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This feature article provides a compilation of tools available for preparing well-defined

peptide/protein–polymer conjugates, which are defined as hybrid constructs combining (i) a defined

number of peptide/protein segments with uniform chain lengths and defined monomer sequences

(primary structure) with (ii) a defined number of synthetic polymer chains. The first section

describes methods for post-translational, or direct, introduction of chemoselective handles onto

natural or synthetic peptides/proteins. Addressed topics include the residue- and/or site-specific

modification of peptides/proteins at Arg, Asp, Cys, Gln, Glu, Gly, His, Lys, Met, Phe, Ser, Thr,

Trp, Tyr and Val residues and methods for producing peptides/proteins containing non-canonical

amino acids by peptide synthesis and protein engineering. In the second section, methods for

introducing chemoselective groups onto the side-chain or chain-end of synthetic polymers

produced by radical, anionic, cationic, metathesis and ring-opening polymerization are described.

The final section discusses convergent and divergent strategies for covalently assembling polymers

and peptides/proteins. An overview of the use of chemoselective reactions such as Heck,

Sonogashira and Suzuki coupling, Diels–Alder cycloaddition, Click chemistry, Staudinger

ligation, Michael’s addition, reductive alkylation and oxime/hydrazone chemistry for the

convergent synthesis of peptide/protein–polymer conjugates is given. Divergent approaches for

preparing peptide/protein–polymer conjugates which are discussed include peptide synthesis from

synthetic polymer supports, polymerization from peptide/protein macroinitiators or chain transfer

agents and the polymerization of peptide side-chain monomers.

1. Introduction

Peptide/protein–polymer conjugates are hybrid materials,

which are either designed to benefit from the synergistic

behavior of both components or to overcome shortcomings

inherent to the components alone. To date, the most promi-

nent representative of this class of materials are conjugates of

peptides/proteins with poly(ethylene glycol) (PEG). Peptide/

protein PEGylation is now established as a powerful strategy

to improve the in vivo properties (circulation half-life, stability,

immunogenicity, etc.) of therapeutic peptides/proteins.1 The

development of many new and/or improved strategies for the
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preparation of peptide/protein–polymer conjugates over the

past years, however, paves the way for numerous novel and

elegant applications of this class of materials.

The continuous expansion of the number of synthetic

strategies that can be used to prepare peptide/protein–

polymer conjugates is due to the development of advanced

methodologies for preparing synthetic peptides, creative use of

controlled polymerization techniques, chemoselective coupling

systems and residue-/site-specific protein modification reac-

tions. Currently, the myriad of choices available for preparing

peptide/protein–polymer conjugates may be overwhelming

when attempting to devise an approach for preparing such a

material.

The purpose of this article is to provide a useful compilation

of the tools available for preparing well-defined peptide/-

protein–polymer conjugates. Herein, well-defined peptide/protein–

polymer conjugates are defined as hybrid constructs which com-

bine: (i) a defined number of peptide/protein segments with

uniform chain lengths and defined monomer sequences (primary

structure) with (ii) a defined number of synthetic polymer chains.

The constructs are obtained by coupling specific amino acid

residues on the peptide/protein with specific functional groups

located at defined positions on the synthetic polymers.

This contribution is separated into three major sections,

which discuss the elementary steps involved in designing

synthetic pathways for the preparation of peptide/

protein–polymer conjugates. In what follows, we use the terms

polymer-reactive or peptide/protein-reactive as descriptors for

functional groups intended for reaction with a complementary

functional group on a polymer or peptide/protein. The first

section, entitled preparation of polymer-reactive peptides/

proteins describes methods for post-translational, or direct,

introduction of chemoselective handles onto natural or

synthetic peptides/proteins. Included topics are residue- and

site-specific modification of natural proteins, as well as

synthetic and biosynthetic methods for producing peptides/

proteins bearing chemoselective groups. The second section,

entitled preparation of peptide/protein-reactive polymers,

describes methods for introducing chemoselective groups

onto synthetic polymers either through the use of functional

monomers, initiators or terminators, or through quantitative

post-polymerization modification. The final section,

entitled preparation of peptide/protein–polymer conjugates,

discusses convergent and divergent methods for covalently

assembling polymers and peptides/proteins and includes

a discussion of currently available chemoselective

coupling reactions as well as the synthesis of polymers

from peptide/protein macroinitiators or peptide side-chain

monomers.

Given the vastness of the topics addressed herein as well as

the overwhelming number of studies published each year in

this field, many recent, important, and detailed review articles

have been published on individual aspects discussed in this

contribution. Reference to reviews of outstanding interest will

be made at the beginning of each relevant subsection. This

article places particular emphasis on studies which develop

new design concepts or synthetic strategies for preparing

peptide/protein–polymer conjugates and does not specifically

discuss applications for such materials.

2. Preparation of polymer-reactive
peptides/proteins

2.1 Introductory remarks

The synthesis of polymer-reactive peptides/proteins, which can

be used for the preparation of well-defined peptide/-

protein–polymer conjugates, requires knowledge of the primary

structure of the peptide/protein and the presence of specific

amino acid residues that can be chemoselectively modified

under conditions that do not influence the side chains of the

other amino acids. The target amino acid has to be reasonably

exposed on the surface of the protein and not buried in the

interior of the protein in order for functionalization to occur.

Obviously, the residue selected for modification should be

chosen so that conjugation with a polymer will not affect

protein conformation or function. In practice, information

about the protein’s three-dimensional structure (single-crystal

X-ray and/or solution NMR studies) is necessary, though the

primary sequence may be sufficient if only partial knowledge

of protein structure is known.2

A major challenge in the preparation of polymer-reactive

peptides/proteins lies in the site-specific introduction of the

desired functional groups. While quite a number of residue-

specific transformation reactions are known (vide infra), pro-

teins, and especially large proteins, are likely to contain multi-

ple copies of some, if not all twenty canonical amino acids and

thus directing the modification at a specific site is a daunting

task. Consequently, the usefulness of a given residue-specific

reaction for preparing well-defined peptide/protein–polymer

conjugates may be offset by the overall abundance of this

residue within the protein’s sequence. While clearly the desire

for site-specific modification of a protein requires, or assumes,

that detailed information on the protein’s sequence and three-

dimensional structure is available, in certain circumstances

such information is not available. In such cases, however,

knowledge of natural amino acid abundances, the distribution

of amino acids over the primary structure of the peptide/

protein as well as information on the average surface accessi-

bility of amino acids may provide rules of thumb that can

guide the preparation of site-specifically modified

polymer-reactive peptides/proteins. Table 1 lists the natural

abundances of the 20 canonical amino acids in proteins taken

from the SWISS-PROT database (Release 54.5).3 Selecting

one of the less abundant amino acids such as tryptophan or

cysteine for the introduction of polymer-reactive groups offers

a first strategy to control the degree of modification of the

peptide/protein and may facilitate the preparation of well-

defined peptide/protein–polymer conjugates. A second strategy

that may assist in the design of well-defined peptide/

protein–polymer conjugates is based on the consideration that

different amino acids have different propensities to be located

in certain sections of the polypeptide or protein. For instance,

short peptides/proteins (o50 residues) have been found to

over-represent cysteine and tryptophan residues relative to

their overall frequency in proteins, particularly in the

N-(cysteine) and C-terminal regions (cysteine and tryptophan)

(Table 1).4 Conversely, glutamine is over-represented in the

N-terminal region while under-represented in the C-terminal
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region. Furthermore, the binding sites of certain proteins such

as enzymes have been shown to over-represent residues such as

histidine, arginine, tryptophan and tyrosine while under-re-

presenting lysine.5 A third strategy that can be used to achieve

a certain degree of site-specificity in the preparation of

polymer-reactive peptides/proteins involves considering the re-

lative surface exposure of amino acids. The average surface

accessibility (ASA), or propensity for a residue to be present

on the surface of a protein, has been calculated for the 20

canonical amino acids based on the known structures of a

number of database proteins (Table 1).6 Knowledge of the

ASA of amino acids allows directing of the introduction of

polymer-reactive functional groups more towards the interior

or towards the surface of the protein.

2.2 Synthetic strategies for rendering peptides/proteins

polymer-reactive2,7–10

This section gives an overview of different strategies that are

available to modify existing peptides/proteins with

polymer-reactive handles and begins by discussing the possibi-

lities, advantages and disadvantages of reactions that are

currently available to modify the side groups of specific amino

acids. This is followed by a presentation of strategies that are

available to selectively modify the N-terminal amino group of

peptides/proteins as well as reactions that can be used to

selectively modify specific N-terminal amino acids on pep-

tides/proteins. An overview of the reactions that are discussed

in this section is presented in Tables 2 and 3.

Lysine. The most popular but one of the least site-specific

residue-specific functionalization strategies targets the e-amino

group of lysine residues.2 The main disadvantage of this

strategy is that, generally, proteins possess many surface-

exposed lysine residues. Lysine can make up to 6% of the

overall amino acid sequence (Table 1). In general, the e-amino

group on lysine is targeted with electrophilic reagents such as

activated carboxylic acids (1), aldehydes or ketones (2) and

isocyanates/isothiocyanates (3).8 In the reaction with alde-

hydes, the reversibly formed imine must be reduced to irre-

versibly form a secondary amino group. While this reduction

can be accomplished by use of harsh, water-sensitive chemi-

cals, which react rapidly and quantitatively with imines,11

recent developments using iridium catalyzed hydrogenation

have been shown to be more mild while maintaining similar

efficiency to cyanoborohydride methodologies.12 Though this

modification maintains the overall charge of the protein (even

though its isoelectric point may change), the two-step nature

of this modification and the more difficult synthesis of alde-

hyde heterobifunctional spacer compounds (i.e. for conjuga-

tion with a polymer) versus activated carboxylic acids makes

this route more challenging.2 Alternatively, lysine residues

may react by amidination with imidoesters (4) at elevated

pH (B9) or with imidothiolane (Traut’s reagent, 5) near pH

8,13 the latter being useful for introducing thiol groups.

