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amino acid substructure residues as protein
stabilising excipientst
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The clinical use of protein and peptide biotherapeutics requires fabrication of stable products. This
particularly concerns stability towards aggregation of proteins or peptides. Here, we tested a hypothesis
that interactions between a synthetic peptide, which is an aggregation-prone region analogue, and its
homologous sequence on a protein of interest, could be exploited to design excipients which stabilise
the protein against aggregation. A peptide containing the analogue of lysozyme aggregation-prone
region (GILQINSRW) was conjugated to a RAFT agent and used to initiate the polymerisation of
N-hydroxyethyl acrylamide, generating a GILQINSRW-HEAgy polymer, which profoundly reduced
lysozyme aggregation. Substitution of tryptophan in GILQINSRW with glycine, to form GILQINSRG,
revealed that tryptophan is a critical amino acid in the protein stabilisation by GILQINSRW-HEAgo.
Accordingly, polymeric peptide-mimetics of tryptophan, phenylalanine and isoleucine, which are often
present in aggregation-prone regions, were synthesized. These were based on synthetic oligomers of
acrylamide derivatives of indole-3 acetic acid (IND), phenylacetic acid (PHEN), or 2-methyl butyric acid
(MBA), respectively, conjugated with hydrophilic poly(N-hydroxyethyl acrylamide) blocks to form
amphiphilic copolymers denoted as IND,,-, PHEN,,- and MTB,,,-b-HEA,,. These materials were tested as
protein stabilisers and it was shown that solution properties and the abilities of these materials to
stabilise insulin and the peptide IDR 1018 towards aggregation are dependent on the chemical nature of
their side groups. These data suggest a structure—activity relationship, whereby the indole-based IND,,,-
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Introduction

The translation of proteins or peptides from biotechnology to
biotherapeutic products offers potential treatments to a variety
of diseases with unmet clinical need. The rationale for these
biomolecules as therapeutics stems from their known mode of
action, their inherent degradability as well as typical ‘drug
attributes’ such as specificity and potency. This translation
from an often complex and delicate macromolecule towards a
medicine however requires fabrication of a stable product. This
particularly concerns stability towards aggregation of protein or
peptide molecules - the process by which unfolded molecules
adopt a conformation that causes their clustering into

“ University of Nottingham, School of Pharmacy, NG7 2RD, UK.
E-mail: giuseppe. mantovani@nottingham.ac.uk, snow.stolnik@nottingham.ac.uk,
cameron.alexander@nottingham.ac.uk

b Warsaw University of Technology, Faculty of Chemistry, Noakowskiego 3 St., 00-
664, Warsaw, Poland

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tb02102e

1022 | J Mater. Chem. B, 2024, 12,1022-1030

b-HEA,, peptide-mimetic displays properties of a potential stabilising excipient for protein formulations.

aggregates or/and fibrils." Hence, solutions are required to
ensure stability to different stress factors during all stages of
development and use of peptide or protein formulations. There
are currently over 130 protein biotherapeutics in clinical prac-
tice, covering disease indications from diabetes, haemophilia,
multiple sclerosis, hepatitis C and many cancers.” These
employ a range of stabilising strategies, including: addition
of low-molecular weight compounds like amino acids glycine,
proline and histidine,? sugars like trehalose and sucrose, or
polyols such as sorbitol. Covalent attachment of polyethylene
glycol (PEG) to therapeutic proteins is another option which
provides formulation stabilisation, and which can also impact
positively on in vivo performance. PEGylated colony-stimulating
factors, interferons, erythropoietin and mAbs*™® are biothera-
peutic products that have already reached clinical application.
An alternative strategy is a non-covalent PEGylation of a pro-
tein, for example as shown by the use of cholanic acid-PEG to
increase the half-life of recombinant human growth hormone
(rh-GH) and recombinant human granulocyte colony stimulat-
ing factor (rh-G-CSF) in vivo,”® and tryptophan-PEG was used to

This journal is © The Royal Society of Chemistry 2024
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reduce significantly the aggregation of salmon calcitonin
in vitro.” In a related context, mPEGy-poly(glutamic acid) copoly-
mers have been utilised to form reversible protein complexes
formulated for application to the lung.'® Synthetic copolymers
containing carbohydrate pendant units, especially trehalose-based,
have also been used to reduce/modulate protein aggregation."**

