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ABSTRACT: Inspired by the adaptability observed in biological materials, self-assembly processes have attracted significant interest
for their potential to yield novel materials with unique properties. However, experimental methods have often fallen short in
capturing the molecular details of the assembly process. In this study, we employ a multiscale molecular dynamics simulation
approach, complemented by NMR quantification, to investigate the mechanism of self-assembly in a redox-fueled bioinspired
system. Contrary to conventional assumptions, we have uncovered a significant role played by the monomer precursor in the
assembly process, with its presence varying with concentration and the extent of conversion of the monomer to the dimer.
Experimental confirmation through NMR quantification underscores the concentration-dependent incorporation of monomers into
the fibrous structures. Furthermore, our simulations also shed light on the diverse intermolecular interactions, including T-shaped
and parallel 7 stacking, as well as hydrogen bonds, in stabilizing the aggregates. Overall, the open conformation of the dimer is
preferred within these aggregates. However, inside the aggregates, the distribution of conformations shifts slightly to the closed
conformation compared to on the surface. These findings contribute to the growing field of bioinspired materials science by
providing valuable mechanistic and structural insights to guide the design and development of self-assembling materials with
biomimetic functionalities.

H INTRODUCTION terials, drug delivery, and tumor diagnostics.z_5 CSH, an aryl-
containing cysteine-based thiol that on its own does not self-
assemble, when oxidized into its disulfide dimer (CSSC),
becomes a hydrogelator capable of forming fibers.””® By using
a redox reaction network to create and destroy the hydro-

Molecular self-assembly is used for the creation of nanostruc-
tures and material properties through the organization of
molecular building blocks exhibiting the appropriate intra- and
intermolecular interactions to yield the desired structural and
functional outcomes. Active self-assembly of materials has

gained attention in recent years due to its potential Received: ~ October 2, 2023
applications in various fields, as it allows for the production Revised:  January 8, 2024
of materials with tailored properties and performance.””> Accepted:  January 9, 2024

Many bioinspired small organic molecules, peptides, proteins, Published: January 30, 2024

and nucleic acids that self-assemble have been used in a variety
of applications such as the synthesis of conductive nanoma-
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Table 1. Summary of CSSC-CSH Simulations Performed
concentration (mM) box size (A) no. of waters no. of CSHs no. of CSSCs conversion to CSSC (%) simulation type time (us)

S0 98 31434 32 0 0 atomistic 0.51
S0 98 31469 24 4 25 atomistic 2.14
S0 98 31432 16 8 S0 atomistic 2.09
S0 98 31483 8 12 75 atomistic 2.18
S0 98 31500 0 16 100 atomistic 0.41
27 260 596420 161 80 S0 CG 22.69
S0 220 317083 321 0 0 CG 9.01
S0 220 319198 161 80 NY CG 40.00
S0 220 320947 0 160 100 CG 10.08

gelator, this self-assembly system can have transient dynamic
behavior that depends on the reaction conditions and acts as
an active self-assembly material.” The emergent properties and
the self-assembly process of the fibers can be further controlled
both spatially and temporally by adjusting electrical signals on
microelectrodes.” However, previous studies did not inves-
tigate the molecular-level mechanistic or structural details of
the fiber self-assembly, which are necessary for both under-
standing the self-assembly process and designing new self-
assembling molecules.

