
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 9
:2

9:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Conformational
aDepartment of Chemistry, Northwestern Un

nathan.gianneschi@northwestern.edu
bDepartment of Materials Science and Engine

IL 60208, USA
cDepartment of Natural Sciences, Baruch C

York, NY 10010, USA
dDuPont−Northwestern−Dow Collaborative

Research Center, Northwestern University, A
eBeamline 16ID, NSLS-II, Brookhaven Natio
fInternational Institute for Nanotechnology

Simpson Querrey Institute, Lurie Cance

Engineering, and Department of Pharmaco

IL 60208, USA

† Electronic supplementary information (
synthesis and characterization of pe
spectroscopy, scattering, and
https://doi.org/10.1039/d4sc03420a

Cite this: Chem. Sci., 2024, 15, 13899

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th May 2024
Accepted 16th July 2024

DOI: 10.1039/d4sc03420a

rsc.li/chemical-science

© 2024 The Author(s). Published by
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induced folding of proteomimetic peptide brush
polymers†
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Christopher Sharpe, b Nathan D. Rosenmann, b Clara Barbut,a

Steven J. Weigand, d Matthew P. Thompson, a James Byrnes, e Baofu Qiao c

and Nathan C. Gianneschi *abf

Peptide-brush polymers generated by graft-through living polymerization of peptide-modified monomers

exhibit high proteolytic stability, therapeutic efficacy, and potential as functional tandem repeat protein

mimetics. Prior work has focused on polymers generated from structurally disordered peptides that lack

defined conformations. To obtain insight into how the structure of these polymers is influenced by the

folding of their peptide sidechains, a set of polymers with varying degrees of polymerization was

prepared from peptide monomers that adopt a-helical secondary structure for comparison to those

having random coil structures. Circular dichroism and nuclear magnetic resonance spectroscopy

confirm the maintenance of the secondary structure of the constituent peptide when polymerized.

Small-angle X-ray scattering (SAXS) studies reveal the solution-phase conformation of PLPs in different

solvent environments. In particular, X-ray scattering shows that modulation of solvent hydrophobicity, as

well as hydrogen bonding patterns of the peptide sidechain, plays an important role in the degree of

globularity and conformation of the overall polymer, with polymers of helical peptide brushes showing

less spherical compaction in conditions where greater helicity is observed. These structural insights into

peptide brush folding and polymer conformation inform the design of these proteomimetic materials

with promise for controlling and predicting their artificial fold and morphology.
Introduction

The ability to discover and develop peptides to specically target
and bind proteins has resulted in an increasing interest in
peptide-based or peptidomimetic therapeutics.1–4 However,
cellular penetration, resistance to proteolysis,5 and multivalent,
high avidity binding to intracellular targets remain challenges
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facing the translational potential of peptides generally. To this
end, cyclization,6–8 lipidation,9–11 and peptide-stapling
approaches12–14 have been and remain key strategies for
enabling the development of peptides and peptidomimetics.15,16

An emerging strategy involves coupling a polymerizable moiety
to a peptide of interest to yield a peptidyl-macromonomer that
is then subjected to gra-through polymerization using ring-
opening metathesis polymerization (ROMP)17,18 or controlled
radical polymerization chemistry, including photoinduced
reversible addition−fragmentation transfer (RAFT) radical
polymerization.19,20 The resulting peptide-brush polymers show
enhanced resistance to proteolysis,18 as well as the ability to
internalize into cells and to access intracellular, cytosolic
targets with high affinities.21–24 The observed elevated resistance
to proteolysis is ascribed to the collapsed globular structures of
the polymers observed in water that arise, in particular in the
case of brush polymers generated from norbornenyl-peptides
(polynorbornenes), due to backbone hydrophobicity driving
an entropically-favorable collapse. This collapse leads to steri-
cally crowded peptide brushes, rendering them less accessible
to proteases, while preserving their ability to interact with
therapeutic targets and cellular membranes due to polymer
dynamics.18,20 As a result of these collective, emergent
Chem. Sci., 2024, 15, 13899–13908 | 13899
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properties, we refer to these materials as Protein-Like Polymers
(PLPs).22,25

