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Olefin Metathesis for Site-Selective Protein Modification
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For a reaction to be generally useful for protein modification,
it must be site-selective and efficient under conditions compat-
ible with proteins: aqueous media, low to ambient tempera-
ture, and at or near neutral pH. To engineer a reaction that sat-
isfies these conditions is not a simple task. Olefin metathesis is
one of most useful reactions for carbon-carbon bond forma-
tion, but does it fit these requirements? This minireview is an

Introduction

Chemical modification of proteins is a powerful method for
study and modulation of macromolecular function. Covalent
attachment of fluorescent probes, for example, allows proteins
to be tracked both in vitro and in vivo."? Tethering antigens
to protein carriers is a current route to synthetic vaccine candi-
dates for HIV,®¥ cancer,” malaria,”’ and pathogenic bacteria.”
Additionally, the study of post-translational modifications
(PTMs) is facilitated by chemical access to modified proteins
that are otherwise difficult to isolate from natural sources in
pure form.”® Finally, protein function may be enhanced, al-
tered, or imparted entirely by a selective modification.” Given
the range of opportunities in chemistry, biology, and medicine,
it is not surprising that new strategies for the selective modifi-
cation of proteins have continued to develop at a rapid pace.
Most strategies for chemical protein modification rely on the
nucleophilic side chains of amino acids such as lysine, cysteine,
or aspartic and glutamic acids."” Although these modifications
are widespread, the reaction space they occupy is relatively
small and new strategies are needed for evermore precise and
sophisticated endeavors. For a reaction to be generally useful
for protein modification, it must be site-selective and efficient
under conditions compatible with proteins: aqueous media,
low to ambient temperature, and at or near neutral pH. More-
over, the reaction must tolerate salts and surfactants common-
ly used to stabilize proteins."" To engineer a reaction that sat-
isfies these conditions is not a simple task.
Transition-metal-catalyzed reactions are attractive candidates
for site-selective protein modification. These transformations
are ubiquitous in organic synthesis and mediate the formation
of bonds that are otherwise difficult or impossible to create.!'”
These reactions are flexible and can often be tuned by judi-
cious selection of ligands and additives. Moreover, the reper-
toire of transition-metal-mediated reactions in water has ex-
panded in recent years.">'” While there is still a disparity be-
tween the widespread use of transition metals in small-mole-
cule synthesis and their modest deployment in protein modifi-
cation, key advances have been made (Scheme 1). The Francis
group has pioneered several modifications of natural residues
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account of the development of olefin metathesis for protein
modification. Highlighted below are examples of olefin meta-
thesis in peptidic systems and in aqueous media that laid the
groundwork for successful metathesis on protein substrates.
Also discussed are the opportunities in protein engineering for
the genetic introduction of amino acids suitable for metathesis
and the related challenges in chemistry and biology.

using transition metals." Tryptophan alkylation with rhodium
carbenoids"® and allylation of tyrosine by palladium m-allyl
complexes!” are among their accomplishments. For unnatural
residues, Heck and Sonogashira reactions at p-iodophenylala-
nine have been described."® 2% Progress in Suzuki cross-cou-
pling at this residue®” and p-boronophenylalanine®®? has also
been reported. Finally, the copper-catalyzed azide-alkyne
[34+2] cycloaddition has been employed widely in protein
modification.-%

A glaring omission from the examples in Scheme 1 is olefin
metathesis. It is indisputable that olefin metathesis is one of
most useful reactions for carbon-carbon bond formation
(Scheme 2).-3% |n part, the broad utility of olefin metathesis
is a consequence of the exquisite selectivity and functional
group tolerance of ruthenium-based metathesis catalysts.
Using olefin metathesis to modify proteins is a stringent test of
this chemoselectivity and functional group compatibility. More-
over, the capacity to form carbon-carbon bonds on protein
surfaces creates many new and exciting opportunities in biol-
ogy.®" This minireview is an account of the development of
olefin metathesis for protein modification. Highlighted below
are examples of olefin metathesis in peptidic systems and in
aqueous media that laid the groundwork for successful meta-
thesis on protein substrates.*? Also discussed are the opportu-
nities in protein engineering for the genetic introduction of
amino acids suitable for metathesis. Finally, we outline pro-
spective opportunities and challenges in chemistry and biology
that stem from the use of olefin metathesis on proteins.
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Scheme 1. Examples of transition-metal-catalyzed protein modification. A) Trp alkylation with rhodium carbenoids.
B) Modification of Tyr with m-allylpalladium electrophiles. TPPTS =sodium triphenylphosphine trisulfonate. C) Heck
reaction. D) Sonogashira coupling. E) Suzuki coupling. F) Copper-catalyzed azide-alkyne [3+2] cycloaddition.
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Scheme 2. A) Selected types of olefin metathesis: CM = cross metathesis,
RCM =ring-closing metathesis, ROM =ring-opening metathesis. B) Conven-
tional ruthenium-based metathesis catalysts

