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Olefin metathesis has revolutionized synthetic approaches to carbon-carbon bond formation. With a rich history beginning
inindustrial settings through its advancement in academic laboratories leading to new and highly active metathesis catalysts,
olefin metathesis has found use in the generation of complex natural products, the cyclization of bioactive materials, and in

the polymerization of new and unique polymer architectures. Throughout this review, we will trace the deployment of olefin

www.rsc.org/

metathesis-based strategies for the modification of proteins, a process which has been facilitated by the extensive

development of stable, isolable, and highly active transition-metal-based metathesis catalysts. We first begin by

summarizing early works which detail peptide modification strategies that played a vital role in identifying stable metathesis

catalysts. We then delve into protein modification using cross metathesis and finish with recent work on the generation of

protein-polymer conjugates through ring-opening metathesis polymerization.

Introduction

Olefin metathesis remains one of the most influential reaction
methodologies in chemistry. From the 1950’s-60’s with early
industrial discoveries from DuPont, Goodyear, and Phillips
Petroleum, among others, through its expansion into academic
laboratories, the development of olefin metathesis highlights
the importance of academic and industrial partnerships (Figure
1A).14 The understanding of catalyst design and function, which
was born from seminal mechanistic studies, has culminated in a
variety of catalyst systems tailored to meet the needs of
synthetic chemists, materials scientists, and polymer chemists.
Ultimately, the 2005 Nobel Prize in Chemistry was awarded to
Robert H. Grubbs, Richard R. Schrock, and Yves Chauvin for their
contributions to olefin metathesis, underscoring its wide-scale
importance.

This review aims to discuss the advances of metathesis
chemistry on the modification of proteins. We will briefly trace
the early years of the metathesis reaction and highlight a few
important discoveries in catalyst design and structure that
enabled the discovery of highly active and tolerant single
component catalysts able to perform chemistry in biologically
relevant conditions. There are many variations of the
metathesis reaction including cross-metathesis (CM), ring-
opening metathesis (ROM), ring-closing metathesis (RCM), ring
opening metathesis polymerization (ROMP), and acyclic diene
metathesis polymerization (ADMET) the processes of which and
their applications have been extensively reviewed.! Because
this review will cover research pertaining to the modification of
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proteins with a short introduction on peptide modification using
metathesis, the focal point will be on CM, ROMP, and RCM as
these are more frequently used in this context (Figure 1B).1 >
Advances of metathesis chemistry pertaining to biomolecule
modification from early work detailing the cyclization of
peptides using RCM, protein modification using CM, and lastly
to using ROMP to generate protein-polymer conjugates by
either grafting to or grafting from approaches are covered
below.

Early Years

The earliest reports of olefin metathesis date back to the 1950’s
in patents issued to E. I. du Pont de Nemours and Company.
These early patents detail the polymerization of bicyclo(2.2.1)-
2-heptene by treatment with titanium-based compoundsin the
presence of a reducing agent and with the exclusion of water
and oxygen (Figure 1A).6 Though the exact mechanism and
identities of the reactive species in solution were unknown at
the time, the formation of polymer was evident. These initial
works were followed by additional patents and literature
reports throughout the 1960°s-1970’s in which metathesis
transformations with cyclic and linear olefins were performed
using transition-metal oxides or carbonyls on solid supports
(heterogeneous catalysts) or transition metal salts and
coordination compounds in the presence of Lewis acids
(homogenous catalysts) (Figure 1).2 7 It was not immediately
clear during early disclosures that the ring-opening
polymerization of cyclic olefins and the double-bond scrambling
of linear olefins were proceeding through the same mechanism
until the reports of N. Calderon starting in 1967 in which the
term “olefin metathesis” was introduced.? 10
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Figure 1. (A) Abridged timeline of metathesis discoveries and some representative catalyst structures through the years. (B) Typically utilized metathesis reactions
in the context of protein modification which include ring-closing metathesis (RCM), ring-opening metathesis polymerization (ROMP), and cross-metathesis (CM).

The harsh reaction conditions of early metathesis processes,
which included the use of high temperatures, pressures, and
strong Lewis acids, limited their use to simple cyclic and linear
olefins. Additionally, little was known about the active species
present in the reaction mixtures, which led to difficulties in
controlling reaction kinetics and final product architectures. It
was not until the disclosure of Chauvin’s mechanistic proposal,
coupled with extensive experimental work throughout the
following years that provided support for his hypothesis, that
highly-active, well-defined, and isolable homogenous
transition-metal based catalysts were developed (Figure 1A).1
11,12

