Published on 15 2022. Downloaded on 28-01-2026 19:05:42.

Polymer
Chemistry

W) Check for updates
polymer chains+

Cite this: Polym. Chem., 2022, 13,
5458

Received 3rd June 2022,
Accepted 9th September 2022

DOI: 10.1039/d2py00717g

Henrik Kalmer,®® Federica Sbordone®® and Hendrik Frisch

rsc.li/polymers

The folding of synthetic polymers into single chain nanoparticles
draws inspiration from the folding of polypeptides into the func-
tional macromolecular architectures of proteins. The building
blocks of their natural inspiration, amino acids and peptides, are
surprisingly underutilised in the design of synthetic folded archi-
tectures. Based on N-terminal cysteines, methylmethacrylate
derived monomers were designed that are readily copolymerizable
with PEGMA and MMA to provide water soluble polymer-peptide
conjugates. Upon acidic deprotection of the peptide side chains,
disulphide bridges crosslink the parent polymer into a folded
architecture. Providing access to functional folded macromolecu-
lar architectures, the presented synthetic strategy allows for a
facile incorporation of functional amino acid sequences.
Embedding of the catalytic triad into pentapeptides containing
N-terminal cysteines enabled a one step folding and activation of
their catalytic activity as exemplified by hydrolysis of para-
nitrophenylacetate.

Introduction

Over the last decade, intramolecularly crosslinked synthetic
polymers have been established as a distinct class of func-
tional synthetic macromolecular architectures." These so
called Single Chain Nanoparticles (SCNPs) are investigated
for numerous applications spanning sensing,® drug delivery”
and catalysis.* ™! Their compacted structure has largely been
inspired by the reversible folding of polypeptides into func-
tional proteins that is observed in nature.">'® The precise
architecture, which is obtained upon folding of these
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sequence-defined biomacromolecules, is encoded into their
primary sequence, ie. their monomer sequence. Synthetic
efforts have thus also investigated how sequence control can
be used to create specifically folded domains within SCNPs
and thereby enable control over their 3D-architecture.'*">

To introduce the intramolecular crosslinking, a wide range
of functional groups has been explored,'® utilizing for instance
photochemistry,>"”~*° metal-complexation®*® or non-covalent
interactions.”™** Surprisingly, the fundamental monomers of
their natural counterparts, i.e. amino acids and peptides, have
rarely been applied for the folding of synthetic polymer
chains.

The enormous potential of peptide derived functional
groups to control SCNPs folding has been highlighted by the
Knight group. The use of di(phenylalanine) moieties as
polymer sidechains enabled the folding of polymers into
hydrogen bonded macromolecular architectures.”® Next to
hydrogen-bonds, disulphide bonds are key interactions that
stabilise secondary and tertiary structures of proteins. Berda**
and Thayumanavan®® implemented disulphide containing
crosslinks into SCNPs by either incorporating disulphide con-
taining crosslinkers or disulphide exchange. Elegant work by
Lutz*® attached cysteine-arginine-cysteine (C-R-C) containing
linkers to sequence defined polymers in order to obtain bicyc-
lic, 8-shaped polymers.

In solid phase peptide synthesis (SPPS), disulphide for-
mation is often observed upon deprotection of cysteine con-
taining peptides and is usually addressed through cleavage
conditions.>” We report herein a synthetic strategy that exploits
disulphide formation upon deprotection of polymer tethered
N-terminal cysteines to provide a modular platform to fold
single polymer chains in one step (Fig. 1). Seizing the modular-
ity of cysteine terminal monomers, a short catalytically active
peptide sequence was introduced into the peptide-based
monomer yielding SCNPs with functional folded architectures.
The peptide-based sidechain is acting hereby as both the cross-
linker and the catalytically active moiety.
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Fig. 1 (A) Schematic representation folding of single polymer chains
through cysteine-terminal peptide side chains. (B) Deprotection and
concomitant folding of P1-P3 to SCNP1-SCNP3.