The Challenge of Olefin Metathesis on
Proteins

A number of challenges must be addressed for efficient olefin
metathesis on a protein surface. Firstly, the protein must con-
tain an alkene. Tirrell and co-workers have reported the genetic
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incorporation of homoallylgly-
cine (Hag) as a methionine sur-

s NH rogate in proteins through the
\ Ph A) use of methionine auxotrophic
= g bacterial hosts.®?*3¥ The authors

clearly recognized the opportu-
nity for modification by olefin
metathesis, but metathesis at
Hag is at present limited to
peptide models in organic sol-
vent. Thus, a second challenge
is that the reaction must work
efficiently in water at or below
37°C. Olefin metathesis reac-
tions often involve long reac-
tion times in organic solvent at
elevated temperatures—not in-

ann viting conditions for a protein.

Thirdly, the reaction must toler-
ate hundreds of side chains that
might chelate the metal center
and sequester or poison the

N:N\ catalyst. Fourthly, the secondary
rN\//""R and tertiary structure of the
v protein must not compromise

access to the desired site of

N=N F) modification. Finally, because

(&,N' RS . .

proteins are often only available
at low concentrations, the reac-
tion must be rapid to achieve
full conversion. These criteria
are daunting and have thwarted
efforts in metathesis on proteins
for more than a decade since
Tirrell's first incorporation of Hag into proteins. We now turn to
the fundamental studies that motivated and guided the devel-

opment of olefin metathesis on proteins.

Olefin Metathesis on Peptides

The overriding motivation for using olefin metathesis to
modify peptides is to install nonlabile carbon-carbon bonds.®!
These modifications are typically of two varieties. The first type
is a crosslink that might stabilize peptide secondary structures,
with the goal of imparting better metabolic stability and
higher binding affinity towards biological targets. The second
type of modification is post-synthetic labeling with functional
tags such as carbohydrates, thereby providing nonlabile ana-
logues of natural PTMs. We discuss key examples of these
modifications in turn.

One of the earliest examples of olefin metathesis on pep-
tides was reported by Clark and Ghadiri.®® They demonstrated
sequential cross metathesis and ring-closing metathesis (RCM)
between two cyclic peptides containing Hag residues in the
presence of catalyst 1b (Scheme 3). The resulting structure is a
[-sheet-like cylindrical structure. This example is remarkable in
that it is not only one of the earliest examples of olefin meta-
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Scheme 3. Peptide cylinder by CM-RCM assisted by intermolecular hydrogen
bonding.

thesis in peptide synthesis, but an example of cross metathesis
templated by intermolecular hydrogen bonding. This early ex-
ample highlights the influence of peptide preorganization on
the outcome of the metathesis and the ability to “covalently
capture” self-assembled secondary structure.

RCM, probably the most developed metathesis reaction, has
proven useful in the synthesis of unnatural amino acids and
peptidomimetics. Exploratory work in this area delineated the
scope of ring sizes and sidechains that are useful in the synthe-
sis of cyclic amino acids.*’>® This chemistry provides access to
several P-turn analogues that
mimic the natural role of -
turns in stabilizing short pep-
tides."**Y B-Turns are common
structural features and comprise

__-NHBoc __-NHBoc
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N
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e

i+4 2. H,, Pd/C i+4

/‘\/o 0
5 ~~Cco,Me ~~Cco,Me
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Scheme 4. Crosslinked helices by RCM.