The aggregation of many protein or peptide molecules can
be attributed to the existence of 5-15 amino acid long regions
that display high hydrophobicity, low net charge, and a high
tendency to form B-structures. These are usually termed
aggregation-prone regions (APR), and have been shown to be
responsible for the aggregation of a range of proteins.'>'® APRs
are typically buried within a protein’s hydrophobic core and/or
positioned close to the active site of enzymes or polypeptide
ligands,"”*® and the aggregation process is normally initiated
by their exposure to the solvent. Protein unfolding, caused
by stress factors (e.g. temperature or pH), or intrinsic factors
(e.g. destabilisation of the native structure by genetic mutation)
can expose the amino acid sequence of the APR and initiate
their self-assembly and consequent protein aggregation. Dis-
ruption of APR self-assembly has thus been investigated as an
approach to prevent the formation of amyloid aggregates by
endogenous proteins, observed to occur in neurodegenerative
diseases such as Alzheimer’s." It has been suggested that
synthetic peptides, termed B-sheet breakers, could be developed
to be capable of binding the amyloid precursor of fragment, but
unable to self-assemble into a B-sheet structure.”® Such peptides
have been shown to prevent aggregation of the off peptide into
amyloid fibrils in vitro.”'>®

The starting premise of this study was that a stabilizing
excipient could be designed comprising a peptide with an
amino acid sequence analogous to that of APR, in order to
bind strongly to an ‘unfolding protein’ on the path to aggrega-
tion, but with a hydrophilic chain conjugated to the peptide in
order to provide a steric barrier towards protein aggregation.
This approach might be considered analogous to bioconjuga-
tion and PEGylation strategies, but with an ‘associative linker’
rather than a conjugate, which interfered in the kinetics of
aggregation by blocking access to an intermediate in the
protein fragment self-association pathway. The protein lyso-
zyme, and the peptide Gly-Ile-Leu-Gln-Ile-Asn-Ser-Arg-Trp (GIL-
QINSRW) previously identified as the aggregation-prone region
in lysozyme,”® were selected as a model system. The GIL-
QINSRW peptide was synthesized, incorporated into a RAFT
chain-transfer agent (CTA), which was used to mediate the
polymerisation of N-hydroxyethylacrylamide (HEA), forming
the required hydrophilic block. Initial experiments identified
the crucial role of tryptophan (Trp/W) amino acid of the
GILQINSRW sequence in the stabilisation of lysozyme towards
aggregation. We then further focused on the synthesis of a
tryptophan peptide-mimetic based on indole - a side group of
tryptophan, with the aim to test if such a synthetic material
could achieve a stabilising effect comparable to that of trypto-
phan in a peptide or polymer sequence. Accordingly, RAFT
CTAs incorporating indole oligomers were synthesised and
used to mediate the polymerisation of HEA as a hydrophilic block.
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For comparison, and to assess if a structure-activity relationship
could be established, we also synthesized peptide-mimetics of two
other amino acids normally present in APRs, phenylalanine (Phe/
F) and isoleucine (Ile/I) - based on phenylacetic acid, and methyl
butyric acid structures, respectively. The resulting materials were
compared for their ability to moderate the aggregation of insulin
and the anti-microbial peptide, IDR 1018,”” as representative
therapeutic biomolecules, and promising initial activities of these
materials were obtained.

Results and discussion
Peptide-HEA conjugations synthesis

To investigate the possibility for stabilising lysozyme with pep-
tides analogue of its APR region, short peptide Gly-lle-Leu-Gln-Ile-
Asn-Ser-Arg-Trp (GILQINSRW, residues 54-62)°° was synthesised.
Interestingly, Tokunaga et al. have shown that the GILQINSRW
fragment of lysozyme APR self-assembles through mutual -sheet
interactions, but a single amino acid substitution of tryptophan
with glycine (GILQINSRG) completely suppresses the aggrega-
tion.”® Hence, to gain further insight to whether GILQINSRW
peptide impacts on the aggregation of lysozyme via an interaction
of its GILQINSRW sequences with APR, an analogous peptide Gly-
Ile-Leu-Gln-Tle-Asn-Ser-Arg-Gly (GILQINSRG) was also synthesised.
Both GILQINSRW and GILQINSRG peptides were prepared by
solid-state peptide synthesis on 2-chlorotrityl chloride resin using
Fmoc-protected amino acids (Fig. 1(a) and Section S3 in ESI}).
Additionally, to (i) circumvent water solubility issues and self-
aggregation of the peptide itself,® and (ii) provide steric stabilisa-
tion against aggregation of the protein molecules once
GILQINSRW and GILQINSRG were able to interact with lysozyme,
the linkage of the peptides with a very hydrophilic polymer chain
was carried out. In these cases, poly(N-hydroxyethyl acrylamide)
(pHEA) and the peptide-polymer conjugates HEAg,-GILQINSRW
(1) and HEA,5-GILQINSRG (2), were also obtained (Fig. 1(a)). This
process involved coupling of a 4-cyano-4-(((ethylthio)carbo-
nothioyl)thio)pentanoic acid, as a chain transfer agent (CTA), to
the resin-bound peptides (1a and 2a) and subsequent cleavage
from the resin to obtain GILQINSRW- and GILQINSRG-RAFT
agents 1b and 2b (Fig. 1(a)). These agents were subsequently used
to mediate the RAFT polymerisation of HEA, followed by cleavage
of the amino acid protecting groups giving the final materials
HEA,,-GILQINSRW (1) and HEA.5-GILQINSRG (2). The obtained
polymer-peptide conjugates, as well as RAFT agents 1b and 2b,
were characterised by "H NMR spectroscopy and HR-MS (Fig. 1(c)
and Fig. S1-S11, ESIt), which confirmed their structure and
purity. Conjugates 1 and 2 were additionally characterised by
size-exclusion chromatography (SEC) (Table 1). Additionally,
poly(N-hydroxyethyl acrylamide) without additional functional-
ities (HEA;oo) was synthesised as control polymers as shown in
Fig. 1(b) (characterisation data in Table 1).