Results and discussion

A cysteine-based monomer (M1) was synthesized by esterifica-
tion of protected cysteine (N-(tert-butoxycarbonyl)-S-trityl-r-
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cysteine) with 2-Hydroxyethylmethacrylate (HEMA, ESI,
Chapter 2.11). Upon reversible addition-fragmentation chain-
transfer (RAFT) polymerization with poly(ethylene glycol) meth-
acrylate (PEGMA), a water-soluble polymer P1 (M, = 7000 g
mol ™!, P = 1.2) was obtained, containing on average 4 cysteine
units. To initiate deprotection of the acid labile protecting
groups and concomitant disulphide formation, P1 was dis-
solved in a TFA/TES mixture (9:1, V:V) at 25 mg mL™" and
stirred for 30 minutes at ambient temperature while exposed to
air, which has been observed to induce disulphide formation of
Cysteinemethylester (Fig. S187). After precipitation, the folding
of the single polymer chains was monitored via Size Exclusion
Chromatography (SEC, Fig. 2A, top). The obtained SCNP1
showed a significantly reduced apparent molecular weight from
M, = 7900 (P1) to 7000 (SCNP1) g mol™" as a result of the
decrease in hydrodynamic volume and loss of protecting
groups. A high molecular weight shoulder in the SEC trace of
SCNP1 indicates intermolecular crosslinking as a minor side
reaction. While the concentration of 25 mg mL™" is high for
SCNP folding and facilitates upscaling of the SCNP synthesis,?®
intermolecular crosslinking could not be avoided by lowering
the polymer concentration in the folding reaction by more than
half to 10 mg mL~" (Fig. S97). On a molecular level, the success-
ful deprotection of the thiol was monitored via "H nuclear mag-
netic resonance (NMR) spectroscopy by the significant decrease
of aromatic resonances of the trityl-protecting group at § =
7.5-7.0 ppm and tert-butyl resonances at § = 1.4 ppm (Fig. 2C).
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Fig. 2 (A) Overlay of the SEC traces of P1 and SCNP1 (top) and SCNP1 before and after addition of DTT (bottom). (B) Schematic representation of
the formation of SCNP1 via disulphide bridges and unfolding of SCNP1 with DTT. (C) *H-NMR of P1 and SCNP1 in acetonitrile-ds.
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The residual aromatic resonances indicate a deprotection
efficiency of close to 90%. Longer reaction times lead to the full
disappearance of aromatic resonances (Fig. S7 and S13f),
however, increased intermolecular crosslinking was observed
when extending the reaction time too long (Fig. S7 and S14f).
Hence, the 30 min deprotection was found preferential to
achieve more selective intra chain reactivity.

To confirm that all cysteine moieties have formed intra-
molecular disulphide crosslinks upon deprotection, an excess
of iron(m)chloride hexahydrate, which has been reported to
efficiently induce disulphide formation from thiols in
SCNPs,>! was added to the obtained SCNP1. However, no shift
towards lower apparent molecular weights was observed via
SEC (ESI, Chapter 2.67). In contrast, a shoulder towards higher
molecular weights appeared, indicating intermolecular cross-
linking of the remaining cysteine moieties. DTT, a common
disulphide bridge reducing agent in proteins, was added after
the SCNP-formation to unfold the polymer chain (SEC, Fig. 24,
bottom). The unfolding lead to a shift in the SEC trace due to
the larger hydrodynamic volume of the unfolded chain, to an
apparent molecular weight of M, = 7300 g mol~', a behaviour
that is in agreement with previously reported disulphide based
SCNP unfolding.>***

To investigate the modularity of the developed synthetic
approach, a short tetrapeptide (G-D-H-S) was juxtaposed to
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the terminal cysteine. The D-H-S sequence, often labelled
catalytic triad, is found in the active site of a wide range of
enzymes able to catalyse for example ester hydrolysis.>**° The
propensity of D-H-S and derived peptide sequences to cleave
esters as both individual peptides® and peptide-polymer
conjugates®*** has shown great potential for the design of arti-
ficial enzyme mimetics.

