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Molecular dynamics as a tool for unveiling
protein-like folding behavior in urethane-based
macromolecules: the effect of chain length on the
secondary structure of oligourethanes

Kasper Witruk, 2P Sara Njoku,® Eduardo Castellanos, ©° Réza Szweda 2 ** and

Tadeusz Andruniow (2 *@

Sequence-defined and stereocontrolled polymers represent an emerging class of macromolecules,
offering the potential to design protein-like molecular architectures based on abiotic polymer backbones.
These systems hold promise for applications requiring specific intermolecular interactions, which can be
exploited, for instance, in catalysis or sensing. Realizing this potential necessitates a deeper understanding
of their folding behavior beyond aqueous solutions, which resemble physiological conditions. In this
study, the influence of chain length on the folding of model oligourethanes — comprising four, eight, and
twelve monomer building blocks, is investigated in silico by molecular dynamics (MD) and experimentally
using circular dichroism spectroscopy (CD). It is demonstrated that stabilizing interactions constrain the
expansion of their conformational space while also revealing the inherent limitations of such processes.
The increase of chain length from four to eight units results in the stabilization of the helical secondary
structure. Further elongation leads to the formation of more complex structures, which appear as a com-
bination of looping helix motifs, resembling tertiary structures. Importantly, to learn about the structural
details of studied systems, a set of methodological adaptations is proposed to enhance the applicability of
conventional data analysis techniques, which are typically applied to amide-based macromolecules, to
study secondary structure of urethane-based sequence-defined systems.

skeleton. Non-natural peptides incorporating B-*> and y-,* or
cyclic amino acids,’ along with various other derivatives, have

Sequence-defined and stereocontrolled macromolecules, such
as proteins, represent the pinnacle of functional sophistication
among polymers. The unique properties of proteins are dic-
tated by the precise sequence of amino acids, which direct the
folding of their backbone into well-defined secondary and ter-
tiary structures. While the concept of replicating these pro-
perties using abiotic polymers was proposed prior to the turn
of the millennium, achieving true biomimicry using non-poly-
amide backbones remains an unresolved challenge."?
Significant progress has been made in the development of
foldamers, particularly those based on protein-like polyamide
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been extensively investigated,®® leading to many important
advances in control over folding. Among the most important
examples we can mention the tertiary structure of aromatic oli-
goamides,’ forming two helices connected by turn, that were
joined together through hydrogen bonding. The helices design
was based on rigid aromatic rings, restricting conformational
dynamics of the structure, therefore enforcing formation of
desired secondary structure. A simple tertiary structure (helix-
turn-helix) were achieved for oligourea chains.'®!' Even more
interesting observation was made for sequence-defined oligo-
mers based on triazine, where more complex folding pattern
was observed for sufficiently long oligomers.'> However, the
potential of alternative backbones offered by abiotic polymers
has yet to be fully explored."* ™'

Some degree of structural control has been observed in
copolymers,'®™'® where functional groups positioned along the
chain interact with one another.'® Polymers with controlled
but undefined monomer sequences have been shown to fold
into predetermined cyclic topologies through the formation of
covalent bridges at specific locations.”® This approach has

This journal is © The Royal Society of Chemistry 2025
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been extended to star-shaped polymer topologies, resulting in
multicyclic conformations.”’ Despite these advances, achiev-
ing the level of precision required to mimic the specificity of
biomacromolecules remains elusive, as absolute control over
dispersion, sequence, and stereocenter configuration is
demanding to attain.?

Recent developments have led to methods for the multistep
fabrication of sequence-defined and stereocontrolled poly-
mers.”” The primary prospects arising from these advances
include catalysis, achieved by emulating the functions of
natural enzymes, selective sensing, facilitated by the creation
of specific binding sites, and potential medical applications
linked to their bioactivity.>*>” The dependence of physico-
chemical properties of polymers depends on stereocontrol. For
instance, by introducing stereocontrol we enhance rigidity of
the backbone,”® as well as potential for tuning backbone-
ligand interactions.>® However, due to the enormous number
of potential configurations—an issue compounded by the
exponential increase in possibilities with sequence length—
the realization of these prospects is not feasible without a
thorough understanding of the sequence-structure relation-
ship. This highlights the importance of studying the folding
process and the relationship between sequence and structure,
starting with secondary structures. Therefore, the development
of computational methodologies that enables the in silico pre-
screening of enormous sequence space is of great importance.
Such knowledge is critical for understanding the arrangement
of secondary and tertiary structures, formed with elongation of
polymer chain, and their subsequent applications.

Molecular mechanics-based simulations represent a prom-
ising approach to address this challenge, as they provide
detailed insights into the structural properties of the studied
species at a relatively low computational cost. However, their
application to the study of new materials presents several sig-
nificant challenges that must be addressed. First, for novel
materials, it is often the case that a well-established force field
is not available. Consequently, the force field must be parame-
terized specifically for the material in question, which intro-
duces an additional layer of complexity in performing accurate
simulations. In fact, the choice of the force field remains an
actively studied issue not only for proteins,>***' but also for
other molecular systems ranging from non-standard
peptides®*®?® towards synthetic polymers.**** Similarly to
protein folding studies, the choice of a force field and the
quality of its parameters strongly influence the observed be-
havior, however not only the force-field components describ-
ing the studied species are important for obtaining reliable
results, but also those of the medium.** Furthermore, studies
of novel materials suffer from two additional shortcomings:
limited range of suitable parametrization tools and availability
of experimental data based on which the force field para-
meters could be optimized. Nonetheless, this does not negate
the possibility of utilizing molecular simulations in these
studies, but rather stresses the necessity of experimental vali-
dation and need for improvement of the methodology over
time.
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Second, the presence of high energy barriers can signifi-
cantly complicate simulations by increasing the computational
cost required to achieve adequate sampling for a reliable
description of system dynamics. While several strategies have
been proposed to address this issue,**® these methods are
primarily designed for the study of biological systems, usually
proteins, and are not directly applicable to abiotic polymers.
Third, many analysis techniques that are routinely used for
biological systems may be insufficient or inappropriate for
studying new materials without modification.>**° For example,
Ramachandran plots,*" commonly employed in protein struc-
ture analysis, would not be suitable for oligourethanes—such
polymers contain three active torsional angles rather than the
two typically found in proteins.”® Thus, it is essential to assess
which methodologies developed for biological systems can be
adapted for the study of abiotic macromolecules, which may
need to be adjusted or even replaced with entirely new
approaches.