Moderation of lysozyme aggregation

We tested the potential of HEAo,-GILQINSRW to stabilize
lysozyme in an alkaline medium which induces its aggregation.
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Fig. 1 (a) Synthesis of HEAgo-GILQINSRW, and HEAos-GILQINSRG: (b) synthesis of HEA, as control polymers; (c) *H NMR (400 MHz, DMSO-d) spectra
of obtained GILQINSRW-HEAgo conjugation. Reagents and conditions: (a) DMF, DIPEA, rt; (b) DMF, piperidine, rt; (c) DMF, Fmoc-amino acid, HATU,
DIPEA, rt; (d) CTA, HATU, TEA, DMF, rt; (€) DCM/TFE 8:2 v/v, rt; (f) N-hydroxyethyl acrylamide, V501, DMF, 70 °C; (g) AIBN, DMF, 80 °C; (h) 0.1 N HCl in

hexafluoro-2-propanol (HFIP), rt

Table 1 Composition, M,, and dispersity of obtained peptides and

polyHEA

Composition My rueo” (kKDa) My amr (kDa) M, sec (kDa) D
HEA4(-GILQINSRW (1) 10.5 10.8° 17.0 1.09
HEA,5-GILQINSRG (2) 10.3 12.1° 14.8 1.13
HEA 0 7.6 — 12.1 1.14

Composition is indicated by numbers in subscrlpt Calculated from
initial [HEA]:[CTA] and final monomer conversion. ” Number of repeat-
ing units of HEA calculated from 'H NMR spectra by comparing the
integral of peptides’ methyl groups with the hydroxyl peak of HEA
repeating units. © Obtained from SEC in DMF + 0.1% LiBr (PMMA
standards).

While the peptide GILQINSRW was insoluble in water, the
polymer-peptide conjugate was freely soluble in both water
and in phosphate buffer up to the highest tested concentration
of 0.035 mg mL . Accordingly, phosphate buffer was chosen as
an appropriate medium for the lysozyme aggregation studies,
in this case at a pH of 12.3 with assays conducted at room
temperature, as these are conditions known to denature
lysozyme.>®° This approach assumes that these conditions
promote unfolding of the protein exposing its APR, which

1024 | J Mater. Chem. B, 2024,12,1022-1030

makes it more accessible to APR from other lysozyme protein
molecules and to the APR-like sequence from HEAg,-
GILQINSRW.

The results of the lysozyme aggregation study are shown in
Fig. 2 and confirm the formation of large aggregates in control
samples containing only lysozyme. Conversely, in the presence of
HEA,-GILQINSRW (1:1 mol with respect to lysozyme) the onset
of aggregation was delayed by 10 hours, and within 24 hours

25
2.04 W ~ Lysozyme
= Lysozyme + HEAg-GILQINSRW

a 15 -+ Lysozyme + HEAs-GILQINSRG
©) 1.0 — Lysozyme + HEA1go

0.5

0.04 ; ‘ : .

0 5 10 15 20 25
Time (h)

Fig. 2 Aggregation assay for lysozyme (10 mg mL™) in the presence of
HEAgo-GILQINSRW, HEAg5-GILQINSRG, and HEA;oq in 100 mM phosphate
buffer pH 12.3; molar ratio of peptides and HEA;gg to lysozyme was 1:1.
Lysozyme aggregation assessed by turbidimetry at 2 = 500 nm, readings
were taken every 30 min for 24 h.

