion was largely replaced. We have
revisited the idea of chemical mutagenesis again in an
effort to revive its use in protein science. We are not in
any way pitting chemistry against biology but rather
encourage a dual and reinforcing use of current methods
in biosynthetic incorporation of natural and unnatural
amino acids and their post-expression ‘mutation’ using
chemistry. It is our hypothesis that mutation of translated,
folded proteins using chemistry can allow rapid access to
natural, unnatural, and modified natural side chains. The
chemistry and biology required for a general ‘chemical
mutagenesis’ is rife with opportunity. Meeting the chal-
lenges described above will help build the conceptual and
practical foundation for a general method of protein
construction free of many of the current limits of purely
biological strategies.

Acknowledgements

The authors thank their generous sources of support. Justin M. Chalker is a
Rhodes Scholar and National Science Foundation Graduate Research
Fellow. Benjamin G. Davis is a recipient of a Royal Society Wolfson
Research Merit Award and is supported by an Engineering and Physical
Sciences Research Council Life Sciences Interface Platform Grant.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Hutchison CA lll, Phillips S, Edgell MH, Gillam S, Jahnke P,
Smith M: Mutagenesis at a specific position in a DNA
sequence. J Biol Chem 1978, 253:6551-6560.

2. Smith M: Site-directed mutagenesis. Philos Trans R Soc Lond A
1986, 317:295-304.

3. Hackenberger CPR, Schwarzer D: Chemoselective ligation and
modification strategies for peptides and proteins. Angew
Chem Int Ed 2008, 47:10030-10074.

4. de Graaf AJ, Kooijman M, Hennink WE, Mastrobattista E:
Nonnatural amino acids for site-specific protein conjugation.
Bioconjugate Chem 2009, 20:1281-1295.

Chemical mutagenesis Chalker and Davis 787

o

Walsh CT, Garneau-Tsodikova S, Gatto GJ Jr: Protein
posttranslational modifications: the chemistry of
proteome diversifications. Angew Chem Int Ed 2005,
44:7342-7372.

6. Dougherty DA: Unnatural amino acids as probes of
protein structure and function. Curr Opin Chem Biol 2000,
4:645-652.

7. Link AJ, Mock ML, Tirrell DA: Non-canonical amino acids in
protein engineering. Curr Opin Biotechnol 2003, 14:603-609.

8. Xie J, Schultz PG: A chemical toolkit for proteins —an expanded
genetic code. Nat Rev Mol Cell Biol 2006, 7:775-782.

9. Ohta A, Yamagishi Y, Suga H: Synthesis of biopolymers using
genetic code reprogramming. Curr Opin Chem Biol 2008,
12:159-167.

10. Dawson PE, Kent SBH: Synthesis of native proteins by chemical
ligation. Annu Rev Biochem 2000, 69:923-960.

11. Neet KE, Koshland DE Jr: The conversion of serine at the active

ee site of subtilisin to cysteine: a ““‘chemical mutation”. Proc Nat/
Acad Sci USA 1966, 56:1606-1611.

The concept of ‘chemical mutation’ is introduced in Koshland’s seminal

paper. The conversion of the active site serine to cysteine of subitilisin was

the first report of a point mutation of an enzyme.

12. Polgér L, Bender ML: A new enzyme containing a synthetically

ee formed active site, thiol-subtilisin. J Am Chem Soc 1966,
88:3153-3154.

The active site serine of subtilisin was chemically converted to cysteine.

This report, disclosed at the same time as Koshland’s ‘chemical muta-

tion,” was the first point mutation of an enzyme.

13. Polgar L, Bender ML: Simulated mutation at the active site of
biologically active proteins. In Advances in Enzymology and
Related Areas of Molecular Biology. Edited by Nord FF.
Interscience Publishers; 1970:381-400.

14. Davis BG: Sugars and proteins: new strategies in synthetic
biology. Pure Appl Chem 2009, 81:285-298.

15. Yokosawa H, Ojima S, Ishii S-I: Thioltrypsin: chemical
transformation of the active-aite serine residue of
Streptomyces griseus trypsin to a cysteine residue. J Biochem
1977, 82:869-876.