Disulfide bridges play important roles in stabilizing the sec-
ondary and tertiary structures of peptides and proteins. How-
ever, they are labile under reducing conditions. As a result,
many workers have turned to RCM to create the carbon equiv-
alents of disulfide bridges, the so-called “dicarba analogues”.
Building on Grubbs’ early use of RCM to replace disulfides by
all-carbon analogues,®”*® Vederas and co-workers synthesized
the dicarba analogue of the hormone oxytocin (6,
Scheme 5).#7#8! The linear peptide 7, in which the two cysteine
residues were replaced with allylglycine, was constructed on a
solid support. RCM was then carried out on-resin, followed by
cleavage from the solid support. Hydrogenation afforded the
cyclic oxytocin analogue 8 (Scheme 5), which was shown to
have a longer half-life in vivo than the natural counterpart.

Similar strategies guided efforts in the synthesis of ana-
logues of the lantibiotic nisin (9, Scheme 6) in which thioether
linkages were replaced with all-carbon linkages.*” It was also
found that the alkane-bridged mimics of the nisin A and
Brings had activity comparable to that of the natural lanti-
biotic.

Os__NH,

about 25% of all amino acids in
proteins. Moreover, they often

8]

serve as recognition elements
on the protein surface; this
makes them attractive targets
for RCM.H?

RCM has also been used to
crosslink a-helices to induce
structural rigidity.”? In one of
the first examples, by Grubbs,
an o-helix consisting of seven
amino acids was modified to
contain O-allyl ethers at its i
and i+4 positions, which were
approximately aligned on the
turn of the helix.***! RCM with
catalyst 1a followed by hydro-
genation provided the cross-
linked a-helix (Scheme 4). A sys-
tematic study of the crosslink
position and helix stability was
later undertaken by Verdine."®
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Scheme 5. Synthesis of an oxytocin dicarba analogue by RCM.
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Scheme 6. The lantibiotic nisin (9) and its alkane-bridged AB ring mimics 10a and 10b.

Apart from Ghadiri's cross metathesis of preorganized pep-
tides, the examples discussed so far are essentially restricted to
RCM. To modify proteins post-translationally by cross metathe-
sis, it is instructive to consider peptide models and the relative
reactivities of prospective side chains. Studies by Gibson on
cross metathesis of unsaturated amino acids revealed that re-
activity in metathesis increased with the length of the side
chain when catalyst 1a was used (Scheme 7A).®**" |t is note-
worthy that Schrock-type molybdenum catalysts promote
cross metathesis of unreactive partners such as vinylglycine.*?
However, the air- and moisture-sensitivity of this catalyst does
not, at present, bode well for application to metathesis on de-
protected peptides in aqueous media.

Biologically important glycopeptides have also been synthe-
sized by cross metathesis between sugars and peptides. Early
examples by the Roy laboratory demonstrated the feasibility of
glycopeptide synthesis by cross metathesis.®® McGarvey later
refined considerations of protecting groups and reaction con-
ditions to favor cross metathesis over self metathesis, with the
most promising results being obtained with catalyst 2.* Ble-
chert recently revisited glycopeptide synthesis by cross meta-
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thesis and detailed the compatibility of metathesis catalysts
with certain amino acid residues.®™ Histidine and tryptophan
were problematic, whereas methionine was notably tolerated
in metathesis reactions when the Hoveyda-Grubbs second-
generation catalyst (4) was used. In that report, deprotected
carbohydrates were also demonstrated as useful substrates in
metathesis reactions. Deprotected peptides were also used,
but a free carboxy terminus was sometimes detrimental
(Scheme 7B). Collectively, these examples motivate the use of
cross metathesis as a route to nonlabile C-glycopeptides and
glycoprotein analogues of the natural O-linked and N-linked
glycopeptides and glycoproteins.

Although these examples were all carried out in organic sol-
vents, the results demonstrated promising functional group
compatibility and substrate scope for olefin metathesis in pep-
tidic systems. The relative reactivities of various unsaturated
amino acids in metathesis can also guide amino acid selection
for incorporation into proteins. Successful results with Hag
were particularly promising, because it can be genetically in-
corporated into proteins. Finally, the general strategy of using
metathesis to stabilize peptide secondary structures or to

ChemBioChem 2009, 10, 959 - 969


www.chembiochem.org

Protein Modification by Olefin Metathesis

tether carbohydrates covalently
can, in principle, be extended
to proteins. In order for these
strategies to be applicable to
proteins, developments in aque-
ous olefin metathesis were re-
quired.

