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Atomistic Molecular Dynamics Simulations of ABA-Type
Polymer Peptide Conjugates: Insights into Supramolecular
Structures and their Circular Dichroism Spectra

Moritz L. Obenauer, Johannes A. Dresel, Maren Schweitzer, Pol Besenius,*

and Friederike Schmid*

A combination of atomistic molecular dynamics (aMD) simulations and
circular dichroism (CD) analysis is used to explore supramolecular structures
of amphiphilic ABA-type triblock polymer peptide conjugates (PPC). Using the
example of a recently introduced PPC with pH- and temperature responsive

self-assembling behavior [Otter et al., Macromolecular Rapid

Communications 2018, 39, 1800459], this study shows how molecular
dynamics simulations of simplified fragment molecules can add crucial
information to CD data, which helps to correctly identify the self-assembled
structures and monitor the folding/unfolding pathways of the molecules. The
findings offer insights into the nature of structural transitions induced by
external stimuli, thus contributing to the understanding of the connection of

microscopic structures with macroscopic properties.

1. Introduction

Polymer peptide conjugates are a modern class of hybrid mate-
rials that synergistically combine the favorable properties of syn-
thetic polymers and polypeptides.[?] The advantages and limi-
tations of synthetic polymers are well-known: Their production
is inexpensive, but possibilities to modify individual monomers
or control the molecular weight distribution are limited.®! In
contrast, biological and synthetically accessible polypeptides via
solid phase peptide synthesis (SPPS), consisting of amino acids
linked by peptide bonds, are monodisperse and their sequences
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can be designed.*! In solution, they form
highly ordered and stable superstructures
based on supramolecular interactions,
which makes them attractive as carriers
and biologically active materials. Linking
these biopolymers to synthetic polymers
such as polyethylene oxide (PEO) increases
their stability and can improve their phar-
maceutical efficacy.”®]

Important questions about structure-
property relationships of these materials
are difficult to answer in laboratory experi-
ments. These include, for example, the sec-
ondary structure of polypeptides, the influ-
ence of polymer chain length, and pathways
of self-assembly.l”] Computational chem-
istry can contribute to answering these
questions: Atomistic molecular dynamics simulations (aMD) are
necessary to reproduce details such as the secondary structure
and folding of polypeptides, whereas coarse-grained simulations,
that require much less computational time, are often sufficient to
describe polymer chains.[®l Computational studies and simula-
tions of PEGylated proteins have become a standard technique
in theoretical chemistry.”!! The influence of polyethylene ox-
ide (PEO) on helix stability of polypeptides has been an active
area of research.l"'""13] However, more advanced designs such as
ABA-type triblock polymer peptide conjugates with two polypep-
tide moieties (A) and one PEO unit (B) have not yet been covered
sufficiently.®!

The secondary structure and folding events of polypeptides
and proteins can be analyzed and studied with circular dichroism
(CD) spectroscopy. Secondary structures introduce an additional
dimension of order and chirality to the molecule and molecu-
lar arrangement, giving rise to different absorption coefficients
for right-handed and left-handed circular polarized light.[1*15]
Classical computer-aided or machine-learning-based approaches
for analyzing and deconvoluting complex CD spectra are avail-
able for extended systems for polypeptides or proteins.[16-18]
These mathematical decomposition algorithms are less suited
for smaller oligopeptides since only a few amino acids con-
tribute to the CD spectrum. Alternatively, one can predict CD
spectra from quantum mechanical (QM) calculations.'®%) Un-
fortunately, these calculations need the folded geometry of
the given system as an input, since QM-based geometry opti-
mizations on the scale of solvated proteins are practically not
feasable. In the present work, we propose, as an alternative
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Figure 1. Proposed aggregation mechanism of linear polymer peptide
conjugates. The polypeptide moieties form stable f-sheet structures (left)
and connect the different molecules to form supramolecular 1D nanorods
in solution (right). These nanorods lead to a network formation and a self-
supporting hydrogel, as previously reported.[?' Different shades of blue
are used to visualize different molecules of the same type.

approach, to combine CD measurements with aMD simula-
tions. We will demonstrate how simulation results can help
to discriminate between possible interpretations of CD signals,
and how they can give additional information on molecular
structure.