Important contributions and discoveries towards catalyst
design were published in the literature at a rapid pace during
the 1970’s into the early 1990’s (Figure 1A). This led to the
generation of many important well-defined homogenous
catalysts which aided the experimental mechanistic elucidation
and furthered the discovery of new reactivity by scientists such
as Grubbs, Casey, Katz, Osborn, Tebbe, Schrock, and others
(Figure 1A).13-19 |mportant reviews and perspectives have
covered these early discoveries to great extent.l 11, 20-23 Many
of the transition-metal carbene complexes developed in the
1970’s-80’s exhibited what at the time was unprecedented
activity. However, the high oxophilicity inherent to early
transition metals greatly curtailed catalyst reactivity in the
presence of oxygen and moisture while also reducing their
chemoselectivity. The introduction of Ru-based carbenes, so-
called Grubbs catalysts, played a vital role in the advancement
of peptide and protein modification techniques making use of
olefin metathesis.! Indeed, it was the discoveries of Grubbs and
coworkers that advanced catalysts to the point that they could
be applicable to biomolecule modification that require
functional group tolerance in simple cases to the added
requirement of aqueous conditions under mild conditions for
full proteins.

2 | J. Name., 2012, 00, 1-3

Modification of Peptides

In this section, we provide early examples of amino acid and peptide
modification using metathesis that helped enable research on
proteins. The purpose is not to be comprehensive, but rather to
highlight historically important studies that moved the field towards
protein modification.

RCM of Peptides

In the early 1990’s, Fu and Grubbs published a series of
manuscripts detailing the RCM of unsaturated nitrogen and
oxygen containing heterocycles using the Mo-based Schrock
carbene (1) (Figure 1A).2428 However, the limited functional

Figure 2. (A) RCM of allylglycine substituted Balaram tetrapeptide in the presence
of 2. (B) On-resin RCM of oligopeptide and subsequent liberation from solid

support.
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group tolerance and curtailed reactivity in the presence of
oxygen and moisture led the group to investigate RCM using the
Ru-based carbene (2), which had been previously reported to
polymerize strained cyclic olefins in the presence of protic
media (Figure 1A).29 30 In their initial disclosure using 2, Fu,
Nguyen, and Grubbs demonstrated RCM of five-, six-, and
seven-membered diene heterocycles bearing trifluoroacetyl,
tert-butoxycarbonyl, benzyl, and tert-butyldimethylsilyl ether
(OTBS) substituents. Notably, 2 was tolerant of aldehydes,
alcohols, carboxylic acids, hydrochloride salts, and operated
efficiently in the presence of air using solvents which were not
rigorously purified.?®

The success of 2 for the RCM of heterocycles bearing high-
degrees of functionality set the stage for the modification of
amino acids and peptides. Work by Miller and Grubbs in 1995
showcased the exceptional ability of 2 to catalyze the RCM of
allylglycine modified peptides thereby generating cyclic peptide
fragments.31 After optimizing RCM reaction conditions using
small amino acid based substrates, the authors moved to
generating a B-turn within a model oligopeptide substrate. This
was accomplished by replacing cysteine (Cys) amino acid
residues with allylglycine in a tetrapeptide which had been
previously reported by Balaram to contain a B-turn stabilized by
a disulfide bond (P1, Figure 2A).3L 32 Treatment of a
diasteromeric mixture of P1 with 2 produced only the (S,S,S)
peptide diastereomer (P2) in low yields, with mostly unreacted
diene substrates present in the crude reaction mixture (Figure
2A). It was found that only the tetrapeptide substituted with the
(S)-allylglycines underwent macrocyclization to produce the
(5,5,5) peptide diastereomer in 60% vyield. Though the
cyclizations were performed in dichloromethane, with high (20
mol%) catalyst loading, this work demonstrated that RCM with
2 was a viable strategy for preparing conformationally restricted
peptides.3t

This work was quickly expanded to include the so-called
Grubbs 1st generation catalyst (3), in the RCM of up to 20-
membered macrocycles containing allyl modified tyrosine
amino acid residues.3® The experiments they performed
clarified that preorganization invoked through N-H-O bonding
was not necessary for successful RCM and that other olefin-
modified amino acids may be employed. Additionally, it was
found that successful RCM using 2 or 3 is not dependent on the
conformational rigidity invoked by the amino acids located
between the alkene residues or the specific amino acid
sequence. In order to bypass the solubility constraints of larger
peptide sequences (>5 amino acids), they went on to develop a
strategy which allowed for RCM of oligopeptides to be carried
out on a solid support during solid-phased peptide synthesis
(SPPS) (Figure 2B).33

Alongside the Grubbs’ group initial disclosures on RCM of
peptides, Clark and Ghadiri reported an elegant method to
access peptide cylinders through the self-assembly and
subsequent CM of cyclic peptides bearing two L-
homoallylglycine (Hag) amino acid residues.3* The specially
designed cyclic peptide was able to self-assemble through
intermolecular N-H-O bonding which allowed the olefinic
amino acid residues of opposing peptides to be placed near one