Aqueous Olefin

A) Relative reactivity in CM

Metathesis

Aqueous olefin metathesis is a
rapidly developing area and has
been recently reviewed in
detail.®® Although this research
is primarily driven by the ulti-
mate goal of sustainable
chemistry, progress in this field
is immediately relevant to olefin
metathesis on  biomolecules
that require aqueous media. Se-
lected catalysts useful in homo-
genous olefin metathesis are
discussed below, along with
other notable strategies for
aqueous olefin metathesis that
might prove useful in bioconju-
gation.

Several water-soluble (pre)catalysts have been de-
veloped for olefin metathesis. The solubility of these
catalysts in water is imparted by ligands containing
hydrophilic poly(ethylene glycol) (PEG) or quaternary
ammonium groups. A selection is given in
Scheme 8A. The PEGylated catalyst 11 was the first
to promote a range of RCM in neat water.”” The self
metathesis of allyl alcohol was also the first reported
cross metathesis in water. Another catalyst in which
the N-heterocyclic carbene (NHC) ligand was well-de-
fined and soluble in water by virtue of pendant am-
monium groups was later reported.” Grela and co-
workers have reported the installation of ammonium
groups on the alkylidene portion of the catalyst. The
ammonium group imparts water solubility to the
precatalyst and weakens the O-Ru coordination, re-
sulting in fast initiation. This catalyst is active in RCM,
ene-yne, and cross metathesis of simple substrates
in protic solvents, including water.”**” Raines has
also reported an addition to water-soluble metathe-
sis catalysts containing a salicylaldimine ligand with
a pendant ammonium group. This catalyst was
active in RCM of a range of substrates in aqueous
solvent.”"

Other studies have focused on the use of water-in-
soluble catalysts in aqueous media with the use of a
cosolvent. Blechert reported good RCM with cata-
lysts 2 or 4 in aqueous DMF or methanol.®? Modest
activity in CM was observed for simple olefins.

ChemBioChem 2009, 10, 959 — 969
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Raines reported the use of dimethoxyethane or acetone in
water to aid aqueous RCM of several dienes and self metathe-
sis of allyl alcohol in the presence of commercially available
catalyst 4% Despite these developments, aqueous CM is
largely limited to simple, reactive olefins such as allyl alcohol.
The substrate scope in aqueous CM can be expanded to more
complex substrates with emulsion chemistry. Lipshutz has wid-
ened the scope of aqueous olefin metathesis with the use of
non-ionic amphiphiles such as 15.°Y The efficiency of this
method is likely due to increased effective concentrations of
reactants and catalyst in the micelles formed by the surfactant.
It is not clear at this point whether nanometer micelles can
both solubilize the metathesis catalyst and still allow reaction
on a protein surface. Nevertheless, the advance in aqueous
metathesis is notable.

While the development of water-soluble catalysts for olefin
metathesis is a milestone in aqueous chemistry, there is not
yet a catalyst that is completely resistant to decomposition in
water. A substituted olefin can slow decomposition because al-
kylidenes are more stable in water than methylidenes, but the
rate of metathesis might also be compromised.® Metathesis
catalyst decomposition in protic solvents and water has been
investigated, but is still not completely understood.®® In most
cases, decomposition results in ruthenium hydrides, which are
inactive in metathesis but prone to mediate carbon-carbon
double bond isomerization and migration.”” These side reac-
tions point to the need for a comprehensive investigation of
the coordination sphere and its ability to attenuate or prevent
catalyst decomposition. An immediate compromise to catalyst
stability in water—particularly for the purpose of protein modi-
fication—is to use a substrate that can react at a much greater
rate than catalyst decomposition.

