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Polymer—peptide conjugates were produced via the copper-catalyzed azide—alkyne cycloaddition of
poly(tert-butyl acrylate) (PtBA) and elastin-like peptides. An azide-functionalized polymer was produced
via atom transfer radical polymerization (ATRP) followed by conversion of bromine end groups to azide
groups. Subsequent reaction of the polymer with a bis-alkyne-functionalized, elastin-like peptide
proceeded with high efficiency, yielding di- and tri-block conjugates, which after deprotection, yielded
poly(acrylic acid) (PAA)-based diblock and triblock copolymers. These conjugates were solubilized in
dimethyl formamide, and addition of phosphate buffered saline (PBS) induced aggregation. The presence
of polydisperse spherical aggregates was confirmed by dynamic light scattering and transmission
electron microscopy. Additionally, a coarse-grained molecular model was designed to reasonably
capture inter- and intramolecular interactions for the conjugates and its precursors. This model was

used to assess the effect of the different interacting molecular forces on the conformational
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Accepted 5th January 2015 thermodynamic stability of the copolymers. Our results indicated that the PAA’s ability to hydrogen-bond

with both itself and the peptide is the main interaction for stabilizing the diblocks and triblocks and
DOI: 10.1039/c4sm02525¢ driving their self-assembly, while interactions between peptides are suggested to play only a minor role

www.rsc.org/softmatter on the conformational and thermodynamic stability of the conjugates.
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Introduction

Peptide-polymer hybrid materials have the ability to combine
advantageous chemical and physical properties, while over-
coming the shortcomings of the individual component mate-
rials.”> Many previously reported hybrid materials have
demonstrated enhanced biological functionality, or control of
assembly over multiple length scales.™*® This controlled
assembly has resulted in versatile structures that have found
application in numerous biological and non-biological appli-
cations.”™ Most commonly these structures are driven by
hydrophobic interactions or triggering of specific secondary
structure in the peptide domains.***>'¢ Of interest among these
conjugates are materials with assembly that can be controlled
via temperature,"” pH,' enzyme activity,'*** and ion/cofactors.**
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Triggered assembly by external stimuli allows for a greater level
of control over the resulting structure of the hybrid conjugates.

With the aim of producing conjugates that may capture the
properties of select structural, multiblock proteins (e.g., elastin)
and show triggered assembly, we have previously reported the
synthesis of a hybrid multiblock copolymer comprising poly-
(acrylic acid) (PAA) and a short elastin-like peptide (ELP).*> PAA
was chosen because of its pH responsiveness, chemical func-
tionality, and common wuse in other block copolymer
systems.>*?* The ELP was included in order to introduce a
temperature-sensitive domain to confer assembly via triggering
of a lower critical solution temperature (LCST)-like transition,
allowing for thermoresponsiveness within.”’*> The resulting
PAA-ELP multiblock copolymer was shown to form nano-
particles, although the assembly of these nanoparticles showed
only pH responsiveness, and did not exhibit an LCST transi-
tion.”> We speculated that hydrogen bonding, along with some
contributions from hydrophobic interactions, was the driving
force for this nanoparticle formation.

In order to confirm this hypothesis and identify alternative
opportunities to control the assembly of these chemically
reactive multiblock polymers, a simplified PAA-ELP conjugate
was designed, thus permitting study of the assembly pathway
with coarse-grained modeling as a means to elucidate the
molecular interactions between the PAA and ELP blocks.
Coarse-grained molecular simulations provide a means to test
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the relative contributions from different molecular-scale inter-
actions that mediate the assembly of the PAA and ELP compo-
nents, as well as providing a visualization tool for considering
the net effects on the free energy landscape(s) for assembly.

Here we report the synthesis and characterization of PAA-
ELP di- and triblock copolymers, their aggregation into nano-
particles, and the study of the aggregation pathway via coarse-
grained modeling. PAA-ELP conjugates were synthesized via
CuAAC click chemistry; upon induced aggregation, the aggre-
gates were characterized via dynamic light scattering (DLS) and
transmission electron microscopy (TEM). A coarse-grained
model analogous to those used previously was employed so as
to maintain the ability to distinguish between interactions
involving the polypeptide backbone and side chains, while
avoiding the computational limitations of employing all-atom
models for a macromolecular system.**** This combination of
experimental and computational work sheds light on the use of
PAA in peptide-polymer conjugates, and suggests physico-
chemical interactions that should be considered when poten-
tially employing this chemically reactive block in the design of
peptide-polymer conjugates.

Experimental
Materials

All reagents were used without further purification unless
otherwise specified. Dimethyl 2,6-dibromoheptanedioate, ethyl
2-bromopropionate (EBP), copper(1) acetate, copper(1) bromide,
N,N,N'N',N"-pentamethyldiethylenetriamine (PMDETA), tert-
butyl acrylate, alumina inhibitor removal column, and tri-
fluoroacetic acid (TFA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). tert-Butyl acrylate was purified by passing
through an alumina inhibitor removal column. Sodium azide,
acetic anhydride, N,N-dimethylformamide (DMF), tetrahydro-
furan (THF), methanol, toluene, and dichloromethane (DCM)
were purchased from Fisher Scientific (Pittsburgh, PA, USA).
Fmoc-r-valine-OH, Fmoc-1-isoleucine-OH, Fmoc-L-glycine-OH,
and Fmoc-1-proline-OH were purchased from Protein Tech-
nologies, Inc. (Tucson, AZ, USA), and Fmoc-L-propargylglycine-
OH was purchased from AnaSpec, Inc. (Fremont, CA). Water
was deionized and filtered through a Barnstead NANOpure
Diamond water purification system (Thermo Scientific, Dubu-
que, IA, USA).