This journal is © The Royal Society of Chemistry 2024
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of the experiment the aggregation remains relatively low.
The profiles further indicated an increased rate of aggregation
in the presence of the HEA, o, homopolymer, which is analogous
to HEAo,-GILQINSRW but lacks the GILQINSRW peptide block.
This may be ascribed to the macromolecular crowding induced
by the simultaneous presence in solution of two macromole-
cules, the protein and the polymer, at relatively high concen-
tration (10 mg mL ™" lysozyme, 9 mg mL ™" HEA;o) and the
‘excluded volume’ occupied by the polymer increasing the
chances of protein-protein interaction and precipitation.>*>°
The aggregation profile of HEAos-GILQINSRG shows that it
does not modulate lysozyme aggregation. On the contrary, it
appears that HEAy5-GILQINSRG causes an increase in the rate of
aggregation, similar to the control polymer HEA,;q, further
indicating the absence of associative interactions with the
protein-aggregation region.

These data indicate that the modification of a single amino
acid in the peptide sequence from GILQINSRW to GILQINSRG
suppresses interaction of the corresponding HEAo5-GILQINSRG
conjugate with lysozyme, in line with the reported loss of self-
aggregation of the GILQINSRW peptide when its terminal W is
replaced with G residue.?® This suggests that the stabilisation
effect of HEA¢-GILQINSRW may be attributed to the specific
interaction between its GILQINSRW moiety and the homolo-
gous aggregation-prone region on lysozyme. The results further
highlight the decisive role of tryptophan to maintain anti-
aggregation properties of the GILQINSRW sequence.

Synthesis of copolymeric peptide-mimetics

After identifying the key role of tryptophan in the HEAgy-
GILQINSRW stabilisation of lysozyme (Fig. 2), we synthesised
tryptophan peptide-mimetic block copolymers based on indole-3
acetic acid (Fig. 3(a)), acknowledging that the pendant indole
group defines many physico-chemical properties of tryptophan.®'
As other hydrophobic amino acids, like phenylalanine and iso-
leucine, play an important role in the protein aggregation process
and are abundant in APRs of many proteins, our studies on
peptide mimetics were extended to include block copolymers
containing phenyl and iso-butyl groups, as mimics of the side
chains of these amino acids (Fig. 3(a)).

As the first step, acrylic monomers IND, PHEN, and MTB
were obtained via coupling of N-hydroxyethyl acrylamide with
indole-3 acetic acid, phenylacetic acid, and methylbutyric acid,
respectively (Scheme S3 and Section S5.1 in the ESIt). Then,
these monomers were polymerised by RAFT polymerisation, to
synthesise hydrophobic oligomeric chain transfer agents
(CTAs) IND,,, PHEN,,, and MTB,, (m = 1, 3, 10, Fig. 3(a) and
Section S5.2 in ESIY). Purification of the oligomeric CTAs with
m =1 and m = 3 was carried out by flash chromatography, in
analogy with the purification of discrete oligomers on silica
described by Hawker and co-workers,** whereas CTAs with
average m = 10 were used as obtained from the RAFT reaction,
without the additional chromatographic step.

Subsequently, the oligomeric CTAs were used to mediate the
RAFT polymerisation of N-hydroxyethyl acrylamide, aiming at
degrees of polymerisation (DP) of 40 and 100, to investigate the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry B

influence of the size of the polyHEA block on protein-copoly-
mer interaction. The resulting block copolymers IND,,-b-HEA,,
PHEN,,-b-HEA,, MTB,,-b-HEA,, were characterised using
'"H NMR spectroscopy and SEC (Fig. 3(b)-(d), Table 2, and
Section S5.3 in the ESIt). A small shoulder at higher molar
masses was in the observed in the SEC traces of IND,-b-HEA,,
block copolymers, which may be ascribable to a small extent of
bimolecular coupling termination, which can occur in RAFT
polymerisation.>® The discrepancy between number average
molar mass determined by "H NMR (M, xvr) and SEC (My, skc)
may result from differences in polymer hydrodynamic volume
compared to the standards employed for calibration of SEC.

Characterisation of block copolymer self-assemblies

The synthesised IND,,-, PHEN,,-, and MTB,,-b-HEA,, copolymers
are amphiphilic molecules consisting of a hydrophobic and a
hydrophilic block. Therefore, to further characterise them,
their ability to self-assemble in aqueous environment was
investigated by dynamic light scattering (Fig. 4 and Table 3).