As a model system to demonstrate the approach, we choose a
subclass of ABA-type polymer peptide conjugates, which has re-
cently been introduced by Otter et al., where both oligopeptides
(A) are attached to the polyethylene oxide (PEO) block (B) via the
C-terminus.l?!l These C, symmetric molecules with hydrophobic
FHFHEF (F: L-Phenylalanine, H: L-Histidine) sequences showed
supramolecular self-assembly and changing hydrogel character-
istics depending on the pH value (Figure 1). Polymer peptide
conjugates are known to be temperature-sensitive, which is pro-
posed to be caused by the lower critical solution temperature
(LCST) behavior of PEO, while the basic imidazole side chains
of the histidine residues account for the pH responsiveness.??!
The pathway of supramolecular self-assembly and the aggrega-
tion mechanism for Otter ABA-type systems have not yet been
studied computationally. The underlying structural transitions
upon changing the pH value were estimated by circular dichro-
ism spectroscopy. However, applying deconvolution methods to
analyze the CD spectra is challenging, since only ten amino acids
contribute to the CD signal.

In the present work, we will demonstrate how a combination
of aMD simulations and CD measurements can be used to iden-
tify possible secondary structures of this specific ABA tribock sys-
tem, and, in particular the structure that is predominant in so-
lution. In addition, we study unfolding pathways upon chang-
ing pH or raising the temperature. We use aMD simulations
on the microsecond timescale to calculate these structures un-
der different conditions and validate our findings with circular
dichroism spectroscopy. More generally, we propose a method-
ology to treat artificial polymer peptide conjugates computation-
ally, which can lead to a better understanding of folding and un-
folding processes of oligopeptides. This therefore lays a founda-
tion for the understanding of biological activities of these artificial
biomolecules in solution and viscoelastic properties of gels in the
semi-dilute regime.
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2. Methods

2.1. Computational Modeling

Instead of simulating the polymer peptide conjugates Ac-
FHFHXG-PEO,-GXFHFHF-Ac (PPC) directly, we studied the
fragment molecule Ac-FHFHXG-OH (Pep). The chemical struc-
ture and the corresponding model are shown in Figure 2. Us-
ing the fragment system instead of the actual polymer peptide
conjugate speeds up the computations by one order of magni-
tude, even considering that the costs of the full simulation can
be reduced by modeling the PEO repeat units only at the united-
atom level. Our simplification rests on the assumption that the
telechelic polypeptides should behave independently of one an-
other if the connecting PEO chains are sufficiently long: Aggre-
gation processes are governed by diffusion rather than spatial
proximity caused by the connecting PEO chains. Perturbations
of the secondary structure due to the PEO chain are assumed to
be small, and their study is beyond the scope of this research.

In the simulations, we use the OPLS-AA/M force field with
the TIP4P water model, since this combination proved to give
polypeptide secondary structures that are in very good agree-
ment with quantum mechanical calculations.!*-3! To simulate
laboratory conditions and neutralize any charges that might oc-
cur, the sodium chloride concentration was set to 10 mmol L1
Force field parameters for all standard amino acids in neutral
and charged variants are available in atomistic resolution in the
OPLS-AA/M force field. However, 6-aminohexanoic acid (X) is
a bifunctional Cé-spacer in the polypeptide chain and had not
yet been parameterized prior to the present work. We mapped
in united-atom resolution following established procedures; see
Supporting Information for details.*2-3¢] The starting geometries
were generated using the software Project RACCOON.*’]