Generally, the latter reaction is selective towards surface

accessible lysine residues, though the generated thiol groups

may conceivably form intra- or intermolecular disulfide bonds

with cysteine residues. Modification of non-surface-accessible

lysine residues requires denaturing conditions. Amidination

conserves the overall charge of the side group, an aspect which

may be advantageous should the charge on this residue be

important in the peptide/protein’s structure. Another strategy

employs the use of thioesters or dithioesters (6) for the

modification of lysine residues. Aliphatic dithioesters are good

electrophiles and have been shown to be interesting, mild

reagents for lysine residues in proteins, in the absence of

cysteine residues. The reaction of dithioesters is very fast,

specific and irreversible.14 Generally, the water solubility of

dithioesters is limited, and their design should therefore in-

corporate solubility improving groups. Reactions of dithioe-

sters are specific towards primary and secondary amines,

though exchange reactions are possible with cysteine groups,

depending on the leaving group present on the thioester.14

Protein thioacylation can be conveniently monitored with UV-

Vis spectroscopy due to the difference in the UV-Vis absor-

bance of the reactants (aliphatic dithioesters, B310 nm) and

products (aliphatic thioamides, B270 nm).14 Also, excess

dithioester can be quenched by addition of ammonia, which

allows for control over reaction time. In the studies discussed

in this section, side-reactions involving nucleophilic attack by

alcohol groups found on other amino acids were not observed.

Side-reactions involving nucleophilic attack of the thiol side

chains on cysteine residues would produce thioesters that are

sufficiently unstable to prevent their irreversible participation

in these reactions.

Cysteine. Cysteine residues are valuable targets for residue-

specific modification of peptides/proteins in that these residues

Table 1 Trends in amino acid (AA) composition4,5 and average
surface accessibility6 in database proteins

Amino
acid

Natural
abundance
(%)

For short peptides (o50 AA)
Near
binding
sites ASAaOverall

N-terminal
region

C-terminal
region

Surface amino acids

Asp 5.33 0.615
Gln 3.98 +b �c 0.573
Glu 6.66 � � � � 0.586
Gly 6.93 0.588
Lys 5.91 � 0.607
Ser 6.90 0.568

Intermediate amino acids

Arg 5.44 + 0.539
Asn 4.11 0.568
His 2.30 + 0.425
Pro 4.86 � 0.502
Thr 5.39 � 0.480

Core amino acids

Ala 7.86 � 0.405
Cys 1.50 + + + 0.268
Ile 5.86 0.273
Leu 9.67 0.321
Met 2.39 + + 0.364
Phe 3.94 + + 0.290
Trp 1.13 + + + 0.279
Tyr 3.00 + 0.319
Val 6.72 0.306

a Average surface accessibility. b +: Over-represented relative to

natural abundance. c �: Under-represented relative to natural

abundance.
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Table 2 Reactions for the post-translational modification of the side groups of specific amino acid residuesa

Reagent(s) Product(s) Comment

Lysine

1 Reagents easy to synthesize or commercially available. Side-reactions are possible.26

2 Reversible imine formation. Reduction to amine can be done in mild conditions
(phosphate buffer, pH 7.4).12

3 Formation of stable (thio)urea linkages. Reagents easy to synthesize or commercially
available.8

4 Maintains charge of residue.13

5 Useful for generation of a thiol group.13

6 Exchange reactions with free thiol groups can be overcome by adding excess R’SH.14

Cysteine

7 Formation of stable thioether bonds.

8

Reaction via Michael’s addition (section 4.1). Possible side reactions with amines.
27

9

10 Reversible. Useful for releasing and characterizing R. Prepared by thiol exchange.

11 Reversible. Useful for releasing and characterizing R. Reagent easy to synthesize.9

12 Reaction with disulfides. Mild reducing conditions. Maintains protein structure.15,16

Glutamine

13 Possible side reaction with internal Lys residues and N-terminal Gly residues.28

Tyrosine

14 pH 8.5–9, 45 min at r.t. 50–65% yield. Selective towards solvent accessible Tyr
residues.19

15 pH 5.5–6.5, 18 h, 0–80% yield. Yield drops significantly above pH 8.20
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are relatively rare, having a natural abundance of 1.5%

(Table 1). Cysteine residues are often found partially of fully

buried within the protein structure, a property which may limit

their accessibility to chemical reagents.2 Dithiothreitol (DTT)

can be used to expose additional cysteine groups participating

in intramolecular disulfide bonds, though care should be taken

if the three-dimensional structure of the protein is to be

maintained following modification, given that disulfide bonds

play a significant role in maintaining protein structure. Under

appropriate conditions, cysteine can be modified selectively,

rapidly, quantitatively and in either a reversible or irreversible

fashion. Indeed, the nucleophilic thiol group is reactive to-

wards a variety of reagents, any one of which can be used to

introduce a handle for chemoselective coupling. a-Halocarbo-

nyl compounds (7), maleimides (8) and vinyl sulfones (9) react

irreversibly with the thiol side-group of cysteine to produce

stable thioether bonds.7 A very specific method for modifying

cysteine residues lies in the formation of disulfide linkages,

though these may be cleaved with reducing agents such as

DTT. This may be an advantage or disadvantage depending

on the application for which the conjugate is designed.

Formation of disulfide bridges can be accomplished by means

of orthopyridyl disulfides (10) or methanethiosulfonates (11),

the latter being synthesized directly from organohalogen

compounds.9 The recent development of bis(thiol)

specific reagents (12) allows the modification of native dis-

ulfide bonds that are crucial to protein structure and biological

activity.15,16 This strategy starts with reduction of the

native disulfide bond to release the two cysteine thiols, which

then react with a a,b-unsaturated b0-monosulfone reagent (12)

to form a three-carbon bridge between the two sulfur atoms.

The formation of the three-carbon disulfide bridge ensures

that the modification reaction does not influence protein

structure or function.

Table 2 (continued )

Reagent(s) Product(s) Comment

16 pH 9, 4 1C, 2 h, B90% Yield.21

17 10% TFA, 1.5 eq.
IPy2BF4

50–60% yield for short peptides. Does not iodinate Phe residues.24

Phenylalanine

18 10% TFA, 1 eq. IPy2BF4

2 eq. HBF4

85–100% yield for short peptides in 30 min. Cannot be performed in presence of Tyr,
Trp or His.25

Tryptophan

19 Rhodium carbenoid generated in situ. 60% conversion (combined N- and C-alkylation)
after 7 h at r.t. Low pHs required.29

Aspartic acid, glutamic acid and C-terminus

20 (i) In situ activation and coupling with carbodiimide and activating agent (cat.).30,31

(ii) Separate activation and coupling steps.

21 For Staudinger ligation. Reaction via standard coupling chemistry (i.e. for SPPS).32

22 Formation of thioester electrophile for native chemical ligation.33

a Bold numbers refer to entries, not individual compounds.
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Table 3 Reactions for the selective N-terminal modification of peptides/proteinsa

Reagent(s) Product(s) Comment

N-Terminus-general

23 NaI + NaNO2, pH 4 Under basic conditions (pH 4 7) side-reactions with
Tyr and His observed.36

24 NaHCO3 buffer, H2O : ACN, 6 h, r.t., 80% Yield. Cysteine and methionine
residues were reversibly oxidized.37

N-Terminal aspartic acid, glycine, lysine, methionine and valine

25 Buffer pH 6.5–8.5, 18–20 h, 37–55 1C, 30–80% Yield. X is the side-chain
of the N-terminal group. X = CH3 for Asp.38

N-Terminal serine or threonine

26 Pseudoproline ligation. Must be performed in (nearly) non-aqueous media.39

27 IO4
� Oxidation of the N-terminal residue. H2O, 10 min, 37 1C, quant.10

Reaction of glyoxylyl peptides/proteins produced in entries 25 and 27

28 H2O:ACN (16%) pH 4.5, 70 min, 22 1C, quant. Hydrazone
very labile o pH 2.40

29 Buffer pH 5.25, 7–9 h. r.t., 495% yield. Insensitive to internal lysine
or arginine residues.42

30 Buffer pH 3–5, 24 h, r.t., 40–100%.43

N-Terminal cysteine

31 Native Chemical Ligation. 6 M Guanidinium HCl buffer pH 7.5, r.t., quant.45

32 Pseudo-proline ligation

N-Terminal lysine or arginine

33 Buffer pH 8, 30 min, 37 1C, 90–100% yield. Works in presence of
crude protein mixture.47

R1:N3, COCH3; R2:H
R1:OH; R2:NO2
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Glutamine. Glutamine is a moderately abundant target for

selective protein/peptide functionalization through transami-

dation mediated by transglutaminase (TGase).17 This enzyme

catalyzes an acyl transfer reaction between the g-carboxamide

group of protein-bound glutaminyl residues and readily avail-

able amino groups on a target compound (13).18 The reaction

proceeds at pH 7.5 and leads to the exclusive modification of

glutamine residues. Possible side-reactions involve intra- or

interprotein reactions with the e-amino group of lysine.

Tyrosine. Tyrosine residues on proteins have recently been

established as targets for residue specific modification. While

this amino acid is moderately abundant (B3%, Table 1) its

over-representation near binding sites may be disadvanta-

geous if the activity of the protein is to be maintained. Under

mildly basic conditions, which deprotonate the phenolic hy-

droxyl group, tyrosine reacts with p-allylpalladium complexes

that can be generated in situ from allylic acetates in the

presence of Pd(OAc)2 (14).19 This reaction produces the

corresponding O-alkylated tyrosine residues in 50–65% yield.

Site selectivity studies indicated that this modification reaction

preferentially targets solvent accessible tyrosine residues. C-

alkylation of tyrosine residues can be achieved via a three-

component Mannich type reaction (15).20 This reaction in-

volves the use of a stoichiometric mixture of an aldehyde and a

modified aniline compound, which in situ forms an imine that

acts as the actual alkylating agent. Reaction times of 18 h

resulted in degrees of modification of up to 80% depending on

the nature of the aniline compound. This reaction generally

proceeds in the pH range of 5.5–6.5 and yields drop signifi-

cantly above pH 8. Alternatively, electrophilic aromatic sub-

stitution of tyrosine side-groups can be achieved by diazonium

coupling (16) in a highly efficient and selective manner.21–23

Tyrosine residues can also be selectively mono-iodinated with

an equimolar amount of IPy2BF4 either in the presence of 10%

TFA in CH2Cl2 or 1 eq. HBF4 in acetonitrile or dichloro-

methane (17).24 Experiments carried out with short peptides

containing both tyrosine and phenylalanine residues did not

reveal any phenylalanine iodination, which underlines the

selectivity of this reagent.