Hydrogen bonding has long been recognized as a crucial
intermolecular force driving the aggregation of gelators like
CSSC."” Additionally, van der Waals interactions, coupled with
the unique space-filling properties of nonpolar side chains,
have been postulated to offer selective binding sites for fiber
growth."? Crystal structures of di(p-toluoyl)-L-cystine (DTC),
differing from CSSC through two aromatic methyl substitu-
tions and two carboxyl groups, exhibit various modes of
molecular packing. The first mode involves aromatic amide
moieties forming hydrogen bonds with carboxyl groups from
neighboring molecules, resulting in a backbone arrangement
that aligns all aromatic groups in parallel, resembling a DNA-
like structure. In the second mode, a similar backbone
hydrogen bonding configuration is observed but with the
aromatic rings oriented in distinct directions.” Crystal
structures of di(p-nitrobenzoyl)-L-cystine (DNC), differing
from DTC through two aromatic nitro substitutions, showcase
a third mode. In this arrangement, each gelator adopts an open
conformation, with two aromatic groups distantly positioned
away from each other. Nonetheless, these groups stack in
parallel with neighboring gelators, stabilized by intermolecular
hydrogen bonds between neighboring amide protons and
carboxyl oxygens.” NMR results from bis(phenylalanine) oxalyl
amides, distinct from CSSC due to an oxalyl amide backbone
and aromatic carboxyl groups, suggest a fourth possible
packing mode. This mode gives rise to a lipid bilayer-like
structure, wherein phenyl groups are closely packed in the
central region, while the backbones are exposed to the
solvent.'" Furthermore, crystal structures of naphthalene-
dipeptides reveal additional modes of aromatic ring stacking,
encompassing off-centered parallel stacking and displaced
edge-to-faceinteractions between phenyl groups.'”

Although the analysis of crystal structures offers some
valuable insights into the macroscopic properties of gels, it is
often insufficient in elucidating the dynamic interactions within
the gel matrix.”'* Molecular dynamics (MD) simulations have
emerged as powerful tools for studying the self-assembly
processes of various systems, including small molecules,
peptides, and proteins. Fully atomistic MD simulations have
provided insights into the intricate molecular interactions that
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govern the self-assembly of these systems."”~'> However, due

to their high computational cost, atomistic MD simulations are
not a suitable approach when exploring self-assembly processes
at larger length and time scales.

To overcome these limitations, coarse-grained (CG) MD
simulations have been developed to offer a more computa-
tionally efficient approach for studying self-assembly phenom-
ena.'® By simplifying the extraneous details in molecular
representations, CG simulations offer a cost-effective approach
to capture the fundamental aspects of self-assembly.' CG
simulations routinely enable tens of microsecond-time scale
simulations of systems containing thousands of self-assembling
small molecules, as opposed to fully atomistic simulations,
which are typically limited to nanosecond—microsecond time
scales and hundreds of small molecules.'"® This enhanced
capability is essential to study extensive and prolonged self-
assembly behavior of biomolecules and functional materials,
facilitatin% a deeper understanding of these complex
systems.'”'” However, as CG models sacrifice some atomic-
level information, a challenge is to capture faithfully the precise
structural arrangements and fine-grained dynamics of the
assembled systems. Therefore, the interpretation of CG
simulation results should be done with validation with fully
atomistic simulation.'® Through both fully atomistic and CG
simulations, fundamental mechanisms of self-assembly can be
understood, and new materials with tailored properties can be
designed and synthesized.'®'" However, existing simulation
studies on self-assembling systems predominantly operate
within densely populated environments rather than reflectin
concentrations consistent with experimental conditions.”’™”
Additionally, these investigations often overlook the significant
role played by precursors, a crucial factor in understanding
active self-assembly systems.”*~>*

Here, we follow a multiscale MD simulation approach that
utilizes both fully atomistic and CG simulations to investigate
the self-assembly of the CSH/CSSC system. We find that
CSSC readily aggregates in solution and free CSH can
participate in these aggregates in a concentration dependent
manner. The concentration dependent presence of CSH in
self-assembled fibers was verified using solution "H NMR. We
find that hydrogen bonding between amide N—H and carbonyl
oxygen as well as both parallel and T-shaped 77— interactions
is involved in aggregate stabilization. Aggregate growth appears
to be modulated by transitions from open to closed
conformations of CSSC molecules upon their integration
into the aggregates.