Despite initial success in implementing this strategy to
achieve desired biological properties and outcomes, an in-depth
understanding of how the polymer backbone inuences the
folding and conformation of such peptide brushes, and vice
versa, is needed. One related example involves brush polymers
of poly(g-benzyl-L-glutamate) generated using norbornene
monomers with variable lengths of poly(g-benzyl-L-glutamate)
segments.26 The helicity of these polymers was assessed using
1H NMR spectroscopy in 2% TFA-d/CDCl3, and it was found that
brush polymers had slightly lower degrees of helicity than the
poly(g-benzyl-L-glutamate) segments by themselves. The inter-
ruption of folding was reduced when graing density was
lessened. Similar polymers generated by post-polymerization
modications have been shown to form rod-like structures by
dry-state atomic force microscopy.27 In general, experimental
and computational studies nd that while hydrophobic envi-
ronments can promote helicity of peptide amphiphiles,28,29
Fig. 1 (a) Scheme showing the synthesis of peptide-brush polymers
using graft-through ROMP. (b) Peptide sequences of a-helical
monomers utilized to generate peptide-brush polymers, including E-
alpha (sequence = NorAhaKIABAVBLBAEE) and K-alpha (sequence =
NorAhaEIABAVBLBAKK), with hydrophobic residues indicated in red
and hydrophilic residues indicated in blue. (c) Model of E-alpha peptide
obtained from molecular dynamics simulations. (d) Peptide sequence
of random coil peptide monomer utilized to generate peptide-brush
polymers (sequence = NorAhaGSGSGRGSGSGE), with hydrophilic
residues indicated in blue. (e) Model of random peptide obtained using
AlphaFold2.40

13900 | Chem. Sci., 2024, 15, 13899–13908
steric crowding can also interrupt the uniform folding of
peptides into helices.30

Our motivation to understand these effects lies in the ability
to control folding and structure in a cooperative way, which will
inuence the utility of these materials in a range of settings.
Greater structural insight into more complex peptide-brush
polymers would allow for the determination of structure–func-
tion relationships for the targeted design of peptide-brush
polymer tools for engaging specic protein targets. In partic-
ular, it may be important to preserve the organization of func-
tional groups on the face of helical peptide side chains, so that
they can readily inhibit particular protein–protein interactions
involved in disease progression.31,32 Herein, a particular focus
was to establish whether helicity could be preserved or
enhanced in aqueous environments when an a-helical peptide
is incorporated onto a polymer backbone. Approaches
described here were inspired, in part, by efforts to characterize
the folding of single-chain nanoparticle polymers using tech-
niques including small-angle X-ray scattering (SAXS).33–39

Towards this end, polymers were designed to contain
brushes of peptides with a classical secondary structure, the a-
helix, as well as a peptide with an unstructured, random coil
conguration (Fig. 1). Using these peptides as macromonomers
allows the use of techniques probing the perturbation of
peptide folding, such as circular dichroism (CD) spectroscopy
and nuclear magnetic resonance (NMR) spectroscopy. A set of
polymers incorporating these peptide monomers was generated
and studied using spectroscopy and X-ray scattering, coupled
with atomistic metadynamics simulations, to gain a granular
understanding of peptide folding and polymer conformation.

Results and discussion
Polymer design and synthesis

To understand the inuence of secondary structure on polymer
dynamics, and vice versa, two sets of peptides were chosen
(Fig. 1). Firstly, we studied polymers derived from a helical
peptide. We employed as a guide a crystal structure of a peptide
(Boc-WIABIVBLBP-OMe),41 which is a-helical due to the high
content of 2-aminoisobutyric acid (Aib, B) residues. This
unnatural amino acid, with its disubstituted alpha carbon, is
known to have a propensity to favor helical conformations in
peptide sequences that contain it.42 Specically, the dis-
ubstitution greatly reduces the rotational space accessible by
the amino acid to orientations that favor helicity. We then
mutated the sequence to further promote helicity by specically
replacing the tryptophan and proline with lysine and alanine,
and added additional glutamic acid residues for solubility, to
generate the sequence KIABAVBLBAEE (“E-alpha”). The amino
acids lysine, alanine, and glutamic acid were chosen as they are
known to be found in and promote helical arrangements in
proteins, hypothesized to be in part due to their side chain
sterics and hydrophobicity.43–46 We also synthesized a sequence
ipping the charged peptides to match the macrodipole of
a helix (EIABAVBLBAKK, “K-alpha”), as it is established that
positively charged residues at the negatively-charged C-terminal
end promote greater helix stability.47,48 A third peptide was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesized by replacing the helix-directing amino acid Aib with
alanine (EIAAAVALAAKK, “A-alpha”). Secondly, we designed
a random coil peptide sequence with a high proportion of
glycine and serine, with one arginine and one glutamic acid to
promote water solubility (GSGSGRGSGSGE, “random”). This
particular peptide is thus water soluble without being likely to
fold into any dened secondary structure, and its lack of
dened structure was further supported using AlphaFold2
(Fig. 1e), as well as CD spectroscopy, discussed below.40 The
differences in physical properties and folding propensities
between the two sets of peptides were thus chosen to provide
a strong contrast to probe the inuence of secondary structure
on polymer conformation.