The main goal of this study was to decipher a relationship
between the number of monomeric units in the oligourethane
backbones and their ability to fold into stable secondary struc-
tures. Since this diverges from the standard approach, a new
methodology was developed based on clustering and Principle
Component Analysis (PCA)** in torsional angle dataspace of
monomeric units, considering folding as a function of oligo-
mer’s torsional angles, and validated with experimental circu-
lar dichroism data. Additionally, in order to describe dynamic
behavior of studied oligomers and to gather data that could
potentially enable prediction of possible folding pathways, an
analysis inspired by the Markov State Models (MSMs),** yet
created for individual monomers, was designed. Such analysis
grants more detailed representation of the active processes
occurring in studied oligomers. This study provides compre-
hensive overview of isotactic oligourethanes folding in aceto-
nitrile. At the same time, the introduction of novel method-
ologies to investigate the conformational space of abiotic
urethane-based sequence-defined polymers, which may prove
critical to shed light on sequence-structure relationship and as
a consequence accelerate the process for de novo design of
functional capable to fold into well-defined
structures.

polymer

2 Methods

2.1 Computational details

Molecular dynamics. Structures have been generated in two
steps: (i) oligomer SMILES** were defined, and then (ii) their
structure was generated using Open Babel.*® Force field para-
meters (showcased in the SI, Tables S1-S5) were obtained
using Acpype*® (based on Antechamber®”*®), setting GAFF for
force field and BCC for charges. In MD simulations, aceto-
nitrile solvent was represented explicitly using structure and
force field parameters derived by Caleman et al.*® All further
steps, aside from data analysis, have been performed using
GROMACS.”’
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Simulations carried out in this work followed the Multiple
Simulated Annealing - Molecular Dynamics (MSA-MD) pro-
cedure proposed by Hao et al® and recently utlized in the
study of polyurethane systems by our group.>® The MSA-MD
procedure here was applied to 300 initially identical systems
for each macromolecule studied. Systems were annealed start-
ing from 300 K, assigned with random velocity for each
system, heated in 50 ps to 500 K and maintained at this temp-
erature for another 50 ps, to be at last cooled to 0 K in next
100 ps. Annealing was followed by the two-step equilibration
procedure, 500 ps at constant volume followed by another
500 ps with pressure coupling enabled. During the first equili-
bration step, the v-rescale® thermostat was used and during
the second one, the c-rescale®® barostat was applied, while
pressure was set to 1 bar. In the production phase, the temp-
erature was set to 300 K and the pressure to 1 bar, however,
the temperature control was achieved using the Nosé-
Hoover®?* thermostat and pressure control using the
Berendsen®® barostat. At all steps 7eut.ofr Was set to 1.2 nm and
the Particle-Mesh Ewald method®® was applied to both electro-
static and van der Waals interactions. Additionally LINCS®’
constraints were used to freeze lengths of all bonds with
hydrogen atoms, in order to enable timestep length of 2 fs. In
all stages of MD simulations, periodic boundary conditions
were applied in all spatial directions. Using this approach, 300
series of 10 ns simulations was prepared, yielding 1.5 x 10°
data points (data was written to file every 10° simulation steps)
and 3 ps of total trajectory time length.

Noise Molecular dynamics trajectory analysis. GROMACS>®
was used to extract all relevant data from the trajectory files.
The main tool used for structure visualisations was the Visual
Molecular Dynamics (VMD) software.”® Most analyses were
done using Python 3.10,*° with additional use of NumPy®° for
most computations, Matplotlib®® for data visualisations, as
well as PANDAS®® for data management support and SciPy®?
for additional numerical methods.

The core of the simulation data analysis was conformation-
al space clustering. The angle definitions have been chosen
expanding upon our previous work.®* A conformational space
analysis was based on Scikit-learn’s®® implementation of
Density-Based Spatial Clustering of Applications with Noise
(DBSCAN).®® The advantage of using the DBSCAN over other
clustering algorithms is the fact that it assigns points into cat-
egories based on their density in given spaces, which elimin-
ates the need to predefine what the conformational space
should look like. This was considered especially valuable here,
since the preliminary data about urethane-based macro-
molecules is limited. To analyze the conformational space a
two stage approach has been implemented:

« clustering of torsional angle in dataspace, incorporating
decorrelation of datapoints in time (in strict and relaxed
substages):

=, |4R? zl: sin? (%) + (adt)® (1)

angles
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where ¢ represents distance between points in the constructed
phase space, Ag; represents difference between the angles, R is
a scaling parameter, At difference in time coordinate, « is a
parameter defining how significantly points should be dec-
orrelated in time during trajectory clustering.

» clustering of previously registered clusters based on just

their mean angle values:
d A0;
E sin® (—l) (2)
2
angles

where the maximum tolerated distance between points &, is
defined for the first step by:

e=,|4R?

A6
Etol = \/ 4R sin’ (Ttl> + (ahmint)® (3)
and for the second step by:
Aby, . [AOy
€tol = 4 | 4R? sin® (Ttl> =2R s1n< Zt 1> (4)

All parameters were empirically chosen: «, which corres-
ponds to decorrelation (by increasing distance in constructed
space) due to time passed between the registered points, was
set to 0.2, Af1, which stands for the maximum allowed differ-
ence between the angle values in between the points, took the
following values: 20° and 30° for subsequently strict and

relaxed parts of the first stage and 10° for the second stage. R
o

180
scaling factor ( ) arises due to periodicity of each angle.