Data for IND,,-, PHEN,,- and MTB,,,-HEA,, with m = 1 and 3
show average hydrodynamic particle diameters Dy, of around
3-5 nm for shorter HEA, (n = 37), and of around 5-7 nm
for longer HEA, (n ~ 100), with polydispersity indices repre-
sentative of a relatively narrow particles size distribution. This
is consistent with the presence of highly hydrated individual
chains of these copolymers in a solvated extended conforma-
tion. For instance, the gyration radius of free PEG with mole-
cular mass within the range of 2 kDa to 15 kDa ranging from
1.3 nm to 4 nm.***® However, IND, - and PHEN, ,-b-HEA,, show
significantly higher hydrodynamic diameters of around 10 nm
for shorter HEA, (n ~ 40), and 12-14 nm for longer HEA,
(n ~ 100). Interestingly, there is no measurable increase in
diameter of MTB,(-b-HEA,, for either n = 43 or 105 in compar-
ison with MTB;- and MTB;-. Taken together, these data indicate
minimal or no aggregation in water of copolymers with m =
1 and 3, whilst a prolongation of the hydrophobic block content
to 10 repeating units for indole- and phenyl-containing materi-
als induces self-association into species of about 10-14 nm in
size, with relatively narrow size distributions, as indicated by
their PDI values. A possible explanation for this observation is
an intermolecular interaction between aromatic indole and
phenyl rings (e.g. m-stacking), which is not present in the case
of the branched aliphatic methyl butyryl residues of MTB,,-b-
HEA,, copolymers.

Further analysis of self-assembly behaviour of IND;-
and IND;,-b-HEA, molecules in water by surface tension (y)
measurements indicates that the former copolymer is a weak
whereas the latter a strong surfactant, reducing y to 66 mN m '
and 58 mN m™ ', respectively (Fig. 5). The y vs. concentration
plot for IND;-b-HEA,, presents a formation of supramolecular
aggregates at a concentration between 1.0 and 2.0 mg mL™*
(critical aggregation concentration, CAC). In the case of IND;z-b-
HEAyg, the y vs. concentration plot has no clear discontinuity or
plateau at higher concentrations. This result agrees with our
DLS analysis results (Table 3) that indicate an absence of self-
assembled species for IND;-b-HEAgg.

J. Mater. Chem. B, 2024, 12,1022-1030 | 1025
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(a) Synthesis of IND,-, PHEN,,,-, MTB,,,-b-HEA,, block copolymers. Reagents and conditions: (a) AIBN, CTA, DMF, 80 °C; (b) N-hydroxyethyl

acrylamide, V501, DMF, 70 °C; (b) *H NMR (DMSO-dg, 400 MHz) spectrum of INDs-HEAgs as a representative spectrum of the synthesised block
copolymers; SEC chromatograms of IND,,,-b-HEA,, copolymers with (c) shorter and (d) longer hydrophilic blocks, using DMF with 0.1% LiBr as the mobile
phase. Spectra and SEC chromatograms of all polymers are shown in Sections S5.3.1 and S5.3.2 in the ESI.{

Table 2 M, and dispersity of IND,,-, PHEN,,,-, MTB,,,-b-HEA,, materials synthesised in this work

Composition My o’ (kDa) My, nmr (kDa) My, spc” (kDa) D Composition My o’ (kDa) My, nmr (kDa) My, i’ (kDa) D

IND;-b-HEA;, 5.5 5.0” 8.7 1.07 IND;-b-HEA;py 9.0 8.7 13 1.08
PHEN,-b-HEA;, 5.1 4.8° 9.0 1.07 PHEN;-b-HEA,,, 12 12.2° 18.6 1.08
MTB,-b-HEA;, 5.9 4.8¢ 10.4 1.05 MTB,-b-HEA,,; 13.1 13.2¢ 19.8 1.09
IND;-h-HEAs; 5.4 6.7 11.7 1.09 IND;-b-HEAgg 11.5 12? 17 1.11
PHEN;-b-HEA,; 5.4 6.2° 9.6 1.07 PHEN;-h-HEA,, 11.7 12.5¢ 17.5 1.06
MTB;-b-HEA;,, 6.4 7.34 10.9 1.05 MTB;-b-HEAg, — 10.2 10.5¢ 16.8 1.07
IND,-b-HEA,, 6.1 7.7% 10.5 1.15 IND;o-b-HEAgs  10.7 14.1° 18.4 1.11
PHEN, -b-HEA;; 6.8 7.0 10.7 1.08 PHEN,-b-HEAgs 12.6 12.9° 17.4 1.07
MTB,,-b-HEA,; 6.7 7.24 10.0 1.07 MTB,y-b-HEA,p; 12.5 15.0¢ 18.7 1.07
HEA;6 4.5 8.5 1.04 HEAy 13 12.1 1.14

¢ Calculated from initial [HEA]:[CTA] and final monomer conversion. ”

DMSO-dg, by comparing the integral of indole aromatic.
comparing the integral of methylene. ¢
integral of methylbutyril methyl peaks with the hydroxyl peak of HEA repeating units.