Phenylalanine. In the absence of tyrosine residues, phenyl-

alanine may be monoiodinated in the same fashion as for

tyrosine by use of IPy2BF4 (1 eq.) in the presence of TFA

(10%) in CH2Cl2 and HBF4 (2 eq.) in high yield (18). These

reaction conditions produce mixtures of the corresponding

ortho/para monoiodinated residues with o/p ratios varying

from 7/1 to 13/1 depending on the length and amino acid

sequence of the peptides.25

Tryptophan. The residue-specific modification of the indole

side-group of tryptophan residues has recently been shown to

be possible through the in situ generation of rhodium carbe-

noid reagents (19).29 Given the low natural abundance of

tryptophan (1.13%, Table 1), this strategy offers attractive

opportunities to produce well-defined peptide/protein–polymer

conjugates. In this strategy, the reactive rhodium carbenoids

are generated in situ from a vinyl diazo compound and

Rh2(OAc)4. Reaction of the rhodium carbenoid species with

tryptophan results in a mixture of the corresponding

N-alkylated and 2-alkylated indoles. Experiments carried out

with horse heart myoglobin resulted in the modification of

B60% of the tryptophan residues. The chemoselectivity of

this reaction is thought to be brought about by the unique

ability of tryptophan to outcompete hydrolysis of the rhodium

carbenoid.8 A drawback of the strategy is the relatively low pH

(1.5–3.5) that is required for the reaction, which may have

undesirable effects on protein structure and function.

Aspartic acid, glutamic acid and C-terminus. The modifica-

tion of carboxylic acid groups along the peptide/protein back-

bone or at the C-terminus with amines can be easily

accomplished using routine coupling chemistry such as that

used in solid-phase peptide synthesis (20).30 Reactions of this

type are generally rapid and quantitative, which is why they

form the basis for solid-phase peptide synthesis. The activation

of the carboxylic acid group, which is typically carried out

using a carbodiimide coupling agent and N-hydroxybenzo-

triazole (HOBt) as an additive, can be carried out either in a

one-pot, two step process, or in two separate reaction steps

(20). When modifying complex proteins, care should be taken

that excess nucleophile is used to avoid side-reactions with the

e-amino group on lysine residues. Phosphinothiols may be

introduced to form thioesters suitable for Staudinger ligation

(21). A variety of water soluble phosphinothiols have been

developed for the purpose of protein modification.32

Table 3 (continued )

Reagent(s) Product(s) Comment

N-Terminal tryptophan

34 Pictet–Spengler reaction. Glacial acetic acid, 24 h, r.t., B100% yield.48

N-Terminal histidine

35 Histidine ligation. Buffer pH 5.7, 8 h, 60–75% yield.39

a Bold numbers refer to entries, not individual compounds.
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Furthermore, carboxylic acids may be converted into thioe-

sters (22)33 which can be used in native chemical ligation.

N-Terminus-general. The difference in pKa between the ami-

no group of an N-terminal amino acid residue (B7.8) and the

amino groups in the side-chains of lysine (B10.5) and arginine

(B12) residues allows the selective N-terminal modification of

shorter peptides and proteins by methods discussed for lysine

residues.34 The difference in pKa comes from the electron with-

drawing character of the geminal amide group at the N-termi-

nus.10 This methodology, however, has not been proven

sufficiently selective for general use on proteins.35 The N-

terminal amino group may be selectively iodinated under acidic

conditions with sodium iodide and sodium nitrite (23). How-

ever, under neutral to basic conditions side-reactions with

tyrosine and histidine residues are possible.36 The N-terminus

of a protein can be selectively targeted with an alkyne through

oxidative amide synthesis using an alkyne and hydrogen per-

oxide (24). This reaction has been shown to promote the

exclusive amidation of the N-terminus of unprotected peptides

bearing lysine, serine, threonine and tyrosine residues in aqu-

eous acetonitrile at pH 8.3.37 Another possibility to selectively

modify the N-terminus of peptides/proteins uses a transamina-

tion reaction that introduces a uniquely reactive ketone or

aldehyde group, which allows further modification through

oxime or hydrazone formation (25).38 This method has been

successfully used to modify the N-terminus of a series of aspartic

acid, glycine, methionine, lysine and valine containing peptides

and has been applied to selectively functionalize proteins with p-

bromobenzyloxyamine, alkoxyamine substituted fluorescent

dyes or PEG derivatives. This technique, however, is suspected

to be incompatible with proteins bearing N-terminal serine,

threonine, cysteine, tryptophan, and proline residues.

N-Terminal glycine. N-Terminal amino groups generally do

not participate in the TGase mediated reaction with glutamine

derivatives. N-Terminal TGase mediated chain end modifica-

tion, however, is possible with peptides/proteins that contain

an N-terminal glycine residue. This N-terminal modification

reaction is facilitated if multiple (43) sequential glycine

residues are present, or if the second amino acid is basic. In

certain circumstances, this reaction is insensitive to the pre-

sence of lysine residues, as not all lysine residues are TGase

reactive in folded peptides/proteins.28

N-Terminal serine and threonine. The nucleophilicity of the

N-terminal 1,2-aminoalcohol group of N-terminal serine or

threonine residues can be used for pseudoproline ligation

(26).39 The reaction proceeds via an oxazolidine intermediate,

whose formation is not favored under aqueous conditions.

Oxaproline ligation, however, can be realized under nearly

nonaqueous conditions, such as 90% DMSO or DMF in 10%

acetate buffer at pH 5.5.39 Alternatively, the presence of an N-

terminal serine or threonine offers unique possibilities owing

to the high susceptibility of 1,2-aminoalcohols to periodate

oxidation (27). In fact, the periodate oxidation of a 1,2-

aminoalcohol proceeds several orders of magnitude faster than

for 1,2-diols or 1,2-diamines, making this reaction quite

specific.10 Periodate oxidation of an N-terminal serine or

threonine results in the formation of a glyoxylyl group, which

can be used to form hydrazone (28),40,41 thiazolidine (29)42 or

oxime linkages (30).43 The initial oxidation step proceeds

under mild aqueous conditions in the pH range of 6–8 at

room temperature in a matter of minutes.35 The excess period-

ate used to oxidize the N-terminal residues of proteins has

been shown to participate in side reactions, in which methio-

nine is oxidized to methionine sulfoxide.40 In general, the

reaction time must be controlled precisely for large proteins

in order to avoid over-reaction during periodate oxidation.44

Quenching of excess periodate to stop the oxidation reaction

can be accomplished by addition of excess of ethylene glycol.

While in principle the reactive glyoxylyl group formed by

periodate oxidation may participate in intra- or inter-molecu-

lar Schiff base formation by reaction with amino groups on

lysine residues, these structures are generally sufficiently un-

stable towards hydrolysis to regenerate the glyoxylyl group,

which can then be used for more stable coupling strategies.35

N-Terminal cysteine. Peptides/proteins with N-terminal cy-

steine residues have been exploited for the preparation of amide

bonds by native chemical ligation.45 Native chemical ligation is

a two-step process that starts with the reaction of the thiol group

of an N-terminal cysteine residue with a thioester compound

(31). This results in the formation of a thioester intermediate,

which in a second step undergoes a rapid and irreversible

intramolecular S,N acyl migration to generate a peptide bond.

This reaction proceeds in aqueous solution at neutral pH, is

irreversible under the reaction conditions used, and proceeds to

high yields.33 This strategy has not only been successfully used

for the total chemical synthesis of proteins, but has also been

applied for the preparation of complex protein–polymer con-

jugates.46 Native chemical ligation can be performed in the

presence of additional cysteine groups along the backbone by

inclusion of a large excess of competitive thiol molecules to keep

cysteine side-chains reduced, to reverse the formation of un-

productive thioesters and to potentially convert the easily

manipulated benzyl thioester into a more reactive thioester

through thiol exchange.33 In addition to native chemical liga-

tion, N-terminal cysteine residues can also be used for pseudo-

proline ligation.39 Pseudoproline ligation starts with imine

capture of ester glycoaldehydes via the formation of a thiazoli-

dine ester, which occurs in a matter of minutes under either

acidic, neutral or basic conditions (32). Acidic conditions are

favorable since they avoid side-reactions with other nucleo-

philes. In a second step, the thiazolidine ring undergoes a

O,N-acyl migration to form a proline mimetic 2-hydroxymethyl

thiaproline ligation site.

N-Terminal lysine or arginine. Recently, leucyl/phenylala-

nyl(L/F)-tRNA-protein transferase has been shown to cata-

lyze the transfer of non-natural amino acids bearing azide and

ketone functional groups onto the N-terminus of proteins

bearing N-terminal lysine or arginine residues (33). This

transfer has been shown to be quite efficient, even in the

presence of other peptides or in crude protein mixtures.47

N-Terminal tryptophan. Peptides bearing N-terminal tryp-

tophan residues have been shown to participate in the Pictet–

Spengler reaction with aldehydes in glacial acetic acid (34).

This ligation method produces stable C–C bonds in high yield
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after 24 h and is compatible with a variety of amino acid side-

groups.48 The presence of lysine groups on the peptide/protein

may, however, interfere with this process through consump-

tion of the aldehyde reagent by imine formation.

N-Terminal histidine. As for pseudoproline ligation or for

native chemical ligation, the nucleophilicity of N-terminal

histidine residues may be exploited to form stable amide

bonds. In this ligation strategy, acidic conditions are used so

that the imidazole moiety is the sole nucleophile on the protein

susceptible to react with a dithioperoxy ester reagent (35).