This journal is © The Royal Society of Chemistry 20xx
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another. Treatment of a 5 mM solution of the cyclic peptide
with 2 (up to 25 mol%) in chloroform produced a diastereomeric
mixture of the coupled peptides. Similar reactions could not be
carried out in polar organic solvents due to a disruption in
intermolecular N-H-O bonding, which disrupted self-assembly
processess.34

These initial works set the stage for many additional
disclosures expanding on the RCM of olefin-containing
peptides, many of which were enabled by the introduction of 3.
A few elegant examples include work by Blackwell and Grubbs
in which helical peptide sequences substituted with olefinic
amino acid residues, each spaced four residues apart (i and i+4),
underwent RCM in chloroform after treatment with 3 (20
mol%).3> The Liskamp group disclosed an approach to generate
cyclic peptide libraries employing off-resin RCM using 3 of bis-
N-alkylated amino acid residues containing olefin side-chains of
varying lengths and separated by multiple residues.3¢ Because
the alkyl olefins were introduced on the amide nitrogens during
SPPS, cyclization could be performed without the need to
introduce specialized amino acid residues.3® Verdine and co-
workers undertook a study examining the effect that cross-
linker length, stereochemistry at the a-carbon of the amino acid
residue, and attachment position plays on the helix stabilization
of the peptides.37 It was found that on-resin RCM using 3 was
most efficient when longer hydrocarbon cross-links were used,
a notable example of which is the >98% RCM conversion
observed to form 34-membered macrocycles from i,i+7 olefin
substituted peptides. The stapled i,i+7 peptides were also found
to be ~41 fold more stable towards protease degradation than
their non-crosslinked counterparts.3” Schmiedeberg and Kessler
further optimized on-resin RCM of 10-mer oligopeptides using
3 and found that reversible backbone protection of a serine
amino acid residue was needed in order to facilitate efficient
RCM of peptide longer sequences.38

The introduction of stable Ru-based carbenes has enabled
the synthesis of a range of cyclic peptide derivatives which have
found use as peptidomimetics.3-42 Though we have covered the
initial discoveries and a few additional examples that further
developed peptide modification and set the stage for
modification of proteins, there exist many extensive reviews on
the topic and readers are directed to these for further
information.41 43, 44 Also important to note are the significant
works in generating bioactive polymers bearing pendent
peptide scaffolds along the polymer backbone. These types of
polymers could only be accessed efficiently through judicious
catalyst development.1 45-48

Modification of Proteins

The development of reaction methodologies for protein
modification has been a topic of great interest for many years.
The attachment of small molecules or polymers to proteins
engenders specific characteristics to the biomolecule such as
increased in-vivo lifetime, increased storage stability, thermo-
responsiveness, targeting capability, or addition of therapeutic
potential.4?-51 There are a wealth of reaction methodologies
available for the chemoselective modification of proteins which
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General catalytic cycle for the modification of biomolecules through CM using 4.

have been reviewed extensively.>2-56 Olefin metathesis offers a
complementary strategy existing protein
modification methods.57->°

A general requirement for protein modification with small
molecules via metathesis is the installation of alkene
functionality on the protein. Though this is a relatively
straightforward task when synthesizing peptides, it introduces
an additional obstacle when dealing with proteins.>” Olefin
metathesis reactions must also meet the stringent reaction
conditions required for protein modification and must operate
in buffered agueous media, at or below room temperature, at
low concentrations, and must be chemoselective while
exhibiting rapid reaction kinetics. Recent elegant works have
showcased the exceptional ability for Ru-based organometallic
carbene complexes to operate in biologically compatible media
in order to couple small molecules onto the surface of
proteins.>®

versatile to

Cross-Metathesis on Proteins

The first example of using CM to site-selectively label proteins
was reported by Davis and co-workers where they utilized the
Hoveyda-Grubbs 2" generation carbene (4) to transfer olefin
containing small molecules to S-allylcysteine (Sac) amino acid
residues on the model protein Bacillus lentus (SBL) (Figure 3A
and 3B).59 The authors started by investigating CM between
small molecule allyl alcohol substrates and homoallylglycine
(Hag), which is an olefin substituted methionine analogue
developed by van Hest and Tirrell.61 However, treatment of Hag
with 4 in the presence of allyl alcohol in a 1:1 mixture of water
and tert-butanol (:BuOH; used for solubility of 4) at room
temperature did not produce any of the desired CM product
and instead resulted in the recovery of starting material. The
authors next turned their attention to Cys derivatives and found

4 | J. Name., 2012, 00, 1-3

that treatment of Sac under the identical reaction conditions
mentioned above produced the CM product in 56% yield.®° This
important discovery highlighted the efficiency of ruthenium-
based metathesis catalysts to promote CM in aqueous media,
without the need for inert conditions, and was surprising given
previous literature reports detailing the poisoning of
ruthenium-based catalysts in the presence of thioethers.62 63
Substrates in which the olefin was extended further from the
sulfur atom and allyl derivatives in which the sulfur atom was
replaced with either nitrogen or oxygen exhibited much lower
CM vyields.60