Synthesis of triblock copolymers of poly(tert-butyl acrylate)
and (VPGVG), [VG2-PtBA-VG2]

Poly(tert-butyl acrylate) diazide (N;-P¢tBA-Nj, M,, = 2800 g mol *,
and X(VPGVG),X (VG2) (where X = propargyl glycine, V = valine,
P = proline, G = glycine) were synthesized and characterized in
accordance with our previous work.?* Solutions of polymer N;—
PtBA-N; (0.028 mmol), peptide VG2 (0.07 mmol), and copper(1)
acetate (1 equiv. to alkyne) were made in separate vials of 400 pL
anhydrous-DMF; these solutions and copper wire were added to
a nitrogen-purged, 50 mL round bottom flask, and a condenser
was attached. The solution was stirred at 80 °C under nitrogen
for 24 hours, and then precipitated into cold water. The solid
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was vacuum filtered, washed with water, and then dried under
vacuum giving a brown solid in 56% yield. "H NMR (DMSO-dg) 6
(ppm): 7.10-8.48 (22H, varied, NHCO and triazole C=CH), 5.18
(m, 2H, triazole-CH(NHCOCH;)CO), 3.95-4.48 (m, 18H, NH-
CH-CO), 3.56 (m, 10H, CH,CH-triazole and proline NHCH,-
CH,CH,), 2.15 (m, 28H, PfBA CH,CH and proline NHCH,CH,-
CHj), 1.71-2.0 (m, 31H, PtBA CH,CH, valine CH(CH3),, and
proline NHCH,CH,CH,), 1.44 (s, 188H, PtBA CH,CH and
C(CHj3)3), 0.85 (m, 48H, valine CH(CH3),).

Synthesis of diblock copolymers of poly(tert-butyl acrylate)
and (VPGVG), [PtBA-VG2]

Poly(tert-butyl acrylate) mono-azide (PtBA-N3, M, = 2800 g mol )
was synthesized following a previously established procedure.*
Solutions of PtBA-Nj; (0.028 mmol), VG2 (0.029 mmol), copper(i)
acetate (1 equiv. to alkyne) were made in separate vials of in
400 pL anhydrous-DMF; these solutions and copper wire, were
added to a nitrogen-purged, 50 mL round bottom flask and a
condenser was attached. The solution was stirred at 80 °C,
under nitrogen for 24 hours, and then precipitated into cold
water. The solid was vacuum filtered, washed with water, and
then dried under vacuum giving a brown solid in 60% yield. "H
NMR (DMSO-d¢) 6 (ppm): 7.10-8.48 (11H, varied, NHCO and
triazole C=CH), 5.18 (m, 1H, triazole-CH(NHCOCH;)CO), 3.95-
4.48 (m, 9H, NH-CH-CO), 3.56 (m, 6H, CH,CH-triazole and
proline NHCH,CH,CH,), 2.15 (m, 18H, PtBA CH,CH and
proline NHCH,CH,CH,), 1.71-2.0 (m, 19H, PtBA CH,CH, valine
CH(CH3),, and proline NHCH,CH,CH,), 1.44 (s, 188H, PtBA
CH,CH and C(CH3)3), 0.85 (m, 24H, valine CH(CH3),).

Synthesis of PAA-VG, triblock (VG2-PAA-VG2) and diblock
(PAA-VG2) copolymers

VG2-PtBA-VG2 and PtBA-VG2 were added to a 80/20 TFA-DCM
mixture (10 mL) and stirred for 24 hours at room temperature.
The solution was diluted with DMF, added to regenerated
cellulose dialysis membrane with a molecular weight cut-off
(MWCO) of 1000 (Spectra/Por, Spectrum Laboratories, Inc.,
Rancho Dominguez, CA) and dialyzed against DMF, at room
temperature, for two days (exchanged 3 times per day) to remove
TFA and residual low molecular weight material. The solution
(triblock and diblock at 0.6 mg mL™" concentration in DMF)
was then placed into a round bottom flask and refrigerated in
order to prevent aggregation of conjugates. Aliquots of the
cleaved di- and triblock polymer were also dialyzed against
water under the same conditions, lyophilized, and character-
ized via "H NMR spectroscopy to verify the composition of the
conjugates. Triblock: "H NMR (DMSO-3¢) ¢ (ppm): 12.5-13.0 (s,
COOH), 7.10-8.50 (m, 22H, NHCO and triazole C=CH), 5.31 (m,
2H, triazole-CH(NHCOCH;)CO), 3.95-4.48 (m, 18H, NH-CH-
CO), 3.56 (m, 10H, CH,CH-triazole and proline NHCH,CH,-
CH,), 2.20 (m, 32H, PAA CH,CH and proline NHCH,CH,CH,),
1.25-1.97 (m, 40H, PAA CH,CH, valine CH(CHj3;),, and proline
NHCH,CH,CH,), 0.85 (m, 48H, valine CH(CH}),). Diblock: "H
NMR (DMSO-3) 6 (ppm): 12.5-13.0 (s, COOH), 7.10-8.50 (m,
11H, NHCO and triazole C=CH), 5.31 (m, 1H, triazole-
CH(NHCOCH,)CO), 3.70-4.55 (m, 12H, NH-CH-CO), 3.56 (m,
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6H, CH,CH-triazole and proline NHCH,CH,CH,), 2.20 (m, 26H,
PAA CH,CH and proline NHCH,CH,CH,), 1.25-1.97 (m, 30H,
PAA CH,CH, valine CH(CH3;),, and proline NHCH,CH,CH,),
0.85 (m, 24H, valine CH(CHj),).

Aggregation of conjugates

A 1 mL solution of the diblock or triblock copolymers in DMF
was added to a glass vial with a magnetic stir bar following a
previously established procedure.*® While stirring, filtered PBS
(pH 7.4) was then added to the solution at 1 mL h™" via a syringe
pump (NE-1000, New Era Pump Systems, Inc., Farmingdale,
NY), and aliquots were collected at PBS-to-DMF ratios of 50 : 50,
75:25, and 87.5 : 12.5. Each aliquot was characterized by DLS,
with three measurements being recorded at 20 minute intervals.
The final ratio of 87.5 : 12.5 was chosen for further study as the
two other ratios yielded aggregates with sizes that would vary
with time. The 87.5 : 12.5 sample was stirred overnight and was
then measured by DLS and TEM. DLS data were processed by a
moment-generated function of the measured correlation func-
tion, aggregate size was measured from the computed diffusion
coefficients using the Stokes-Einstein equation. Aggregate sizes
observed via TEM analysis were manually measured via Image].
Over 100 nanoparticles were manually analysed allowing for
individual aggregates to be measured despite being in contact
with other spherical aggregates. Image] identified aggregates by
converting images to monochrome, and setting a threshold
(values via Image], 0 and 119) to distinguish aggregates from
the background.