2.2. Simulation Techniques and Trajectory Analysis

Simulations were performed using standard GROMACS in-
put parameters for atomistic force fields.[®®] First, the steep-
est descent algorithm performed an energy minimization of
200k] mol~! nm~'. After initial energy minimization, velocities
were generated at the specified temperature according to the
Maxwell-Boltzmann distribution, and the temperature was equi-
librated by the V-Rescale thermostat for 100 ps.l*! For this and all
subsequent simulation runs, both Coulomb and van der Waals
forces were truncated after 1nm, with the long-range compo-
nents of the electrostatic potentials calculated using the fast
smooth Particle-Mesh Ewald method.[**! To compensate for ar-
tifacts of the truncated van der Waals potentials, the dispersion
correction for energy and pressure was used.[**?] The atoms of
the simulated molecules were coupled independently of the wa-
ter molecules in two different temperature baths, each with a
time constant of 0.1 ps. Subsequently, the pressure was equili-
brated for 100 ps using the isotropic Parrinello-Rahman pressure
coupling.[**! The pressure was fixed at 1 bar with a time constant
of 2 ps and a compressibility of 0.045 mbar. After the successful
equilibration steps, the production run was performed for 1ps
at appropriate temperatures using the leapfrog integrator with a
time step of 2 fs. The LINCS algorithm fixed all bonds between
hydrogen atoms and heavier atoms.**] All simulations were
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Figure 2. Chemical structure of Pep (left). The molecular model used in this study is shown above. Chemical structure of Pep? * (right). The molecular
model for Pep? * with two additional hydrogen atoms at the histidine residues is shown above the structure. Pep and Pep? * are modeled in full atomistic
detail except for six-amino hexanoic acid (X), where carbon and hydrogen atoms are contracted following the united-atom approach. The C-terminus is
always protonated in this study since the polymer peptide conjugate PPC has no free carboxylic acid groups. Color coding: Carbon: dark gray, Hydrogen:

light gray, Oxygen: red, Nitrogen: blue.

performed with periodic boundary conditions with a dodecahe-
dral box size of 5.8 and 7.0nm for the single chains and dual
chains, respectively. The dodecahedral simulation box was cho-
sen for its smaller volume compared to a cubic simulation box
and therefore save on computational costs. Energies and posi-
tions of atoms were stored every 5000 steps (10 ps). All aMD sim-
ulations were performed with the GROMACS 2022.5 software
package.[*]

The obtained trajectories were modified with gmx trjconv so
that only the atoms of the polypeptides were retained. The co-
ordinates of the water molecules and ions were not used for the
following analyses. Analysis was performed using mdanalysis and
Python-based in-house scripts.[*c*#] Contracted Ramachandran
plots (CRP) are used here to compare the dihedral angle distri-
butions across different simulation runs. CRPs reduce the 2D
density function obtained from a Ramachandran analysis to a
1D normalized density distribution by integrating over one of the
two dihedral angles ® or ¥ (see Supporting Information for more
information). Ramachandran space nomenclature as introduced
by Hollingsworth and Karplus in 2010 is used.!*"’

2.3. Experimental Section

The peptide sequence Ac-FHFHFXG-OH was synthesized via
solid phase peptide synthesis on 2-chlorotrityl resin using stan-
dard Fmoc-protocols.’! To preserve the trityl protection groups
on the histidine sidechains for the next synthesis step, cleav-
age from the resin was performed with trifluoroethanol.l?!l Af-
ter PyBOP-mediated coupling of the peptide sequence to amino-
difunctionalized PEO (M,,: 3000 g mol™1), trityl groups were re-
moved using trifluoro acetic acid. The crude product was purified
via size exclusion chromatography. The resulting Ac-FHFHFXG-
PEO,-GXFHFHF-Ac was characterized by "H-NMR and MALDI-
ToF (see Supporting Information for further information).
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The samples for circular dichroism spectroscopy were
prepared by dissolving Ac-FHFHFXG-PEO,-GXFHFHF-Ac in
10uM phosphate buffer solution (pH 7.77) and filtering it
through a syringe filter. CD spectra were recorded on a J-815 CD
spectrometer from JASCO (Pfungstadt, Germany) using the soft-
ware Spectra Manager 2.08.04. All samples were measured three
times each to obtain accumulated spectra. Spectra were recorded
between 190 nm and 300 nm if not stated otherwise. Samples
had a concentration of 50 pM in phosphate buffer solution.