The authors suggested that the enhancement in reactivity
exhibited by allyl sulfides is best explained by the allylic
chalcogen effect in which the soft, Lewis basic sulfur atom binds
stronger to the Ru-metal center than the hard oxygen atom of
the isopropoxy group on 4 (Figure 3B).60 64 As such, the ‘PrO
substituent is initially displaced by the allyl sulfide and,
following formation of the metallacyclobutane intermediate,
affords the corresponding thiol-based Ru-carbene species,
liberating the isopropoxy substituted styrene and enabling
entry into the catalytic cycle. Catalyst 4 is sequestered when 5-
and 6-membered metallacycle intermediates are formed due to
increased stability of the chelate which explains why only allyl
sulfides were competent in CM reactions (Figure 3B).6* More
recent studies by Chalker and coworkers have highlighted the
importance of matching the catalyst and allyl sulfide
substrates.55 66 For example, the allyl sulfide-promoted CM is
most pronounced in the presence of 4 and other N-heterocyclic
carbene-based Ru catalysts, whereas phosphine ligands
suppress CM. Electron-donation imparted by the NHC ligand
provides stability to the Ru-metal center thus allowing the
catalyst to tolerate sulfur-containing substrates. However,
phosphine ligands are thought to coordinate the Ru center and

This journal is © The Royal Society of Chemistry 20xx
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outcompete S-containing substrates, limiting catalyst activity.®>
66

CM of a range of allyl modified small molecule substrates
was performed on the Sac modified SBL protein (SBL-156Sac) in
a 7:3 mixture of agueous 50 mM sodium phosphate buffer (pH
8.0) in and 'BuOH. Though these initial reaction conditions did
not produce the desired modified protein, addition of MgCl,
(80-160 mM) produced >90% conversion of allyl alcohol
modified protein as determined LC-MS. The authors attributed
this increase in conversion to the disruption by Mg2* of non-
productive chelates formed on the metal center by other amino
acid side-chain residues. Despite decreased (<60%) conversion
of other allyl-modified substrates, which included sugars and
short ethylene glycol chains, and the need to include additives
such as tBuOH, this initial work proved to be a vital addition to
beginning our understanding of CM processes on proteins.t0

Incorporation of Sac into a model protein was undertaken
using methodology previously developed in the Davis group.6%
67Post-translational modification of the protein SBL-S156C was
performed by treatment of the protein with O-

Figure 4. (A) Methods for the installation of chalcogenide allyl groups on
proteins. Genetic incorporation of Ahc is expanded upon in Figure 5 (vide infra).
(B) Side reactions observed on amino acid substrates when treated with MSH.
See ref. 68 for full experimental details.
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mesitylenesulfonylhydroxylamine (MSH) which generates
dehydroalanine (Dha) from the Cys amino acid residue in situ
(Figure 4A). Addition of allylthiol then affords SBL-156Sac
(Figure 4A). The Davis group later turned to a bis-alkylation-
elimination strategy to produce Dha from Cys amino acid
residues by treatment of the biomolecule with the bis-amide
reagent (5, Figure 4A) in relatively benign (pH 8.0, 37 °C)
conditions.®® This reagent change was due to an extensive study
carried out by the Davis group which demonstrated the side
reactivity of MSH in the presence of other nucleophilic amino
acid residues such as aspartate (Asp), glutamate (Glu),
methionine (Met), histidine (His), and lysine (Lys), as well as the
N-terminal amine. A summary of MSH side reactivity can be
found in Figure 4B.%8 The authors found amination of Asp, Glu,
and Met upon treatment of the amino acid residues with MSH.
However, the starting material was recoverable when treated
with DTT in the presence of a base. Amination of His residues
and deamination of Lys and N-terminal amino groups were also
observed after treatment with MSH (Figure 4B). The authors
hypothesize that chemoselective conversion of Cys to Dha on
the SBL protein was due to a combination of pH, Cys
nucleophilicity, and accessibility of the amino acid residue.58
Compound 5 proved to be the reagent of choice due to the high
chemoselectivity for Cys, even effectively generating Dha from
Cys on histones.68, 69

The Davis group remained productive in this area, following
up on their initial CM disclosure with a manuscript detailing
additional methods for the post-translational conversion of Cys
to Sac (Figure 4A).7¢ Upon further investigation, steric
constraints were found to be a major contributing factor to the
low conversions exhibited by the CM reactions on proteins.’!
CM between olefin substrates and proteins modified with
extended Sac linkers were extremely efficient, in many cases
exhibiting >95% conversion. However, electron-deficient or
bulky olefin substrates proved problematic and were unable to
undergo CM on the protein surface. In an effort to investigate
other allylic chalcogenides, Se-allylselenocysteine (Seac)
derivatives were also investigated as CM coupling partners and
displayed increased reaction kinetics. Near complete
conversion (>95%) of the Seac modified protein to the allyl
alcohol modified product was observed within 15 minutes at
room temperature. Additionally, many of the CM coupling
partners that were problematic for the Sac modified protein,
were able to undergo CM efficiently with the Seac modified
protein.’1