In some cases, intermediary conformations were observed
with such high frequency that it was necessary to manually
split some of the core clusters defined by DBSCAN.

Furthermore, to gain understanding of system dynamics,
and effects caused by the increase of chain length, Markov
State Models (MSMs) were constructed,”® to analyze confor-
mation transition probabilities. In order to verify the quality of
the approximation used for such analysis, three different tests,
standard for MSMs, were performed:

+ comparison of transition matrix’s stationary vector to con-
formation distribution registered through simulations,

+ lag time (7) validations (based on region where function

-7

——— stabilizes; y is a corresponding eigenvalue),
log(x) g eigenvaluc)

+ Chapman-Kolmogorov test.
The first test yielded the most promising results, while in

-7

log ()
before 25 ps for some eigenvalues, while continued growing
through whole considered range for others. Lastly the mean
error from Chapman-Kolmogorov test, calculated as a square
root of Frobenius norm of matrix of difference between real
and predicted matrix elements, divided by square root of
number of matrix elements, in only few cases exceeded 0.05.
The results presented in this study were prepared using lag
time of 100 ps. It is important to note that the transition

case of lag time analysis, the function stabilised even

This journal is © The Royal Society of Chemistry 2025
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models used here are not proper MSMs, as the transition prob-
abilities between conformations are not determined solely by
the currently assumed conformation, but also depend on the
state of the oligomer as a whole. For example, hydrogen bonding
or spatial constraints may influence the transition probabilities.

Additionally, analyses based on Free Energy Landscape
(FEL) were prepared using Principal Component Analysis
(PCA) in torsional angle dataspace. This analysis was inspired
by work of Maisuradze et al.,%” but the active torsional angle
space was used in order to improve separation of unique con-
formations for small oligomers. The algorithmic part of the
analysis used Scikit-learn’s implementation of PCA,*® while
the dataspace was constructed based on the same torsional
angle representations as used for the clustering. Histograms
presented in this paper were prepared using 250 bins. This
analyses was supplemented with RMSD-R, distributions,
though in their case values of free energy were not calculated
and distributions were considered only in the context of occur-
rences, setting 107> m as a bin size.

To analyze the meaning of different conformational states
and conformational transitions, model structures based on
idealized backbone dodecamer conformations have been
created and visualised using PyMOL.%® Computation of helicity
along with parameters based on approximation of the shape
as an elliptical helix allowed for analysis of two radii r, and r,,
giving a better idea about the helix profile, and pitch, for
which the change of sign allows to identify handedness chan-
ging transformations.

Electronic circular dichroism (ECD) spectra prediction. To
obtain ECD spectra we performed TD-DFT®*®' calculations
(electronic excitation energies and rotary strengths) for 20
lowest singlet excited states with M06-2X**> functional, 6-
311+G* basis set,**®" GD3 empirical dispersion correction,®
and the Self-Consistent Reaction Field (SCRF),*® with para-
meters corresponding to acetonitrile as the solvent. All calcu-
lations were done in Gaussian 16.%

To estimate the contributions of local conformational
dynamics to the spectra, two computational approaches were
employed for the tetramer: (i) simulations of selected confor-
mations pre-optimized at the DFT level of theory with the
same set-up as above, and (ii) simulations of ten structures
with geometry as extracted from the molecular dynamics tra-
jectory in the vicinity of selected FEL minima (for spectra and
discussion see section B.VII of the SI). The ECD spectra were
simulated using the ChimeraX software®® with the SEQCROW
extension,® employing Gaussian peak shapes and a full width
at half maximum (FWHM) of 0.50 eV. Further data processing-
such as averaging over individual signals and shifting the
spectra-was carried out in Python, using modules described in
the paragraph detailing the data analysis.

2.2 Experimental details

Studied oligourethanes (tetramer, octamer and dodecamer)
were synthesized using following materials: (S)-2-amino-1-pro-

This journal is © The Royal Society of Chemistry 2025
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panol (S, 98%, Apollo Scientific, ee: 97%, optical rotation: [a]
20/D + 18°), N,N'-disuccinimidyl carbonate (dSu, >98%, TCI),
di-tert-butyl dicarbonate ((Boc), O, 95%, Angene), pyridine
(99.8%, anhydrous, Sigma-Aldrich), acetonitrile (99.8%, anhy-
drous, Sigma-Aldrich), and ethyl acetate (99.5%, Chemsolute),
trifluoroacetic acid (99%, Sigma-Aldrich), dichloromethane
(DCM, >99.8%, Honeywell), di-tert-butyl dicarbonate (99%,
Sigma-Aldrich) as received from the suppliers. The synthesis and
characterization followed previously described procedures.?®°%*

In the first step, the amino group of the amino alcohol
monomer (S) was protected in the reaction with di-tert-butyl
dicarbonate leading to Boc-S. Afterwards the free hydroxyl
group of the Boc-S has been activated by dSu and coupled with
amine group of consecutive monomer S forming dimer Boc-
SS. Extension of oligomer chain was performed by repetitive
steps of activation of the oligomer hydroxyl end-group followed
by chemoselective coupling of amino alcohol monomer. After
reaching tetramer, the product was isolated by extraction with
water and ethyl acetate.