1026
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Number of repeating units of HEA monomers calculated by 'H NMR, in
¢ Number of repeating units of HEA monomers calculated by "H NMR, in DMSO-dg, by
Number of repeating units of HEA monomers calculated by "H NMR, in DMSO-ds, by comparing the
¢ Obtained from SEC in DMF + 0.1% LiBr (PMMA standards).
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Fig. 4 Size distribution (volume%) of copolymers' self-assemblies (1 mg mL™Y) in DI water as determined by DLS.

Table 3 Hydrodynamic diameter measured by DLS of IND.,-,

PHEN,-,

and MTB,,-b-HEA, copolymers reported from volume distribution.

Polydispersity indices are provided in brackets; materials were analysed at 1.0 mg mL™* in DI water

Polymer: IND;-b-HEA;, PHEN;-b-HEA;,

MTB,-b-HEA,;,

IND;-b-HEA 9o PHEN;-b-HEA 40 MTB,-b-HEA, 1,

Size (PDI) nm 4.43 (0.26) 3.28 (0.62)
IND;-b-HEA5;

5.54 (0.18)

MTB,-b-HEA,,
3.53 (0.07)

Polymer:
Size (PDI) nm

IND;-b-HEA
9.73 (016)

PHEN, -b-HEA4
9.71 (0.18)

Polymer:
Size (PDI) nm

Modulation of insulin aggregation by block copolymers

After identifying the key role of tryptophan in the HEAq,-
GILQINSRW stabilisation of lysozyme, we studied tryptophan
peptide-mimetic oligomers based on indole-3 acetic acid (IND,,-
b-HEA,), on the basis that the indole ring contributes the
defining physicochemical properties of tryptophan.®’ Unfortu-
nately, under the alkaline conditions that induce lysozyme
aggregation, IND,,-, PHEN,,- and MTB,,-b-HEA,, materials failed
to show any stabilizing effect (Fig. S32 and S33, Section S6 in
ESIt). Further analysis revealed that these aggregation favouring
conditions (pH 12.3) induce hydrolysis of the ester groups
linking the pendant indole group to the polymer backbone;
the "H NMR spectrum of IND;-b-HEA after incubation under
such conditions displayed no indole aromatic protons peaks
between 6.9-7.3 ppm (Spectrum S34, Section S6 in the ESIT).
Accordingly, we selected insulin as a model protein to replace
lysozyme in the aggregations studies as it is well-established that

75+
IND3-HEAgs

70 §
!

65+

60+

Surface tension (mMN/m)

55 T T T T T T T
0 2 4 6 8 10 12 14 16

Concentration (mg/mL)

3.15 (0.36)

MTB;-b-HEA,;
4.73 (1.62)

MTB, ,-b-HEA 3
6.54 (0.20)

6.05 (0.11) 5.69 (0.05) 6.81 (0.43)
IND;-b-HEAqq

5.21 (0.27)

PHEN;-b-HEA
6.23 (0.86)

MTB;-b-HEAg,
5.40 (1.0)

IND;-b-HEAs
14.28 (0.15)

PHEN, -b-HEAgg
12.03 (0.16)

MTB,-b-HEA, s
5.38 (0.33)

the aggregation of insulin is initiated at pH around 5.3, corres-
ponding to the protein isoelectric point.*” The residues of
insulin B-chain including GBS, SB9, VB12, EB13, YB16, GB23,
FB24, FB25, YB26, and TB27 are believed to play an important
role in insulin self-assembly.*® The impact of the peptide-
mimetic materials synthesized in this work on the aggregation
of insulin is shown in Fig. 6. Only 17% of insulin (0.34 mg mL "
out of 2 mg mL ') remained in a solution after incubation at
conditions inducing its aggregation. However, the addition of
IND;- and IND,,-b-HEA,, polymers at polymer: peptide molar
ratio of 10 prevented aggregation very efficiently — almost 100%
of insulin remained in its non-aggregated state after 20 h.
Conversely, this effect was not observed for IND;-b-HEA,, which
possesses only one indole group. For PHEN,,-based copolymers,
only the longest copolymer, PHEN, ,-b-HEAgg, reduces aggregation
(61% non-aggregated insulin retained), when compared to HEA; ¢,
control polymers (only 24% of residual insulin in solution).