Through the course of their investigations, the Davis group
was able to identify a facile method towards generating Seac
modified proteins.”2 Dehydroalanine substituted proteins could
be modified with Seac after treatment of the proteins with allyl
selenolate (generated by reduction of allyl selenocyanate with
NaBH4) in pH 8 sodium phosphate buffer (Figure 4A). The
second-order rate constant for CM between the Seac modified
protein and allyl alcohol (k; = 0.3 M-1s-1) was not only faster than
CM employing the Sac substituted protein (kz = 0.03 M-1s-1), but
it was also either on par with or rivalled other commonly
employed bioconjugation techniques, such as the Staudinger
ligation, strain-promoted azide-alkyne cycloaddition, and the

J. Name., 2013, 00, 1-3 | 5
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unsuccessful. Reprinted with permission from J. Am. Chem. Soc., 2018, 140,
14599-14603. Copyright 2018 American Chemical Society.

inverse-electron demand Diels-Alder reaction. The Seac
modification could also be removed through treatment with
H,0; in buffer thereby exposing the dehydroalanine residue.
This posed an interesting application in which Seac modified
histone H3 was modified with an N-acetyl lysine derivative using
optimized CM conditions to mimic a common post-translational
modification (PTM) of histone proteins. The modified protein
was recognized by the antibody specific for detecting the PTM
and the tag could be subsequently removed.”2

Recently, The Davis group has established methodology to
genetically incorporate S-allylhomocysteine (Ahc) in proteins
(Figure 5).72 The group analyzed the ability for methionyl-
tRNA synthetase (MetRS) to accept analogues of Met which
included Sac, Seac, Ahc, and Se-allylhomoselenocysteine (Ahs)
and incorporate them into proteins using the Met-auxotrophic
B834(DE3) E. coli strain. While all four unnatural amino acid
derivatives proved to be reactive substrates in CM with allyl
alcohol, only Ahc was able to be efficiently incorporated into the
protein histone H3 (Figure 5). Ahc incorporation was also
effective in additional proteins including beta-helix
pentapeptide repeat protein Np276, TIM-barrel beta-
glycosidase SsBG, alpha helix bundle DNA-binding protein SarZ,
and the bacteriophage coat protein Q8. All proteins were active
as metathesis substrates towards allyl alcohol in the presence
of 4 in pH 7.4-8.0 buffered solutions containing 30% ‘BuOH,
MgCl;, and 5 M guanidinium chloride.”® Ahc was also able to be
incorporated into the Fc region of the immunoglobulin G (IgG)
antibody using HEK293T cells.”> The Ahc substituted IgG was
shown to be CM reactive with an olefin functionalized biotin
substrate. Success of this model study for incorporating
unnatural amino acids into proteins within mammalian cell lines
affords exciting opportunities for strategically incorporating
chemical tags for proteomic studies.

The Schultz group has also made contributions in the
modification of proteins through CM by genetically
incorporating olefins in eukaryotic cells.’ A variety of non-
natural olefin substitute amino acids were genetically encoded
in Saccharomyces cerevisiae by the development of new
tRNA/aaRS pairs. Treatment of the protein containing the

6 | J. Name., 2012, 00, 1-3

alkene modified amino acids with ruthenium complex 4 in
aqueous conditions with 30% BuOH resulted in intramolecular
CM between the olefin side chains of two adjacent residues.’4