The Boc protecting group from Boe-SSSS was removed using
50% trifluoroacetic acid in DCM, the resulting deprotected tet-
ramer (SSSS) was then coupled with Boc-SSSS tetramer to yield
the octamer Boc-(SSSS),. For the dodecamer synthesis, Boc-
protected octamer was coupled with deprotected tetramer
(SSSS) under similar conditions yielding Boc-(SSSS);.
Oligourethanes after synthesis were isolated by extraction with
water and ethyl acetate and purified by recrystallization from a
water/acetonitrile mixture. The structures of the products Boc-
SSSS, Boc-(SSSS), and Boc-(SSSS); were confirmed by Liquid
Chromatiography-Mass Spectometry (LC-MS), Size Exclusion
Chromatography (SEC), and Nuclear Magnetic Resonance
(NMR) analyses as shown in the SI (Fig. S1-S9). The character-
ization of secondary structures was performed using ECD spec-
troscopy (the complementary UV/Vis spectra are shown in
Fig. $10). The spectra were measured using a Jasco J-810 spec-
tropolarimeter with optical path 0.2 cm (quartz cell cuvette,
Hellma) at spectroscopic grade acetonitrile (gradient grade for
HPLC, VWR chemicals) and temperature of 300 K.

3 Results and discussion

Through this study, in order to gain insight into conformation-
al details and influence of the chain length on folding and
stability of the folded structures, three different lengths of iso-
tactic oligourethanes were studied using MSA-MD approach.
The studied structures, consisting of monomeric units having
an absolute stereoconfiguration S, tetramer, octamer and
dodecamer, with tert-butyloxycarbonyl protecting group at
their chain end, are shown in Fig. 1. The results of MSA-MD
calculations were verified by comparing them to experimental
data from ECD analysis of synthesized oligourethanes.

3.1 Conformational analysis

Gaining an understanding of emergent behavior of urethane-
based building blocks that arises from connecting them into

Polym. Chem., 2025, 16, 4622-4636 | 4625
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Studied oligourethanes

0 0
°J\HJVOTH\3/\°J\ﬂJVO\ﬂ/H :
o : o

OH

n=1,2,3
Boc-SSSS Boc-(SSSS), Boc-(SSSS),
tetramer octamer dodecamer
n=1 n=2 n=3

Fig. 1 Chemical structure of studied isotactic oligourethanes.

oligomeric or polymeric chains and immersing them in
solvent, can be considered the first step towards intelligent
design of functional macromolecules. In order to achieve that,
a detailed look into conformational affinities and dynamics
should prove to be the most beneficial approach. Because the
torsional angles are the fundamental factor defining the final
three dimensional structure assumed by the macromolecule,
and folding process can be expressed as exploration of confor-
mational space. In this work we analyzed the impact of: (i) the
length of the oligomeric chain and (ii) the monomer’s position
in the oligomeric chain on the conformation characteristic, as

A Prevalent torsional angle values
o

b =-120°w’

View Article Online
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these are expected to change with individual monomeric unit
surroundings.

As can be seen from Fig. 2, DBSCAN analysis (results from
the second stage of clustering are showcased in Fig. $11-S13)
reveals that a single conformation is generally preferred by all
monomers no matter the chain length or position: ¢ =
—120° + 30; @' & —60° + 10; @” =~ 180° + 10; the only observed
exception being the fifth monomer of the longest chain. The
preferred values of the torsional angles ¢ and ' being negative
was expected, as these torsional angles are directly neighbour-
ing the stereogenic centres. In-depth analysis of ¢ angle
reveals that it oscillates between two different energy minima
at around —60° and —150°, giving rise to its higher standard
deviation +30 vs. 10 for other torsional angles.

Interestingly, although it would have been the dynamics of
the @” dihedral, that would be expected to be the most active
degree of freedom, as it should have relatively small rotation
barriers, data presented in Fig. 2 suggests that in some regions
it is the @’ —60° — 60° transition that might be more impor-
tant. The transition dynamics, that result in such picture, will
be further discussed in a paragraph about kinetic analysis
based on Markov chain analysis.

==-60°w”=180° ¢ =-120°w'=60° W’ =180°

b = -120° w' = -60° w” = -90°

B Dominant torsional configurations at each unit

Boc-SSSS
1 2
Boc-(SSSS),
1 2

Boc-(SSSS);
2

‘tee

~

« £ 4

GeLGL1GLLLLL

Fig. 2

(A) Time-average torsional angle values for the most populated conformational states found in tetra-, octa-, and dodecamer. (B) Overview of

the most important conformational state occupancy of each individual monomer. Noise and rarely observed conformations (as there we identified
18 unique local conformations) have been excluded. The structures presented on the right are model tetramer backbones, assuming idealized con-
formations considered in conformational makeup analysis based on ¢, ', and »" torsional angle values.
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The highest stability of the main conformation for the first
monomer in each chain arises from Boc group symmetry. Its
rotation by 120° results in arriving at the same orientation,
thus it mostly disables one degree of freedom for the first
monomer. Additionally, the relative size and mass of the Boc
group might also have influence on restricting the dynamics of
the first monomer. Noticeably lower stability of the main con-
formation was observed for terminal monomeric units in the
tetramer, as well as around the middle of the chain for octa-
and dodecamer. In the tetramer, the conformation differing
from the dominant one by »" = 180° — 90° increased its pres-
ence significantly, becoming effectively bistable with the domi-
nant conformation at the fourth monomer. It is also important
to notice that for third and fourth monomeric unit of the tetra-
mer, the time averaged value of ¢ angle at the alternative con-
formation changed from around —120° to around —90°. Such
values of the ¢ angles seem to correspond structurally with
optimal rotation for formation of intrachain hydrogen bond
between second and fourth monomeric unit. In octamer third
and fourth monomeric unit had the most reduced occupancy
of the dominant conformation, with @’ —60° — 60° being the
most important on the third monomeric unit, while @" =
180° — —90° on the forth. Similar situation can be observed
for the dodecamer, where fifth and sixth monomeric unit
underwent similar change of trend, although even to greater
extent, with the alternative conformation slightly overtaking
the dominant one on the fifth monomeric unit and dominant
conformation being assumed by the sixth monomeric unit
barely over 20% of the time. Interestingly for both octamer and
dodecamer, the shift in conformational affinity occurred for

monomers with indices (57 1 for n = 8) and (¢ for n = 12),

respectively. Lastly, the increase of occupancy for the alterna-
tive conformation differing from the dominant one by " =
180° — 90° has been observed in all cases at the terminal
monomer.