3. Results and Discussion

3.1. Single Chain Simulations of Ac-FHFHFXG-OH

To obtain a reference of how a single, non-interacting Ac-
FHFHFXG-OH (Pep) sequence behaves in solution, a single
molecule was first simulated at 300 K. Two maxima are found
in the Ramachandran plot at ®, ¥ = (— 80°, 140°) and @, ¥ = (—
150°, 155°) (Figure 3, left). The maximum at ®, ¥ = (— 80°, 140°)
(Polypeptide II, P};) is the dominant structural feature. This main
maximum indicates that the short polypeptide sequence adopts
the P;; conformation to maximize chain entropy while enhanc-
ing the accessibility of hydrogen bonds to the surrounding wa-
ter molecules.l*!) Furthermore, this chain conformation perturbs
the organization of the water molecules as little as possible. The
P, region had been overlooked at the beginning of conforma-
tional analyses of proteins and polypeptides and was seen as a
subgroup of the p-sheet region adopted only by polyproline. Re-
cent studies proved that the P;; structures are a common motif
in all polypeptides.®?] Even though this structure is mainly ob-
served for unfolded polypeptides, it is still an ordered linear sec-
ondary structure and not a random chain conformation.[**] Thus,
in what follows, a dominant maximum at ®, ¥ = (— 80°, 140°)
is assumed to be the native, unfolded P;; conformation of the
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Figure 3. Ramachandran plots of Pep (left) and the dimer (Pep), (right.) The single chain shows a maximum in the P, region (®, ¥ = (— 80°, 140°))
with a secondary maximum in the f-sheet region (®, ¥ = (- 150°, 155°)). Two aggregated chains (right) exhibit major maxima in the p-sheet (®, ¥ =

—180 __‘- PE==

-180 -90

(= 150°, 155°)) and &’ region (@, ¥ = (80°, —10°)). For better visibility, data points with a relative frequency lower than 107> are omitted.

polypeptides. The existence of the significantly less intense sec-
ondary maximum at @, ¥ = (— 150°, 155°) proves that the single
chain can also adapt a conformation resembling a f-sheet. How-
ever, this conformation is three times less frequent than the P
structure.

To further investigate the behavior of the single chain confor-
mations, the Pep sequence was additionally simulated at higher
temperatures, up to 330K, in steps of 10K. The adapted con-
formation is very sensitive to temperature changes. Increasing
the temperature from 300 to 330K leads to a relative decrease
in the P|; structure while conformations with ®, ¥ = (- 150°,

1.0 1 —— 330K
320 K
310K

—— 300 K
€ 05
Q
0'0 i A
-180 -120 —-60 0 60 120 180

® [deg]

—20°) become more populated. This is a non-linear effect and
the maximum at ®, ¥ = (- 150°, —20°) is most pronounced for
the simulation at 310 K compared to even higher temperatures.
However, since this effect is subtle and the dominant structural
feature Py, is still present, we interpret these results not as a tran-
sition to another distinct conformation but as an undefined in-
crease of a-helix structural features upon heating.*’! These differ-
ences in backbone angles at different temperatures are depicted
in Figure 4. These results indicate that the temperature depen-
dence of Otter’s polymer peptide conjugates might not be only
attributed to the LCST behavior of PEO but can be influenced

1.0 1

pc(V)
=)
]

0.0 "

-180 -120 -60 0 60 120 180
W [deg]

Figure 4. Contracted Ramachandran plots of Pep at different temperatures. Upon heating the probability of a-helix like structures at ¥ = (— 20°) in-
creases. The major structural feature is P, independent of the temperature. We interpret these results not as a transition to another distinct conformation
but as an undefined increase of a-helix structural features upon heating.[*°]
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Figure 5. Contracted Ramachandran plots of Pep (green) and (Pep)?* (black). Both in the neutral and charged state, the P, (® = (— 80°)) is the
dominant structural feature. Upon full protonation, the probability p,(®) of the g-sheet (® = (— 150°)) and &' (@ = (80°)) regions increase. The
increased electrostatic repulsion between the charged imidazolium side chains leads to this change in conformation.

by the temperature dependence of the polypeptide moieties of
the molecule.

The protonated single chain (Ac-FHFHFXG-OH)?* ((Pep)?™)
was simulated and analyzed like its neutral counterpart at 300 K.
In the charged state, the chain shows structural features with
an angle ® = (80°), which are not present in the neutral state
(Figure 5). Furthermore, the probability of adopting conforma-
tions with ® = (— 150°) increases to p,(®) = 0.8, indicating a
straightened structure compared to the neutral molecule. These
changes in geometry account for the increased electrostatic re-
pulsion between the positively charged imidazolium side chains
of the histidine moieties (see Supporting Information for further
information).