Following an Nimidazole to Na acyl shift, the imidazole group is

regenerated and an N-terminal amide bond is formed.39

2.3 Synthetic strategies for directly synthesizing

polymer-reactive peptides/proteins7,9,49,50

Circumstances such as low overall abundance of a natural

protein, or difficulties related to its isolation/purification may

contribute to the desire to directly synthesize the target pep-

tide/protein. Furthermore, relying on the circumstantial pre-

sence of a particular amino acid residue at a particular

location on the chain may not always permit the desired

site-selective modification of a peptide/protein. In such cases,

peptides/proteins containing non-natural residues or site-spe-

cific chemoselective handles at defined positions can be di-

rectly synthesized via various chemical and biological

pathways. In this section, we will first present several examples

of non-canonical amino acids and fusion tags, which have

been used as chemoselective handles. Following this, chemical

and biosynthetic methods for introducing such residues in

peptides/proteins will be discussed.

Non-canonical amino acids. Polymer-reactive peptides/pro-

teins can be synthesized by incorporating either natural amino

acids with side chain functionalities that are orthogonal to those

of the other amino acids, or by introducing appropriate non-

canonical amino acids. Strategies to selectively modify the side

chains of natural amino acids have been discussed in the

previous section. For the synthesis of polymer-reactive peptides/-

proteins containing non-canonical amino acids, the nature of

the non-canonical side group is selected based on its ability to

participate in mild and highly selective reactions, which can be

used to covalently attach a polymer or polymerization initia-

tor. Some examples of non-canonical amino acids, which have

been used for this purpose are summarized in Table 4. Alkenyl

or alkynyl side groups can be used to introduce functional

groups via a number of transition metal catalyzed addition

reactions or metathesis reactions.49,51 p-Halo-phenylalanine

residues can be introduced in order to take advantage of the

Heck reaction with an activated alkene,52 Sonogashira cou-

pling with a terminal alkyne53 or Suzuki coupling with boronic

esters.54 Functional groups such as azides or terminal alkynes

can be used for Huisgen’s copper (I) catalyzed [3+2] cycload-

dition reaction.55,56 These coupling strategies will be discussed

in greater detail in section 4.1. p-Acetyl-phenylalanine9 or

Weinreb amides of aspartic or glutamic acid (masked alde-

hydes)57 have been introduced in order to take advantage of

their susceptibility towards hydrazone and oxime formation.

Weinreb amides may be activated in 60–90% yield in 3.5–24 h

using LiAlH4 on a solid support.57 Amino substituted phenyl-

alanine residues present another non-canonical target for site-

selective peptide/protein modification. These residues can be

selectively modified under mild oxidative conditions with

dialkylphenylene diamine derivatives.58 Finally, the recent

introduction of b-mercaptophenylalanine derivatives has ex-

tended native chemical ligation to N-terminal phenylalanine

residues.59

Fusion tags. An alternative strategy for introducing site-

specific reactivity into peptides/proteins lies in the incorpora-

tion of a specific amino acid sequence known as a fusion tag.

While in the past fusion tags have generally been quite long

(50–80 residues), recent advances have reduced their length to

o15 residues. In particular, the C-terminal Cys–Val–Ile–Ala

sequence is specifically recognized by the enzyme protein

farsenyltransferase (PFTase), which can be used to promote

Table 4 Non-canonical amino acids for preparing polymer–reactive
peptides/proteins
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the selective alkylation of the thiol group within the sequence

by means of modified isoprenoid diphosphates bearing func-

tional groups of choice. This strategy has been used to

incorporate azide or alkyne groups onto the C-terminus of

peptides at 30 1C in neutral aqueous media in 1–3 h.60,61 This

4-residue fusion tag is quite short and is therefore not sus-

pected to significantly alter protein folding and due to its

length can be easily introduced by synthetic means.

Chemical synthesis of polymer–reactive peptides/proteins.

Peptides containing up to B50 amino acid residues are most

easily prepared using (automated) solid phase peptide synth-

esis (SPPS), which is a routine technique nowadays.30 N-

Terminal, C-terminal, and site-specific functionality can be

introduced in a variety of manners by careful choice of the

resin, the linker, cleavage methodology, use of orthogonal

protecting groups or appropriate non-canonical amino acids.

The site-specific introduction of non-canonical amino acids

bearing functional groups can be accomplished by a number of

methods. In its simplest form, a non-canonical amino acid

bearing the desired side-group can be introduced at a specific

step in the peptide synthesis thus allowing for site-specific

modification of the peptide. However, this method requires

that the side-group of the amino acid being introduced be

insensitive to the coupling and deprotection steps. Functional

groups such as azides,62 alkynes,62 alkenes,62,63 boronic es-

ters64 and aryl halides65 have been shown to be compatible to

SPPS reaction conditions. Alternatively, side-group protected

amino acids, which are either highly sensitive to the common

TFA and piperidine cleavage cocktails or have orthogonal

cleavage conditions can be incorporated at specific locations

on the peptide and selectively deprotected and modified prior

to the global deprotection and cleavage of the peptide from the

resin. A variety of such protecting groups exists for side-chain

amino, alcohol, carboxylic acid, and thiol groups.30

The C-terminus of a peptide can be selectively modified by

SPPS by selecting an appropriate linker or cleavage condi-

tions. The cleavage of a peptide from the solid support by

means of amines or alcohols via nucleophilic attack (in basic

conditions) is an effective means of selectively modifying the

C-terminus of the peptide with any desired functionality non-

susceptible to degradation during side-chain deprotection. The

use of a Weinreb amide linker is a convenient method for

producing peptides with a C-terminal aldehyde group under

reducing conditions and in a highly selective manner.66 This

aldehyde group may be used for coupling to a polymeric

moiety or polymerization initiator. C-Terminal peptide thio-

esters can be produced using sulfonamide linker modified

resins.67 Following SPPS, the sulfonamide linker is cyano-

methylated and cleaved with a thiol nucleophile to afford the

peptide thioester, which can be further derivatized using native

chemical ligation68 or Staudinger ligation.69 C-Terminal thio-

esters have also been produced by SPPS by anchoring the side-

chain of trifunctional amino acids such as Lys, Glu, Gln, Asp

or Asn onto a resin and introducing the thioester functionality

onto the carboxylic acid group of this amino acid following

peptide synthesis and its orthogonal deprotection.70

N-Terminal modification is straightforward using SPPS

given that following deprotection with piperidine, only the

N-terminal amino group on the peptide is available for reac-

tion, all others bearing acid-sensitive protecting groups.71–73

Modification of this amino group with compounds bearing a

carboxylic acid group by standard acid/amine coupling meth-

ods is a natural extension of SPPS and has been used to

produce a number of peptide–polymer conjugates.72–76 Re-

cently, a-azide protected amino acids have been prepared for

use in SPPS as a means of producing N-terminal azide bearing

polymer-reactive peptides, which are able to participate in

Staudinger ligation or Huisgen’s 1,3 dipolar cycloaddition

reaction.77 Na-(ethanethiol) and Na-(oxyethanethiol) groups

may be introduced in three steps onto the N-terminus of resin-

bound peptides by first bromoacetylation of the N-terminus,

attachment of a thiol-protected amino or alkoxyamine com-

pound by nucleophilic displacement and finally deprotection

of the thiol group.78 These groups are useful for extending the

applicability of native chemical ligation. Also, modification of

the N-terminus of peptides produced by SPPS with a Na-(1-

phenyl-2-mercaptoethyl) auxiliary group has enabled the ap-

plication of native chemical ligation to generate peptide bonds

at amino acid residues other than cysteine. Following thiol

exchange and S,N acyl shift, the auxiliary is removed under

acidic conditions to complete amide bond formation.79

Biosynthesis of polymer-reactive peptides/proteins. While

SPPS is the preferred method for producing peptides containing

up to B50 amino acids, longer peptides/proteins are most

conveniently prepared using biosynthetic methods. The incor-

poration of non-canonical amino acids into proteins can be

accomplished both in a site-specific and residue-specific manner.

Suppressor tRNA methods for introducing non-canonical ami-

no acids in a site-specific manner are relatively new and promis-

ing but are highly labor intensive and are currently limited by

poor efficiencies.50,80 The residue-specific multi-site replacement

of one amino acid by another, non-canonical, analog is routinely

performed by means of auxotrophic bacterial hosts. In this

manner, amino acids bearing alkene or alkyne side groups are

readily introduced in locations initially occupied by methionine,

leucine, isoleucine, phenylalanine or proline.49 Furthermore, the

potential of this method for site-specifically introducing non-

canonical amino acids can be harnessed if a site-specific muta-

tion for one of these amino acids can be introduced into the

DNA coding for the protein. In this case, expression of this

mutant in the presence of a non-canonical amino acid will allow

for the incorporation of the latter, specifically at the site of the

mutation. Alternatively, a mutation for a canonical amino acid,

which has orthogonal reactivity to the other canonical amino

acids on the protein, may be introduced. For example, the

introduction of a cysteine into a protein deficient in this amino

acid would yield a protein with a chemoselective handle suitable

for reactions outlined in section 2.2.

3. Preparation of peptide/protein-reactive
polymers

This section discusses the different methods that are available

for producing polymers with chemoselective handles, which

can be used to couple peptides or proteins. Peptide/protein

conjugation can be accomplished using either side-chain or
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end-group reactive polymers. These two strategies will be

successively discussed below.

3.1 Strategies for the preparation of side-chain

peptide/protein-reactive polymers81–83

Polymers with side-chain functional groups are of interest for

introducing many copies of pendant peptides that may poten-

tially be too long to be used in a ‘‘grafting through’’ strategy

(section 4.3), for introducing peptides bearing functional

groups incompatible with polymerization conditions and for

preparing polymers with higher molecular weight that those

accessible with the ‘‘grafting through’’ strategy. This section

begins by discussing methods for preparing side-chain

peptide/protein-reactive polymers by (controlled) radical poly-

merization and is followed by non-radical methods for produ-

cing such polymers.