To gain an insight into how hydrogen bonds can alter the
conformational landscape, we analyzed the dependence of
affinity towards certain conformations on donated/accepted
hydrogen bonds (hydrogen bond cutoff criteria are illustrated
in Fig. S14 and S15).

As shown in Fig. 3, the hydrogen bonding scheme for the
tetramer species is fairly simple and resembles model helical
structure, as presented in Schemes E1 and E2. However, it is
also important to notice, that even though interactions
between the first and the third monomeric units as well as
second and forth are dominating (next to binding of hydroxyl
group to the third mer’s acceptor groups), the relative number
of interactions between the first and forth monomeric units is
also significant. Considering additionally that monomers can
spend non-negligible portion of the time without neither
donating nor accepting hydrogen bonds, it can be concluded,
that although the tetramer in acetonitrile has affinity for
forming helical structure, it should not be expected to assume
single well defined structure for extended amounts of time.

The observed hydrogen bonding scheme results from more
than one type of structure being able to exist in the system.

This journal is © The Royal Society of Chemistry 2025
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Out of them, two main reference helix types can be distin-
guished, which are ‘wide’ helix - 4,, and ‘tight’ helix - 2;,. In
tetramer, only 2,, can be properly stabilized through hydrogen
bonding, as the tetramer chain is too short to stabilize the 4,,
helix. Nonetheless, as data from the local conformational
affinities suggests (Fig. 2), even without standard hydrogen
bond stabilizing it, conformation corresponding to 4,, helix is
often assumed by the tetramer, as the ‘wide’ helix corresponds
to the preferable conformational arrangement of torsional
angles. Another significant interaction involves the donation
of a hydrogen bond by the terminal OH group, which may also
correlate with the formation of a hydrogen bond between the
fourth and second monomeric units, ultimately resulting in a
right-handed, tight helix 2.64,.

The hydrogen bonding scheme gets significantly more com-
plicated for longer sequences. For octamer, different helical
arrangements, mainly corresponding with ‘wide’ helices are
possible.

At the same time, for dodecamer, it seems like the mono-
meric units from 9% to 12 have fairly clear affinity towards
helical arrangements, while the oligomer segment of mono-
mers between the first and 8th seems to assume a hydrogen
bonding scheme more similar to sheet-like, as shown in E4
segment of the Fig. 3, though highly imperfect. That said,
looking at hydrogen bonding maps alone not only does not
allow left- and right-handed helices to be reliably distin-
guished, but can lead to other misinterpretations when sec-
ondary structures have sufficiently similar corresponding
hydrogen bonding schemes. In fact, conformational analysis
data as well as visual interpretation of trajectories paint a
different picture, as the structure does not seem to be sheet-
like structures, but could be more accurately described as a
helix ‘looping back on itself’.

Although information gathered from the analyses based on
local conformations and hydrogen bonding reveals some
important structural features of the studied oligomers, it does
not represent fully which conformations dominate in the
studied systems. To supplement for that, Free Energy
Landscapes (FEL) created with Principal Component Analysis
(PCA) in the torsional angle dataspace was performed (more
detailed figures, comparison against PCA performed in the
Cartesian coordinate space as well as variance ratios can be
seen in Fig. $19-S24). The PCA-FEL analysis in case of tetramer
shows a relatively simple picture, as presented in Fig. 4A. The
most important portion of the landscape is constituted by the
dynamics between the ‘wide’ helix and the 2,, helix, which
appears in the top-left region. Between the minima corres-
ponding with the two helices, there exists a shallower one
corresponding to an intermediate structure. This part of the
landscape shows a mostly bistable type of behavior, yet the tet-
ramer can also reach other conformations, that are outside
this region and one of the conformations it can assume corres-
ponds to a minimum of a comparable depth to the two helical
conformations. In that minimum one can find misfolded
structures stabilized by hydrogen bond involving the terminal
OH group.
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(A) Hydrogen bonding maps portraying the relative frequency of hydrogen bond formation between donor (indicated by the row index) and

acceptor monomers (column indices), for tetramer, octamer and dodecamer, respectively. The values presented on the maps are relative to the
highest signal in each oligomer, for absolute number see S| — Fig. S16—S18. Hydrogen bonding schemes presented under the hydrogen bonding
maps have secondary structure domains highlighted with colors: cyan for left-handed helix and magenta for ‘helix looping back on itself’. (B) Model
maps of ideal hydrogen bonding schemes with related secondary structures. E(1, 2) correspond with helices and E(3, 4) with sheet-like structures. It
is important to notice that these maps show only donor acceptor relationship, therefore are insufficient for differentiating between right- and left-

handed helices.

More complex behaviors are observed for both the octamer
and the dodecamer, as shown in Fig. 4B and C. Expectedly, in
both cases, the FEL minima are not as deep as those observed
for tetramer, although the difference is not necessarily sub-
stantial (up to 1.05 kJ mol™"). In the case of the octamer, even
though the clustering and the hydrogen bonding analyses
already pointed to the existance of imperfect helical confor-
mations rather than a single properly folded conformation, it
is more clearly visible on the PCA-FEL map, as in the bottom
left region a series of FEL minima can be observed. In the case
of the dodecamer, as the clustering data suggested, full helices

4628 | Polym. Chem., 2025, 16, 4622-4636

are not playing a significant role in the folding of dodecamers.
Instead, structures corresponding to the major minima
contain an array of torsion angles leading to chain reversion at
a selected point. This tends to cause the post-twist part of the
chain to interact hydrogen-bonded with the pre-twist part,
usually locally retaining features corresponding to helical
structures. FEL based on mapping of radius of gyration (R,)
against root-mean-square-deviation (RMSD) (see SI, Fig. S25)
generated for oligourethanes studied here support the results
derived from PCA analysis discussed above. Interestingly,
despite dodecamer being approximately 1.5 times longer than

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 PCA-based FEL for tetramer (A), octamer (B) and dodecamer (C). In (A) three significant local minima can be observed for tetramer, two of
which are types of helices (‘wide' helix 4,, — structure on the left, 2;5helix — structure in the middle), while the third is a misfolded species stabilized

by hydrogen bond donated by terminal OH group (shown on the right).

octamer, the range of typically assumed R, values does not
increase proportionally. This is an effect of the change in pro-
pensity from helix in the octamer to helix looping on itself in
the dodecamer, strengthening our conclusions from previous
analyses.