3.2. Two-Chain Simulations of Ac-FHFHFXG-OH Dimers

Two Pep molecules were simulated in one simulation box to
mimic the behavior of the two polypeptide moieties of PPC for
long PEO polymer chains. In a neutral state the two chains form
stable aggregates (Ac-FHFHFXG-OH dimers, (Pep),) with anti-
parallel alignment over the trajectory time of 1 us. This stable ag-
gregation can be characterized by the radius of gyration R = (7.6
+ 0.3) A (see Supporting Information) and the distance between
the two chains R, = (6.2 + 1.0) A (see Supporting Information).
This anti-parallel alignment seems to be thermodynamically fa-
vored and not a kinetically trapped state, since the initial geome-
try of the two chains was chosen to be parallel.

To further characterize the secondary structure, a Ramachan-
dran analysis was performed, which is shown in Figure 3 (right).
Three distinct regions can be observed with a major maximum
in the p-sheet region ®, ¥ = (— 150°, 155°) indicating the for-
mation of anti-parallel f-sheets between the two chains. How-
ever, this structure is not fully linear, but exhibits a type II g-turn,

Macromol. Rapid Commun. 2024, 45, 2400149 2400149 (5 0f9)

which is derived from the existence of the secondary maximum
in the 6’ region (®, ¥ = (80°, —10°)) only occupied by one his-
tidine residue.l*”! The minor maximum at ®, ¥ = (— 80°, 120°)
resembles the already described Pj; structure and can be inter-
preted as corresponding to two chains in a non-aggregated state.
This is expected due to thermal fluctuations and the initial lag
time before the two chains form a stable aggregate. Even though
there are two major maxima in the Ramachandran space (f and
§'), they both describe one single secondary structure and not two
dynamically interchanging distinct conformations (see Support-
ing Information for further information).

In addition, the charged system with two fully protonated his-
tidine units per chain was simulated for 1 ps at 300 K. Instead of
forming a stable Ac-FHFHFXG-OH dimer, dynamic folding, and
unfolding processes of the two chains are observed. The R and
R, fluctuate periodically (see Supporting Information), indicat-
ing dynamic association and dissociation behavior. Even in an as-
sociated state the chain distance never falls below 10 A, implying
a less stable structure caused by the higher electrostatic forces be-
tween the charged side chains compared to the neutral state (see
Supporting Information). Contact maps for Ac-FHFHFXG-OH
dimers and two protonated (Ac-FHFHFXG-OH)2* chains were
created (Figure 6). An x-pattern, which is characteristic for anti-
parallel p-sheets, is apparent in the neutral state. However, the
first and third quadrants of the contact map for the charged state
show increased intermolecular distances, further proving the dis-
sociated and unfolded state upon full protonation.

The Ramachandran analysis shows a broad distribution in the
P, region, resembling the (Pep)* distribution and hence indi-
cating that a significant amount of chains in the charged state
are unfolded (Figure 7). The protonation gives rise to a higher
population of the 6’ and e regions, further hinting at a structural
change upon full protonation. Based on these results, we propose
a f-sheet —» P, unfolding pathway after the protonation of the
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Figure 6. Spatial proximity contact maps for Ac-FHFHFXG-OH dimers (Pep), (left) and the protonated system (Pep)‘zPr (right). Distances are given in
nm. In the aggregated state of (Pep), the characteristic x-pattern for anti-parallel p-sheets is observed. In the protonated state, the two chains do not

form a stable aggregate and show increased intramolecular distances.

histidine side chains. It is important to note that in the charged
state, none of the simulations indicate that the polypeptides adopt
a random conformation.

These findings agree with the experimental results that at low
pH values (full protonation of the imidazole side groups) the PPC
hydrogels at w = 1.5% are no longer self-supporting.?!! The lack
of aggregation on the molecular level leads to suppressed net-
work formation on the microscale and, therefore, no hydrogel
formation on the macroscale.