16. Wu Z-P, Hilvert D: Conversion of a protease into an acyl
transferase: selenolsubtilisin. J Am Chem Soc 1989, 111:4513-
4514,

17. Liu J-Q, Shi C-B, Luo G-M, Liu Z, Zhang G-L, Ma W, Shen J-C: An
Fv catalytic antibody with high glutathione peroxidase activity.
Mater Sci Eng C 1999, 10:131-134.

18. Liu J-Q, Jiang M-S, Luo G-M, Yan G-L, Shen J-C: Conversion of
trypsin into a selenium-containing enzyme by using chemical
mutation. Biotechnol Lett 1998, 20:693-696.

19. Lian G, Ding L, Chen M, Liu L, Zhao D, Ni J: A selenium-
containing catalytic antibody with type | deiodinase
activity. Biochem Biophys Res Commun 2001, 283:
1007-1012.

20. Mao S, Dong Z, Liu J, Li X, Liu X, Luo G, Shen J: Semisynthetic
tellurosubtilisin with glutathione peroxidase activity. J Am
Chem Soc 2005, 127:11588-11589.

21. Sealock RW, Laskowski M Jr: Enzymic replacement of the
arginyl by a lysyl residue in the reactive site of soybean trypsin
inhibitor. Biochemistry 1969, 8:3703-3710.

22. Jering H, Tschesche H: Replacement of lysine by arginine,
phenylalanine and tryptophan in the reactive site of the bovine
trypsin-kallikrein inhibitor (Kunitz) and change of the inhibitory
properties. Eur J Biochem 1976, 61:453-463.

23. Wenzel HR, Tschesche H: “Chemical mutation” by amino acid
exchange in the reactive site of a proteinase inhibitor and
alteration of its inhibitor specifity. Angew Chem Int Ed Engl
1981, 20:295-296.

24. Clark Pl, Lowe G: Chemical mutations of papain. The
ee preparation of Ser 25- and Gly 25-papain. J Chem Soc Chem
Commun 1977:923-924.

www.sciencedirect.com

Current Opinion in Chemical Biology 2010, 14:781-789



788 Methods for Biomolecular Synthesis and Modification

Lowe takes advantage of the unique reactivity of cysteine and chemically
converts the active site cysteine of papain to formyl glycine, serine, and
glycine. This report features a selective alkylation and bio-orthogonal
photochemistry. It is a powerful demonstration of a single amino acid as a
divergent chemical precursor to multiple residues.

25. Clark PI, Lowe G: Conversion of the active-site cysteine residue

e of papaininto a dehydro-serine, a serine and a glycine residue.
Eur J Biochem 1978, 84:293-299.

This publication is Lowe’s full account of chemical mutations on papain.

Again, cysteine is used as a chemical precursor to multiple amino acid

side chains.

26. Venkatesh YP, Vithayathil PJ: Influence of deamidation(s) in the
67-74 region of ribonuclease on its refolding. Int J Pept Protein
Res 1985, 25:27-32.

27. Kuroki R, Yamada H, Moriyama T, Imoto T: Chemical mutations
of the catalytic carboxyl groups in lysozyme to the
corresponding amides. J Biol Chem 1986, 261:13571-13574.

28. YanLZ, Dawson PE: Synthesis of peptides and proteins without
cysteine residues by native chemical ligation combined with
desulfurization. J Am Chem Soc 2001, 123:526-533.

29. Crich D, Banerjee A: Native chemical ligation at phenylalanine. J
Am Chem Soc 2007, 129:10064-10065.

30. Haase C, Rohde H, Seitz O: Native chemical ligation at valine.
Angew Chem Int Ed 2008, 47:6807-6810.

31. Chen J, Wan Q, Yuan Y, Zhu J, Danishefsky SJ: Native chemical
ligation at valine: a contribution to peptide and glycopeptide
synthesis. Angew Chem Int Ed 2008, 47:8521-8524.

32. Wan Q, Danishefsky SJ: Free-radical-based, specific
desulfurization of cysteine: a powerful advance in the
synthesis of polypeptides and glycopolypeptides. Angew
Chem Int Ed 2007, 46:9248-9252.