Even though the studied oligomers do not exhibit long-
range structural order in acetonitrile, they clearly exhibit sig-
nificant preferences towards an ensemble of structural
arrangements, accompanied by short-range structural order.
For the design of functional macromolecules based on build-
ing blocks of oligomers studied here, long-range order needs
to be achieved. Understanding the relationship between local
conformations and conformation of whole chain should be
the first step towards designing an approach for stabilization
of desired globular structures. A geometric analysis of struc-
tures built from monomers assuming defined, idealised local
conformations might prove beneficial towards that goal. It was

This journal is © The Royal Society of Chemistry 2025

realized through creation of backbone structures with speci-
fied torsional angles in two configurations: structures con-
structed from monomers assuming solely the specified confor-
mation and structures when only specified mer assumed this
conformation, while the remaining monomeric units assumed
the generally preferred conformations. Proceeding from these
specifications, two tables were prepared, presenting theore-
tical, idealised backbones of dodecamers.

In Table 1, for a set of torsional angles, that were chosen to
grant the best idea about the local dynamics of the dominant
conformation, parameters describing a helix are presented
(the negative value of the pitch indicates that the helix is left-
handed). Firstly, as can be seen from the significance of
changes corresponding with different torsional angles: the
dynamics of ¢ and ' angles seem to correspond mainly with
stretching and contracting of the helix (changes of the pitch),
while the dynamics of w" seems to correspond with helix
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Table 1 Characteristics of local dynamics of the dominant conformation?
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Pitch Radius a Radius b
Dihedrals [°] [A] [A [A Structure®
1 ¢ =-120 —-11.57 £ 0.01 4.23 £0.11 4.16 £ 0.26
w’=—-60
" =180
2 ¢ =-90 -3.41 £ 0.00 3.80 +0.13 4.08 £ 0.24
@’ =—60
" =180
3 ¢ =-150 -16.74 £ 0.02 3.27 £0.10 3.69 + 0.46 1
@’ =—60
" =180
4 ¢ =-120 —7.56 £ 0.01 4.35 £ 0.11 4.32 £ 0.29
w’=-=50
" =180
5 ¢ =-120 —11.02 £ 0.02 4.85 £ 0.07 4.86 £ 0.23
o’ =—60 1
" =—-170 (190)
6 ¢ =-120 —11.29 £ 0.01 3.65 +0.12 3.65 +0.25
®’ =—-60
" =170

“Structure - model structures of backbones generated based on torsional angles. These model structures were generated to be twelve monomers long (dodeca-
mers). The dihedral angles listed in the first column correspond to idealized values employed in the calculations. The pitch refers to the axial distance covered
by one complete turn of the helix. The radii a and b are obtained by fitting the helical profile to an elliptical shape, thereby conveying both the overall width
of the helix and its deviation from a perfectly circular profile. The table presents calculated pitch and radii for unweighted centers of backbone atoms in the

model structures, and uncertainties are measures of fit wellness.

radius dynamics. It is also important to notice that with the
high values of the pitch, formation of intrachain hydrogen
bonds will be restricted. This provides insight into both why
hydrogen bonds at many parts of the chains are not necess-
arily stable and why mean values of ¢ and o' are often shifted
towards lower values (reducing the helix pitch). This suggest
that additional forces contributing to reduction of the pitch
value, such as propensity towards reducing contact surface
with solution, would act in synergy helping to stabilize the
hydrogen bonds, in effect further stabilizing the helical fold.
Expectedly, far more significant structural changes can be
observed for changes of conformational states. As presented in
Table 2, conformational transitions have usually very signifi-
cant effects on overall structure of the oligomer, especially as
in few cases they can even lead to handedness reversal. The
main transitions from the dominant conformation, corres-
ponding to the helix reversal are @’ — 60 and w” — —90, and
as anticipated they contribute the most significant changes in
the oligomer. If they occur at monomer sufficiently far enough
from the terminal monomeric unit, they can allow for inter-
actions of different parts of the chain, by altering the direction
of chain progression in space (Table S6). Additionally, when

4630 | Polym. Chem., 2025, 16, 4622-4636

occurring at the same time, their effect can be considered even
more drastic, as it could lead to a locally non-helical structure.
Moreover, the structural change introduced by transition o" —
90, not only retains handedness, but also differs significantly
from what was observed for dynamics of the main confor-
mation presented in Table 1 only in values of the minor and
major radii. Presented information can be used to discern
which torsional angle transitions have significant structural
impact and which do not. Consequently, it can be seen that
the most important alternative conformational states observed
for tetramer and at the terminal monomeric unit of every
studied oligomer only slightly alter the helix, while the alterna-
tive conformational states observed at the fifth and sixth mono-
meric unit of the dodecamer are the ones that can lead to inter-
actions between different parts of the oligomer, allowing for for-
mation of structure described as ‘helix looping back on itself.
This could offer an explanation for hydrogen bonding scheme
observed for dodecamer, that was shown in Fig. 3. Interestingly,
observable change of folding tendency being observed for oligo-
mers after exceeding certain length is not unique for the oligo-
mers studied here, as a fairly similar behavior in triazine-based
oligomers was reported by Ahn and Grate.'?