B METHODS

Atomistic Simulations. Five all-atom MD simulations
were prepared, each comprising 32 CSH-equivalent units, with
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Scheme 1. Illustration of the Coarse-Grained Bead Mapping a
(Magenta) Depicting (a) CSSC and (b) CSH Molecules,
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varying extents of dimerization (0%, 25%, 50%, 75%, and T g% ! . . . .
100%) at a concentration of S0 mM (Table 1). The 0.0 0.5 1.0 15 20
corresponding CSH and CSSC molecules were positioned in Time (ps)

a cubic grid and solvated in 250 mM NaCl aqueous solutions.
System preparation was performed using the VMD 1.9.3
software package.”

All-atom MD simulations were performed using NAMD3a6

Figure 1. (a) Configuration snapshot of the largest aggregate in the
32-unit fully atomistic simulation at S0 mM and 50% conversion to
CSSC. Time evolution of (b) aggregate size (in number of CSH
equivalents) and (c) the percentage of CSSC in the largest aggregates.

and NAMD3a11.>** The CSH force field parameters were The presence of CSSC leads to aggregation, and both CSH and CSSC
generated using the CHARMM general force field (CGenFF) are present in the aggregates. In all simulations, almost all CSSC are in
program version 1.0.0 with the CGenFF force field version the largest aggregates.
2.4.0.777°° CSSC was modeled by using the disulfide bond
patch from the CHARMM36m protein force field to connect systems at a concentration 50 mM and varying dimerization
two CSH molecules.”*> The TIP3P model®® was used for extent (0%, 50%, and 100%) and one at a concentration of 27
water, and the CHARMM36 force field®' was used for the mM and 50% conversion to CSSC (Table 1). Coarse-grained
ions. The initial configuration was subjected to 10 000 steps of models of CSH and CSSC were generated from all-atom
conjugate gradient energy minimization, followed by a 250 ps representations using the SIRAH 2.0 mapping for proteins as
MD simulation during which harmonic restraints on the heavy shown in Scheme 1.*' The corresponding number of CG
atoms of CSSC and/or CSH were gradually relaxed. The molecules were placed on a grid using VMD 1.9.3 and solvated
smooth particle-mesh Ewald method’*”> was used to calculate in 250 mM aqueous NaCl using GROMACS 2020.4.”**>*
the electrostatic interactions. Short-range, real-space inter- The CG MD simulations were performed using the
actions were cut off at 10 A by means of a switching function. GROMACS software package (versions 2020.4 and
A reversible, multiple time-step algorithm was used to integrate 2022.1).** The SIRAH 2.0 force field for proteins was
the equations of motion with a time step of 4 fs for used for CSH and CSSC,"" and the WT4 model was used for
electrostatic forces, 2 fs for short-range nonbonded forces, waters with the corresponding SIRAH models for ions.** The
and 1 fs for bonded forces.”® The SHAKE and SETTLE initial configuration was subjected to 45 000 steps of steepest
algorithms were used to hold fixed all covalent bonds involving descent energy minimization, followed by a 1.5 ns of dynamics
hydrogen.””** The simulations were run at constant temper- over which positional restraints of 1000 kJ-mol™'-nm™ were
ature (300 K) and constant pressure (1 bar). A Langevin applied on all CSH and/or CSSC CG beads. The smooth
dynamics scheme was used for temperature control, and a particle-mesh Ewald method was used to calculate electrostatic
Nosé—Hoover-Langevin piston was used for pressure con- interactions.”** Short-range, real-space interactions were cut
trol.** off at 12 A by means of a switching function. The leap-frog
Coarse-Grained Simulations. Four CG simulation integrator was used to integrate the equations of motion with a
systems with 321 CSH-equivalent units were prepared, three time step of 20 fs.*> The simulations were run at constant
1268 https://doi.org/10.1021/acs.jpcb.3c06572
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Figure 2. (a) Configuration snapshot of the largest aggregate, with main principal axis drawn in blue, formed in the 321-unit CG simulation at S0
mM with 50% conversion to CSSC. Time evolution of the size of the largest aggregate (in CSH equivalents) (b) at SO mM with different percent
conversion to CSSC and (c) at two different concentrations with 50% conversion to CSSC and (d) percentage of CSSC in the largest aggregate at
50% conversion to CSSC. In all simulations, almost all CSSCs are in the largest aggregates.

