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Novel cysteine and glutathione-based chain transfer agents
were synthesized and successfully applied to the straightforward
synthesis of well-defined conjugates via a RAFT process.

The synthesis and properties of conjugates comprising synthetic
polymer and peptide/protein have attracted increasing attention
due to their potential applications from nanotechnology to tissue
engineering.' Depending on their architecture and chemical
composition, the conjugates can self-assemble into tapes, nano-
tubes, fibrils, micelles, vesicles, and some other morphologies.2 For
the synthesis of peptide-polymer conjugates, the polypeptide
segment is usually synthesized by ring-opening polymerization of
N-carboxy anhydrides of amino acids or solid-phase-supported
synthesis techniques, followed by conjugating the polymeric
segment with the peptide via either (1) direct coupling/addition
reaction,’ or (2) living radical polymerization using a polypeptide-
based macro initiator or macro chain transfer agent (CTA).*®
However, both approaches suffer from serious setbacks. The
coupling/addition approach usually leads to low yield of
conjugates due to steric hindrance and relatively low reactivity of
polymeric chains, so further purification procedures are required
to separate unreacted polymer and peptide. The living radical
approach, using the peptide sequence as an initiator (nitroxide
mediated polymerization, NMP, and atom transfer radical
polymerization, ATRP)* or the R group of a CTA,® provides
higher yields, however, the formation of side products is
unavoidable since termination and irreversible chain transfer
reactions during polymerization lead to the formation of a variety
of polymeric structures as side products. These impurities are of
great concern for the use of the bioconjugates since they can affect
both their interactions with the environment and the type and
quality of the self-assemblies achievable.? This effect is even further
aggravated by the production of block copolymers, which requires
chain extension of the primary chain, thus increasing the
probability of termination reactions.

A promising approach to addressing this problem is to
introduce the peptide sequence into the CTA as a Z group,® in
which all the resultant living chains obtained vie a RAFT
(reversible addition—fragmentation transfer) process bear a single
peptide sequence at their chain end, while the number of dead
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chains without a peptide unit can be kept very low under
optimized reaction conditions. Therefore, this route gives unpre-
cedented control over the structure of homopolymer- and
multiblock copolymer-based conjugates. This approach is specific
to RAFT, and difficult to achieve by other living radical routes.
This adds to the great versatility of the RAFT process, which, by
comparison to NMP and ATRP, can control the polymerization
of a wider range of vinyl monomers, under milder reaction
conditions and without the need for a catalyst.”

We report in this communication the exploitation of the thiol
functionality of cysteine to produce CTAs for RAFT polymeriza-
tion. Cysteine residues are frequently targeted for site-specific
modification of proteins, using thiol chemistry. If a protein lacks
free thiols for conjugation, genetic engineering can incorporate
cysteine residues in specific positions. The same approach can be
adopted for peptide sequences. We demonstrate the potential of
two routes for the synthesis of peptide-based CTAs: (a) the
synthesis of cysteine-based CTAs, which can be used as synthetic
amino acids in the production of peptide sequences, and (b) the
direct synthesis of a peptide-based CTA by modification of the
cysteine residue. We then demonstrate the versatility of these
CTAs to produce well-controlled homopolymers and block
copolymers with a cysteine residue as the chain end functionality,
or the straightforward synthesis of peptide-polymer conjugates.

Four novel CTAs (Fig. 1), namely, 2-acetamido-3-(benzylsulfa-
nylthiocarbonylsulfanyl)propionic acid (ABSPA, a), 2-acetamido-
3-(methoxycarbonylphenylmethylsulfanylthiocarbonylsulfanyl)-
propionic acid (AMSPA, b), N-acetyl-S-(benzylsulfanylthiocar-
bonyl)glutathione (ABSG, c¢), and N-acetyl-S-(methoxy-
carbonylphenylmethylsulfanylthiocarbonyl)glutathione (AMSG,
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Fig. 1 Chemical structures of various chain transfer agents.
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d) were designed and synthesized using N-acetyl cysteine and
N-acetyl glutathione as starting materials. When the reaction was
conducted in aqueous solution, higher temperature, such as 60 °C
or more, was necessary to perform the alkylation of
ZC(=S)S™M" (where Z = N-acetyl cysteine or N-acetyl
glutathione, M = Na or K) with benzyl bromide or methyl
a-bromophenylacetate, and the yield of CTAs (b-d) was quite
low (usually less than 20%) except for ABSPA (a, 51% of yield),
due to significant thermal degradation and heterophase reaction
conditions. To address the synthetic difficulty, a more compatible
solvent, methanol, was chosen as the reaction medium in which
the alkylation reaction could be quantitatively conducted in 5-8 h
even at ambient temperature, as monitored by 'H NMR
spectroscopy and TLC. After purification, the target CTAs were
obtained with isolated yield larger than 98%, and their chemical
structures were confirmed by NMR, ESI-MS, FT-IR and
elemental analysis.