75
IND4o-HEAgs

70

65

60

Surface tension (mMN/m)

55+ T T T T T T T
0 2 4 6 8 10 12 14 16

Concentration (mg/mL)

Fig. 5 Surface tension measurements of representative copolymers INDs-b-HEAgg and INDo-b-HEAgs carried out in water by pendant drop method.*®
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Fig. 6

No polymer
HEA 00
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PHEN,-b-HEA, gq
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Insulin aggregation in the presence of IND,,-, PHEN,,- and MTB,,-b-HEA, materials. Concentration of insulin remaining in a solution after

incubation in the aggregation inducing conditions (pH 5.2) for 20 h without and with synthesised copolymers at different molar ratio; the initial
concentration of insulin was 2 mg mL™™. Higher values in the graph correspond to better protein stabilisation and hence reduced aggregation.

No measurable impact against insulin aggregation is seen
for copolymers containing isoleucine-mimicking groups -
MTB,,-b-HEA,,.

Interaction of peptide-mimetic oligomers with insulin.

In the next step potential effects of the IND,,-based oligomers
on the secondary structure of insulin were assessed by circular
dichroism (CD). The analysis of samples in the presence of
IND,,-b-HEAy5 produced poor signal-to-noise ratio, likely due
to the presence of indole groups, as reported previously.*® The
analysis hence measured the CD profile after separation of
insulin and IND;4-b-HEAgs. Whilst this experiment cannot
inform directly on secondary structure alterations that may be
occurring during insulin interactions with stabilizing IND,-b-
HEAys, it however provides an insight to whether these inter-
actions induce irreversible changes of the protein secondary
structure (Fig. S31, ESIt). The profile obtained from the ‘native’
insulin, i.e. before any manipulation, exhibits two negative

Nopolymer{
HEAse {1
INDy-b-HEAg; 4
PHEN,-b-HEA;;4 W
MTB,-b-HEA;;A W
IND3-b-HEAs 34 ]
PHENg-b-HEA,s1 )
MTBy-b-HEA,,{ HH
IND,g-b-HEA HH

PHEN, -b-HEA ;¢ O
|
T

MTB;g-b-HEA 131

50 100
IDR1018 retained in solution (mg/L)

o

150

peaks, at 208 nm and 222 nm, as previously described for
bovine insulin, and is typical of an o-helix secondary
structure.*® A similar profile is seen for the sample subjected
to HPLC purification. The two samples taken from insulin
aggregation experiments in the presence of IND,,-b-HEAys at
10:1 and 5:1 insulin molar ratios also show [6] vs. wavelength
profiles similar to that of native insulin. The experiment hence
indicates that the stabilizing IND,,-b-HEAqs peptide-mimetic
does not cause irreversible changes in the protein secondary
structure.

Moderation of IDR 1018 aggregation by block copolymers

To exemplify the potential of our synthetic peptide-mimetic
materials to moderate aggregation of peptides, the IDR 1018
peptide, consisting of the amino acid sequence VRLIVAV-
RIWRR was selected. This peptide has been reported to show
antimicrobial and immunomodulatory activities,”’™** but clin-
ical applications have been hampered by its tendency to

Nopolymer{ _ H
HEA o0 T
IND4-b-HEA o}
PHEN;-b-HEA; o1
MTB,-b-HEA1,1___#
IND;-b-HEAgg |
PHENg-b-HEAge{  HH
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PHEN ¢-b-HE A0 1 ]
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J
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IDR1018 retained in solution (mg/L)

o
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Fig. 7 The concentration of IDR 1018 remaining in a solution after incubation in aggregation conditions (100 mM phosphate buffer, pH 7.2) for 5 h
without and with synthesised copolymers at 1:1 molar ratio; the initial concentration of the peptide was 0.153 mg mL™". Higher values in the graph

correspond to better protein stabilisation and hence reduced aggregation.
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aggregation under aqueous conditions. This aggregation has
been attributed to the 5 consecutive hydrophobic residues
between L3 and V7, which are believed to form the peptide’s
aggregation-prone region. The effect of IND,,-, PHEN,,-, and
MTB,,-b-HEA,, materials on aggregation of the peptide was
investigated in 100 mM pH 7.2 phosphate buffer, where IDR
1018 is known to aggregate,** and the results are presented
in Fig. 7.

Incubation of IDR 1018 in 100 mM phosphate buffer,
pH 7.2 for 5 hours resulted in 75% peptide aggregation —
38.3 mg mL " final concentration from an initial 153 mg L.
However, in the presence of indole-based materials (IND;-b-
HEAs;, IND,-b-HEA o, IND;-b-HEAgg and IND,,-b-HEAy;) in a
1:1 (co)polymer : IDR 1018 molar ratio, as much as 70-80% of
the peptide remained in solution under identical conditions,
whereas for phenyl-based materials (PHEN;,-b-HEA;z and
PHEN;, ,-b-HEA, ) it was around 50-75%. The other copolymers
tested did not show any stabilization effect on IDR 1018 (Fig. 7).