Allyl Sulfides: Privileged Substrates in Olefin
Metathesis

In exploratory work in aqueous metathesis, our lab focused on
cross metathesis of unsaturated amino acids with allyl alcohol
in the presence of the Hoveyda-Grubbs second-generation
catalyst (4).°? Unnatural amino acid derivatives such as Hag
and S-alkenyl cysteines were screened because they could po-
tentially be incorporated into proteins either genetically or
chemically if they proved reactive in metathesis. At the outset,
no effort was made to exclude oxygen and tBuOH was used to
solubilize the catalyst. Hag was screened first because its incor-
poration into proteins was well-established®**¥ and metathesis
in organic solvent with this amino acid had already been dem-
onstrated.”®*" Disappointingly, no cross metathesis was ob-
served with Hag in aqueous media. Our fortunes changed with
S-allylcysteine (Sac). Sac derivative 17 gave a 68% yield of the
desired CM product after only 2.5 h of reaction time at 32°C.
Hag and S-butenyl- and S-pentenylcysteine underwent no pro-
ductive CM under the same reaction conditions (Scheme 9).
Allyl amines and allyl ethers were also examined, but allyl sul-
fides remained the most reactive substrates in cross metathesis
in aqueous media. It must be noted that catalyst degradation
does occur in such aqueous systems, but the reactions with
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Scheme 9. Efficient cross metathesis of S-allylcysteine.

allyl sulfides were sufficiently high in turnover frequency to
outcompete catalyst decomposition.

The efficient metathesis of allyl sulfides in water was striking
for two reasons. Firstly, before this result the most complex
cross metathesis in homogenous aqueous media had been the
self metathesis of simple, reactive substrates such as allyl alco-
hol. Secondly, the efficient metathesis was observed with
sulfur-containing substrates. Sulfur is often problematic in tran-
sition-metal-catalyzed reactions because its high affinity to the
soft metal center can poison the catalyst. Indeed, there have
been several cases of olefin metathesis in which sulfides were
detrimental.®®*”"" In Fiirstner's synthesis of the macrocycle Zera-
nol, for instance, the key step involved RCM of a molecule con-
taining a 1,3-dithiane unit.”" Cyclization was not observed in
the presence of the first-generation Grubbs catalyst. The out-
come was explained by nonproductive chelation of the
proximal sulfur atom to the ruthenium. Indeed, deprotection
to the corresponding ketone enabled efficient cyclization
(Scheme 10).

In the light of this result and other similar complications
with sulfur-containing substrates, Fiirstner suggested “a quite
general incompatibility of the ruthenium based metathesis cat-
alysts with substrates containing sulfur(ll) donor sites.”"
Indeed, this is essentially correct; allyl sulfides are an exception
to the rule. Moreover, for allyl sulfides sulfur is not simply toler-
ated by the catalyst, it enhances the substrate reactivity. Al-
though metathesis reactions of allyl sulfides in organic solvents
have been reported, the enhanced reactivity went unnoticed
or was not apparent under the conditions employed.”*”® The
basis for this enhanced reactivity of allyl sulfides in metathesis
is discussed next.

Sulfur-assisted cross metathesis

The efficient reactivity of allyl sulfides in CM was explained
with a mechanism invoking sulfur pre-coordination to rutheni-
um (Scheme 11 A). Because of the soft natures of second row
transition metals, sulfur is preferred over oxygen as a donor to
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the second-generation precata- MeO O OMe O
lyst. This leads to rapid forma- o 1
tion .of the. reastl.vfe alkylidene MeO cat. oo X
species, which initiates subse- . e
) ST\ Z s
quent metathesis events. The S ‘[M]--s/\7

decreased reactivities of butenyl

and pentenyl sulfides may be at- l
tributed to the unproductive
five- or six-membered chelates
depicted in Scheme 11B and are
consistent with Firstner’s obser-
vations with the dithiane in
Scheme 10. Apparently, the che-
late formed with allyl sulfides is
too strained to sequester the
catalyst and rapid turnover is
observed.

The sulfur relay mechanism
may be related to other cases in which remote func-
tionality enhances the rate of olefin metathesis. Hoye
noted the influence of both the steric and electronic
characters of the allylic substituents in RCM in lina-
lool and related dienes.” A free allylic hydroxyl
group greatly enhanced RCM relative to the corre-
sponding methyl ether or unsubstituted starting ma-
terial (Scheme 12A). Furstner has also shown that in
certain cases, macrocycle synthesis by RCM can be
favored over oligomerization when strategically
placed carbonyls can coordinate to ruthenium
(Scheme 12B, €).” In these examples, as in the case
of the allyl sulfide, the increased rate of metathesis
appears to derive from an intermediate chelate that
brings the reactive centers into close proximity. The
chelate cannot be too stable or turnover will stop
and the remote functionality will hinder metathesis.