The chosen peptides were synthesized with exo-norbornene-
2,3-dicarboxyimide attached via an aminohexanoic acid linker
(denoted as “NorAha”) at the N-terminus using established
solid-phase peptide synthesis (SPPS) chemistry (ESI Section 2
and ESI Fig. S1–S8†).49 Aer purication, the resulting peptide
macromonomers were polymerized via ROMP to degrees of
polymerization (DPs) of 15, 30, and 45 (ESI Section 3†). Addi-
tional DPs of 7 and 90 were prepared for the helical sequence, E-
Fig. 2 (a) SDS-PAGE gel of E-alpha polymers and the molecular
weight ladder (MW), showing the approximate molecular weight
distributions of each polymer. (b) Aqueous SEC-MALS of random
peptide-based polymers (blue traces).

Table 1 Characterization of polymers, including theoretical molecular
average molecular weight MW

Polymer sample Theoretical Mn (kDa) Experim

E-alpha7 10 —
E-alpha15 22 —
E-alpha30 44 —
E-alpha45 66 —
E-alpha90 131 —
random15 19 18.8/18
random30 38 40.7/40
random45 56 53.0/51
random90 113 —

a Mw andMn values for E-alpha PLPs could not be determined as SDS–PAG
could be measured, does not allow for the determination of these va
underestimation due to limitations of the technique.50 Further characte
characterization is listed in ESI Table S1. b MW values determined by es
PAGE data (Fig. 2 and S11–S14).

© 2024 The Author(s). Published by the Royal Society of Chemistry
alpha. All polymerizations were monitored by 1H NMR spec-
troscopy (ESI Fig. S9–S11†). The molecular weights and polymer
dispersities were determined by size exclusion chromatography
coupled with multi-angle light scattering (SEC-MALS) and via
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) (Fig. 2, Table 1, and ESI Fig. S12–S14†). The
resulting polymers were analyzed by dynamic light scattering
revealing the polymers were not aggregated, with radii of
hydration in aqueous solutions ranging from 2 to 4 nanometers
(ESI Table S1†). We note that the A-alpha sequence could not be
polymerized due to intractable aggregation of the monomer
during polymerization. However, this peptide served as a refer-
ence for CD spectroscopy (see ESI Fig. S15†).
Characterization of peptide brush folding by CD spectroscopy

The secondary structures of free peptide monomers and poly-
mers were determined by CD spectroscopy (Fig. 3 and ESI
Section 4, see ESI Fig. S15–S22†). Generally, the polymers dis-
played consistent structures to those of the monomeric
peptides, with the glycine–serine repeat peptide and polymers
showing characteristic features of random coil structure (Fig. 3).
Intriguingly, in aqueous buffer, the polymers of the designed
helical peptides E-alpha and K-alpha maintain a strong helical
signal, with a strong maximum at 195 nm, and two minima at
approximately 205 and 220 nm, while the peptide monomers
are almost completely unfolded (10–16% helicity by analysis of
CD data detailed in ESI Section 4, ESI Tables S2 and S3†). The
intensity of helicity of the sample is clearly related to the degree
of polymerization, with shorter polymers having less helical
character (5% and 24% for E-alpha7 and E-alpha15 respectively),
and longer polymers having greater degrees of helicity (43% and
46% for E-alpha45 and E-alpha90 respectively). The peptide
monomers unfold in water because the solvent competes with
the intramolecular hydrogen bonding necessary for helical
folding. In contrast, the increase of helicity with increasing
polymer lengths suggests that the organization of peptide units
along the polymer backbone generates a local hydrophobic
weight Mn, experimental Mw and Mn, dispersity (Đ), and approximate

ental Mw/Mn
a (kDa) Đ (Mw/Mn)

a MW
b (kDa)

— 11
— 18
— 37
— 50
— 120

.6 1.01 20

.5 1.01 30

.5 1.03 50
— 95

E, the only method by which the molecular weight of the polymer sample
lues. We note that dispersities determined using SEC-MALS are an
rization details are provided in ESI Section 2, and additional polymer
timating the middle of the sample band via visual inspection of SDS-

Chem. Sci., 2024, 15, 13899–13908 | 13901
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Fig. 3 Circular dichroism (CD) spectra of (a) random coil peptide-based monomer and polymers in water and (b) a-helical peptide (E-alpha)-
based monomer and polymers in 50 mM sodium carbonate buffer, and (c) helical peptide-based monomer and polymers in 50% methanol with
50 mM sodium carbonate buffer.