Data on behaviour of IND,,- and PHEN,-b-HEA,, copoly-
mers in aqueous solutions (Table 3 and Fig. 4 and 5), together
with protein aggregation results (Fig. 6 and 7), could be
explained with the existence of an equilibrium between poly-
mer self-assemblies and their interactions with the proteins
and peptides tested, leading to their stabilization towards
aggregation. This is apparent for IND,o-HEA,, and PHEN,-b-
HEA, materials. Interestingly, similar protein stabilization
induced by IND;-b-HEA,, and IND,,-b-HEA, may suggest that
polymer self-assembly does not hamper interactions with pro-
teins, as the former one does not self-assemble (Fig. 5).

Collectively, the data indicate different impacts of copoly-
mers bearing indole, phenyl, or methyl butyric side groups
mimicking W, F, and I, respectively, on protein stabilisation.
This observation may be ascribed to the physicochemical
properties of tryptophan, strongly affected by its indole ring,
observed via the influence of tryptophan on protein folding, as
well as its positioning in lipid bilayers and in the membrane-
spanning regions of transmembrane proteins. Tryptophan has
a number of unique molecular features:*> the largest nonpolar
(hydrophobic) area of all amino acids due to the two-sided
n-electron face of its indole side chain that is also polarizable
and highly accessible because of its planar topology, the
strongest electrostatic potential for cation-n interactions, and
an indole hydrogen-bond donor N-H moiety. The single phenyl
ring, present in phenylalanine and PHEN,,-b-HEA,, copolymers,
nor the short branched alkyl group present in isoleucine and
MTB,,-b-HEA,,, do not exhibit the full range of these properties,
hence their interactions with protein regions involved with the
aggregation of the proteins and peptide tested may be limited.
Furthermore, the presented data indicate to exert a protein
stabilizing activity IND,,-b-HEA, copolymers must comprise
more than one indole-containing repeating unit (IND), as a
tryptophan mimetic unit. Intriguingly, a PEG,-tryptophan
conjugate reported by Mueller et al.*® has shown a significant
stabilization effect on salmon calcitonin despite bearing only a
single tryptophan unit, thus indicating that that the structure
of tryptophan-containing stabilisers may need fine-tuning to

This journal is © The Royal Society of Chemistry 2024
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achieve the desired protein/peptide stabilisation effect.
Importantly, the proteins and peptides tested to date with
tryptophan-containing stabilisers - lysozyme, insulin, IDR
1018, and salmon calcitonin - possess chemically distinct
aggregation-prone regions (APRs), which underlines the versa-

tility of indole moiety in protein stabilization.

Conclusions

This work started with a hypothesis that interactions could be
exploited between a synthetic peptide, which is an aggregation-
prone region analogue, and its homologous sequence on a
protein, to design excipients to stabilise the protein against
aggregation. The hypothesis further suggested that attachment
of a hydrophilic polymer to such a peptide will provide a
stabilisation effect, such that the associative interactions at the
aggregation-prone region of the peptide mimetic with the pro-
tein would prevent full aggregation by the steric demands of the
attached hydrophilic polymer. The synthesized GILQINSRW-
HEAy, polymer containing the lysozyme aggregation-prone
region analogue indeed shows a dramatic reduction in lysozyme
aggregation. Substitution of tryptophan in GILQINSRW with
glycine to form GILQINSRG showed, via the lack of activity of
the mutated peptide, that tryptophan was a decisive factor in the
protein stabilisation by GILQINSRW-b-HEA,. This led to the
successful synthesis of peptide-mimetics from tryptophan, phe-
nylalanine and isoleucine amino acid analogues, based on
synthetic oligomers of indole-3 acetic acid, phenylacetic acid,
or methylbutyric acid, and with a block of poly(HEA) to provide
aqueous solubility and steric stabilisation: IND,,-, PHEN,,- and
MTB,,-b-HEA,,. The study then demonstrates that the solution
properties and their ability of these materials to stabilise insulin
and IDR 1018 peptide towards aggregation are dependent on the
chemical nature of their side groups - indole vs. phenyl vs.
methylbutyrate - with indole based IND,-b-HEA, peptide-
mimetic material displaying properties of a potential stabilising
excipient to protein formulations.

Experimental section

For materials, synthetic procedures and analytical methods see
the ESL. T
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