Coarse-grained modelling

To study the thermodynamic and conformational stability of
the peptide-polymer conjugates, an implicit-solvent coarse-
grained (CG) molecular model was used in which amino acids
and monomer units are represented by 4 or 3 beads (Scheme 1).
The CG model developed by Bereau and Deserno was used in
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Scheme 1 Schematic representation considered in the present
coarse-grained model for the local geometry of (a) the protein chain
and (b) the polymer chain. The solid beads highlighted indicate those
used to represent a single amino acid (a) or monomer unit (b). The
beads for neighboring units are represented by dashed lines.>”
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the case of peptide fragments. In that model, these beads
correspond to the amide group (N), central carbon (C,),
carbonyl group (C’), and a side chain (Cg).*” The first three beads
represent the peptide backbone and provide information
regarding the flexibility and secondary structure propensity of
the peptide chain. The fourth bead corresponds to the side
chain for all non-glycine amino acids and is responsible for the
hydrophobicity and specificity of each residue for favorable or
unfavorable interactions between side chains. Interactions
between these beads consider both local and non-local forces
and only account for those interactions that have the largest
effect on the structural stability of polypeptides.*® These inter-
actions include dipole-dipole interactions, hydrogen bonding,
hydrophobic attractions, steric repulsions, as well as different 4-
body interactions, and were previously parameterized against
NMR and crystallographic data in order to reproduce the
different secondary and tertiary structures that can be adopted
by polypeptides.*” The present work required a coarse-grained
model in which the solvent was treated explicitly, so as to make
the computations tractable for the large polypeptide and poly-
mer conformational space that was sampled. As a result, one
cannot correctly include explicit ions because explicit water is
not present, and only screened electrostatics can be considered.
For the experimental conditions used here, the ionic strength
was so high that the screening length was too small for elec-
trostatic interactions make appreciable contributions in the
simulations.*®

Similarly, for polymer chains, each monomer unit is repre-
sented by 3 beads (Scheme 1b). Although this representation is
not intended to provide an accurate description of the geometry
of PAA, it allows the same level of CG modeling and comparison
between the effects of hydrogen-bond formation between
peptide and non-peptide segments, while also capturing the
greater freedom in torsional-angle space of the polymer versus
that of the peptides. It is anticipated that this structural
description of the polymer chain will sufficiently capture the
qualitative impact of intermolecular interactions, as long as the
balance of interactions within the molecule (i.e., interactions
involving monomers and amino acid units) are reasonably
captured.

Additionally, to ensure that the physicochemical properties
of the polymer block were preserved in the CG model, the length
of the simulated PAA chains was selected to yield a chain in
which the average radius of gyration matched that of the
experimental polymer (see Fig. S21). Therefore, the net segment
lengths were somewhat shorter than those in the experiment,
but the relative ratios were similar. It is also a requirement that
the force field for the interactions involving monomer units is
on the same energy scale for that of the peptides. That is, the
internal forces of a monomer unit of the polymer, as well as the
non-local interactions of a monomer unit with another mono-
mer unit or with an amino acid must be of a similar strength in
order to avoid any bias of the CG model towards a given struc-
ture. Thus, interactions involving polymer chains are limited
here to bond and angle forces, steric repulsions, and hydrogen
bonding, and are represented by the same expressions used to
model amino acids. However, unlike the interactions for
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polypeptides, 4-body interactions (e.g., torsional angles that
enforce the planarity of the peptide bonds polypeptides) and
hydrophobic interactions are not considered in the case of
polymer chains in order to incorporate the high flexibility from
the sp® hybridization of the carbons as well as the high water-
affinity of acrylic acid.

The force field for the present CG model is given by:

B ILED I I IED DD ID IS
i j i Jj k i J k ]
AT ET )RS SO WAL SO BRSSO
i J i J i J
1)

bond correspond to the bond and angle

where u; and u?ﬁ‘gle
interactions between neighboring beads, respectively. The
terms ufﬁff and u};}c‘zp represent the 4-body interactions (ie.,
torsional and improper angles, respectively) that commonly
occur in amino acids. The former term provides information
about the secondary structure of a polypeptide via the torsional
angles ¢, ¥, and w (Fig. 1a), while the latter indicates if the side
chain is 1- or p-oriented (i.e., the stereoisometry of an amino
acid). The last three terms in eqn (1) correspond to the sum over
all non-local forces and include steric repulsions (u§")
hydrophobic attractions between side chains (u}?), and
hydrogen bonding between all H-donors and H-acceptors [uf-}b;
¢f Scheme 1). Specific details about the CG model, the force
field governing the interactions between beads, as well as the
parameter values for the different interactions, are summarized

in the ESL}

)

Computational methods

The thermodynamic and conformational stability of the
selected peptides, PAA, and conjugates were assessed by per-
forming Replica Exchange Molecular Dynamics (REMD) simu-
lations on an ensemble at fixed volume and number of
molecules.” This method was coupled to a Nosé-~Hoover chain
thermostat to generate the correct canonical distribution for
each replica in the simulation.** REMD is a suitable method to
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determine accurate ensemble properties, as it helps to prevent
simulations from becoming trapped in local basins on the free-
energy landscape at low temperatures. Furthermore, combining
REMD with weighted histogram analysis methods (WHAM)
allows reconstruction of the density of states of the system (i.e.,
the population of each of the configurations that a given
molecule can adopt) and calculation of thermodynamic
observables over a continuous range of temperatures, such as
free-energy and heat-capacity.*>** During the REMD simula-
tions, all lengths were measured in units of # = 1 A, and
energies were related to thermal energy & = kT, where kg is the
Boltzmann constant and T, = 300 K is a reference temperature.
Masses were denoted in units of # =~ 27.5 Da = 4.6 x 10" *® kg,
which yields the average weight of an amino acid (~110 Da).
This choice of units leads to a characteristic time for simulation
time steps of t = #Z\/./& = 0.3 ps. Results are reported in
units of keal mol ™~ for energy and free energy values, based on a
reference value of kT corresponding to RT = 0.6 kcal mole ™"
(ref. T = 300 K).