3.3. Circular Dichroism Spectra of
Ac-FHFHFXG-PEO,-GXFHFHF-Ac

Electronic circular dichroism (CD) spectra for the PPC polymer
peptide conjugates were recorded at varying pH values (Figure 8)

and temperatures (Figure 9). In accordance with previous results,
two distinct signals independent of temperature and pH value
(A = 205 nm: negative band, A = 220 nm: positive band) are ob-
served in the CD spectrum.[?!l Since the positive band at 1 =
220 nm decreases sigmoidally upon protonation of the histidine
side chains, this signal intensity was used previously as an indi-
cator for the supramolecular assembly of PPC aggregates in so-
lution.

For fp-sheet dominated polypeptides a negative band at A =
216 nm and a positive band at A = 200 nm are expected.>*>* The
computational results can explain these apparent differences be-
tween standard f-sheet spectra and the observed PPC spectrum.
A CD spectrum [6], is the linear combination of the CD signals
of the individual structural features S; with the coefficient F,.[>’]
The competing P|; conformation seen in the molecular dynamics

—v— (Pep)2

1.0 > (Pep)421+ [

0.8 1 F

0.6 L
e
[S]
Q.

0.4 1 F

0.2 1 F

0.0 AR
-180 -120 -60 0 60 120 180
® [deg]

Figure 7. Contracted Ramachandran plots of Ac:FHFHFXG-OH dimers (Pep), (blue) and the protonated counterpart (Pep)‘;r (red). The dominant
structural feature is the f-sheet (® = (— 150°)) both in the neutral and charged states. Upon full protonation, the probability p,(®) of the P, (® =
(= 80°)) and &' (@ = (80°)) regions increase, proving a change in secondary structure in the charged state. Protonation of the side chains leads to
dissociation of the polypeptide chains, and the two chains exhibit an increased unfolded conformation.
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Figure 8. Circular dichroism spectrum of PPC at different pH values at room temperature. Upon increasing pH values the positive band at 220 nm
decreases, while a positive plateau region between 200 and 210 nm emerges. The positive signal at 220 nm is characteristic for P, secondary structures.
At higher pH values aggregation and f-sheet is possible due to the deprotonation of the imidazolium side chains. The superposition of the P, signal
and p-sheet signal leads to a signal decrease at 220 nm. Data was smoothed for visualization purposes.

simulations of unfolded Pep can qualitatively account for the pos-
itive CD band at A = 200 nm. P}; structures exhibit broad positive
bands at 4 = 225 nm and negative bands at 4 = 206 nm signifi-
cantly reducing the observed intensity of the f-sheet signals.[¢]
Considering that the observed signal at A = 220 nm is positive,
the Py, intensity of unfolded chains is dominant in the CD spec-
trum of PPC.

Since circular dichroism is a quantum mechanical effect, the
molecular dynamics simulations presented here cannot predict
any weighing coefficients F,. They can only serve as a starting

point for a more quantitative approach to fully predicting the
CD spectrum. Nevertheless, the simulated structures of the Ac-
FHFHFXG-OH fragment systems strongly suggest a new inter-
pretation of the decreased signal at A = 220 nm upon deprotona-
tion and heating. The strongly decreased intensity of the band
at A = 220nm from Ae = 20Lmol 'cm™ (pH 3.0) to Ae =
5Lmol 'em™! (pH 10.3) can be explained by a dissociated state
with unfolded chains exhibiting predominantly P;; conforma-
tions at low pH values. As described earlier, the fragment sys-
tem shows a f-sheet dominated structure in the aggregated state

60 A
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Figure 9. Circular dichroism spectrum of PPC at pH 7 at different temperatures. When temperature increases, the positive band at 220 nm decreases.
The positive signal at 220 nm is characteristic for P, secondary structures. The decrease of this signal can be explained by an increase in a-helix structures
of unfolded chains upon temperature increase. Data was smoothed for visualization purposes.
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and a decreased population of the P;; space, therefore lowering
the relative intensity of the observed CD signal at A = 220nm.
Consequently, this CD band at 4 = 220nm is a valid indicator
for the supramolecular assembly of the PPC molecules, but it
indicates a P; — f-sheet transition instead of the previously as-
sumed random coil — f-sheet transition. At higher pH values,
the negative band between A =200 nm and A =205 nm becomes a
plateau, which can also be explained by an increased contribution
of the expected positive f-sheet signal at A = 200 nm to the spec-
trum. Since the secondary structure of the unfolded chains was
assumed to be in a random coil state, their contribution to the CD
spectrum was not properly understood. This study proves that
aMD simulations can unveil unexpected structures and, there-
fore, guide the interpretation of CD spectra.