Side-chain functional polymers may be prepared by a variety

of (controlled) radical polymerization methodologies. Within this

approach, monomers bearing side-groups susceptible to partici-

pate in chemoselective reactions are polymerized either in their

protected or unprotected form and subsequently reacted with an

appropriately functional peptide/protein. Examples of mono-

mers bearing side-group active esters,84–86 protected or free

ketones and aldehydes,86–89 protected male-

imides,90 protected alkynes,91 azides92,93 and p-aryl halides,94

which have been successfully used in (controlled) radical (co)po-

lymerization can be found in Table 5. The postpolymerization

modification of poly(N-methacryloxysuccinimide) has been re-

ported to suffer from side reactions, which include ring opening

of the succinimide moiety and glutarimide formation by ring-

closing attack of amides on presumably neighboring active

esters.26 By carefully adjusting the equivalents of the modifica-

tion reagents, polymer concentration, reaction time and tem-

perature, however, these side reactions can be overcome. Vinyl

monomers containing amino acid derivatives based on Gly, Leu,

Tyr, Phe, Pro, His, Ser, Ala, Lys, Glu have also been polymerized

and offer the possibility of introducing chemoselectivity through

the reactions highlighted in section 2.2.95–99 The monomers listed

in Table 5 are attractive as the resulting polymers can be directly

functionalized with the peptide/protein of interest. In addition to

direct postpolymerization modification, peptide/protein–polymer

conjugates can also be generated via a two-step protocol in which

an additional activation step precedes the actual peptide/protein

modification. As an example, p-nitrophenyl chloroformate acti-

vation of the pendant hydroxyl groups of poly(poly(ethylene

glycol) methacrylate) and poly(2-hydroxyethyl methacrylate) has

been used to introduce short peptide sequences.100

In another sudy, side-chain maleimide groups were introduced

onto a copolymer of N-(2-hydroxypropyl)methacrylamide

and N-(3-aminopropyl)methacrylamide and subsequently used

for grafting long (24–38 amino acid) peptides by Michael addi-

tion.101

In addition to (controlled) radical polymerization, other

polymerization methods have also been used to prepare side-

chain functional polymers. For example, amino acid derivative

based phenylacetylene (Ala, Val, Ser, etc.)102–104 and propargyl

amide (Ala, Ser, Thr, Asp, Glu)105–108 monomers have been

developed for Rh-catalyzed polymerization and offer reactivity

as discussed in section 2.2. Living ring-opening metathesis

polymerization (ROMP) and acyclic diene metathesis

(ADMET) polymerization are also of interest for developing

side-chain functional polymers due to their tolerance to many

functional groups such as acids, alcohols, aldehydes, ketones,

esters, amides as well as to aqueous reaction media.109,110

Norbornene monomers bearing active esters may be

readily polymerized by ROMP for creating side-chain

peptide/protein-reactive polymers.111 Azido and alkynyl groups

Table 5 Examples of functional monomers for preparing
peptide/protein-reactive polymers by methods discussed in section 3.1
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may be introduced by post-polymerization nucleophilic substi-

tution of alkyl bromide functionalized poly(oxanorbornenes)

produced by ROMP.112 The direct ROMP of alkyne or azide

containing monomers can be problematic. Homopolymeriza-

tion of alkynyl oxynorbornenes has been reported to result in

polymers with a relatively broad molecular weight distribution,

probably due to a competing reactivity of the alkynyl moiety

with the ROMP catalyst.113 Homopolymerization of azido

functionalized cyclooctenes has also been reported to be diffi-

cult, presumably due to irreversible coordination of the func-

tional group to the catalyst.114 Poly(cyclooctene)s with pendant

azide moieties, however, have been successfully prepared by

copolymerization of cyclooctene and aryl azide functionalized

cyclooctenes.115 Branched diene monomers containing deriva-

tives of the amino acids Ala, Leu, Lys and Arg have been

polymerized by ADMET.116 Ring-opening polymerization

(ROP) of cyclic esters is another useful method for producing

peptide/protein-reactive polymers bearing side-chain functional

groups. Lou et al. have recently reviewed methods for preparing

polymers bearing ketone, alcohol, carboxylic acid, amine, azide,

acrylate, alkene and thiol groups from appropriately protected

cyclic ester monomers.117 Poly(esters) bearing alkynyl118 and

azide119 groups may also be directly prepared by ROP. Anionic

polymerization represents another powerful method for produ-

cing polymers with well-defined length and structure. Protecting

groups for most functional groups and which are stable under

the strongly basic conditions encountered in anionic polymer-

ization exist and have been employed to introduce alkenyl,

alkynyl, hydroxyl, amino, thiol, carboxylic acid, ketone and

aldehyde groups into polystyrenes.120 The anionic polymeriza-

tion of vinyl monomers such as (meth)acrylates is also possible,

though side-reactions due to the presence of electrophilic func-

tional groups such as carbonyl groups (ester and amides) and

acidic hydrogen atoms (NH of (meth)acrylamides) leads to

lesser control over molecular weight and yields greater poly-

dispersity.121,122 Newer strategies are currently being developed

to improve the living character of the anionic polymerization of

these monomers. As an example, a solid-supported samariu-

m(III) enolate has been successfully used for the living anionic

polymerization of allyl methacrylate.123 This has led to the

production of polymers with pendant alkenyl groups, which

may be suitable for reactions such as Heck coupling or thiol

addition. Polymers with pendant alkenyl groups are also readily

obtained from the anionic polymerization of 1,3-butadiene.124

The living cationic ring-opening polymerization (CROP) of

functional 2-oxazolines has also recently emerged as a method

for producing side-chain functional polymers bearing amino,125

aldehyde,126 azido127 and alkynyl128 groups suitable for different

ligation strategies. It must be mentioned, however, that the

aldehyde and amino functionalities must be polymerized in a

protected form to avoid undesirable side-reactions. Further-

more, aliphatic azides are expected to interfere with the cationic

ring-opening process.128

3.2 Strategies for the preparation of end-group

peptide/protein-reactive polymers82,129–131

End-group peptide/protein-reactive polymers can be prepared

by a variety of controlled or living polymerization techniques

using appropriate functional initiators (a-functionalization).
These initiators are designed to be inert with respect to the

polymerization reaction either in their native form or in a

protected state, which may be activated following polymeriza-

tion. Alternatively, the polymerization process may be termi-

nated by a functional terminator, thereby conferring

functionality to the end of the polymer (o-functionalization).
A non-exhaustive list of functional initiators and terminators

for various polymerization reactions can be found in Table 6.

Synthesis of a-functionalized polymers. Preparing polymers

via living radical polymerization techniques has become rou-

tine. These methods are generally very tolerant to monomer

functionality and the end-groups of such polymers can be

controlled through a careful choice of initiator. For atom

transfer radical polymerization, a wide range of initiators has

been reported, which also contain functional groups suitable

for peptide/protein conjugation. A comprehensive list of func-

tional ATRP initiators is given in the review by Coessens

et al.82 In another, more recent article, Heredia and Maynard

show several specific examples of peptide/protein-reactive

ATRP initiators.129 It has been reported that the nature of

the targeting functional group as well as its proximity to the

initiator functional group can significantly influence the effi-

ciency of ATRP initiation through stabilization or destabiliza-

tion of the C–X bond. More specifically, as initiation of ATRP

occurs through the homolytic scission of a C–X bond alpha to

an electron-withdrawing group, the nature of this group will

influence its reactivity through steric and electronic effects.

While many examples of functional initiators with ester groups

alpha to the C–X bond can be found in the literature, poly-

merization from amide functional initiators has also been

shown to be possible, though initiation conditions must be

carefully chosen to avoid premature termination in the early

stages of the polymerization.132 ATRP can also be carried out

using active ester functionalized initiators. Lecolley et al. have

shown that the hydrolytic stability of the resulting a-functio-
nalized polymers decreased with increasing substitution of the

carbon atom from which polymerization is initiated.133

Maleimide functionalized initiators must always be used in a

protected form due to the participation of this group in the

polymerization reaction.134 Examples of heterobifunctional

ATRP initiators include acetal initiators, which can be used

to target the N-terminus or lysine residues,135 pyridyl disul-

fide136 and protected-maleimide134 functionalized initiators for

coupling with thiol groups on cysteine residues, protected

aminooxy initiators for oxime chemistry137–139 and azide140

functionalized initiators for coupling to a modified peptide

residue bearing a terminal alkyne group (Table 6).

Functionalized initiators have also been developed for other

forms of living radical polymerization. Recent examples in-

clude initiators for nitroxide-mediated polymerization bearing

protected amino, hydroxyl and p-aryl halide groups, which are

susceptible to conversion into azido groups following poly-

merization.141,142 a-Functionalization of polymers prepared

by RAFT polymerization can be achieved by introducing the

desired functionality in the free radical leaving group of the

RAFT agent.130 Examples of a-functional groups that have

been introduced into polymers prepared by RAFT
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polymerization include primary amino130 and alkynyl

groups.141 Polymers bearing a a-carboxylic acid group have

also been prepared by iniferter-mediated polymerization and

subsequently activated with N-hydroxysuccinimide in a post-

polymerization reaction.143–145

a-Functionalized polymers may also be prepared by non-

radical polymerization methods by judicious choice of initiat-

ing species. Polymers with hydroxyl, thiol, amino, aldehyde or

carboxylic acid a-end-groups can be prepared by anionic

polymerization using appropriately protected functionalized

initiators, some of which are shown in Table 6.131,146,147

Alcohols bearing functional groups protected against nucleo-

philic attack (such as those used for anionic polymerization)

offer the possibility of introducing functional groups at the

a-terminus of polylactides prepared by ROP.148,149 Recently,

the methyl triflate salt of 2-(pent-4-ynyl)-2-oxazoline was

shown to be an excellent initiator for the cationic ring opening

polymerization of 2-oxazolines, affording polymers with a

a-alkynyl group suitable for click chemistry.128

Synthesis of x-functionalized polymers. Living radical poly-

merizations such as ATRP and RAFT polymerization pro-

duce polymers with labile end-groups, which may be

chemically modified into useful functionalities.