Fig. 4 Free energy surface as a function of the probability of a-helix
for E-alpha obtained from well-tempered metadynamics simulations.
A probability of 10% is the most energetically stable with a character-
istic structure provided in the inset. The a-helix/turn/random coil
secondary structures of the peptide backbone are colored inmagenta/
cyan/white, respectively; NorAha atoms are colored in black.
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environment, ascribed to the norbornene linker as well as the
large proportion of hydrophobic side chains on E-alpha. This
hydrophobic environment promotes the intramolecular
hydrogen bonding of the peptide over solvation of the backbone
amides by water.

To conrm the inuence of hydrophobic solvation on
peptide brush conformation, CD spectra were obtained of the
polymers of designed helical peptides in 50% methanol and
100% methanol. All samples displayed a strong helical signal
(Fig. 3 and S18† respectively), similar in intensity to the signal of
the monomer when all are plotted relative to the concentration
of the monomer unit.51 Additionally, the a-helical signal in
100% methanol (at 193 nm, 29 × 103 deg cm2 dmol−1) is
stronger than in 50% methanol (at 193 nm, 13–16 × 103 deg
cm2 dmol−1), indicating that the more hydrophobic solvent
does promote the intramolecular hydrogen bonding of the
peptide backbone amides necessary for the a-helical fold, rather
than solvating the backbone amides and causing them to
unfold. However, the intensity of the samples' CD signal in
water is still lower than those observed in methanol, likely due
to the dynamic nature of the polymer despite its globular,
crowded conformations. This result is consistent with previous
simulations and enzymatic assays,18,20,21 where the polymer
evades proteolysis of otherwise susceptible peptides.

The helical CD signal of the polymer is also relatively
temperature stable in water. When the 30-mer is heated to 90 °
C, while some intensity at 220 nm is lost, the polymer's degree
of secondary structure is completely regained when the sample
is cooled back to room temperature (ESI Fig. S21†). These
variable temperature curves do not show a clear sigmoidal
melting transition (ESI Fig. S22†), similar to other variable
temperature CD studies performed on helical peptides in
water,52,53 indicating that the folding of the polymer does not
behave in a cooperative, two-state fashion. Additionally, despite
the loss of some helicity at elevated temperatures, the polymer
backbone allows the peptide to reversibly recover its folding
patterns when cooled back to room temperature.
13902 | Chem. Sci., 2024, 15, 13899–13908
To quantitively examine the probability of the a-helix, we
conducted metadynamics simulations. In metadynamics
simulations, a history-dependent Gaussian bias potential is
introduced to the Hamiltonian of the system as a function of
collective variables (CVs).54 The added Gaussian bias potential
lls the underlying free energy basins and reects the free
energy surface as a function of the CVs. In well-tempered met-
adynamics, the height of the Gaussian bias potential continu-
ously decreases over the simulation time to ensure the
convergence of the nal bias potential to the actual FES.55 In
this work, the CV of alphaRMSD56 was used, which calculated
the number, and consequently the probability, of a-helix
structure for the peptide. Well-tempered metadynamics simu-
lations supported the probability of a-helix of around 10% for
the E-alpha peptide-based macromonomer (Fig. 4 and S23–
S25†). Further analyses showed that the central portion of the
peptide strongly favors the formation of a-helix conguration
(inset of Fig. 4 and S24†). These results correlate well with the
experimental data, which supports 10% helical content in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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peptide monomer by CD spectroscopy (Tables S2 and S3†).
Although metadynamics simulations of the secondary structure
of the E-alpha15 polymer did not converge despite considerable
computational time (ESI Section 5†), hindering computational
conrmation of the helicity observed, the consistency observed
with monomer folding indicates that the polymer environment
likely signicantly alters the folding of the peptide sidechains.
NMR spectroscopy reveals features of a-helical folding by
peptide brushes