When increasing the temperature at neutral pH values (pH
7.8), the CD band at 4 = 220nm decreases from Ae =
8 Lmol™' cm™ down to Ae = 2.5 Lmol~! cm™!. The fact that this
signal decrease is less pronounced compared to that upon chang-
ing the pH can be attributed to the conformational change of
unfolded chains at higher temperatures. Unfolded chains show
a decreased probability of adopting the P;; structure at higher
temperatures, as has been seen in the single chain Pep simu-
lations. As described above, this high-temperature-induced con-
formational change leads to an increase in a-helical structures.
These a-helical structures exhibit an intense negative band at A =
222 nmin CD spectra, explaining the apparent decrease of the ob-
served CD signal at 1 = 220 nm with increasing temperature.['’]

Even in the fully protonated state (Figure 8) and at high tem-
peratures (Figure 9) a residual positive signal at A = 220nm
is observed. We attribute this to intramolecular = — = stack-
ing between the aromatic phenylalanine rings as reported
previously.l’”] We do appreciate that due to the spectral overlap
of the P}, specific CD signatures and the CD band related to z
— & stacking, it is not possible to fully assign the contribution
from each of those interactions to the CD spectra. However, be-
cause of the pronounced pH dependency of the observed signal
at A =220 nm we conclude that the dominant contribution to the
CD spectrum at acidic pH values relates to the P;; conformation,
which decreases caused by a change in the secondary structure
and aggregation of the molecules.

4, Conclusion and Outlook

Knowledge of the kinetic pathways of polypeptide folding and un-
folding dynamics is crucial for understanding possible mecha-
nisms of the self-assembly, the resulting material properties, and
the potential biological activity of these molecules. The present
study significantly advances our understanding of the struc-
tural dynamics and assembly mechanism of ABA-type polymer
peptide conjugates. Our comprehensive computational analyses,
employing atomistic molecular dynamics simulations, have al-
lowed us to identify the anti-parallel f-sheet as the dominant sec-
ondary structure of AccFHFHFXG-PEO,-GXFHFHF-Ac aggre-
gates in solution while highlighting their sensitivity to tempera-
ture and pH changes. Even though aMD simulations cannot pre-
dict the circular dichroism spectra of polypeptides directly, the
calculated secondary structures and transient intermediates can
serve as a powerful guide to interpreting complex CD spectra.
Here, we identified a f-sheet to Pj; transition upon full protona-
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tion of the polypeptide, which coincided with experimental circu-
lar dichroism data of the polymer peptide conjugate, challenging
the previous interpretation of these CD spectra.

This work could be extended in several directions. Refine-
ments of the method could further strengthen the analysis and
provide additional insights: The Ramachandran analysis is error-
prone to statistical fluctuations when only a few amino acids
contribute to the dihedral angle distribution.*®! More sophisti-
cated sampling and clustering approaches could alleviate this
problem. Experimentally, the predicted geometry could be con-
firmed using experimental techniques like 2D-NMR or scattering
methods.[5%40]

While using a smaller fragment system was successful in qual-
itatively predicting the CD spectrum, interactions between the
PEO chains and the peptides and higher-order interactions be-
tween aggregates larger than dimers were ignored. In particu-
lar, the interplay of PEO chain conformations and structure for-
mation of peptides, and the potentially stabilizing effect of PEO
chains, will be an interesting topic for future work. When looking
at even larger systems containing several polymer peptide conju-
gates, aMD simulations become increasingly challenging due to
their high computational costs. Here, coarse-grained simulations
provide a promising alternative that could be used to study aggre-
gation pathways on larger scales. It will also be interesting to use
titratable models instead of fixed protonation states.[!]

The general methodology presented here is not limited to our
specific system but can be applied to various polymer peptide
conjugates. This research thus lays a foundational groundwork
for future investigations. It calls for more comprehensive studies
involving larger aggregates and refined models, paving the way
for deeper understanding and innovative applications in poly-
mer peptide conjugate self-assembly specifically, and synthetic
biomimetic polymer structures in general.
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