The C-terminus of otherwise fully protected peptide
sequence (G-D-H-S-C) obtained via SPPS was esterified with
HEMA, yielding monomer M2. After RAFT mediated co-
polymerization with methyl methacrylate (MMA) and PEGMA,
water-soluble polymer P2 was obtained (M, = 11600 g mol ",
b = 1.2), containing on average 3 sidechain tethered peptide
units. P2 was dissolved in a TFA/TES mixture (8:2, V:V) at
7.5 mg mL™" and stirred for 30 minutes at ambient tempera-
ture while exposed to air to obtain SCNP2 after precipitation.
The deprotection and folding was monitored via SEC showing
a reduced apparent molecular weight from M, = 12 400 (P2) to
11200 (SCNP2) g mol™' due to the polymer compaction
(Fig. 3A and B, top). Intermolecular crosslinking, however,
could also for SCNP2 not be avoided, hence the SEC traces
show a slight high molecular weight shoulder. Similarly to
SCNP1, SCNP2 reduction with DTT resulted in a shift towards
larger apparent molecular weights (M, = 12100 g mol™,
Fig. 3A and B, bottom). The deprotection was monitored via
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Fig. 3 (A) Overlay of the SEC traces of P2 and SCNP2 (top) and SCNP2 before and after addition of DTT (bottom). (B) Schematic representation of
the formation of SCNP2 via disulphide bridges and unfolding of SCNP2 with DTT. (C) *H-NMR of P2 and SCNP2 in acetonitrile-dS.
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"H-NMR showing the loss of resonances of the trityl (§ =
7.4-7.2 ppm) and tert-butyl (§ = 1.4 and 1.1 ppm) protecting
groups (Fig. 3C). To investigate the effect of the number of cat-
alytically active peptide pendants per chain on the desired
catalytic performance, a third polymer P3 was synthesized (M,
=21200 g mol™*, ESI{) using the same procedure as described
for P2. The deprotection lead to a shift to lower apparent mole-
cular weights (M, = 20 000 g mol™"). Monitoring of monomer
incorporation via 1H-NMR indicated a random copolymer of
PEGMA and M2 with a slight gradient of MMA (Table S17).
Finally, the propensity of SCNP1-SCNP3 towards the hydro-
lysis of esters was investigated. para-Nitrophenyl acetate
(p-NPA) was dissolved in a phosphate buffered aqueous solu-
tion (pH = 7). The hydrolysis of p-NPA leads to the formation
of para-nitrophenol, which absorbs visible light at 1 = 405 nm.
The absorption was recorded for 40 minutes via UV/VIS spec-
troscopy. Addition of SCNP2 lead to significantly faster linear
increase in absorbance compared to the auto hydrolysis of
p-NPA under the same conditions (Fig. 4). Since the concen-
tration of the p-nitrophenol is proportional to the absorption
at 405 nm, the steeper slope indicates a faster reaction rate
due to the catalytic activity of SCNP2. In the presence of
SCNP2 the hydrolysis is faster compared to the uncatalysed
reaction. To demonstrate that the observed ester hydrolysis
activity is a function of the amino acid sequence of SCNP2 and
not the terminal cysteines linker, the same experiment was
carried out using SCNP1, showing no impact on the hydrolysis
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Fig. 4 Schematic degradation of para-nitrophenylacetate to para-nitro-
phenol and acetic acid, catalysed by SCNP2 (top). Change of absorption
at 405 nm over time (bottom) due to the hydrolysis of p-NPA for
SCNP1-SCNP3, SCNP3 + DTT, and free GDHSC.
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rate. The origin of the catalytic activity of SCNP2 can therefore
be directly assigned to the peptide sequence in its sidechains.
Remarkably, the hydrolysis rate of SCNP2 was significantly
faster compared to non-polymer tethered GDHSC peptide,
which only showed very little catalytic activity at the same
overall concentration of peptide. When the degradation rate of
p-NPA in presence of the unprotected peptide sequence was
investigated at different concentrations of GDHSC, the
expected concentration dependence was, however, observed
(Fig. S19%).

Comparing SCNP2 to SCNP3 of a higher molecular weight
and greater number of peptide moieties per chain, a consider-
ably higher hydrolysis activity was observed for SCNP3
indicating a significant effect of polymer confinement on the
hydrolysis activity of GDHSC. The addition of DTT to SCNP3,
resulting in SCNP unfolding, lead to a decrease of the catalytic
activity by close to 50%. Adding DTT to a reference experiment,
in contrast, did not affect the degradation rate. Hence,
the folded SCNP architecture appears to impact catalytic
activity.

Noting that catalysis of DHS based enzymes occurs from
the precise 3D arrangement of amino acids, which are usually
not adjacent in the primary structure, these results raise ques-
tions for future investigations about how discrete SCNP archi-
tectures increase catalytic activity. Underlying effects could
include changes in the conformation of individual peptide
strands, closer proximities between peptides strands that
enable catalysis involving multiple peptides as well as changes
in local polarity within the polymer coil.

Conclusions

We herein reported a modular synthetic strategy to fold single
polymer chains upon deprotection of pendent N-terminal
cysteines (P1, P2, P3). One step deprotection and folding of
single polymer chains via disulphide bridges was achieved at
concentrations of up to 25 mg mL™" (SCNP1). Demonstrating
the modularity of the synthetic strategy, a short peptide
sequence of G-D-H-S was juxtaposed to the N-terminal
cysteine (P2). Deprotection of the amino acid sequence and
folding of the polymer chain into SCNP2 was performed in
one step, yielding a catalytically active D-H-S triad. The cata-
Iytic activity of SCNP2 was demonstrated through the hydro-
lysis of p-NPA, accelerating hydrolysis significantly compared
to non-polymer tethered peptide of the same concentration.
Increasing the number of pendent peptides per polymer chain
(SCNP3) further increased the hydrolysis rate, whereas the
addition of DTT induced unfolding and a substantial decrease
in hydrolysis rate. The pendent peptide moieties thus induce
folding and enable function of single polymer chains.

In addition to the design of enzyme mimetic systems, the
reported strategy may provide access to synthetic polymers
with defined intramolecular architectures through the incor-
poration structurally encoded peptide sequences such as
a-helices.
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