temperature (300 K) and constant pressure (1 bar), with the
V-rescale thermostat for temperature control and the
Parrinello—Rahman barostat for pressure control.***’

Simulation Analysis. CSSC-CSH aggregates were identi-
fied and characterized using a graph representation, wherein
vertices correspond to small molecular moieties as shown in
Scheme 2: phenyl ring (PHE), terminal amide (AM1),
aromatic amide (AM2) and thiol (CYS), and edges are
assigned if any two heavy atoms (in the atomistic systems) or
beads (in the coarse-grained systems) are found at a distance
of less than a cutoff value (atomistic systems, 5.4 A, for
carbon—carbon, 6.3 A for sulfur—sulfur, and 4.6 for all other
pairs; coarse-grained systems, 5 A for all pairs).** Graph
representations were generated using VMD 1.9.3* and
network analyses were performed using the Social Network
Analysis (SNA) package for the R statistical computing
environment.”””’ Molecular graphics were generated with
VMD.*!

NMR Quantification of Fiber Composition. Fibers were
prepared as previously described.’” Briefly, solutions of 2.5 and
S mM CSH in pH 6 Tris buffer were prepared in 1 mL
microcentrifuge vials, to which an appropriate quantity of
hydrogen peroxide was added to achieve 50% conversion of
CSH to CSSC. The samples were vortexed thoroughly to mix,
followed by an incubation period of 1.5 h to allow the reaction
to reach completion resulting in full gelation of the system.>”
The vials were centrifuged at 800 rcf for 30 min to separate the
gel phase from the supernatant. A sample was collected and
dissolved in DMSO-d, for 'H NMR analysis.

'"H NMR measurements were conducted to probe the
composition of the gel phase, employing an average of both the
benzamide proton (8 4.52 ppm for CSH, 4.73 ppm for CSSC)
and methine proton peaks (5 8.49 ppm for CSH, 8.63 ppm for
CSSC) of CSH and CSSC. These peaks were fully resolved
and chosen for their suitability in gauging the relative
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quantities of CSH and CSSC present within the gel phase. A
representative '"H NMR spectrum for the gel sample is
included in the Supporting Information (Figure S3).

B RESULTS AND DISCUSSION

Motivated by the goal of characterizing the molecular
interactions that control the self-assembly of CSH and CSSC

0.2014  Simulation . CG . Full atomistic
o 0.154
o
c
o)
© 0.10 1
>
o
o
- E
0.00 4
ng @q/ @‘T/ @N
3 X X X
4 N W N
] & o ®

Moiety-based interaction pair

Figure 3. Prevalence of pairwise moiety-based interactions in the
largest aggregate at S0 mM and 50% conversion to CSSC.
Comparable values for key interactions suggest consistency between
the fully atomistic and CG MD simulations.

into fibers,® the aim of this study is to elucidate the
fundamental processes governing the aggregation behavior
through multiscale MD simulations. Fully atomistic simu-
lations of CSH/CSSC in solution were performed with various
CSH:CSSC ratios and concentrations, with additional CG
simulations conducted to explore larger aggregates (Table 1).

The atomistic simulations show that CSSC readily
aggregates in solution (Figure 1), consistent with the available
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Figure 4. Time evolution of gyration tensor moments of the largest
aggregate in the 321 CSH-equivalent unit CG simulations (a) at S0
mM with 100% conversion to CSSC, (b) at S0 mM with 50%
conversion to CSSC (see Figure 2), and (c) at 27 mM with 50%
conversion to CSSC.