The terminal halogen groups on polymers prepared by

ATRP have been successfully transformed by nucleophilic

substitution, electrophilic addition and radical addition reac-

tions as described by Coessens et al.82 Essentially, the halogen

end group of polymers produced by ATRP can be readily

transformed into azido or amino groups assuming of course

the reactions involved are orthogonal to the reactivity of the

repeat units of the polymer.

o-Functionalization of polymers produced by RAFT poly-

merization can be accomplished either by incorporating the

functionality of choice onto the ‘‘activating’’ Z position of the

RAFT agent or by performing a post-polymerization modifi-

cation reaction on the RAFT end-group. For example, pyridyl

disulfide groups have been introduced onto the Z position of a

RAFT agent in order to prepare a bovine serum albumin

macro-RAFT agent.150,151 In general, introduction of a func-

tional group on the Z position of the RAFT agent may be

problematic for producing o-functionalized polymers due to

the lability of the C–S bond, which would lead to incomplete

functionalization.130 However, the RAFT end-group may be

thermally eliminated to produce an unsaturated end-group or

reacted with a nucleophile to produce a thiol end-group.130

o-Functionalization of polymers produced by anionic

polymerization may be accomplished by introduction of ter-

minators bearing masked functional groups. The o-functio-
nalization of polymers with appropriately protected

haloalkanes has led to the production of hydroxy, amino,

thiol, aldehyde, carboxylic acid and terminal alkyne functio-

nalized polymers.131 Alternatively, termination of polymeriza-

tion by means of nosylchloride followed by subsequent

reaction with N3SiMe3(Bu)4N
+F� has led to the production

of azide end-functionalized polymers suitable for orthogonal

coupling reactions.152 o-Functionalization of polymers pro-

duced by anionic polymerization is attractive because many

functional terminators are commercially available, protecting

Table 6 Examples of functionalized initiators, terminators or med-
iating agents for polymerization methods discussed in section 3.2
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groups for most functional groups towards anionic polymer-

ization exist, and the use of a small amount of terminator is

sufficient to functionalize all polymers (barring pre-mature

termination of polymer chains due to impurities in the reaction

vessel).

Polyesters prepared by ROP possess a o-terminal hydroxyl

group, which may be modified with electrophilic reagents such

as acid chlorides or carboxylic acids bearing (potentially)

protected functional groups.153,154 ADMET polymerization

of diene monomers carried out in the presence of a suitably

functionalized alkene chain transfer agent can be used to

prepare a,o-functionalized polyolefins.155 The living character

of the ruthenium carbene-initiated ROMP provides possibili-

ties to prepare o-functionalized polymers. Reaction of the

metal alkylidene end-group with e.g. molecular oxygen156 or

various enol ethers157 has been used to generate aldehyde,

masked acid, ketone and masked amino end-functional poly-

mers. o-End functionalized polyoxazolines can be obtained by

terminating the polymerization reaction with an appropriately

functionalized nucleophilic reagent.158

4. Preparation of peptide/protein–polymer
conjugates

Sections 2 and 3 have presented different approaches to

introduce chemoselective handles into peptides/proteins or

synthetic polymers, which can allow for the preparation of

peptide/protein–polymer conjugates. This section discusses the

different strategies, which can be employed for preparing the

final peptide/protein–polymer conjugates.

4.1 Convergent synthesis of peptide/protein–polymer

conjugates2,8,159–161

The direct coupling of a functionalized peptide/protein with a

complementary functionalized synthetic polymer is the classi-

cal solution to preparing peptide/protein–polymer conjugates.

In general, the difficulty of this approach lies, on the one hand,

in the reduced accessibility of functional groups on macro-

molecules relative to small molecules, which can limit reaction

conversion, and on the other hand in the isolation of the

desired conjugate from a reaction mixture containing macro-

molecular starting materials and/or by-products. In this sec-

tion, an overview is presented of the different reactions that

have been used to prepare peptide/protein–polymer conjugates.

A summary of the reaction conditions that will be discussed

below can be found in Table 7.

Peptide coupling chemistry. The most straightforward meth-

od for conjugating a polymer and a peptide/protein relies on

well-established protocols for coupling carboxylic acids and

amines. This coupling chemistry is directly used in SPPS

because of the high levels of conversion attainable by this

method. The introduction of a carboxylic acid modified poly-

mer, for example the commercially available PEG-COOH, in

the final coupling step of SPPS of a peptide directly yields the

desired peptide/protein–polymer conjugate. This strategy has

been used to prepare N-terminal PEGylated peptides bearing

elastin-like peptides,162 amphiphilic b-strands,76 coiled-coil

motifs72–74 and ‘‘switch’’ peptides.74 In a similar fashion,

conjugates of a short (Thr–Val)5 peptide sequence and

poly(n-butyl acrylate) have also been prepared.163

Pd0 catalyzed coupling reactions. A very attractive approach

for conjugating peptides/proteins to small molecules or syn-

thetic polymers involves the use of Pd0 catalysts to promote

the formation of stable C–C bonds. In the reported cases

where these reactions have been used on peptides/proteins,

these coupling reactions have been found insensitive to all side

groups, though interference of thiol groups due to catalyst

poisoning is expected.164 Examples of Heck, Sonogashira and

Suzuki reactions exist for the coupling of small molecules as

well as macromolecules to appropriately modified peptides/

proteins. The application of these reactions has been reviewed

extensively elsewhere165–168 and therefore only precedence for

their use on peptides/proteins will be discussed. While the

Heck and Sonogashira coupling of small molecules, including

short peptides, has been reported to proceed quantitatively,

coupling to proteins lead to moderate yields and was accom-

panied by significant dehalogenation side-reactions.52,169

Furthermore, the use of these coupling reactions in aqueous

media generally required the use of a complex mixture of

additives to assure solubility of the protein and to improve

conversion.52 Sonogashira coupling of small molecules to

proteins was found to result in higher conversion in compar-

ison to the Heck reaction.52 Reaction conditions for Suzuki

coupling in water close to room temperature have recently

been established for conjugation to peptides. In particular, it

was found that the addition of glycerol to the reaction mixture

significantly improved conversion through suppression of

side-reactions.54 These mild conditions have been shown to

permit protein modification without change of protein tertiary

structure.

Staudinger ligation. Staudinger ligation provides many op-

portunities for the synthesis of peptide/protein–polymer con-

jugates. This reaction generates an amide bond between two

species, one bearing an azide and the other a phosphinothio-

ester group. This ligation strategy has been used for the site-

specific PEGylation of proteins,170 for fluorescently labeling

proteins,171 for immobilization of proteins onto gold sur-

faces172 and for coupling carbohydrate haptens to immuno-

genic protein carriers.173 In the latter example, phosphino-

functionalized active esters were developed for the residue-

specific Staudinger ligation at lysine residues. Until recently,

Staudinger ligation was carried out in organic or mixed

organic/aqueous media, which limits the applicability of this

reaction for the conjugation of peptides/proteins. However, a

series of acidic and basic water soluble phosphinothiols has

been recently developed, which enables Staudinger ligation to

be carried out in mild aqueous media with reaction yields

ranging from 17–90% depending on pH.32

Cycloaddition reactions. The Diels–Alder cycloaddition re-

action also offers possibilities for the preparation of

peptide/protein–polymer conjugates. Using a trans,trans-2,4-

hexadienyl ester moiety as diene and the maleimide group as

dienophile, this reaction has been successfully used in peptide/

protein ligation and immobilization.174,175 This reaction is
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compatible with all amino acid side groups except for the thiol

group on cysteine, which may react with the maleimide moiety

via Michael addition. The thiol group must therefore be

protected. When performed in mixed aqueous media it has

been reported that the use of DMF as the co-solvent slows

down the rate of formation of the cycloadduct. In contrast, the

use of excess dienophile considerably reduces reaction time

and increases conversion.175 Recently, a transition-metal free

spontaneous tandem [3+2] cycloaddition-retro-Diels–Alder

ligation method has been reported for the coupling of small

Table 7 Reactions suitable for coupling small molecules or synthetic polymers to peptides/proteins

Name Reaction conditions

Heck Small molecule to protein: 1.6 M DMSO, 80 mMMgCl2, HEPES-KOH (10 mM, pH 8), 1.1 M glycerol, 20 mMNaCl,
TAPS-NaOH (100 mM, pH 8.3), 1.6 mM DG, 50 mM TBAC, 1 M NaOAc, 10 mM tyramine HCl, protein (285 mg
mL�1), 4 mM alkene reagent, 0.5 mM Pd(OAc)2, 0.5 mM TPPTS, 5 1C, 50 h. Yield: 2% functionalized protein, 28%
dehalogenation side-reaction.52

Sonogashira Small molecule to protein: 2.3 M DMSO, 0.5 mM Mg(OAc)2, 0.2 mM sodium ascorbate, TAPS-NaOH (90 mM, pH
8.3), Tris-HCl (2.5 mM, pH 7.9), 15 mM NaCl, Triton X-100 (0.4% v/v), imidazole HCl (13 mM, pH 7), protein (60
mg mL�1), 15 mM alkyne reagent, 1.7 mM Pd(OAc)2, 8.3 mM TPPTS, 0.7 M copper(I) trifluoromethanesulfonate,
6 1C, 80 min. Yield: 25% functionalized protein, 13% dehalogenation side-reaction.52

Small molecule to peptide (9 amino acids): 0.2 M TAPS buffer in H2O (pH 8.3), 10 mM peptide, 20 mM alkyne reagent,
10 mol% Pd(OAc)2, guanidinophosphane hydrochloride ligand (4 eq vs. Pd), 10–19.2 mol% CuI, 50 1C, 240 min.
Yield: 75% functionalized peptide.184

Peptide to peptide (17–33 amino acids): 6 M guanidine/50 mM phosphate buffer (pH 7.5) or 50 mM NaOAc (pH 5.5),
4–10 mM peptide (final concentration not given), 1.3–3.3 mM alkyne, 5 mol% Pd/CuI, trisulfonated phosphine ligand
(5 eq. vs. Pd), r.t., 0.5–3 h. Yield: 0–100%.53

Suzuki Small molecule to peptide (34 amino acids): 10 mM Tris-HCl (pH 8.0), 0–50% v/v glycerol, 1 mM peptide, 3–5 mM
boronic acid, 1–2.5 mM Na2PdCl4, 25–40 1C, 18–20 h. Yield: 38–490%.54

Staudinger ligation Small molecule model reactions in water: 0.4 M sodium phosphate buffer (pH 6.5–9), 0.1 mM phosphinothioester,
10.7 mM azide, 16 h. Yield: 17–90% yield.32 (Study also describes the preparation of protein phosphinothioesters
for Staudinger ligation in aqueous media.)
Protein to polymer: phosphate-buffered saline (pH 7.4), 300–500 nM azide protein, large excess methyl-PEG-
triarylphosphine, 37 1C, 36 h. Yield: 100%.170