These CTAs were used to mediate RAFT polymerization of
various vinyl monomers such as methyl acrylate (MA), n-butyl
acrylate (BA), N-isopropylacrylamide (NIPAM), N,N-dimethyl-
acrylamide (DMA), styrene (St) and methyl methacrylate (MMA)
in dioxane at 60 °C. It was found that all these CTAs were good
RAFT agents for polymerization of monomers except MMA, for
which the polymerization led to well-defined polymers with
controllable molecular weight and low polydispersity (PDI <
1.25). For polymerization of MMA mediated by ABSPA and
ABSG, the molecular weight values were much higher than those
expected, and the polydispersity indices were very high. In the
cases of AMSPA and AMSG, however, the control on molecular
weight of PMMA was much better and the polydispersities were
relatively low (PDI = 1.3-1.4).

When ABSG and AMSG were used to mediate the polymeri-
zation of acrylate and acrylamido monomers, the polymerization
kinetics was investigated in detail. Fig. 2 depicts the kinetic plots of
RAFT polymerization conducted in dioxane at 60 °C. The pseudo
first-order kinetics was kept until high conversion (up to 80-90%),
after which a deviation from first-order kinetics was observed, and
the rates of polymerization decreased in the order of DMA >
NIPAM > MA > BA. In all cases, no significant induction period
was observed for polymerization mediated by ABSG, in which
benzyl was the R group, however, a significant induction period
(about 3-4 h) was usually observed from the kinetics curves for
AMSG-mediated polymerization, where methoxycarbonylphenyl-
methyl was the R group, indicating that RAFT polymerization
was significantly affected by the chemical structures of the chain
transfer agents. Fig. 3 shows the evolution of degree of
polymerization (DP) and polydispersity of the conjugates with
monomer conversion. The DP values of glutathione—polymer
conjugates (GSH-PA) increased linearly with increasing conver-
sion, and the polydispersity indices were usually less than 1.2,
indicating that well-defined conjugated polymers could be achieved
by the control over monomer conversion.

Theoretically, the o-terminal of the living macro CTA chains in
glutathione—polymer conjugates should quantitatively carry the
thiocarbonyl thio functionality originating from the CTA. In this
study, the end group analysis and chain extension polymerization
were used to confirm the existence of glutathione in the conjugates.
In 'H NMR spectra, the signal of methylene protons (2 H, benzyl
group) was shifted from 4.67 ppm to 2.2-2.5 ppm after
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Fig. 2 Pseudo first-order kinetics for RAFT polymerization mediated by
ABSG (a) and AMSG (b). Polymerization conditions: [M], : [CTA], :
[AIBN], = 300 : 1 : 0.2, [M], = 1.60 mol L™, in dioxane at 60 °C.
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Fig. 3 DP and PDI evolution with conversion for RAFT polymerization
of NIPAM (L), DMA (O), MA (A) and BA (5¢) mediated by ABSG (a)
and AMSG (b) in dioxane at 60 °C. The line indicates the theoretical DP
value.
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Fig. 4 GPC traces of macro CTAs (—) and block copolymers (---)
obtained by chain extension polymerization of DMA (a) and NIPAM
(b-d). See ESI for polymerization conditions.}

polymerization, the characteristic signals of NH, CH and CH,
protons in glutathione unit were quantitatively noted, and the
signals of methine proton connected to the trithiocarbonate
(SC(=S)SCH, 1 H) in GSH-PNIPAM, GSH-PDMA, GSH-
PMA and GSH-PBA conjugates were observed at 4.45, 5.04, 4.74
and 4.68 ppm, respectively (see ESIt). Moreover, the molecular
weight estimated by 'H NMR spectroscopy using the functional
glutathione end group was very close to the theoretical value,
suggesting glutathione was almost quantitatively present in the
macro CTA chains.

The GSH-PA conjugates were used as macro CTAs to mediate
chain extension polymerization of a second monomer such as
NIPAM and DMA to synthesize block copolymers. The
molecular weights of the resultant block copolymers determined
by GPC are in good agreement with those expected, and the
polydispersity indices were less than 1.12 (see ESIf). The GPC
traces (Fig. 4) of the block copolymers obtained were completely
shifted to the higher molecular weight side, and no obvious tailings
or shoulders were observed, suggesting the target block copoly-
mers were successfully achieved. The highly efficient chain
extension polymerization also demonstrated that the glutathione
group was quantitatively present in the original macro CTAs as
the Z group.

In summary, we have demonstrated a versatile synthetic route to
produce synthetic amino acid and peptide sequences that allows
for the direct polymerization of vinyl monomers. Chain transfer
agents based on cysteine and glutathione were firstly synthesized
and utilized to mediate RAFT polymerization of various
monomers. The use of the RAFT process allows for a unique
control over the architecture of the polymer—peptide conjugates,
providing polymeric chains with a high degree of end group
functionality. A series of well-defined block copolymers and
glutathione—(co)polymer conjugates with controlled molecular
weight and low polydispersity were also successfully prepared.

We gratefully acknowledge the financial support of this work by
the University of Leeds and EPSRC.
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