In conjunction with CD spectroscopy, NMR spectroscopic
studies of peptides and proteins provide critical insight into
their structure. For example, the rate of exchange of amide
protons with solvent protons is slowed down by intramolecular
hydrogen bonding, such as that which results in folded peptide
or protein structures.57 As a result, a qualitative understanding
of solvent-exposed regions of samples can be obtained by
experiments where samples are dissolved in deuterium oxide,
and the disappearance of peaks corresponding to exchangeable
protons, like amide NH peaks, is monitored.58,59 Specically, the
hydrogen bonding between peptide amide groups that is
necessary for a-helical folding slows down the rate at which
such groups will exchange with deuterium oxide, resulting in
the slower disappearance of such peaks, and thus identication
of unfolded and folded regions within samples. Such experi-
ments were conducted using D2O and CD3OD on the helical
peptide-based monomer K-alpha and its resulting 15-mer
polymer (Fig. 5 and S26–S43†). We focused on these and
Fig. 5 1H NMR spectra of the K-alpha15 polymer. (a) Dissolved in 100%
D2O (blue traces). (b) Dissolved in 100%CD3OD (green traces). Analysis
shows the disappearance of NH amide peaks of the peptide brush
sequence upon exchange with the deuterated solvent. The spectra at
0 min were obtained from separate experiments where samples were
dissolved in 90% H2O with 10% D2O or 100% CD3OH. The sample
dissolved in CD3OD shows a slower loss of peaks, likely due to the
greater folding observed in this solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
subsequent NMR studies of the K-alpha monomer and K-
alpha15 polymer due to the basic conditions needed to dissolve
the E-alpha peptide-based samples, which hinder analysis of
the amide NH peaks due to their rapid exchange in basic
solution.60

Samples were dissolved and then monitored by 1H NMR
spectroscopy over time, showing that in D2O, samples generally
show rapid disappearance of all NH peaks within one hour
(Fig. 5 and S43†). In contrast, in CD3OD both peptide monomer
and polymer retain many amide signals, with the peptide
monomer displaying less rapid amide peak disappearance in
comparison to the polymer (Fig. 5 and S43†). Specically, the
polymer retains only three amide peaks aer one hour, whereas
the monomer retains eleven peaks. The retained polymer peaks
correspond to the NHmoieties of Aib7, Leu8, and Aib9, while in
the monomer case, only the Glu1 NH peak disappears. The large
difference between the monomer and polymer in methanol
indicates that although peptides appear to be folded to the
same degree by CD spectroscopy, the polymeric system appears
to be more dynamic than the monomer in methanol, leading to
an increased number of interactions with the solvent that result
in a more rapid loss of signal. We note that more internal amino
acids in the polymer case are retained (Aib7 to Aib9), with
a gradual loss of intensity of residues next to this segment (Aib4,
Ala5, and Val6). The amino acids that retain intensity corre-
spond well to residues identied in metadynamics simulations
of the E-alpha peptide monomer that are more likely to be
helical, specically, B4 to L8 (Fig. 4 and 5). In contrast, the NMR
spectra of the peptide monomer only shows loss of the Glu1 NH
peak, which is right next to the norbornene unit, and is
consistent with observations that helices unfold by fraying at
the peptide ends.61,62 The amino acids at the ends of the helix
are thus more likely to have interactions with solvent and thus
show loss of intensity in the CD3OD experiment. The dynamicity
of the K-alpha15 polymer is replicated in exchange studies per-
formed on the random peptide and random15 polymer (ESI
Fig. S42†), where the polymer shows more rapid exchange than
the peptide.

In addition, 2D TOCSY and NOESY NMR spectra were ob-
tained for the K-alpha peptide monomer and K-alpha15 polymer
in H2O/D2O and CD3OH to determine the degree of folding of
the two samples as a function of the solvent environment, as
such experiments allow for the identication of secondary
structure (ESI Fig. S32–S41†). Specically, 2D total correlation
spectroscopy (TOCSY) provides correlations of atoms within the
spin system, allowing for identication of which protons
correspond to which amino acids, while 2D nuclear Overhauser
effect spectroscopy (NOESY) provides through-space correla-
tions between protons that are in close proximity (<5 Å). The
combination of these two techniques allows for the assignment
of all resonances, and then determination of close contacts,
particularly those involved in intramolecular hydrogen bonding
within folded regions of the peptide sequences.63,64 Qualita-
tively, we observe a much greater number of nuclear Overhauser
effect (NOE) features in the samples dissolved in CD3OH (e.g.
peptide 2D NOESY spectra in ESI Fig. S33, S34, S36 and S37;†
polymer 2D NOESY spectra in ESI Fig. S39–S41†), implicating
Chem. Sci., 2024, 15, 13899–13908 | 13903
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more intramolecular hydrogen bonding, and thus more peptide
folding. Moreover, the polymer spectra display a signicant
broadening of peaks in both H2O/D2O and CD3OH relative to
the peptide monomers (ESI Fig. S26–S31†). This broadening is
due to both the polymer dispersity and differences in the
conformation of peptide brushes along the polymer, where the
repeating peptide brush experiences slightly different chemical
environments, thus resulting in averaged and broadened
features. Additionally, the more efficient relaxation of the larger
polymer molecule relative to the peptide (18 kDa vs. 1.5 kDa)
contributes to broadening.65