Polymer-peptide conjugates were modeled as polypeptide-
polymer-polypeptide triblocks, but simulating only half the size
of molecules that were experimentally synthesized. That is, each
polypeptide block corresponds to the sequence VPGVG, while
the polymer block represents a PAA molecule with an average
radius of gyration of half of the experimental value (see Fig. S2
in ESIT). These modifications were employed in order to reduce
computational cost and permit exploration of a larger number
of macromolecular systems. Additionally, all REMD simulations
presented here were performed for no more than three mole-
cules in the simulation box. When considering more than one
molecule, simulations were carried out into a cubic box of
length L with periodic boundary conditions. The box length
depended on the number of simulated molecules and was set to
simulate a concentration of 5 mM. REMD simulations were
carried out at solvent conditions corresponding to PBS (ie.,
neutral pH and high salt concentration). A set of replicas in
REMD were distributed between 120 K and 500 K, with the total
number of replicas adjusted for a given set of conditions to
assure acceptance ratios for the replica swaps between 30% and
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Fig.1 Gel permeation chromatography of polymers. (A) GPC traces of the azide, monofunctional PtBA,, and the PtBA,,-VG2 diblock; (B) GPC
traces of the azide, bifunctional PtBA,, precursor and the VG2—-PtBA,,—VG2 triblock. Monodisperse polystyrenes were used as standards.
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40%. An integration time step 6, = 0.0057 (= 2 fs) was used for
all the REMD simulations, and swaps between replicas were
attempted every 1t for REMD steps. The initial configuration of
each replica (given by the position of all of the beads in the
molecule) was chosen randomly. Each simulation employed two
short warming-up periods for thermal equilibration of 1 x 10°t
each, using standard molecular dynamics simulations and
REMD, respectively.*® Thereafter, a sampling period of 1 x 10%
was performed using REMD, where the configurations and
energy values of each replica were stored every 1t for further
structural and thermodynamic analysis. Unless otherwise
stated, simulations focused on the triblocks, so as to include the
intramolecular competition between peptide-peptide and
peptide-polymer interactions. Preliminary results from diblock
simulations did not provide additional insights beyond those
reported below.

Characterization

The successful synthesis of di- and triblock copolymers was
confirmed by '"H NMR, gel permeation chromatography (GPC),
and attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR). "H NMR spectra were recorded on a
Bruker AV600 (600 MHz) at ambient temperatures in DMSO-d,
or CDCl; under standard quantitative conditions. All spectra
were calibrated to the solvent peak and analysed with MNova
software. Electrospray ionization mass spectroscopy (ESI-MS)
was conducted on a Thermo Finnegan LCQ Advantage mass
spectrometer with Surveyor MS pump. For these analyses,
samples were dissolved in methanol at a concentration of 0.1
mg mL~" and were filtered through a 0.22 pm PVDF filter. GPC
was conducted using two Waters Styragel (HR1 and HR4)
columns and a Waters 2695 autosampler pump (Waters
Corporation, Milford, MA, USA) with THF as the mobile phase.
All samples were analysed at a flow rate of 1.0 mL per minute,
with detection via a Waters 2996 photodiode array and a Waters
2414 refractive index (RI) detector in series. Waters Empower
software was used to construct calibration curves of narrow
molecular weight polystyrene standards (Polyscience) for data
analysis. ATR-FTIR was conducted using a Thermo Nicolet
Nexus 670 (Thermo Scientific, Waltham, MA, USA) spectrometer
with a DuraSamplIR II ATR accessory (Smiths Detection, Dan-
bury, CT, USA). Samples were added as solids onto the silicon
ATR crystal and gently pressed down during data acquisition
(128 scans at 4 cm ™' resolution from 650-4000 cm ™). A back-
ground of the silicon crystal in air was subtracted from the
sample spectra, and Omnic software was used to process the
data.

The aggregation of the di- and triblock copolymers was via
DLS and TEM. DLS measurements were performed on a Mal-
vern Zetasizer Nano ZS (Malvern Instruments Ltd., Worcester-
shire, UK) at a scattering angle of 173° using a square
polystyrene cuvette with a pathlength of 12 mm. The data were
processed by a moment-generated function of the measured
correlation function, and aggregate size was measured from the
computed diffusion coefficients using the Stokes-Einstein
equation. Each reported measurement was conducted from the

This journal is © The Royal Society of Chemistry 2015
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average of at least three runs from multiple different assess-
ments of a on a given sample. TEM was conducted on a Tecnai
12 (FEI Company, Hillsboro, OR, USA) microscope using an
accelerating voltage of 120 kV. TEM samples were prepared by
adding a 5 pL drop of solution onto a 300 mesh ultrathin
carbon-coated copper TEM grid (Electron Microscopy Sciences,
Hatfield, PA). The sample was blotted with filter paper, and
allowed to dry within a hood for three hours. No staining was
required because of the copper present from the CuAAC
conjugation.*

Results and discussion
Synthesis of block copolymers of PAA and VG2

Previously, we have reported the synthesis and association of
[PAA-VG,], peptide-polymer hybrid multiblock copolymers.>*
In addition to the PAA segments, that multiblock copolymer
contains peptides derived from the hydrophobic domains of
tropoelastin, with an aim of producing a pH- and thermo-
responsive material. Our previous study indicated that associ-
ation was not mediated by changes in temperature, but rather
was suggested to occur through hydrogen-bonding and hydro-
phobic interactions. In an effort to produce computationally
tractable systems aimed at understanding our previous results,
we have synthesized diblock and triblock copolymers, VG2-
PAA-VG2 and PAA-VG2 (Scheme 2) to enable study of the
aggregation pathway.

The monofunctional, alkyne-functionalized peptide, VG2,
and azide-functionalized N;-P¢BA,,-N; were synthesized and
purified according to our previous work.”> The monofunctional
P¢BA precursor (N3;-PtBA,,), of the same molecular weight, was
synthesized via ATRP and characterized according to a previ-
ously reported method.*®> The monofunctional polymer was
functionalized via treatment with sodium azide in the same

SN2

7@ / A )F 7=
Cu (1) Acetate
DMF 80°C

S (PN m%
%%, \4\%

TFA
CH,Cly

”%’Sgwxf wﬂxéfﬁﬁ’

Scheme 2 Synthetic protocols for CUAAC synthesis of the VG2—-PAA-VG2
triblock copolymer. The coupling reaction for the diblock was con-
ducted under the same conditions as those for the triblock copolymer,
except for a different monomer molar ratio.
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manner as that employed for the bifunctional polymer. The
molecular weight of both polymers was calculated by comparing
the ratio of the -CHC(O)O(CH3;); proton (4.1 ppm) adjacent to
the bromide or azide end groups to the -CHC(O)O(CHj;);
protons of the repeat unit (2.2 ppm). End group analysis yielded
molecular weights of 2800 g mol ™" for all polymer species. As
shown in Table 1, molecular weights determined by GPC are in
good agreement with those calculated by NMR.