Importantly, the amino acid S-allylcysteine was found to
react efficiently in cross metathesis, even in aqueous media.
This breakthrough motivated its incorporation into proteins so
that the ultimate goal of metathesis on protein surfaces could
be achieved. We now turn to both chemical and genetic strat-
egies for incorporation of allyl sulfides into proteins.

Chemical Access to Allyl Sulfides into Proteins

Several chemical routes to S-allylcysteine can be envisioned.
Addition to dehydroalanine (Dha) by allyl thiol, direct allylation,
and desulfurization of the allyl disulfide are potentially practical
for proteins. The basis for each transformation, and the scope
and limitations, are discussed next.

Conjugate addition to Dha

An efficient way to access S-allylcysteine in proteins is by con-
jugate addition of allyl thiol to dehydroalanine. Dha is an effec-
tive Michael acceptor for thiol nucleophiles. Multiple routes to
Dha-containing proteins have been reported. An early example
was the elimination of the phenylmethylsulfonyl fluoride

ChemBioChem 2009, 10, 959 — 969
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(PMSF) adduct of the catalytic serine of serine proteases.
Another route is the elimination of dialkylated cysteine resi-
dues.”® Both of these methods require either high pH or ele-
vated temperature and so may not be useful for any given
protein. Milder methods have recently emerged. The Schultz
group has demonstrated efficient incorporation of the unnatu-
ral residue phenylselenocysteine and its subsequent oxidative
elimination to Dha by treatment with hydrogen peroxide.”
Our own lab has reported a novel oxidative elimination directly
from cysteine by use of O-mesitylenesulfonylhydroxylamine
(MSH).® Once Dha is obtained, S-allylcysteine in proteins is ac-
cessed readily by conjugate addition of allyl thiol. We have
successfully demonstrated this one-pot reaction sequence on a
single cysteine mutant of subtilisin  Bacillus  lentus
(Scheme 13).%% The advantage of this route is that it is fast,
easy, and chemoselective. Unfortunately, the diastereoselectiv-
ity of thiol addition to Dha in peptides is typically low, result-
ing in epimeric mixtures.®"®? Some sequences may promote
selectivity® and on the surface of a protein the outcome will

[76,77]

be highly dependent on the local stereochemical environment.
For the purpose of evaluating the metathesis reaction, the dia-
stereoselectivity was not an immediate concern. However, it is
useful to have complimentary allylation methods that avoid
diastereomeric product mixtures. Prospective solutions are dis-
cussed next.

Q
$-0-NH,
o}

4 °C, 20 min

RT, 30 min
one pot, >95% conversion

Scheme 13. Synthesis of Sac-containing proteins by conjugate addition to
Dha

Direct allylation

One way to avoid epimerization at cysteine is by direct alkyla-
tion. There is good precedence for semi-selective alkylation of
cysteine on proteins."” Nonselective alkylation at other nucleo-
philic residues such as lysine and histidine is the major draw-
back, but this can sometimes be avoided by judicious electro-
phile selection, together with careful control of pH, stoichiom-
etry, reaction time, and temperature.® Alkylations with a-halo-
carbonyls, maleimides, and other alkyl halides have been used
extensively."” Although direct allylation of cysteine with allyl
chloride or similar electrophiles on the surface of a protein has
not been reported, the successful alkylations mentioned above
bode well for freely accessible cysteines. This alkylation is cur-
rently under investigation in our laboratories.