The K-alpha peptide monomer displays some slight evidence
of helicity in H2O/D2O, and even more clear evidence of helicity
in CD3OH, with strong NOE signals of NN(i, i + 1) NOEs in both
being visible, as well as (i, i + 4) NOEs in CD3OH (ESI Fig. S36
and S37†).66 We also note that the J-coupling values and Ha

positions of most amino acids, though likely perturbed due to
being in CD3OH, are more consistent with a-helicity than
random coil values.67–69

While the broadness of the polymer data in H2O/D2O
hinders further analysis, the 2D NMR data of the sample
Fig. 6 Normalized Kratky plots of SAXS data of random (a and b) and a-he
d) in water and 50% methanol. The dashed lines indicate the values for an
with the random coil sequence in 50% methanol, the Kratky plots disp
intensity at higher values of qRg (indicated by black arrows in panel c). H
intensity at higher values of qRg (black arrows in panel d), indicatingmore
extension.

13904 | Chem. Sci., 2024, 15, 13899–13908
dissolved in CD3OH allows for the identication of the posi-
tions of NH and Ha peaks corresponding to each amino acid of
the monomer unit (ESI Fig. S31†). Of interest is that the posi-
tions of Glu1, Ile2, and Ala3 shi signicantly downeld relative
to their position in the peptide monomer spectra, suggesting
that these NH groups experience a substantial change in their
chemical environment that is consistent with their position
proximal to the norbornene-based linker and polymer back-
bone. Interestingly, Glu1, Ile2, and Val6 broaden signicantly
and display two distinct peaks per amino acid, perhaps indic-
ative of chemical exchange between an unfolded and folded
peptide brush conformation. While signicant overlap of the
peaks of some residues (i.e. Ha of Ala3 and Ala5) hinders further
analysis, NOEs between the Ha of Val6 and NH peaks of i + 1
(Aib7), i + 2 (Leu8), i + 3 (Aib9), and i + 4 (Ala10) residues can be
identied, establishing the helical character of this segment in
the polymer (ESI Fig. S41†).
Polymer conformation: insight from SAXS and cryo-TEM data

In addition to the information obtained by CD spectroscopy, we
sought to obtain greater structural insight using small-angle X-
lical brush-polymers derived from the E-alpha peptide sequence (c and
ideal compact sphere (qRg = 1.73 and (qRg)2I(q)/I(0) = 1.1). In water and
lay a peak close to the values for an ideal compact sphere, and little
owever, in 50% methanol, the E-alpha-based polymers show greater
polymermass at longer relative distances and thus greater flexibility and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Cryo-TEM micrograph of unstained E-alpha90 frozen in
aqueous sodium carbonate buffer. (b) Size distribution analysis of
particles found in the micrograph. Average particle size is 16 ± 1 nm.
The image was acquired with a total accumulated dose of 16.49 e−

Å−2.

Fig. 7 (a) Atomistic simulation structure of E-alpha15. (b) Fit of E-
alpha15 structure from simulations to the experimental SAXS pattern of
E-alpha15.
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ray scattering (SAXS). Solutions of polymers dissolved in a range
of solvents were prepared and analyzed (Fig. 6; ESI Section 7,
Tables S4–S11 and Fig. S44–S57†). In all cases, the peptide-
brush polymers displayed approximately globular conforma-
tions, with a clear maximum near the ideal values for a compact
sphere in the normalized Kratky plot, which is a peak in (qRg)
2I(q)/I(0) of 1.104 at qRg ∼1.73 (Fig. 6). Consistent with studies of
other types of brush polymers that nd that longer polymers are
more rod-like, as opposed to star-like at shorter lengths, the 90-
mer polymers of the helical peptide and random coil peptide
monomers have a normalized Kratky plot with a maximum at
greater values than that of the ideal sphere (magenta traces in
Fig. 6a, c and d).70

In contrast to the results of PLPs dissolved in aqueous solu-
tions, the E-alpha peptide brush polymers in 50% and 100%
methanol solutions show much greater extension and exibility
(Fig. 6d and S47–S49†). Guinier analysis generally yields Rg values
much larger than those for the same samples measured in
aqueous buffers, and Guinier–Porod analysis yields larger values
of s, indicative of greater rod-like character (ESI Tables S4 and
S7†).71 Additionally, the normalized Kratky plots of these samples
in methanol deviate signicantly from an ideal bell curve repre-
sentative of a compact sphere or globule, with greater intensity
observed at larger values of qRg. These more extended polymer
conformations observed via SAXS are consistent with the greater
helicity observed in these polymers by CD and NMR spectros-
copy, suggesting that the more rigid helical side chains resist
collapse of the polymers into globular structures.