The VG2 peptide and azide-functionalized P¢BA,, were
coupled to form di- and triblock copolymers via CuAAC in the
presence of copper() acetate as shown in Scheme 2 (the
synthesis of VG2-PAA-VG2 is shown). In the "H NMR spectra
(Fig. S1 and S27), polymer and peptide peaks are both present
and the integration of the peaks correspond to the molar ratios
of the components in the conjugate (approximately 2 to 1, and 1
to 1 for the triblock and diblock, respectively). Furthermore, the
coupling of the ELP to the polymer was confirmed by the
presence of the triazole-CH(NHCOCH;)CO at 5.2 ppm for both
conjugates, and the reduction of the intensity of the azide band
(due to triazole formation) as measured via ATR-FTIR (data not
shown). The molecular weights of the di- and triblock copoly-
mers were characterized via GPC, as shown in Fig. 1 and Table 1.
The chromatograms show a distinct shift in elution time to a
higher molecular weight compared to the parent P¢BA. The
molecular weights of the diblock and triblock copolymers
determined by GPC are lower than the expected molecular
weights (approximately 4000 g mol~* and 5000 g mol~* for di-
and triblock, respectively), which is likely due to the difference
in hydrodynamic volume of the polystyrene calibration stan-
dards in comparison to the synthesized conjugates. Fig. 1 and
Table 1 also show the low polydispersity of the diblock and
triblock copolymers, indicating an efficient conjugation and
uniform product. This robust conjugation efficiency is in
agreement with the high efficiencies reported for conjugation
reactions mediated by CuAAC.%***°

The tert-butyl groups of the polymer were hydrolyzed by
treatment with TFA to yield the desired PAA-based di- and tri-
block copolymers. This cleavage was confirmed via 'H NMR,
(Fig. S1 and S27), with the disappearance of the peak associated
with the tert-butyl protons at 1.44 ppm, and the appearance of a
broad peak associated with -COOH at 12.3-12.5 ppm. The peak
remaining at 1.44 ppm is attributed to the methyl groups from
the initiator in the PAA backbone.?” The fact that the diblock

Table 1 Molecular weight analysis by GPC and NMR. Molecular
weights by GPC were calculated using polystyrene standards; NMR
measurements were conducted in CDCls

M, (NMR) M, (GPC) My (GPC)
Species (g mol™) (g mol™) (g mol ™) PDI
Br-PtBA,, 2800 2710 3200 1.17
N;-PtBA,, 2800 2520 2860 1.13
Br-PtBA,,-Br 2800 2460 2770 1.12
N;-PtBA,,-N;, 2800 2490 2810 1.12
PAA,,-VG2 — 3050 3580 1.17
VG2-PAA,,-VG2 — 3240 3750 1.14
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and triblock conjugates were not degraded is also indicated by
retention of the triazole-CH(NHCOCH;)CO proton at 5.2 ppm,
with an integrated area of one and two (relative to the peptide
peaks) for the diblock and triblock, respectively. The observed
lack of degradation is in agreement with our previous studies,
and other reports of CuAAC click chemistry with peptides on

resin.?>*°

Aggregation of peptide-polymer conjugates

A solution titration method was used to study the association of
the diblock and triblock copolymers. Solutions of the respective
copolymers in DMF were prepared at a concentration of 0.6
mg mL '. PBS (10 mM, pH 7.4) was then titrated into the
solution until a 87.5 : 12.5 ratio of PBS to DMF was achieved.
The 87.5:12.5 ratio was chosen as aggregates, under these
conditions, did not vary in size with time, as compared to
aggregates formed at the 50 : 50 and 75 : 25 ratios (data not
shown). After stirring for 24 hours, the aggregates present in
this solution composition were measured by DLS (Fig. 2). The
data in Fig. 2 show the distribution of hydrodynamic diameters,
P(Dy,), of aggregates derived from solutions of the di- and tri-
block copolymers, and of those of a physical mixture of the
component blocks, yielding average sizes of 320 nm, 360 nm,
and 200 nm respectively. The aggregates formed from solutions
of either the di- or triblock copolymers were found to be poly-
disperse, with calculated PDIs of 0.71 and 0.34 for the diblock
and triblock copolymers, respectively. The physical mixture was
not found to be polydisperse, with a PDI of 0.11.

This polydispersity in aggregate size, and the morphology of
the aggregates was further studied by TEM (Fig. 3). Images were
obtained directly from films cast from solution at room
temperature; no staining was required because of the residual
copper present from the CuAAC. The aggregates were found to
be spherical in shape, and there was no perceivable difference
in the morphology of the diblock and triblock. The observed
spherical aggregates had diameters (calculated from analysis
via Image] of over 100 nanoparticles in TEM images) of 165 + 74
nm and 249 £ 70 nm for the diblock and triblock copolymers,
respectively. The average diameter of these aggregates is smaller
than those measured by DLS (320 nm and 360 nm for the
diblock and triblock, respectively), which is likely due to the
swelling of particles in solution, as compared to the dried state
on a TEM grid.*>** The average size measured by DLS and those
of TEM cannot be directly compared because of the large
polydispersity reported by the DLS, and the large standard
deviation measured by TEM,>* but both do confirm the variation
in average size present in both materials. Although one of the
advantages of using CuAAC is the lack of a need for additional
staining,** any residual copper present in the samples here
(from the ATRP synthesis and the CuAAC conjugation) was
insufficient to permit any inner architecture of the aggregates to
be visualized. Nevertheless, distinct micelle or vesicle formation
was not expected from these materials, as there is not a distinct
hydrophobic domain in the conjugates of the PAA,, and the
VG2 peptide.

This journal is © The Royal Society of Chemistry 2015
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Fig.2 DLS was used to measure the average Ry, value of PAA-VG2. (A) Diblock, (B) triblock and (C) physical mixture of PAA and VG2 in DMF-PBS
solution. P(Ry,) is the probability of finding an aggregate with a hydrodynamic radius (Ry,), if one were to randomly select from the distribution of

aggregates.