Diels–Alder cycloaddition Peptide ligation (3–10 amino acids): H2O, 10 mM diene, 10 mM dienophile, 25 1C, 47 h. Yield: 92%.175 H2O : MeOH
(20 : 1–3 : 2) or H2O : DMF (4 : 1–1 : 0), 10 mM diene, 10–14 mM dienophile, r.t., 20–48 h. Yield: 84–100%.174

Small molecule to protein: 10 mM sodium phosphate buffer (pH 5.5–6.5), 100 mMdiene, 3 mM dienophile, 25 1C, 24 h.
Yield: B90%.174,175

Huisgen 1,3-dipolar
cycloaddition

Oligonucleotide to protein: 0.1 M sodium phosphate buffer (pH 7.9), 1 mM protein, 50 mM alkyne, 2 mM CuSO4,
3 mM tris(2-carboxyethyl(phosphine)), 37 1C, 6 h. Yield: 50–100%.178

Peptide coupling on a solid support (4–12 amino acids): 20% DIEA in DMF, 26 mM CuI, r.t., 48 h. Yield: 6–90%
(lower yields for sequential reactions).177

Protein to polymer: 20 mM phosphate buffer (pH 7.2) containing 16% THF, 0.252 mM alkyne protein, 12.6 mM azide
polymer, 0.8 mM CuSO4�5H2O, 8 mM ascorbic acid, r.t., 24 h. No yield given.181

Reductive alkylation Protein to polymer: 100 mM sodium acetate (pH 5), 20 mM sodium cyanoborohydride, 5 mg mL�1 protein, 5 molar
eq. polymer aldehyde, ice bath, 10 h. Yield: 92%.185

Protein to polymer: 25 mM sodium formate, 50 mM potassium phosphate buffer (pH 7.4), 20 mM iridium complex,
100 mM protein, 1 mM aldehyde polymer, 37 1C, 15 h. Yield: 59%.12

Hydrazone formation Polymer to protein: 30 mM sodium acetate (pH 5): H2O (pH 6) (71:1), 0.2 mM aldehyde protein, 0.14 mM hydrazine
polymer, 4 1C, 16 h. Yield: 27%.188

Oxime formation Polymer to protein: 50% aq. acetonitrile (+0.1% TFA), 1.2–1.5 eq. protein, 1 eq. aminooxy polymer, r.t., no reaction
time given. Yield: 30–50%.191

Protein to polymer: 50 mM sodium phosphate buffer (pH 6.5), 1 mg mL�1 ketone protein (0.056 mM ketone), 28.3 mM
alkoxyamine polymer, r.t., 24 h. Yield: B60%.21

Michael addition Polymer to peptide (5 amino acids): 100 mM HEPES (pH 7.4), 2.5 mM acrylate, 2.5 mM thiol, 37 1C, variable time
(kinetic experiments). No yield given.193

Peptide (13 amino acids) to acrylate functionalized solid support: phosphate buffer saline (10 mM, pH 7.4), 20 mg mL�1

acrylate functionalized particles (loading 0.26–0.48 mmol g�1 of acrylate groups), 20 eq. of cysteine (within peptide),
1 eq. TCEP, r.t., overnight, brief sonication. Yield: 9%.195

Radical thiol addition Short peptide to polymer (2 amino acids): dry degassed NMP, B3 wt% solution containing 1:2.5:0.33 (molar ratio) of
alkenyl groups: peptide thiols: AIBN, 70 1C, 24–48 h. Yield: 55–75%.197

Oxidative coupling Polymer to protein: 25 mM sodium phosphate (pH 6.5), 50 mM aniline labeled protein, 250 mM phenylenediamine
derivative, 500 mM NaIO4, r.t., 4 h. Yield: 45%.58

Abbreviations: AIBN: 2,2-azoisobutyronitrile; DG: decyl-b-D-glucopyranoside; DIEA: diisopropyl ethyl amine; NMP: N-methylpyrrolidone;

HEPES: N-[2-Hydroxyethyl]piperazine-N0-[2-ethanesulfonic acid]; TAPS: N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid; TBAC:

tetrabutyl ammonium chloride; TCEP: tris(2-carboxyethyl)phosphine; TFA: trifluoroacetic acid; TPPTS: triphenylphosphine-3,30,300-trisulfonate;
Tris-HCl: 2-amino-2-hydroxymethyl-1,3-propanediol hydrochloride.
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molecules to proteins and polymers to peptides by means of

azides and oxanorbornadienes.176 The chemoselectivity of this

reaction may be compromised by Michael addition reactions,

which have been observed to occur between lysine, arginine

and histidine and the oxonorbornadiene in model experiments.

The Cu(I)-mediated Huisgen 1,3-dipolar cycloaddition reac-

tion has been extensively explored for the preparation of

peptide/protein–polymer, or small molecule, conjugates. This

reaction has been shown to give high yields in mild, basic

conditions in solution as well as on solid supports.177–179 Azide

or alkyne functionalized peptides/proteins and synthetic poly-

mers can be easily synthesized using the methods discussed in

the previous sections. While, in general, Cu(I) mediated

cycloadditions proceed more rapidly under basic conditions,

it has recently been shown that histidine derivatives strongly

accelerate this reaction, possibly due to strong coordination of

histidine to the copper ion. This aspect has been taken

advantage of for the coupling of ‘‘self-activated’’ peptides

containing modified histidine residues.180 In contrast, how-

ever, it has been observed that copper coordination by guani-

dinium side-chains of arginine residues may prevent

conjugation of peptides/proteins to synthetic polymers.181

This problem may be overcome using a strong copper binding

ligand such as pentamethyldiethylenetriamine (PMDETA).

Finally, it is noteworthy to mention that for solubility reasons,

it may be desirable to perform 1,3-dipolar cycloaddition on

side-chain protected peptides rather than unprotected ones.182

Reductive alkylation, oxime and hydrazone formation. Alde-

hydes and ketones can react with amines, alkoxyamines and

hydrazides to form imines, oximes and hydrazones, respec-

tively. Each of these three reactions has found use for the

preparation of peptide/protein–polymer conjugates. Probably

due to the fact that amine groups, in contrast to alkoxyamine

and hydrazide groups, are present in amino acids, their reac-

tion with aldehydes/ketones has been most intensively used for

the synthesis of peptide/protein–synthetic polymer conjugates.

As the imine bond, which is initially generated upon reaction

of the aldehyde/ketone and amine groups, is hydrolytically

labile, a subsequent reduction step is necessary to produce a

stable secondary amine bond. Typical reducing agents for

reductive alkylation are NaBH4 and NaCNBH4 which can

be used at basic or neutral pH, respectively.183 Recently,

water-stable iridium complexes have been shown to be inter-

esting mild reagents for reductive alkylation of imines.12 This

reagent, however, was unable to reduce imines formed from

ketones. Reductive alkylation is extensively used for the pre-

paration of PEGylated proteins.185,186,187 In contrast to imine

bonds, which require an additional reduction step to generate

a stable linkage, oximes and hydrazones formed by reaction

between ketones/aldehydes and alkoxyamines or hydrazides,

respectively, are hydrolytically stable from pH 2–7 and 5–7,

respectively,188,189 but decompose rapidly above pH 9.0.190

Pons et al. have prepared a hydrazino poly(ethylene imine),

which they have successfully conjugated to oxidized human

serum transferrin.188 Kochendoerfer and co-workers have very

elegantly used oxime chemistry to prepare PEGylated analo-

gues of erythropoiesis protein191 and the chemokine CCL-5

(RANTES).192 In the former example, the human erythro-

poietin analogue was chemically synthesized using SPPS and

native chemical ligation. This allowed the introduction of Ne-

levulinyl lysine residues at specific positions in the protein,

which subsequently served as conjugation sites for the attach-

ment of branched aminooxy PEG derivatives. The preparation

of the PEGylated CCL-5 analogue followed a similar strategy,

but in this case, aminooxy groups were site-selectively intro-

duced into the protein, which was subsequently modified with

PEG aldehyde derivatives.

Thiol addition reactions. Michael addition of thiols onto

activated alkenes such as maleimides, vinyl sulfones, acrylates,

etc., is a common method for preparing peptide/-

protein–polymer conjugates due to the rarity of free cysteine

residues in natural proteins (Table 1) and the possibility for

introducing these in a site-selective manner by protein engi-

neering.159 In fact, many polymeric reagents for this reaction,

such as PEG-maleimide, are commercially available. Further-

more, this type of reaction occurs in mild (physiological)

conditions, does not require the presence of organometallic

catalysts and the extent of reaction may be monitored by the

decrease of the absorption bands at 233 nm that are associated

with the thiolate and the alkene groups, assuming of course

that additional underlying absorption bands are absent.193 At

physiological pH, it has been reported that the rate of Michael

addition of thiols is one order of magnitude higher than that of

amines, highlighting the kinetic selectivity of this coupling

method for cysteines versus all other amino acids in pro-

teins.194 In model studies, it has been shown that amino acids

bearing positive charges close to the thiol group accelerate the

Michael addition significantly, while the opposite is true for

negatively charged amino acids.193 Michael addition has been

used to immobilize a 13 amino acid peptide containing a

cysteine residue onto PEG-acrylate functionalized nanoparti-

cles. It was however observed that the yield of this reaction

(B9%) was significantly lower than the equivalent experiment

performed with cysteine (65%) due to diffusion related

considerations.195

Aside from Michael-type addition, thiols may be coupled to

alkenes by a radical addition mechanism. This reaction is

currently receiving considerable interest for the modification

of side-chain functional polymers due to its compatibility with

functional groups such as carboxylic acids, amines, alcohols,

etc.124,196 While there is little precedence for the preparation of

peptide/protein–polymer conjugates using this reaction, a mod-

el dipeptide containing a cysteine residue has been successfully

added to the pendant alkenyl groups of a 1,2 poly(butadiene)

produced by anionic polymerization.197 The radical thiol

addition of poly(1,2-butadiene)s, however, suffers from a

side-reaction, which leads to the formation of six-membered

cyclic units. This side reaction can be effectively suppressed,

however, by increasing the distance between pendant alkenyl

groups, as was demonstrated by the modification of poly-

(2-(3-butenyl)-2-oxazoline).198

Oxidative coupling. Aniline groups introduced by methods

discussed in section 2.3 present another method for orthogonal

site-selective coupling of peptides/proteins and polymers.