100%

CSH composition
in aggregate

0% 4

2.5mM 5 mM
Initial CSH concentration in solution

Figure 5. Average percentage of CSH in fibers from liquid-phase 'H
NMR determined by both amide proton and methylene proton peaks.
The presence of CSH is concentration dependent and qualitatively
agrees with the MD simulations (see Figure lc and Figure 2d).

experimental evidence.” As shown in Figure 1b, higher
conversion to CSSC leads to larger and more stable aggregates.
While the pure CSH system also had some small aggregates,
they disassembled rapidly. Further analysis of the makeup of
the aggregates (Figure 1c) reveals that CSH participates in the
aggregation, which was not considered in previous exper-
imental studies.’”
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Figure 6. Individual molecule turnover every 0.2 us in CSH/CSSC
aggregates in 321-unit CG simulations with 50% conversion to CSSC
at (a) 27 mM and (b) S0 mM. While both engage in aggregation,
CSSC is more stable within the aggregates than CSH.

To verify that the aggregation observed in the 32 CSH-
equivalent units atomistic simulations was not an artifact of the
small system size, we performed CG simulations of 321 CSH-
equivalent units at SO mM in solution (Figure 1). As shown in
Figure 2b, the larger CG simulation system exhibits
aggregation behavior similar to that observed in the atomistic
simulations and confirms that aggregation is strictly due to the
presence of CSSC. However, even at the CG-level, it is not
feasible to perform simulations at the CSH concentration
levels of 10 mM used in experiments.® Nevertheless, Figure
2¢,d demonstrates that aggregation still occurs in a similar
manner at the lower concentration of 27 mM.

Figure 3 shows that, at a 50 mM concentration of CSH-
equivalent units and 50% conversion to CSSC, the prevalence
of key moiety-based interactions that are involved in the CSH/
CSSC self-assembly”*® are similar in the CG and atomistic
simulations. This consistency between both levels of molecular
representation confirms that the SIRAH CG model is suitable
for scaling-up MD simulations of CSH-CSSC systems.

CSH in solution self-assembles into fibers upon oxidation to
CSSC.*>* Although the 321 CSH-equivalent CG simulations
are too small to generate fibers, an analysis of the largest
aggregate gyration tensor shows persistent anisotropy across all
simulations, as shown in Figure 4. These results suggests that
fiber growth may be achieved in a hierarchical manner via the
coalescence of anisotropic aggregates such as the one depicted
in Figure 2a.

Our simulations show consistent participation of CSH in the
aggregation of the CSSC/CSH systems in a concentration-
dependent manner and predict that the higher the CSH
concentration, the more CSH is involved in the largest
aggregate. To verify this prediction, we performed NMR
analysis of the fibers obtained from experiments in which the
conversion of CSH to CSSC was 50%. As shown in Figure 5
and Tables S1 and S2, CSH is present in a similar
concentration dependent manner in fibers produced upon
incomplete conversion of CSH to CSSC. While CSH and
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obtained from atomistic simulations.

CSSC both engage in aggregation, their stability in the
aggregates differs vastly as shown by their turnover in the
aggregate, defined as the percentage of molecules of interest
that are no longer in the aggregate from the previous time lag
of 0.2 ps in the MD simulations (Figure 6).

Both intermolecular hydrogen bonding and 7—7 interactions
have been identified in the experimental literature as
participating in the self-assembly of small hydrogelators, such
as CSH/CSSC.>712 T¢ characterize these interactions in our
atomistic simulations, we analyzed the relevant configurational
landscapes as shown in Figure 7a—d. The distance—angle
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histograms shown in Figure 7c and Figure 7d are expressed in
free-energy units according to

= —k,T1
’ Og( W

where kj is Boltzmann’s constant and P(r, cos(6)) is the
distance—angle joint probability density. The reference state,
with density P,; was taken as the average at a distance of 35 A
for all angles.