It could be hypothesized that more hydrophobic solvent
mixtures contribute to extension of the polymer by solubilizing
the hydrophobic polymer backbone. However, the SAXS data
and normalized Kratky plots of scattering from the random coil
PLPs retain characteristic globular features and show little
change relative to the Kratky plots of the polymers in water
(Fig. 6a and b), in stark contrast to the results obtained with the
helical peptide brush polymers in methanol. This result
suggests that the solvation of the hydrophobic polymer back-
bone is not the key factor inuencing conformation, but rather,
the properties of the peptide brush play a signicant role.
Importantly, this result suggests that peptide structure can be
designed to inuence brush polymer conformations and their
prevalence in particular environments.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Atomistic metadynamics simulations, while unable to
equilibrate sufficiently, did provide structural models of the E-
alpha15 polymer that were consistent with CD spectroscopy data
in that a portion of the peptide sidechains was folding as a-
helices (Fig. 4). We wished to corroborate whether the models
were consistent with the SAXS data provided. Accordingly, we t
the experimental SAXS pattern of E-alpha15 in aqueous buffer to
one such model using the FoXS server,72,73 resulting in a good-
ness-of-t parameter of c2 = 0.47 (Fig. 8). This correspon-
dence between the in silico model and the experimental data
indicates that the model may be a reasonable representation of
the polymer's conformation at longer length-scales (>1 nm), and
lends further insight into the structure of these polymers
complementary to the structural data obtained from spectro-
scopic studies.

To provide additional insight into polymer conformation in
solution, cryogenic transmission electronmicroscopy (cryo-TEM)
was employed (ESI Section 8†). This technique has been
successfully utilized to visualize conjugated polymers,74 self-
assembling amphiphilic polymers,75,76 and dendritic poly-
mers.77 The size of lower molecular weight polymers in this work,
of up to approximately 45 kDa, suggested that these samples
might be challenging to observe via cryo-TEM.78,79 However, we
anticipated that alpha90, which has an approximate molecular
weight of 120 kDa could provide enough contrast. Indeed, the
resulting micrographs of aqueous, unstained E-alpha90 revealed
distinct, low-dispersity particles aligning closely with the size
range predicted by the SAXS data, averaging around 16± 1 nm in
diameter (Fig. 8). Particle shapes appear roughly spherical, which
is likewise consistent with the observed sizes, which are more
collapsed than would be anticipated based on the polymer
length, as well as the SAXS data that suggests a collapsed polymer
conformation. We note that these micrographs are similar to
cryo-TEM results obtained for single-chain nanoparticles37 and
PEGylated bottlebrush polymers.80

Conclusions

In conclusion, we describe a structural interrogation of peptide-
brush polymers incorporating a-helical peptide-based
Chem. Sci., 2024, 15, 13899–13908 | 13905
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monomers, as well as a random coil-based peptide monomer.
These peptides and polymers were investigated using CD
spectroscopy, NMR spectroscopy, small-angle X-ray scattering,
and atomistic metadynamics simulations, conrming key
differences in peptide folding on the polymer backbone, as well
as the overall polymer conformation. Specically, the polymer
environment appears to enforce a greater degree of helicity than
is present in peptide monomers, which increases in magnitude
as the degree of polymerization increases. NMR studies conrm
the helicity for the polymer structures and that helical folding is
concentrated in central residues of the peptide sequence in
both monomer and polymer brushes. SAXS analysis conrms
that while both sets of polymers are compact and globular in
aqueous environments, the a-helical peptide-brush polymers
are more extended and exible in more hydrophobic solvents,
consistent with the greater helicity observed in these environ-
ments. This result suggests that peptide brushes that are
completely folded may resist forming compact polymeric
structures, which would make the peptides more accessible to
protein targets of interest as well as proteolytic enzymes. Over-
all, this demonstration of the tunability of polymer conforma-
tion and peptide brush folding is a key insight guiding future
designs as we seek to mimic both functional and structural
aspects of proteins and to engage natural proteins in specic
ways for the development of peptide brush polymers as pro-
teomimetic therapeutics and functional materials.

Data availability

The data supporting this article has been included in the ESI.†

Author contributions

J. O. and N. C. G. conceived of the project and wrote the
manuscript. J. O. made and puried all compounds, with help
from C. B. and M. T. J. O. measured and analyzed all CD and
NMR data. J. O. measured all SAXS samples with help from C.
S., N. D. R., S. J. W., and J. B. SAXS data was analyzed by J. O.,
with input from O. M. E., C. S., N. D. R., S. J. W., and J. B. K. S.
and B. Q. completed computational work. Y. C. performed all
cryo-TEMmeasurements and analyses, with input from N. D. R.
All authors contributed to editing of the manuscript and ESI.†

Conflicts of interest

Intellectual property related to the materials described in this
manuscript is currently under license to Grove Biopharma,
a company co-founded by N. C. G.