This journal is © The Royal Society of Chemistry 2025
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Table 2 Characteristics of structural changes corresponding with conformational transitions?
Dihedrals Pitch Radius a Radius b
[°] [A] [A] [A] Structure”
1 ¢ =-120 11.31 £ 0.01 1.57 £ 0.09 1.60 £ 0.23
@’ =60
" =180
2 ¢ =-120 —8.10 £ 0.00 1.79 £ 0.09 1.78 £ 0.16
w’ =—-60
" =90
3 ¢ =-120 —6.50 £ 0.00 2.47 + 0.06 2.56 £ 0.17
@’ =60
" =90
4 =-120 Non-helical structure ’
w’ =60
" =-90
5 ¢ =-120 22.60 = 0.02 4.64 +0.11 4.72 £ 0.16
w’ =—-60
" =-90
[V

“Structure - model structures of backbones generated based on torsional angles. These model structures were generated to be twelve monomers
long (dodecamers). The dihedral angles listed in the first column correspond to idealized values employed in the calculations. The pitch refers to
the axial distance covered by one complete turn of the helix. The radii a and b are obtained by fitting the helical profile to an elliptical shape,
thereby conveying both the overall width of the helix and its deviation from a perfectly circular profile. The table presents calculated pitch and
radii for unweighted centers of backbone atoms in the model structures, and uncertainties are measures of fit wellness. Notice: the investigated
model structures are purely theoretical, as it is extremely unlikely for dodecamer to assume them. However, for longer chains characterizing such

structures might still prove a useful reference.

All this information should already provide insights into
general behavior of studied oligomers, but the acquired under-
standing of the chain dynamics is still limited. To directly
gather information about the chain dynamics of studied oligo-
mers, it is necessary to examine the torsional transitions
observed in molecular dynamics simulations. Based on this
data, Markov chains, inspired by MSMs, were constructed. The
Fig. 5 presents distributions of transitions probability of con-
formation changes, using the violin plot for representation.
The distributions are extremely wide, with a number of points
outside of cap range, which most likely results from
inadequate statistical sampling of less frequently assumed
local conformations. Despite the limitation, some important
information can still be extracted from it, namely:

« rotation of the ¢ angle (outside of standard dynamic range
around —120°) is extremely rare, and if it would be necessary to
be considered, computational methods for overcoming energy
barriers might be necessary to study the folding process,

- the o' torsional angle of value around 60° is the most
unstable, but it is seen more often than 180° because prob-
ability of oligomer assuming corresponding conformation is
much higher,

« the " torsional angle is the most active one as far as con-
formational transitions are considered,

This journal is © The Royal Society of Chemistry 2025

+ the w" torsional angle is more predisposed for transition
from 180° to —90° in general, but far more prone to come back
from it to 180°, while even though transition towards 90° is
less likely, its retention is more favorable.

These trends in random exploration illustrate why local con-
formations that differ by more than a single torsional angle
from the dominant conformation are relatively rare, causing
the oligomer to spend a significant portion of the simulation
time in conformations classified as wide helices and those
closely related to them.

Results from Markov chains constructed for conformational
transitions can be also grouped in a different manner. In
Fig. 6, we display transition probability vs. chain length for six
most important conformational transitions. In all instances, a
clear downward trend of transition probabilities can be seen.
This suggests that even though longer chains have higher
probability of locally assuming different conformation, confor-
mational transitions themselves are less likely to occur, which
should lead towards two consequences. Firstly, what is the
most important for material design, with the increase of the
length of oligourethane chains the fold stability should also
improve. Secondly, what is more important for modelling of
such chains, without applying efficient conformational land-
scape scanning methods, modelling of such materials might

Polym. Chem., 2025, 16, 4622-4636 | 4631


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5py00635j

Open Access Article. Published on 25 September 2025. Downloaded on 2026-06-20 11:17:10 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
0.30 ¢ angle transition w' angle transition w" angle transition
2025 2037 2z
!36 % % 03
8020 8 ks
2 g 02 2
2015 e So2
S <} S
3 0.10 i 3
E E 0.1 § 0.1
= 0.05 = I = l
0.00 —=+ T 0.0 l T F—t—t 0.0+ l F—t—
o o [cNeololoNoNel jelololoNoNel
¢ 9 eReBe e 798929
oT | UTTTTTO 7o To T 1
S ! 8o5o5 R L8565
= > Te80 - 8-a108&
I © | — =1 |

Fig. 5 Violin plots showcasing transition probabilities for different tor-
sional angles.
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get prohibitively expensive, as both the conformational land-
scape will increase its complexity and exploration itself will
proceed more slowly (not even mentioning the increased com-
putational cost arising from studying larger systems). With
this in mind, the comparison of conformational transition
probability shown in this work, as well as comparison of
general conformational affinities for the monomers, it should
be possible to choose sets of starting conformations for
efficient scanning conformational landscape of larger oligo-
mers and polymers based on oligourethane backbone. If this
interpretation is correct, then design approach focusing on
local torsional affinities, with correction for overall trends
observed for larger oligomers, should yield satisfying results
for formulating sequences of functional macromolecules
based on oligourethanes. That being said, to verify how well
this highly bottom-up approach work, just looking at mole-
cular dynamics trajectories with single method is insufficient.
This specific behavior might be a result of, what was theo-
rized by Ahn and Grate,"” that with increase of chain length,
the number of possible conformations and interactions that

4632 | Polym. Chem., 2025, 16, 4622-4636
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can stabilise them increases. As a results, the structure pre-
ferred in short oligomeric chains, might cease to be the most
beneficial in the longer ones. This probably plays an important
role in the observed behaviour of oligomers studied here, but
it does not directly explain why certain conformations are pre-
ferred over others. Although this could be partly explained by
properly accounting for intra-chain interactions, there is
another perspective that should be considered. Recognizing
that the acetonitrile is a polar solvent and that oligomers
investigated by us posses nonpolar sections, polarity domi-
nated solvophobic effect might play a role here. The solvopho-
bic effect would push oligomers to minimize the contact
surface with the solvent, promoting combinations of local con-
formations allowing for that. In fact, the rough estimate of the
energy required to increase the surface of interaction between
oligomer and solvent at 300 K (272-518 ] nm™> mol ™" - see
section B.VIII of the SI for details) appears to be considerably
lower than the average molar energy of hydrogen bonds.
However, it can still alter the free energy landscape, especially
considering that differences between different folded states
may reach several nm” even for as short oligomers as studied
here. This suggests that different folding patterns may be
observed in solvents that more closely match the mean oligo-
mer’s polarity, or with higher dielectric constant to diminish
this effect. In such cases, other interactions, such as dispersive
forces, should play significantly greater role, however, as this
falls outside of the scope of this study, it will not be further
explored in this work.