Desulfurization

Disulfide formation followed by desulfurization is another
route to S-allylcysteine. The desulfurative rearrangement of al-
lylic selenosulfides and disulfides has been explored by Crich
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in the synthesis of a range of S-allylcysteine derivatives
(Scheme 14).%5-%7 The allylic selenosulfides and disulfides were
prepared by treatment of the free thiol with allylic selenosul-

/[SH S\/\
———{

AcHN” >CO,Me AcHN” >CO,Me

= +
A -8e7S0K PPh,

TV g
L L

CO,Me AcHN

AcHN CO,Me

Scheme 14. S-Allylcysteine through dechalcogenative allylic selenosulfide
rearrangement.

fates and thiosulfates, respectively. The dechalcogenative rear-
rangement was then mediated by treatment with triphenyl-
phosphine (Scheme 14). This method has been shown to work
on unprotected amino acids in water®” and is likely to be ex-
plored in protein modification. Moreover, this method resolves
the issue of epimer formation by the Dha route and is likely
more selective than direct allylation, provided that the protein
modified does not have natural disulfides susceptible to reduc-
tion.

Genetic Incorporation of Allyl Sulfides into
Proteins

Perhaps the most general route to proteins containing unnatu-
ral amino acids is by translation in E. coli hosts.®** The resi-
due may be incorporated as a surrogate for another residue of
similar size and electronic character. Alternatively, a unique
codon of an expanded genetic code may be used in the trans-
lation of these residues. The prospective use of each method
for the incorporation of S-allylcysteine or other allyl sulfides
into proteins is discussed next.

S-Allylcysteine as a methionine surrogate

Genetic incorporation of unsaturated amino acids as methio-
nine surrogates in methionine auxotrophic E. coli has been
well-documented.®**¥ These amino acids are incorporated be-
cause their side chains have a size and electronic character
similar to methionine. As mentioned in earlier sections, Hag is
a potential handle for olefin metathesis. Other methionine sur-
rogates useful for protein modification are homopropargylgly-
cine (Hpg)®¥ and azidohomoalanine (Aha).”" Both have been
used extensively in conjugation chemistry. In our own efforts,
we considered that S-allylcysteine might be a suitable methio-
nine surrogate because its side chain is not too different in
size and polarity from the methionine side chain. We expressed
a single Met mutant of a model glycosidase in a methionine
auxotrophic E. coli in Met-depleted media.?? The incorporation
of S-allylcysteine, however, was quite low. Nonetheless, unam-
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biguous incorporation was verified by mass spec-  a)
trometry and peptide mapping. This modest, but
promising, starting point has motivated further ef-

forts to incorporate related amino acids as analogues oy
L L . N

for methionine and other low-incidence residues. H

Codon suppression B)

Reassignment of the amber stop codon is a powerful
strategy for the introduction of unnatural amino
acids into proteins, and in principle a large set of
allyl sulfide metathesis handles could be incorporat-
ed.®? This method, developed extensively by the
Schultz laboratory, uses the amber nonsense codon
(UAG) as a unique codon for a particular unnatural
amino acid.”® Many examples of unnatural amino
acids have been incorporated, including residues
suitable for metathesis such as O-allyltyrosine (Oat).
It seems reasonable that allyl sulfide analogue 20
could be incorporated in a similar manner, provided
that the residue is metabolically stable
(Scheme 15B).

As such residues become accessible in standard
translation systems, opportunities for olefin metathe-
sis on proteins are likely to become more common.
At present, the only reported method for accessing
proteins with allyl sulfides is by addition of allyl thiol
to Dha.®*? While there are clearly many alternative
approaches, our ultimate goal of using olefin meta-
thesis on proteins was in sight. We now turn to the
key modification.

S
A A A A e
0 H H o H o Hoo
Hag Hpg Aha Sac
O\/\ s\/\
A A A A
H o H o
Oat 20

Scheme 15. A) Methionine and surrogates for incorporation into proteins by methionine
auxotrophic E. coli. B) O-Allyltyrosine and sulfur analogue 20.

unproductive chelate

catalyst 1a

No Reaction

79%

Ti(OiPr),

unproductive chelate
disrupted with TiV

Scheme 16. Use of a Lewis acid to disrupt unproductive chelation.