Development of Protein Polymer Conjugates
using ROMP

The deployment of ROMP to generate protein-polymer
conjugates provides an interesting approach to established and
frequently utilized methods which employ controlled radical
polymerization (CRP) techniques such as atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation
chain-transfer (RAFT) polymerization.s0 7578 ROMP allows for
incorporation of polymers based on strained cyclic olefin-based
monomers such as norbornene and oxanorbornenes which
could act as complements to frequently used polymers typically
made from (meth)acrylamide and (meth)acrylate based
monomers. Additionally, ROMP allows for a high degree of
control when synthesizing block copolymer architectures as the
copolymer composition is typically dictated by the feed ratios of
the monomers.”® Though there are only a few examples of
protein-polymer conjugates synthesized using ROMP, increased
attention in this area could significantly expand the types of
bioconjugate architectures and properties able to be accessed.
Grafting to is the most commonly used method of protein-
polymer conjugation with polymers made through ROMP.
During grafting to, a polymer which contains a protein-reactive
handle is synthesized, purified, and subsequently coupled to the
protein of interest.’> 77. 78 This strategy offers multiple
advantages which include ease of polymer synthesis and
characterization. However, the steric limitations incurred by
coupling two large molecules together may decrease coupling
efficiency which often necessitates the addition of excess
polymer, and the separation of two scaffolds that may be
similar in size is not straight-forward. The Kane group generated
protein multimers from bovine serum albumin (BSA) through
the synthesis of Cys reactive polymers.89 NHS-ester modified
norbornene monomers were polymerized in the presence of 3
and underwent post-polymerization modification with a-
chlorocarbonyl terminated PEG oligomers which rendered the
polymers water-soluble and reactive to Cys residues on BSA.80
A particularly elegant approach by Sleiman and co-workers
made use of ROMP to synthesize end-functional diblock-
copolymers bearing a hydrophobic block and a block containing
pendent ruthenium(ll) bypiridine chromophores.8? The
synthesized polymers were terminated using vinyl ether
functionalized biotin substrates in order to take advantage of
the strong binding exhibited by biotin (K4 = 1015M) to
streptavidin, thereby enabling protein modification by grafting
to.82 Micelles of the purified biotin-terminated diblock
copolymers were formed from acetonitrile mixtures, which
allowed for the development of micellar-protein aggregates by
incubation of the micelles in an aqueous streptavidin solution.
Streptavidin contains four biotin binding sites which enabled
cross-linking to occur between the micelles and the protein.

This journal is © The Royal Society of Chemistry 20xx
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TEM observations demonstrated much larger particle formation
(100-1000 nm) for the streptavidin-micelle aggregates
compared to the size of micelles in the absence of streptavidin
(41 + 11nm) or mixtures in which streptavidin was treated with
ethyl vinyl ether terminated diblock copolymers. This proved
that only biotin terminated polymers were interacting with
streptavidin, effectively demonstrating an interesting use of the
ROMP grafting to strategy.8!

The Pokorski group has utilized ROMP to great effect in
generating protein-polymer conjugates by both grafting to and
grafting from (Figure 6).83 84 The use of grafting from to access
protein-polymer conjugates is carried out by first appending a
small-molecule reactive group on the surface of the
biomolecule and using this handle as an initiation site to
promote polymerization directly from the surface of the
biomolecule.”® 77, 8587 Grafting from methodology is
advantageous in that the coupling of small-molecule reactive
substrates to biomolecules is generally highly efficient, the
purification of the small molecule from the formed macro-
initiator is generally easy, and characterization of the macro-
initiator is straight-forward. However, the subsequent
polymerization conditions need to be suited to the stability of
the biomolecule.

In their grafting from work, the authors carried out ROMP of
oligo(ethylene glycol)-functionalized norbornene monomers
from the surface of hen egg white lysozyme (Lys) in purely
aqueous conditions (Figure 6). The Grubbs 3 generation
carbene (6) was modified through displacement of the
bromopyridyl ligands with p-poly(ethylene glycol)

yFrontiers:

ARTICLE

functionalized pyridyl ligands to generate 7 as a water soluble
Ru-carbene analogue (Figure 6, inset).88 Carbene 7 was found to
be stable in aqueous solutions and competent in performing
ROMP of oligo(ethylene glycol) substituted norbornene
monomers in aqueous solutions, with full monomer conversion
occurring within 60 minutes to produce monodisperse
polymers.

In order for grafting from to occur, the authors needed to
append 7 on the surface of lysozyme. This was achieved by first
reacting the lysine residues on the protein surface with exo-
norbornene dicarboxylic acid anhydride thereby producing
proteins substituted with 5-6 norbornyl groups (Figure 6A).
Addition of excess 7 in pH 6.5 phosphate buffer resulted in ring-
opening of the norbornyl groups and insertion of 7 thereby
affording the macro-initiator (Ru-Lys, Figure 6A). One of the
major advantages of grafting from polymerization is the ease of
purification of macro-initiators from small molecule substrates.
In this case, purification of excess Ru-Lys was achieved via
ultracentrifugation with a centriprep ultracentrifugation filter
unit. Ru-Lys was used for polymerization directly after
purification to ensure minimal losses in catalyst activity, as the
stability of the ruthenium catalyst on the protein surface was
unknown.84

Figure 6. (A) Grafting-from lysozyme using ROMP in aqueous conditions using 7.(B) Grafting-to using polymers synthesized via ROMP using 6.
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Polymerization of oligo(ethylene glycol) substituted
norbornene monomers after treatment with Ru-Lys in agueous
solution produced high molecular weight polymers (up to 100
kDa) (Figure 6A). The polymer-protein conjugate was purified
and characterized via SDS-PAGE and gel permeation
chromatography. Interestingly, polymerization did not proceed
in solutions containing up to 100 equivalents of monomer.
Polymerization occurred only in the presence of higher
monomer loadings and this observation was attributed to poor
monomer initiation due to steric constraints on the surface of
Ru-Lys.84