‘.

0.5 pm

Fig.3 TEM images of PAA-VG2 (A) and VG2-PAA-VG2 (B) assembled
in DMF-PBS solution (87.5:12.5). Samples were not stained; the
presence of copper from the synthesis of polymer—peptide conju-
gates provides necessary contrast for imaging. Scale bar is of 0.5 pm.

Simulations of conjugates and parent materials

As a first step to study how the different interacting forces affect
the structure of the hybrid conjugates, the effect of polymer
block length on the conformational stability of the triblock
conjugates was investigated via single-molecule REMD simula-
tions, in order to computationally probe variations in the
polymer's ability to hydrogen bond. The longest block length
studied computationally is representative of the 22-repeat
polymer made experimentally. Simulations were carried out for
hybrid conjugates with polymer blocks of 5, 10, and 15 mono-
mer units. Particularly, the effects of the polymer block were
assessed via the heat-capacity profile (i.e., C, versus T) as it is
sensitive to conformational changes in the system, such as
transitions from folded to unfolded structures or dissociation of
molecular clusters. The ESIt provides details on the calculation
of these profiles. Fig. 4 illustrates the heat capacity as a function
of temperature for triblock copolymers with polymer blocks
containing different number of monomers (N). For comparison,
the heat capacity profiles for two polypeptides and a single PAA
with 15 monomer units (N = 15) are also shown in the figure.
The results illustrated in Fig. 4, as well as all those obtained
from REMD simulations and shown below, correspond to
simulations conducted under conditions that simulate those in
PBS.

This journal is © The Royal Society of Chemistry 2015

Qualitatively, thermodynamic transitions are identified in
the heat-capacity profiles from a non-monotonic behavior of the
C,vs. T (i.e., the presence of one or more peaks or shoulders). C,
is a measure of the magnitude of fluctuations in intra- and
intermolecular interactions relative to the thermal energy (see
ESIT). Thus, a maximum in C, is commonly interpreted as the
“breaking” of multiple non-covalent molecular contacts that are
important for the co-existence of more than one stable config-
uration in the system. Additionally, qualitative features of this
maximum in C, (e.g., the height and breadth of the peak, as well
as the temperature at which this peak occurs) also provide
information regarding the stability of the species involved in the
transition as they are related to the change in internal energy
during the transition (AU).>*** Typically, short and/or broad C,

Polypeptide (VPGVG)

14
Polymer (N=15)

12

Conjugate (N=15)

m Conjugate (N=10)
c
~ 10
>
o
8}
Conjugate (N=5)
6
4 s s
150 200 350 400

250 300
Temperature [K]
Fig. 4 Heat capacity (C,) as a function of temperature for conjugates
with PAA blocks of different number N of monomeric units: N = 5
(red); N =10 (green); and N = 15 (blue). C, profiles for the dimerization
of VPGVG (black) and the structural stability of PAA with N = 15 (teal),
are also shown. C, is normalized by the ideal gas constant R and the

total number both amino acids and monomeric units of PAA (i.e., n =
10 + N).
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peaks are associated with poorly cooperative, unstructured
species as they correspond to small AU, and vice versa. There-
fore, the results in Fig. 4 illustrate that the transition between a
folded, condensed state (low temperatures) and an unfolded,
coil-like state (high temperatures) for the hybrid conjugates is
dominated by the presence of the polymer block, but is less
cooperative than the dissociation of VPGVG peptides when they
are not linked by a PAA chain (black curve in the figure). For
small polymer linker length within a triblock, there is a weakly
cooperative thermodynamic transition in that it results in a
small and broad C, peak (red curve in the figure) indicating a
poorly stable condensed or folded state. Conversely, as the
length of the PAA block increases, there is a narrower and large
C, peak at ~200 K which is consistent with a more well defined,
cooperative unfolding transition, but it is convoluted with a
second, weak transition (i.e., a shoulder at ~280 K). Addition-
ally, the C, profile of the triblock molecule with large PAA chains
presents a similar behavior to that of the polymer alone (teal
curve in the figure), which suggests the PAA block plays a key
role on the stability of the conjugates. Direct comparison to the
experimental systems was not possible, as the experimental
system is highly aggregated. Therefore, it does not show any
discernable features in differential scanning calorimetry (data
not shown), which is a common problem when dealing with net
irreversible aggregates of proteins.

The effect of the different interactions or forces on the
structural stability of the conjugate molecules was evaluated for
the set of simulations illustrated above. Particularly, this effect
is evident when looking at the free-energy of different configu-
rations that hybrid conjugates can adopt at different tempera-
tures as a function of the main interacting forces. The free-
energy is calculated from the populations of the different stable
configurations by combining REMD and WHAM (see ESIT).
Fig. 5 shows free-energy landscapes as contour plots of the free-
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energy as a function of the hydrogen-bond energy for polymer-
polymer (y-axis) and peptide-peptide (x-axis) interactions at
different temperatures, and for the cases of conjugates with 5-
monomer (top) and 15-monomer (bottom) PAA blocks. The
color scale is shown next to each panel and is such that all the
different configurations that lead to the same value of free-
energy are represented with the same color. These landscapes
allow identification of which interactions are more relevant for
stabilizing the molecule (i.e., yielding the lowest free-energy) as
the conjugates thermally unfold (across different temperatures)
and for different polymer-chain lengths.

The results in Fig. 5a-c show that for a triblock conjugate
with a small polymer block (5 monomers), interactions between
peptides modulate the structural and thermodynamic stability
of the conjugate. At low temperature, where the molecule is
“folded”, the minimum free-energy or most stable structure
(blue region in Fig. 5a) corresponds to those configurations
where polymer-polymer interactions are negligible. Neverthe-
less, structures involving hydrogen-bonding between PAA
monomers are significantly populated as it is observed by the
broadness of the free-energy landscape in Fig. 5a. These latter
configurations, however, are less stable and first “unfold” as
temperature increases near the folding temperature (Fig. 5b).
Thus, it is the “breaking” of the peptide-peptide interactions
what determines the thermodynamic transition at ~275 K (cf.
Fig. 4 and 5b and c). In contrast, for the triblock with a larger
polymer chain (15-monomer units; panels d-f, corresponding to
the PAA Dblock length of the molecules synthesized), the
hydrogen-bonding between monomeric units of PAA are the
main force (almost 5 times larger than those between peptides)
in the folded structure. The thermodynamic transition for this
conjugate at ~200 K observed in the heat-capacity profile (cf.
Fig. 4) is the result of the breaking of intra-polymer interactions.
Nevertheless, the most stable configurations for this molecule
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involves the proximity of the peptide blocks as they are able to
form hydrogen bonds, and thus they also affect the structure of
the triblock. Comparison of the most stable, folded configura-
tions for this conjugate with that of PAA alone (data not shown)
shows that both molecules form a compact globular structure,
but adding the peptide blocks to PAA creates a driving force for
that compact state to have the ends of the PAA block to be close
to one another and allow favorable peptide-peptide hydrogen-
bond and hydrophobic interactions (see below).