3.2 Experimental characterization of oligourethanes:
verification of MD data

In order to assess the predicted trends in secondary structure
formation and their transition with increasing oligomer
length, the chiroptical properties of the Boc-SSSS, Boc-(SSSS),,
and Boc-(SSSS); were studied using circular dichroism (ECD)
spectroscopy at UV range (Fig. 7A). The urethane monomeric
unit is a weak UV-active chromophore, where the signal comes
from m-n* transition of the carbonyl group, which appears
around 190 nm, within the transparent spectral window for
the selected solvent (>185 nm). The spectra were recorded at
0.1 mg mL™" in ACN. Due to limited solubility of dodecamer,
its spectrum was recorded in ACN with 30% addition of water.

All studied compounds exhibited optical activity, showing a
negative Cotton effect centered at 185-190 nm and an absorp-
tion maximum at 190 nm (Fig. S10). While the UV pattern
does not show critical differences, the pattern of the ECD spec-
trum shows changes depending on the oligomer length.
Comparing spectra of tetramer and octamer at the same
weight concentration, we observed a significant increase in
ECD signal intensity and shift of its maximum towards longer
wavelenghts. This change suggests different conformational
preferences of the backbone as a consequence of chain exten-
sion that is in line with MSA-MD data. This change may reflect
variation in contribution of distinct conformers forming a
dynamic equilibrium. Thus, the variations observed could be
attributed to changes in the organized folded structure,

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (A) ECD spectra of all oligomers (0.1 mg mL™, optical path
0.2 cm, ACN). Dodecamer spectrum was recorded in ACN with 30%
addition of water. (B) Simulated ECD spectra of tetramer, showcasing
contributions from the three main conformations. The computed ECD
spectra, using DFT-optimized structures, as described in 2.1 section,
were shifted by 1 eV to facilitate direct comparison with experiment. The
weights for the contribution of each major conformation were deter-
mined based on the relative number of structural occurrences in the
vicinity of each minimum, as presented in section B.IX of the S| and
Fig. S26.

suggesting a direct correlation between the oligomer length
and conformational preferences, potentially providing the
system with the ability to stabilize itself folded in preferred
helical conformers in acetonitrile. To interpret the experi-
mental data the ECD spectrum of the tetramer was simulated
as seen in Fig. 7B revealing contributions to the spectrum
from wide, tight, and misfolded helices (results obtained
using alternative methodology showcased in Fig. S27).

A shift of the maxima in ECD spectra is connected with the
increased amount of the left-handed helical conformations
with the extension of the chain up to 8 monomers, that is in
line with the MSA-MD outcome. Another feature is that the
extension of the chain to 12 monomeric units causes CD
signal intensity decrease, which is attributed to increased con-

This journal is © The Royal Society of Chemistry 2025
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tribution of misfolded structures or helix looping on itself as
found by computational studies.

4 Conclusions

The combination of data analysis methods proposed in this
work provides a toolbox for a comprehensive characterization
of the secondary structure of oligourethanes in an organic
solvent medium. Clustering applied at the local, monomer-
based level enabled the identification of behavioral trends
with increasing chain length and the correlations among
them. Hydrogen bonding maps, together with theoretical ana-
lysis of the relationship between conformation and preferred
structures, established a link between local and global oligo-
mer behavior. This relationship was further examined through
PCA-based FELs, which offer easily interpretable visualization
of the conformational space. The metastable conformations
identified from these FELs were instrumental in comparing
simulation outcomes with experimental observations, thereby
supporting the validation of the computational model. Finally,
the construction of local MSMs enabled the identification of
the specific regions within each residue that contribute most
significantly to the oligomer’s dynamic behavior, resulting in
alterations to the regularity and symmetry of its secondary
structure. Experimental validation by ECD spectroscopy con-
firmed that the MD simulations provided reasonable predic-
tions of the structural behavior exhibited by the oligour-
ethanes. Performed analyses also revealed how local flexibility
changes with increasing oligomer length, indicating a general
trend toward local stabilization that partially offsets, but does
not eliminate, the effects stemming from the concurrent
expansion of the conformational space. We found that increas-
ing the length up to 8 monomer units has the most significant
effect on conformation stabilization, as also demonstrated
experimentally by the amplification of the ECD signal. Further
chain elongation enlarges the range of possible confor-
mations, leading to a reduction in structural regularity, the for-
mation of more complex structures, and the differentiation of
local secondary structures into specific domains, e.g., helix
looping on itself. This effect was also observed by ECD ana-
lysis, which demonstrated a decrease in signal intensity with
chain elongation from 8 to 12 monomer units.

All simulations were conducted for isotactic oligomers,
demonstrating clear behavior of the urethane-based backbone.
Learning about the nature of the backbone and monomer
positions that tend to destabilize structural regularity opens
up unforeseen possibilities for introducing modifications
into chains by incorporating co-monomers in a sequence-
defined manner, which could alter the propensities towards
ranges of conformations by potentially destabilizing unfavor-
able conformations and stabilizing favorable ones. Our find-
ings provide the fundamentals that allow us to address the
control of secondary structure specificity of sequence-defined
polyurethanes, thereby helping to exploit the benefits of sec-
ondary structure domain differentiation. Therefore, this
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subject will be further explored and investigated in our future
work.
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