Due to the lack of control inherent to the poor initiation
observed from their grafting from work, the Pokorski group set
their sights on developing grafting to methodology using
polymers derived from ROMP.83 Instead of taking advantage of
the termination mechanism of ROMP to place a protein-
reactive group on the polymer chain-end, as was demonstrated
by the aforementioned work from the Sleiman group, Pokorski
and co-workers instead synthesized block-copolymers made
from oligo(ethylene glycol) modified norbornene and protein
reactive exo-norbornene dicarboxylic anhydride monomers
(Figure 6B). Polymers of varying length (5-15 kDa) were
synthesized using 7 in organic solvent and polymer conjugation
to lysozyme was carried out using an excess (75 molar equiv, 12
equiv per lysine residue) of the polymer (Figure 6B). It was
determined that all six lysine residues were conjugated with
polymer as determined by GPC, though conjugation conversion
did not proceed quantitatively especially when using higher
molecular weight polymers. Notably, circular dichroism showed
no substantial change in the protein secondary structure upon
bioconjugation.83 The Pokorski group applied this modification
strategy to the coat protein on bacteriophage QB, a more
therapeutically relevant target due to its use in drug delivery
and imaging applications.8% 9% Though the authors needed to
use a larger amount of polymer (20 equiv per lysine) for
conjugation, they were successful in preparing predominately
singly modified QB-polymer conjugates. Purified QB-polymer
conjugates were characterized via SDS-PAGE, DLS, and SEC all of
which confirmed the appearance of a larger protein structure.
Additionally, it was found that the QB-polymer conjugates were
not cytotoxic towards NIH 3T3 embryonic fibroblast cells at
concentrations up to 1 mg/mL.83

Our group also has an interest in developing protein-
polymer conjugates using ROMP derived polymers. In an effort
to expand the chemical space of PEG-like polymers available for
protein conjugation, we synthesized unsaturated PEG
analogues terminated with an aldehyde functional group
capable of undergoing bioconjugation with lysine residues on
proteins.?> This polymer is also able to under-go metathesis
depolymerisation,®2 thereby producing degraded protein-
polymer conjugates. The development of polymers which are
degradable using triggers that are not bio-relevant—such as
organometallic reagents—is understudied and could find use in
biotechnological applications such as biosensing. Additionally,
depolymerization strategies could help in the characterization
of the polymer attachment site on a protein.

8 | J. Name., 2012, 00, 1-3

rPEG

Lysozyme
NaCNBH3

pH 6.0, rt, 26h 7 A ‘\}‘\
,’\«,t

Lys-rPEG Conjugate

6, MgCl,
PB, pH 8.0, 20% 'BuOH
rt, 17 h

-
%A&an\f_ ) /‘7

Degraded Lys Conjugate
Fi%ure 7. Conjugation of rPEG polymer to Lys through reductive amination and
su

sequent depolymerization of the Lys-rPEG conjugate to produce the degraded
Lys conjugate.

Pelegri-O’'Day and coworkers began by polymerizing
unsaturated crown ethers via ROMP using 3 in organic solvent.
These types of PEG analogues have been previously reported by
Maynard and Grubbs but lacked protein-reactive
functionality.’® 92 |n this case, the polymers were terminated
with vinylene carbonate to afford an aldehyde end-group,
taking advantage of methodology reported by the Kilbinger
group.?3 Polymers ranging in size from 4-20 kDa were prepared
and conjugated to lysine residues of Lys through a reductive
amination strategy by treating lysozyme and purified ROMP
PEG (rPEG, 50 equiv to protein) with sodium cyanoborohydride
(NaCNBHs) in an aqueous solution (Figure 7). The rPEG-Lys
conjugate was purified via fast protein liquid chromatography
(FPLC). Interestingly, the rPEG-Lys conjugate was able to
undergo depolymerization by treatment with 6 in the presence
of MgCl, and pH 8.0 phosphate buffer with 20% BuOH to
produce the degraded Lys conjugate (Figure 7). Additionally, the
aldehyde terminated rPEG did not exhibit cytotoxicity up to
concentrations of 1 mg/mL while the depolymerized products
were not cytotoxic up to 0.5 mg/mL in HDF cells. Overall, this
work demonstrated the importance of expanding the chemical
space by providing practitioners with an alternative strategy for
developing protein-polymer conjugates harbouring degradable
polymers.91

Conclusions and New Frontiers

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Overview of new applications for metathesis in biological settings.