These functionalities can be selectively modified under mild
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oxidative conditions with a phenylenediamine derivative. The

reaction conditions have been shown to be insensitive to the

presence of lysine residues. This strategy has been used to

site-selectively PEGylate a C-terminal aniline modified GFP

derivative.58

4.2 Divergent synthesis of peptide/protein–polymer

conjugates7,81,129,161

Two main strategies can be distinguished for the divergent

synthesis of peptide/protein–polymer conjugates: (i) polymer-

ization from a peptide/protein macroinitiator; and (ii) synth-

esis of a peptide segment on a soluble or solid supported

synthetic polymer. These two approaches will be highlighted in

this section.

Polymerization directly from peptide/protein macroinitia-

tors has been accomplished by ATRP, NMP and RAFT

polymerization. One advantage of this approach for preparing

peptide/protein–polymer conjugates is that isolation does not

involve the separation of macromolecular species, but of a

high molecular weight peptide/protein–polymer conjugate from

low molecular weight monomers. Of concern when using any

of the radical based polymerization techniques is the presence

of thiol groups on cysteine residues, which may act as chain

transfer agents.

Monomers such as monomethoxy poly(ethylene glycol)

methacrylate,199,200 4-styrenesulfonate199 and N-isopropyla-

crylamide201,202 have been successfully polymerized by ATRP

from protein macroinitiators derived from chymotrypsin,199

bovine serum albumin,200,201 streptavidin202 or lyso-

zyme.200,201 Lele et al. have noticed that the initiation effi-

ciency of protein macroinitiators bearing multiple copies of

the initiator moiety was reduced due to steric hindrance of the

growing polymer chains and have suggested that proteins

bearing 1–2 initiator groups produced conjugates with the

greatest uniformity, an argument in favor of site-specific

protein modification.199 The use of pyridyl disulfide modified

ATRP initiators to modify the free cysteine residues of pro-

teins results in polymers that are attached via reversible

disulfide bonds.201 This offers the advantage that the synthetic

polymer can be cleaved from the protein and characterized. A

possible drawback with the direct polymerization from pep-

tide/protein macroinitiators may be the small quantities in

which these molecules are often available. At very low macro-

initiator concentrations, controlled polymerization

can be difficult to achieve. This problem, however, can be

overcome by the use of a ‘‘sacrificial’’ (resin-bound) initia-

tor.201 In addition to protein macroinitiators, solution

ATRP has also been successfully used to graft synthetic

polymer segments from low molecular weight linear and

cyclic peptide ATRP initiators.203–207 In a recent study by

Broyer et al., two ATRP initiators based on serine and

tyrosine have been developed for initiation of polymerization

of methacrylates and styrenes, respectively.208 These initiators

can be introduced site-selectively into peptides by SPPS

using standard Fmoc protocols. The serine-based initiator,

Fmoc-O-(2-bromoisobutyryl)-serine (S*) was successfully

incorporated in a model peptide, VMS*VVQTK, which

was subsequently used to initiate the ATRP of a

sugar-modified 2-hydroxyethyl methacrylate derivative.

ATRP has also been performed on a resin-bound peptide

initiator to produce peptide–polymer conjugates via a tandem

SPPS-ATRP strategy.71,209 Solid-supported peptide initiators

have also been successfully used to prepare peptide–polymer

conjugates via NMP.209,210 It has been suggested, however,

that the high concentration of growing polymer chains and a

diffusion limited access of the deactivating species may make it

difficult to accurately control polymer chain length and chain

length distribution when solid supported controlled radical

initiators are used.211

In addition to ATRP and NMP, RAFT polymerization has

also been used to prepare peptide/protein–polymer conjugates.

Boyer et al. have developed a cysteine targeting RAFT agent

to initiate the polymerization of N-isopropylacrylamide and

(hydroxyethyl)acrylate from bovine serum albumin in aqueous

media at 25 1C.151 Instead of using a conventional free radical

initiator, polymerization from protein macro-RAFT agents

can also be initiated using g-irradiation.150 This strategy has

been used to prepare BSA-poly(oligoethylene glycol metha-

crylate) conjugates. ten Cate et al. have prepared

peptide–polymer conjugates via RAFT polymerization of

n-butyl acrylate using a peptide macrotransfer agent.212 RAFT

polymerization in aqueous media using peptide/protein trans-

fer agents bears the risk of hydrolysis and aminolysis of the

RAFT agent and/or active chain ends. These side reactions,

however, can be minimised by careful control of the reaction

conditions, especially the pH.213 Hydrolysis may be minimised

at neutral to moderately acidic pH. Suppressing aminolysis

requires acidic conditions.

Instead of grafting a synthetic polymer from a peptide

initiator or chain transfer agent, the peptide domain of a

peptide–polymer conjugate can also be synthesized from a

soluble214–216 or solid-supported polymer.76 Peptide synthesis

on solid supported synthetic polymers can be conveniently

carried out on commercially available Tentagel resins in which

poly(ethylene glycol) chains are attached to a solid support via

an acid labile linker.76,217–219 Reynhout et al. reported an

interesting strategy for the synthesis of polystyrene–peptide

conjugates.220 The synthesis starts with reductive alkylation of

an aldehyde functionalized resin with an amino functionalized

polystyrene. This results in a secondary amine bond between

the polystyrene and the solid support, which is subsequently

used to grow the peptide segment via SPPS.

In addition to solid supported synthetic polymers,

soluble synthetic polymers such as poly(ethylene glycol) have

been used for peptide synthesis, which offer advantages

of both solution and solid phase chemistry.221 In addition

to poly(ethylene glycol), poly(styrene), poly(vinyl alcohol),

poly(ethylene imine) and poly(acrylic acid) have also

been used as soluble supports for peptide synthesis.221 Using

these supports, isolation of the growing peptide is performed

by making use of the differential solubility of the polymer

support with respect to all reagents and catalysts used for

the synthesis. An important consideration in the use of

soluble synthetic polymer supports is that with increasing

length of the peptide segment, the solubility properties of

the conjugate may be no longer dictated by the synthetic

polymer support but rather by the peptide, which can hamper
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isolation and purification at the different steps in the peptide

synthesis process.

4.3 ‘‘Grafting-through’’ strategies for preparing

peptide/protein–polymer conjugates81,211

The final approach for preparing peptide/protein–polymer

conjugates involves the polymerization of peptide/protein

macromonomers in the so-called ‘‘grafting through’’ strategy.

Peptides have been prepared that contain a broad range of

functional groups allowing polymerization using a variety of

methods. Compared to the post-polymerization modification

of a side-chain functional polymer, this strategy has the

advantage that all repeat units on the conjugate will bear a

pendant peptide/protein moiety.

The conjugation of a b-sheet forming (Ala)4 peptide

sequence to diacetylene has been used to drive the self-

assembly of these peptide functionalized monomers into a

highly ordered arrangement, which, in a subsequent

step, allowed topochemical polymerization of the diacetylene

groups.222,223 In a similar fashion, the self-assembly properties

of the Gly–Ala–Ala–Asn–Pro–Asn–Ala–Gly peptide sequence

have been exploited to form nanoribbons susceptible to

alignment in a strong magnetic field, and which can be further

polymerized by diacetylene polymerization.224 Murata et al.

reported the free radical polymerization of a series of

N-methacryloyl-(L-leucyl-L-alanyl)n (n = 2–4) methyl esters.225

It was found that monomer conversion and polymer molecular

weight decreased with increasing peptide chain length. Free-

radical polymerization has also been successfully used to

prepare copolymers of N-(2-hydroxypropyl)methacryl-

amide with methacrylamide functionalized amphiphatic

Tyr–Ile–Leu–Ile–His–Arg–Asn226 peptides or the enzymati-

cally degradable Gly–Phe–Lys–Gly peptide.227 Ring-opening

metathesis polymerization of peptide functionalized norbor-

nenes or cyclooctenes has been used to generate polymers that

incorporate cell adhesion peptide sequences,228 to prepare

novel polyelectrolytes229 or to prepare polymers with ACE

inhibitory230 or immunostimulant properties.230 The RAFT

polymerization of methacrylate monomers bearing elastin-like

Val–Pro–Gly–Val–Gly peptide side chains afforded polymers

with narrow polydispersity indexes and degrees of polymer-

ization up to 88.231 ATRP of these monomers has also lead to

the production of high molecular weight polymers.232

5. Outlook

The field of peptide/protein–polymer conjugate design and

synthesis is booming as new applications and new properties

are sought out for such hybrid materials. The importance of

producing site-specific modifications on both peptides/pro-

teins and synthetic polymers should be clear when one con-

siders applications related to stimuli-responsiveness, self-

assembly and bioactivity. Continued efforts towards scaling

up and improving the efficiency of incorporating non-canoni-

cal amino acids, whether by chemical or biological means, may

open the way to new peptide/protein–polymer conjugates with

exciting new properties or functions. The demonstration that

controlled polymerization can be performed directly from

protein macroinitiators will no doubt contribute significantly

to the production of a wide range of well-defined conjugates,

and potentially serve as an alternative to PEGylation for

modifying protein properties.
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59, 885–939.
169 K. Kodama, S. Fukuzawa, H. Nakayama, T. Kigawa, K.

Sakamoto, T. Yabuki, N. Matsuda, M. Shirouzu, K. Takio,
K. Tachibana and S. Yokoyama, ChemBioChem, 2006, 7,
134–139.

170 C. S. Cazalis, C. A. Haller, L. Sease-Cargo and E. L. Chaikof,
Bioconjugate Chem., 2004, 15, 1005–1009.

171 M.-L. Tsao, F. Tian and P. G. Schultz, ChemBioChem, 2005, 6,
2147–2149.

172 J. Kalia, N. L. Abbott and R. T. Raines, Bioconjugate Chem.,
2007, 18, 1064–1069.

173 C. Grandjean, A. Boutonnier, C. Guerreiro, J.-M. Fournier and
L. A. Mulard, J. Org. Chem., 2005, 70, 7123–7132.
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