33. Davis BG: Mimicking posttranslational modifications of
proteins. Science 2004, 303:480-482.

34. Hughes WL Jr, Saroff HA, Carney AL: Preparation and
properties of serum and plasma proteins. XXII. A crystallizable
guanidinated derivative of human serum albumin. J Am Chem
Soc 1949, 71:2476-2480.

35. Beyer WF, Fridovich I, Mullenbach GT, Hallewell R: Examination
of the role of arginine-143 in the human copper and zinc
superoxide dismutase by site-specific mutagenesis. J Bio/
Chem 1987, 262:11182-11187.

36. White PW, Kirsch JF: Sequential site-directed mutagenesis and
chemical modification to convert the active site arginine 292 of
aspartate aminotransferase to homoarginine. J Am Chem Soc
1992, 114:3567-3568.

37. Lindley H: A new synthetic substrate for trypsin and its
application to the determination of the amino-acid sequence
of proteins. Nature 1956, 178:647-648.

38. Tietze F, Gladner JA, Folk JE: Release of C-terminal S-(B-
aminoethyl)-cysteine residues by carboxypeptidase-B.
Biochim Biophys Acta 1957, 26:659.

39. Raftery MA, Cole RD: Tryptic cleavage at cysteinyl peptide
bonds. Biochem Biophys Res Commun 1963, 10:467-472.

40. Smith HB, Hartman FC: Restoration of activity to catalytically
deficient mutants of ribulosebisphosphate carboxylase/
oxygenase by aminoethylation. J Bio/l Chem 1988, 263:
4921-4925.

41. Smith HB, Larimer FW, Hartman FC: Subtle alteration of the
active site of ribulose bisphosphate carboxylase/oxygenase
by concerted site-directed mutagenesis and chemical
modification. Biochem Biophys Res Commun 1988,
152:579-584.

42. Yoshimura T, Matsushima Y, Tanizawa K, Sung M-H, Yamauchi T,
Wakayama M, Esaki N, Soda K: Substitution of S-(-
aminoethyl)-cysteine for active-site lysine of thermostable
aspartate aminotransferase. J Biochem 1990, 108:699-700.

43. Planas A, Kirsch JF: Reengineering the catalytic lysine of
aspartate aminotransferase by chemical elaboration

of a genetically introduced cysteine. Biochemistry 1991,
30:8268-8276.

44. Zheng R, Dam TK, Brewer CF, Blanchard JS: Active site residues
in Mycobacterium tuberculosis pantothenate synthetase
required in the formation and stabilization of the adenylate
intermediate. Biochemistry 2004, 43:7171-7178.

45. Dhalla AM, Li B, Alibhai MF, Yost KJ, Hemmingsen JM, Atkins WM,
Schineller J, Villafranca JJ: Regeneration of catalytic activity of
glutamine synthetase mutants by chemical activation:
exploration of the role of arginines 339 and 359 in activity.
Protein Sci 1994, 3:476-481.

46. Simon MD, Chu F, Racki LR, de la Cruz CC, Burlingame AL,
Panning B, Narlikar GJ, Shokat KM: The site-specific installation
of methyl-lysine analogs into recombinant histones. Cell 2007,
128:1003-1012.

47. Lu X, Simon MD, Chodaparambil JV, Hansen JC, Shokat KM,
Luger K: The effect of H3K79 dimethylation and H4K20
trimethylation on nucleosome and chromatin structure. Nat
Struct Mol Biol 2008, 15:1122-1124.

48. Xu C, Cui G, Botuyan MV, Mer G: Structural basis for the
recognition of methylated histone H3K36 by the Eaf3 subunit
of histone deacetylase complex Rpd3S. Structure 2008,
16:1740-1750.

49. Li B, Jackson J, Simon MD, Fleharty B, Gogol M, Seidel C,
Workman JL, Shilatifard A: Histone H3 lysine 36 dimethylation
(H3K36me?2) is sufficient to recruit the Rpd3s histone
deacetylase complex and to repress spurious transcription. J
Biol Chem 2009, 284:7970-7976.