Protein Modification by Cross
Metathesis

With Sac-containing protein in hand, we sought to take ad-
vantage of the unique reactivity of allyl sulfides in cross meta-
thesis. Initial attempts at cross metathesis with allyl alcohol in
the presence of catalyst 4 and tert-butanol as a cosolvent re-
turned only unmodified protein. However, careful analysis of
the reaction mixture formed from only protein and catalyst re-
vealed a compound with a mass corresponding to a possible
metalloprotein species, a putative intermediate that was un-
reactive in metathesis. We speculated that chelation from
nearby amino acid residues might sequester the catalyst from
further metathesis events. Furstner has shown that
similar non-productive chelation in metathesis reac-
tion can be disrupted by the use of a hard Lewis
acid such as Ti(QiPr), (Scheme 16).°¥ Other reports
of similar unproductive chelation and Lewis acid
rescue in olefin metathesis have also emerged.®**%

Magnesium(ll) as an additive in CM

For biocompatibility, MgCl, was chosen as a mild
Lewis acid to prevent non-productive chelation. Re-
markably, once magnesium(ll) was included in the
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buffer, efficient cross metathesis was immediately observed on
the protein with, initially, allyl alcohol as a partner olefin. This
breakthrough allowed us to explore more biologically relevant
modifications (Scheme 17). Glycosylation was achieved by
cross metathesis of the Sac-containing protein with monosac-
charide allyl glycosides. Glycoproteins are involved in cell sig-
naling during inflammation and immune response. Surface-
bound carbohydrates are also critical markers for protein fold-
ing.””% Access to homogenous natural samples is difficult and
cross metathesis opens new access to well-defined glycopro-
tein constructs.” Protein PEGylation, an important modifica-
tion for increasing the metabolic half-lives and shelf lives of

-

&g
R™S: (30-130mM) RS N
Catalyst4 2mm) %
MgCl, (80-130 mwu)
37 °C, tBuOH/buffer =~
r —OH
< HO—, OH
HO—~—0 X0
Howo\/k HEOH
RS < OH
.

HO\ Ao~ O

.

Scheme 17. Cross metathesis on SBL-Sac156.
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therapeutic proteins, " was also accomplished on the protein
in good yield (Scheme 17).

Our immediate goal of adapting olefin metathesis to protein
modification was met with successful cross metathesis at S-
allyl cysteine. This is a new addition to a rapidly expanding
interest in metal-mediated protein modification™ and a new
standard in substrate complexity in olefin metathesis. The op-
portunities and challenges uncovered during these efforts will
be welcomed as our lab and others build from these initial dis-
coveries. We conclude with an outlook over these possibilities
that necessitate focused effort in both chemistry and biology.

Outlook

The enhanced reactivities of allyl sulfides in aqueous cross
metathesis enable olefin metathesis on protein surfaces.
Whereas we have used S-allylcysteine, other allyl sulfides will
likely find use in metathesis. Accordingly, there are many op-
portunities in unnatural amino acid incorporation into proteins.
Other privileged handles that assist metathesis in the same
way as allyl sulfides may also be discovered. Many challenges
in olefin metathesis on proteins are worthy of discussion, and
several insightful points have already been raised by Kirshen-
baum and Arora.'"®" Firstly, the necessary accessibility of amino
acid metathesis partners has not been fully assessed. Is it pos-
sible to modify a hindered active site or helix? This is yet to be
determined. Secondly, E/Z mixtures may result after metathesis,
but at present determination of the stereoselectivity on pro-
teins is a challenge. Hydrogenation of these side chains may
be necessary for complete homogeneity. Thirdly, the use of co-
solvents to solubilize commercially available metathesis (pre)-
catalysts also warrants attention. The use of water-soluble
metathesis (pre)catalysts could avoid the use of organic cosol-
vents that might not be compatible with certain protein sam-
ples. Moreover, new water-compatible, reactive catalysts may
eventually allow metathesis at residues such as Hag that are at
present not sufficiently reactive in water. Fourthly, a relatively
limited set of metathesis partners was screened in our prelimi-
nary report. The full scope and functional group tolerance is
determined not by the protein alone, but also by the metathe-
sis partner and its unique steric and electronic character. Ulti-
mately, with translation capacity of unsaturated amino acid res-
idues, efficient water-soluble catalysts, and a more detailed
understanding of optimal metathesis partners, the opportunity
for in vivo protein modification by olefin metathesis may
become reality. With access to these modified proteins, their
use in deciphering and influencing a number of biochemical
processes becomes possible. These questions are driving our
current efforts to assess fully the scope of olefin metathesis in
protein modification and its use in biology.
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