Acknowledgements

This work was supported by the National Science Foundation
(NSF) under award numbers DMR-2004899 and DMR 2403955.
J. O. acknowledges support through an NIH NRSA F32 fellow-
ship from the National Institute of General Medical Sciences
(NIGMS; F32GM143925). O. E. acknowledges support from the
NSF Graduate Research Fellowship (Grant No. 2234667). N. R.
13906 | Chem. Sci., 2024, 15, 13899–13908
acknowledges support from the Ryan Fellowship and the
International Institute for Nanotechnology at Northwestern
University (NU). This work made use of the IMSERC MS and
NMR facility at NU, which has received support from the So
and Hybrid Nanotechnology Experimental (SHyNE) Resource
(NSF ECCS-2025633), and NU; the NMR facility has also support
from NIH 1S10OD012016-01/1S10RR019071-01A1. Work was
performed at the BioCryo and Keck-II facilities of NU's NUANCE
Center, which have received support from the SHyNE Resource
(NSF ECCS-2025633), the IIN, and Northwestern's MRSEC
program (NSF DMR-2308691). Additionally, this work used
instruments in the Keck Biophysics Facility, a shared resource
of the Robert H. Lurie Comprehensive Cancer Center of NU
supported in part by the NCI Cancer Center Support Grant P30
CA060553. SAXS data was measured at Beamline 16ID (LiX) of
the National Synchrotron Light Source II, part of the Center for
BioMolecular Structure (CBMS), which is supported by the NIH
NIGMS (P30GM133893) and by the Department of Energy (DOE)
Office of Biological and Environmental Research (KP1605010).
LiX also received additional support from NIH Grant S10
OD012331. Work performed at the CBMS is supported in part by
the U.S. DOE Office of Science, Office of Basic Energy Sciences
Program under contract number DE-SC0012704. Additional
SAXS data was collected at the DuPont-Northwestern-Dow
Collaborative Access Team (DND-CAT) located at Sector 5 of
the Advanced Photon Source (APS). DND-CAT is supported by
NU, The Dow Chemical Company, and DuPont de Nemours,
Inc. The APS is a U.S. DOE Office of Science User Facility
operated for the DOE Office of Science by Argonne National
Laboratory under Contract No. DE-AC02-06CH11357. Data at
DND-CAT was collected using an instrument funded by the NSF
(Award Number 0960140). K. S. and B. Q. acknowledge the Texas
Advanced Computing Center (TACC) at the University of Texas
at Austin for the computational resources used in this work.
This work beneted from the use of the SasView application,
originally developed under NSF award DMR-0520547. SasView
contains code developed with funding from the European
Union's Horizon 2020 research and innovation program under
the SINE2020 project, grant agreement No. 654000. Images of
peptides and polymers in Fig. 1 and 7 were prepared using
PyMol v. 2.5.0. We thank Dr Lin Yang, Dr Or Berger, Dr Nicholas
Hampu, Prof. Hao Sun, Prof. Andy Nguyen, Navjit Paul, Made-
line Hopps, Mara Fattah, and Dr Yongbo Zhang for helpful
discussions and experimental assistance in the course of this
study.

Notes and references

1 B. L. Bray, Nat. Rev. Drug Discovery, 2003, 2, 587–593.
2 J. Vagner, H. Qu and V. J. Hruby, Curr. Opin. Chem. Biol.,
2008, 12, 292–296.

3 K. Fosgerau and T. Hoffmann, Drug Discov. Today, 2015, 20,
122–128.

4 M. Muttenthaler, G. F. King, D. J. Adams and P. F. Alewood,
Nat. Rev. Drug Discovery, 2021, 20, 309–325.

5 O. Al Musaimi, L. Lombardi, D. R. Williams and F. Albericio,
Pharmaceuticals, 2022, 15, 1283.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03420a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 9
:2

9:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
6 L. R. Malins, J. N. deGruyter, K. J. Robbins, P. M. Scola,
M. D. Eastgate, M. R. Ghadiri and P. S. Baran, J. Am. Chem.
Soc., 2017, 139, 5233–5241.

7 H. Kessler, Angew. Chem., Int. Ed., 1982, 21, 512–523.
8 R. M. Kohli, C. T. Walsh and M. D. Burkart, Nature, 2002,
418, 658–661.
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