50. van Kasteren SI, Kramer HB, Jensen HH, Campbell SJ,
Kirkpatrick J, Oldham NJ, Anthony DC, Davis BG: Expanding the
diversity of chemical protein modification allows post-
translational mimicry. Nature 2007, 446:1105-1109.

51. Brustad E, Bushey ML, Lee JW, Groff D, Liu W, Schultz PG: A

¢ genetically encoded boronate-containing amino acid. Angew
Chem Int Ed 2008, 47:8220-8223.

The authors describe the genetic incorporation of p-boronophenylalanine

into the Z-domain of staphylococcal protein A. This unnatural residue is

used as an affinity tag and also as a site for protein labeling. The p-

bornophenylalanine can be oxidized to tyrosine or reduced to phenyla-

lanine. This chemical mutation renders the affinity tag traceless.

52. Strumeyer DH, White WN, Koshland DE Jr: Role of serine in
chymotrypsin action. Conversion of the active serine to
dehydroalanine. Proc Nat/ Acad Sci USA 1963, 50:931-935.

53. Weiner H, White WN, Hoare DG, Koshland DE Jr: The formation

. of anhydrochymotrypsin by removing the elements of water
from the serine at the active site. J Am Chem Soc 1966,
88:3851-3859.

The authors describe the chemical conversion of the active site serine of

chymotrypsin to dehydroalanine. Koshland proposes that dehydroala-

nine can serve as a precursor to other amino acid side chains.

54. Wang J, Schiller SM, Schultz PG: A biosynthetic route to

e dehydroalanine-containing proteins. Angew Chem Int Ed 2007,
46:6849-6851.

The genetic incorporation of phenylselenocysteine into protein back-

bones and its chemical conversion to dehydroalanine is described.

The dehydroalanine residue was converted to hexadecylcysteine and

mannosylcysteine by the addition of the corresponding thiol.

55. Bernardes GJL, Chalker JM, Errey JC, Davis BG: Facile

e conversion of cysteine and alkyl cysteines to dehydroalanine
on protein surfaces: versatile and switchable access to
functionalized proteins. J Am Chem Soc 2008, 130:5052-5053.

A novel oxidation of cysteine to dehydroalanine is described. The dehy-

droalanine residue was converted to glycocysteines, phosphocysteine,

farnesylcysteine, and methyl lysine analogs by the addition of an appro-

priate thiol.

56. Guo J, Wang J, Lee JS, Schultz PG: Site-specific incorporation
of methyl- and acetyl-lysine analogues into recombinant
proteins. Angew Chem Int Ed 2008, 47:6399-6401.

57. Hayashi T, Yamasaki K: Rhodium-catalyzed asymmetric 1,4-
addition and its related asymmetric reactions. Chem Rev 2003,
103:2829-2844.

Current Opinion in Chemical Biology 2010, 14:781-789

www.sciencedirect.com



58. Chapman CJ, Matsuno A, Frost CG, Willis MC: Site-selective
modification of peptides using rhodium and palladium
catalysis: complementary electrophilic and nucleophilic
arylation. Chem Commun 2007:3903-3905.

59. Chapman CJ, Hargrave JD, Bish G, Frost CG: Peptide
modification through site-selective residue interconversion:

60.

Chemical mutagenesis Chalker and Davis 789

application of the rhodium-catalysed 1,4-addition
of aryl siloxanes and boronates. Tetrahedron 2008, 64:
9528-9539.

Li C-J: Organic reactions in aqueous media with a focus on
carbon-carbon bond formations: a decade update. Chem Rev
2005, 105:3095-3165.

www.sciencedirect.com

Current Opinion in Chemical Biology 2010, 14:781-789



	Chemical mutagenesis: selective post-expression interconversion of protein amino acid residues
	Introduction
	Chemical mutagenesis: a seminal concept in protein science
	Chemical mutagenesis: expanding scope for natural residues
	Chemical mutation to an amino acid analog
	Towards a general chemical mutagenesis
	Conclusions
	Acknowledgements
	References and recommended reading