T-shaped and parallel 7—7 interactions are defined as
distance-angle pairs within the G = —1.2 kcal-mol™" contours

P(r, cos(0))

ref
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in the PHE—PHE distance-angle histogram (Figure 7c).
Hydrogen bonds are defined as when acceptor O and donor
N are within 3.5 A and the acceptor—hydrogen—donor angle is
larger than 147° (Figure 7d). Figure 7ef shows that both
interactions are enhanced with increased percent conversion to
CSSC, which suggest both are important to aggregate stability.
Notably, crystal structures formed by molecules similar to
CSSC predominantly exhibit intermolecular hydrogen bonds
between the aromatic amide (AM1) group and nonaromatic
carboxylic groups (AM2 equivalent).”'"'* However, in our
simulations, an equal number of intermolecular hydrogen
bonds occur between the two aromatic amide groups as well as
between an aromatic amide (AM1) group and a nonaromatic
amide.

The distribution of the distance between the phenyl carbons
linked to the carbonyl carbon (aC) in the two PHE groups in
an individual CSSC was computed to investigate the
conformational preferences of CSSC. At infinite dilution,
both open (higher distances) and closed (lower distances)
conformations are present in both the atomistic and CG
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simulations, but in the CG simulation the open conformation
is more preferred (Figure 8). Figure 9 shows that in the CG
simulation, when CSSC has one or more aromatic rings
exposed to solvent on the surface of aggregates, it shifts to a
more open configuration than the CSSC inside the aggregates.
An in-depth analysis of the dihedral angle in PHE—S—S—PHE
indicates no specific preference for the relative ring position at
PHE—PHE an increased distance (Figure S2).

X-ray crystallographic structures of compounds that are
structurally similar to CSSC have revealed that both open and
closed conformations could form fibrilar assemblies stabilized
by hydrogen bonding, and structures of aromatic-rich
dipeptides have shown that off-centered parallel and T-shaped
m—n interactions are possible stabilizing forces within
'aggreg21tes.6’7’“’12 Specifically, when compared to the parent
compound of CSSC, dibenzyl-L-cystine, and its derivative,
di(p-toluoyl)-L-cystine, the presence of the amide groups in
CSSC, in place of the carboxyl groups, potentially reduces the
likelihood of selective intermolecular hydrogen bonding
between amide and carboxyl groups.6’7 Consequently, there
is a higher propensity for hydrogen bonding of CSSC with
water, thereby favoring gelation over crystallization. Addition-
ally, the diminished selective hydrogen bonding might also
confer greater conformational flexibility to the CSSC
molecules. This increased flexibility could facilitate the close
packing of CSSC molecules assuming closed conformations
deep inside the aggregates, while concomittantly allowing for
hydrogen bonding with water in more open conformations on
the surface of the aggregates.

B CONCLUSIONS

The present study utilized atomistic and CG MD simulations
to investigate the aggregation behavior of the CSH/CSSC
system. The simulations demonstrated that when conversion
to CSSC is not 100%, both CSH and CSSC are present in the
fibers, in contrast to previous assumptions that only CSSC is
involved. Furthermore, the higher the concentration of CSH
and CSSC, the more CSH is present in the aggregates, as
confirmed by NMR results reported here. Interestingly, CSH is
less stable in aggregates compared to CSSC, suggesting that
CSSC may act as a nucleation site for CSH.

Examination of the importance of intermolecular forces in
the formation of aggregates also revealed that both z—z
interactions and hydrogen bonding play significant roles.
Additionally, our simulations showed that while CSSC
molecules overall have a more open configuration, CSSC
molecules inside the aggregates tend to adopt a closed
configuration more frequently compared to those on the
surface, possibly allowing them to interlock with one another
through their phenyl rings. Disulfide bonds were found to
potentially stabilize the open configuration of CSSC, thus
promoting initial nucleation via 77—z interactions on the
surface of the nascent clusters.

Overall, this study highlights the importance of considering
the participation of CSH in the formation of CSH-CSSC
aggregates and provides new insights into the underlying
mechanisms governing their assembly and the interactions
determining their stability. These findings may have
implications for the design of novel materials with tunable
self-assembly properties.
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