The effect of the interactions between peptide blocks on the
structural changes of the conjugates was analyzed further. The
thermal unfolding of a series of point-mutations of the VPGVG
sequence was simulated in order to modulate the hydropho-
bicity of the peptide block. The simulated triblock considered a
fixed PAA block of 15 monomers, while the peptide blocks were
substituted by either VPGIG or VPGEG so as to increase or
decrease hydrophobic interactions, respectively. Morphological
changes of the stable structure of the conjugates were assessed
via the distribution of configurations as a function of the radius
of gyration R, (Fig. $31). Although intramolecular interactions
in the PAA block constitute the main force to stabilize the tri-
blocks, the results from these simulations illustrate that
hydrophobic interactions between peptide blocks play a major
role on the morphology of the molecule. In general, these
simulations indicate that the folded state of the triblock is
formed by two configurations with R, values of ~0.6 and ~0.8
nm, where the population of each of these configurations
depends on hydrophobicity of the peptide block. Thus, by
increasing hydrophobic interactions (i.e., mutating Val for Ile),
configurations at R; = 0.8 nm are suppressed, while decreasing
hydrophobicity favors those configurations. Nevertheless, only
the populations of these configurations are affected by the
point-mutations, while their morphology remains unchanged
(ie., the R, values are unaffected). This confirms that overall
morphology of the triblocks is dictated by the PAA block, and it
is such that allows close contact between the peptide blocks.
These results demonstrate that the one might modulate the
structure by altering peptide-peptide interactions, but these
interactions must be balanced with the interactions involving
PAA. As the length of PAA significantly exceeds that of the
peptide blocks, it is perhaps not surprising that (on a per
molecule basis) the overall energetics and morphology are
strongly influenced by the PAA block. This is in agreement with
experimental studies showing that the PAA blocks in amphi-
philic block copolymers can tune the morphology of assemblies
via volume fraction, PDI, and through control over the electro-
static repulsion of PAA chains.>*’

Finally, unlinked blocks were simulated (two peptide
segments and one 15-monomer polymer) to understand how
the different interaction forces between specific domains may
affect the self-assembly propensity of the conjugated triblock.
While this technique is not equivalent to modelling a block
copolymer system with multiple molecules, it does provide
valuable information about the preferential interactions of the
blocks (or components, since the peptide and polymer
segments are no longer covalently bonded to each other), and
thus provides insight into the self-assembled system. Fig. 6

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Free-energy landscapes as a function of the hydrogen-bond
energies of the interactions between VPGVG molecules and the
interaction between VPGVG and PAA at T = 150 (a), 200 (b), and 300 K
(c). Simulated PAA molecule corresponds to a polymer chain with 15
monomer units. Color code indicates the value of the Helmholtz free-
energy in units of kcal mol™, and is shown next to each panel.

depicts the Helmholtz free-energy landscapes for the associa-
tion of the different segments as a function of intermolecular
hydrogen-bond interactions between two polypeptides,
compared to those for a polypeptide and a polymer at different
temperatures. These results are similar to the conformational
stability of the single molecule. At low temperatures, those
configurations with the lowest free-energy are dominated by
peptide—polymer interactions with negligible peptide-peptide
interactions. Despite this, there is a non-negligible population
of configurations that involve peptide-peptide interaction, in
agreement with the results above for the single-molecule
examples. As temperature increases, the configurations
involving strong interaction between the peptide and polymer
remain stable, and there is a decrease in the free-energy of the
configurations with hydrogen-bonding between peptides. These
results further support that the self-assembled triblock mole-
cules are likely stabilized to a large part by interactions with the
polymer block (polymer-polymer or peptide-polymer), and to a
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lesser extent interactions between the peptide chains. Experi-
mentally, it has been shown that short VPGVG peptides do not
undergo a thermal transition,*® and indeed, an inverse transi-
tion temperature was not observed for the molecules in the
previous multiblock study.* Simulating bulk phase behavior —
LCST or otherwise - requires large numbers of molecules in the
simulation box; therefore, the present simulations are not
appropriate for addressing questions regarding phase behavior
of these systems.

The free-energy landscapes in Fig. 6 at higher temperatures
show a similar behavior to those obtained for the analysis of the
conformational stability of the single molecule (¢f. Fig. 5). At low
temperatures, the free-energy landscapes in Fig. 6a show that
configurations involving both peptide-peptide and peptide-
polymer interactions are relatively stable, and thus they present
comparable low free-energies. However, those states where
peptide-peptide hydrogen-bonding is negligible show the
lowest free-energy (¢f. Fig. 6a, deeper blue color along zero HB
energy for peptide-peptide interactions). This suggests that
peptide-polymer interactions may play a major role in stabi-
lizing the self-assembly of the peptide-PAA system. As temper-
ature increases (panels b and c), configurations involving strong
interactions between the peptide and PAA remain stable, while
there is an increase in the free-energy of those configurations
with strong hydrogen-bonding between peptides. These results
agree with those obtained for the single conjugated molecule in
that the self-assembled triblock molecules are stabilized to a
greater extent by interactions with the polymer block (polymer—
polymer or peptide-polymer), than interactions between the
peptide chains. Furthermore, the results from the coarse-
grained model agree with previous experimental results for the
coacervation of hydrophobic ELPs, showing that increased
hydrophobicity of the peptide system can tune the association
of the molecules through peptide-peptide hydrogen-bond
interactions (Fig. S31). Overall, the results here show that the
contributions of the peptide-peptide interactions to the
conformational stability of the molecules are non-negligible but
are secondary to those of the PAA block (Fig. 5 and 6).