The deployment of well-defined organometallic reagents offers
abundant opportunities for the generation of new protein
modification strategies.>* 5%, 94-97 Olefin metathesis is a versatile
approach towards anchoring substrates on complex
biomolecule surfaces through the generation of stable carbon-
carbon double bonds. Key to this process is the use of novel
transition-metal-based complexes which can mediate olefin
metathesis in a wide array of biologically relevant conditions.>®
84,98 The development of increasingly stable, highly active, and
easily tailorable Ru-based carbenes has enabled their increased
use in the creation of unique materials, chemical probes, and
pharmaceuticals.??-102 Qver the course of this review we have
briefly traced back early catalyst designs and the great advances
made by employing Ru-based carbene complexes to modify
peptide and protein substrates through either RCM, CM, or
ROMP. There remains many challenges and opportunities with
respect to using olefin-metathesis based methods to modify
proteins and for performing catalytic transformations on
biomolecule surfaces in general, the success of which is reliant
upon the development of organometallic catalysts which
operate orthogonally to the biomolecule of interest.>?

In addition to the examples of metathesis-based strategies
for protein modification, the stability and tunability of Ru-based
catalysts, especially analogues based on 4, has resulted in other
important and exciting applications of olefin metathesis in
biological settings. The generation of artificial metalloenzymes

This journal is © The Royal Society of Chemistry 20xx

which contain active metathesis catalysts on their surface
represent a particularly interesting class of biomolecule hybrid
complexes that harness the unique properties inherent to both
the biomolecule and the organometallic complex.103-106 The
Ward group synthesized a biotin-functionalized analogue of 4
which can bind to streptavidin, thus generating an artificial
metalloenzyme capable of promoting olefin metathesis in
aqueous mixtures.103 Remarkably, they were also able to
demonstrate the directed evolution of an artificial streptavidin
enzyme within the periplasm of E. coli cells. Upon treatment of
the periplasmic streptavidin with 8, the in situ generated
artificial metalloenzyme was active in the in vivo olefin
metathesis of small molecule substrates (Figure 8, top left
panel).197 Interestingly, the cells are only metathesis active in
the presence the artificial metalloenzyme, but the cells are
inactive when 8 is present freely in cellulo. Though the substrate
scope was limited, with additional enzyme mutants needing to
be developed in order to increase metathesis activity of
additional water soluble small molecule substrates, these
results highlight the importance of combining the large breadth
of chemical transformations offered by tunable transition-
metal-based catalysts with the solubility and general
biocompatibility of enzymes.106. 107 Metathesis catalysts have
also been reported to be active when anchored onto other
proteins such as human carbonic anhydrase Il, a-chymotrypsin,
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M. Jannaschii small heat shock protein, cutinase, and beta
barrel protein nitrobindin,104, 108-112

Another exciting application of metathesis-based strategies
in biological settings is in the use of RCM to release molecular
cargo. Ward and co-workers made use of 4 to promote the RCM
and subsequent 1,4-elimination of a range of amine or alcohol
substituted substrates in biological media such as Dulbecco
Modified Eagle’s Medium (DMEM), E. coli cells and cell lysates,
and Hela cells) (Figure 8, top right panel).113

Olefin metathesis has also recently been applied in activity-
based sensing applications.114-116 Michel and co-workers
designed a BODIPY substituted 4 analogue (9, Figure 8, bottom
left panel). Catalyst 9 was not fluorescent due to the presence
of the proximal Ru atom, however 9 selectively underwent
metathesis with ethylene thereby producing the free
fluorescent BODIPY dye. The probes were also able to
successfully detect ethylene in live HEK293T cells.116

Metathesis on oligonucleotides is also an exciting avenue of
research.198 117 1y and co-workers screened nine Ru-based
carbenes for competence in RCM of substrates appended on
DNA and found only 6 to be operative, while other carbenes
promoted decomposition of DNA or did not generate the
desired cyclized product. Conversion to the cyclized product on
DNA was increased in the presence of MgCl, and in a 3:2
(H20:1BuOH) solvent mixture in order to help with solubility of
both MgCl; and 6 (Figure 8, bottom right panel). Though these
on-DNA transformations represent a significant advance for
metathesis in biological settings, especially in high dilutions
(0.09mM of substrate), there are areas to improve as the
reaction conditions required high loadings of MgCl, and 6 (4000
equiv and 150 equiv, respectively).

In regards to polymer synthesis, the utilization of ROMP to
develop protein-polymer conjugates remains an important
avenue of research.84 87,91 ROMP provides access to polymer
architectures which may not be easily achievable using other
techniques such as controlled radical polymerization. Creation
of protein-polymer conjugates in which the polymers are made
from cyclic olefins would expand substantially on the available
set of material properties that practitioners can invoke on the
protein. Furthermore, there are examples of ROMP with other
biomolecules such as nucleic acids reviewed elsewhere.8”
Though the modification of biomolecules using metathesis
chemistry remains an underdeveloped area, especially with
respect to the synthesis of protein-polymer conjugates, we
hope this brief review will provide insight into the current state-
of-the-art and stimulate interest in this area.
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