Traditionally, elastin-like polypeptides are used for their
ability to undergo reversible aggregation due to hydrophobic
dehydration, exhibiting a lower critical solution temperature.*®
Less commonly studied are short ELPs (20 residues and below),
as it has been shown that only very hydrophobic short ELPs
(such as VPGFG) have an observable inverse phase transition.*®
Despite this, others have incorporated single-repeat ELPs onto
the side chains of polymers, and have observed inverse phase
transition behavior.**-*> Ayres et al. observed aggregation via the
formation of networks, as a result of the side-chain attachment
of the ELP to the PMMA polymer.®* This provided an increased,
hydrophobic environment enabling the phase transition. In the
same vein, others have exploited the conjugation of hydro-
phobic groups to ELPs to induce the phase transition, and have
found success in making spherical aggregates and fibers.®**
Although this amphiphilicity is commonly used to direct the
assembly of discrete architectures, through the inclusion of
carefully chosen hydrophobic domains into conjugates,**>' the
conjugation of PEG to a (VPGVG), peptide did not yield diblock
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conjugates capable of aggregation.®® This indicates that short
ELPs, like those reported here, are perhaps not sufficiently
hydrophobic, and do not exhibit amphiphilic behavior when
hydrophilic domains, such as PAA, are conjugated to them.

To overcome low hydrophobicity and drive assembly,
hydrophobic moieties were added to a peptide terminus to
facilitate the aggregation of conjugates.®® An ABA triblock with a
central PEG block and flanking pentavaline blocks showed a
decrease in aggregate size when the capping group was
switched from an acetyl to Fmoc group. The authors also found
that aggregates formed by peptides with acetyl caps yielded
solutions with a high polydispersity, which is consistent with
the findings in this study. Hwang et al. further studied the
effects of hydrophobicity within Fmoc-capped penta-valine and
PEG di- and triblock copolymers and found that the volume
fraction of hydrophobic groups had a minimal impact on
aggregation size while still resulting in polydisperse aggregates
in solutions of both di- and triblock copolymers.>* The results of
these previous studies are also in agreement with our study,
which shows only a slight difference in aggregate size between
the di- and triblock copolymers, both of which exhibit high
polydispersity. It is possible that the increased hydrophobicity
due to acetyl capping of the peptide does contribute to the
formation of aggregates, as encapsulation of pyrene in PAA-VG2
multiblocks was possible.”” However in general, the short ELPs
in the PAA-based conjugates are unlikely to contribute signifi-
cantly to aggregation via hydrophobic interactions (see below),
as is confirmed in both our experimental and computational
analyses.

The use of PAA in bioconjugates has been of wide interest
because of its chemical functionality and pH responsiveness,
making it a useful material in biomedical applications.?” PAA
has enabled electrostatic association and covalent conjugation
of biomolecules through its carboxylic acid functional group, in
brush, micelle and fiber structures.”*>*%%” It is also commonly
used in amphiphilic systems to form various architectures,*®7*
and these architectures can be varied based on the PAA's ability
to swell in solution due to pH-responsiveness.” The ability of
PAA to form hydrogen bonds is also of interest, and interpoly-
mer complexes (IPC) of PAA and poly(ethylene oxide) (PEO) have
previously been formed,”®”* and PAA-hydroxypropyl cellulose
systems have been used to form nanoparticles through
hydrogen bonding.?*”> Although most studies with IPCs employ
higher molecular weight polymers than those employed in our
studies, it has been shown that PAA with a molecular weight of
1.9 x 10> g mol™" (which is similar to the 2.8 x 10° g mol™*
molecular weight used in the conjugates here) was able to form
complexes.” This is also in agreement with our findings that a
physical mixture of PAA and VG2 forms aggregates. Relevant to
our findings is that complex formation for conjugates in which
PEO is grafted to PAA was shown to be more thermodynamically
favorable than that for physical mixtures, as a result of the
conjugation.”” Therefore, conjugation of the peptide directly to
the PAA could increase the propensity of the conjugate to
associate via hydrogen bonds.

Conjugation of peptides to PAA is less commonly studied.
Self-assembly of PAA conjugated poly(valine) was explored, and
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showed assembly via hydrophobic interaction, but was shown
that PAA and poly(valine) were able to interact via hydrogen-
bonds.”®”® Our results are in agreement with these studies, as
our computational assessment of the interactions of the
conjugated PAA-VG2 triblock and of the individual blocks alone
show that the most favorable interactions are a result of
hydrogen bonding between polymer-polymer and polymer—
peptide segments (Fig. 5 and 6). The data also show that the
thermal stability of the folded state of the triblock is similar to
that of the polymer alone, further supporting the idea that the
conjugate is stabilized by polymer-polymer interactions, with
smaller contributions from polymer-peptide interactions
(Fig. 4). These computational results are in excellent agreement
with our experimental data, showing that a physical mixture of
PAA and VG, also formed aggregates, and suggesting that
peptide-peptide interactions are minimal with aggregation
promoted primarily by the ability of PAA to form hydrogen
bonds. Although PAA has proven useful as a domain in certain
amphiphilic systems and in mediating assembly of IPCs, in
bioconjugate applications with peptide domains, it is apparent
that PAA can interact with itself and the peptide through
hydrogen-bonds, introducing unwanted aggregation of polymer
and peptide domains. Therefore alternative polymers may be of
interest in producing functional materials with related polymer
and peptide domains.

Conclusions

ELP-PAA di- and triblock copolymers were successfully
synthesized via ATRP and CuAAC in order to study the potential
affects of PAA's hydrogen bonding ability on aggregation, and to
shed light on the assembly of our previous multiblock system.
The conjugates were assembled through a slow-titration
method, and yielded polydisperse solutions of spherical aggre-
gates. In conjunction with coarse-grained modeling, we found
that the assembly of these materials is dictated by the contri-
butions due to intra- and intermolecular interactions of the
polymer block, with minor contributions from peptide—peptide
interactions. These results coupled with other examples within
the literature show that while PAA may be utilized in amphi-
philic systems, it may not be an appropriate choice for peptide—
polymer hybrid applications in which assembly via the inter-
actions of the peptide domain are of interest, due to the
propensity of PAA to form hydrogen bonds with itself and
peptides.
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