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ABSTRACT: Supramolecular peptide assemblies (SPAs) hold
promise as materials for nanotechnology and biomedicine. Although
their investigation often entails adapting experimental techniques
from their protein counterparts, SPAs are fundamentally distinct
from proteins, posing unique challenges for their study. Computa-
tional methods have emerged as indispensable tools for gaining
deeper insights into SPA structures at the molecular level, surpassing
the limitations of experimental techniques, and as screening tools to
reduce the experimental search space. However, computational
studies have grappled with issues stemming from the absence of
standardized procedures and relevant crystal structures. Fundamen-
tal disparities between SPAs and protein simulations, such as the
absence of experimentally validated initial structures and the
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importance of the simulation size, number of molecules, and concentration, have compounded these challenges. Understanding
the roles of various parameters and the capabilities of different models and simulation setups remains an ongoing endeavor. In this
review, we aim to provide readers with guidance on the parameters to consider when conducting SPA simulations, elucidating their

potential impact on outcomes and validity.

I. INTRODUCTION

Supramolecular peptide assemblies (SPAs) are garnering
significant attention as potential novel materials for applica-
tions in biomedicine and nanotechnology.' > They emulate
the capacity of proteins to self-assemble into well-ordered
structures. This simplifies material synthesis, enabling the
creation of structures using peptides containing fewer than 10
amino acids. Similar to the proteins they mimic, the assembled
morphology and properties of the resulting material are
encoded by their sequence.””® Minor alterations in the amino
acid sequence can induce significant structural changes and
affect crystallinity, molecular mobility, and, consequently,
bioactivity.””” Sequence modifications also impact the
material’s surface, influencing interactions with cells, altering
viscosity, and }z)otentially triggering the formation of super-
structures.' %! Therefore, rationalizing the connection
between material properties and amino acid sequence has
become a priority in developing customizable biomaterials.
Experimental efforts have clarified the impact of small
variations in SPAs sequence, encompassing differences in
amino acid nature (charged, polar or apolar, and aromatic or
aliphatic), size, and position in the sequence.'>”'® While the
sequence dependence of SPA properties is beyond doubt, the
underlying rationale often remains elusive. Unlike the
abundant repositories of proteins, crystal structures of short
peptides are frequently unrepresentative of their assembled
© 2024 The Authors. Published by
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state.'”'® Additionally, polydispersity in samples for cryogenic
transmission electron microscopy (cryo-TEM) hampers the
resolution of molecular details. Although techniques like
Fourier-transformed infrared (FTIR), circular dichroism
(CD) spectroscopies, and wide-angle X-ray scattering
(WAXS) can be employed to construct models,"”™>" they
are mostly unrealistic owing to the multitude of possible
arrangements of peptides, and often overestimate intermolec-
ular order. This challenge intensifies in coassemblies, where
diverse peptides assemble into complex materials,” being
often unattainable to discern the degree of mixture and the
arrangement of each component in the coassembly.”*~>* Thus,
despite numerous advances and the development of a rather
extensive library of peptide-based supramolecular materials, the
discovery of new materials often depends on serendipity.
Currently, only a few design rules can be considered general,
and the function-focused development of materials is not
teasible, except through simple modifications in existing SPAs.
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Computational methods have gained popularity to bridge
the experimental gap between the building block sequence and
the supramolecular structures, as well as the material
properties.”””” They facilitate a more profound understanding
of the self-assembly process and the properties of the
supramolecular structures, offering detailed insights into the
underlying interactions, the impact of amino acid sequences,
and specific environmental changes.”* *° Their integration
with experimental studies enhances the interpretation of
experimental results and/or optimizes the development of
materials with specific properties.”*>~>"

The computational methods are often borrowed and
adapted from protein-based methods. While this offers a
range of existing tools and protocols, their applicability to SPAs
is not always straightforward owing to issues such as structure
uncertainty, system size, and concentration variations. Addi-
tional challenges arise in SPAs that include nonpeptide
sections such as aliphatic or aromatic moieties in peptide
ampbhiphiles (PAs) and aromatic peptide amphiphiles (APAs),
respectively.”>*” These challenges extend to validation, as the
analysis protocols for computational studies in SPAs may not
always align directly with experimental quantities. Conse-
quently, a focused reassessment of these methods in their
application to SPAs is imperative.

In this review, we aim to assist beginners by providing
guidance on computational approaches, with specific attention
to methods, system setup, and the information they yield. The
focus is not to provide an overview of computational
achievements or breakthroughs in the field of SPAs but to
address the technical considerations when employing these
methods. For a broader understanding of computational
advancements, we recommend referring to reviews by Tuttle
et al. and Marrink et al. in peptide self-assembly,”**” or by
Pavan and Bochicchio, more general in the field of supra-
molecular polymers.*

Il. SPAs AT DIFFERENT RESOLUTIONS: FROM
ELECTRONS TO MOLECULAR ASSEMBLY

In supramolecular chemistry, computational methods are used
to (a) give insights into the structural properties and self-
assembly process, and (b) guide the design of supramolecular
structures. In particular, computational methods allow access
to spatial-temporal details on the nanoscale, inaccessible by
experimental methods.

The choice of a computational method depends on factors
such as the problem being addressed, the system size, and
available resources (Figure 1). They can be categorized into
quantum mechanical (QM) and classical (molecular mechan-
ical, MM) approaches. Both provide energy values for a given
set of atomic positions, which can be optimized to obtain a
structure at a (local) minimum and can access dynamics of the
system by molecular dynamics (MD), i.e., propagating the
atom positions using Newtonian equations. The QM methods,
provide an accurate and robust description of a system while
being easy to setup. However, their high computational cost
usually prevents MD simulations and limits their application to
small, static systems, often unrepresentative for SPAs. On the
other hand, classical approaches are efficient and suitable for
studying systems on a scale of SPAs systems and MD on a
scale of milliseconds. Therefore, in practice classical
approaches are almost always associated with MD and its
nondynamic version, MM, is rarely used. However, they
require a strong setup and parametrization effort. In what
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Figure 1. Scheme of the scope of different computational methods
(DFT, MM, AA-MD, and CG-MD) as a function of required
structural resolution or properties of interest, required time resolution,
system size, and initial knowledge.

follows, we briefly introduce the QM and classical MD
methods, illustrating their strengths and weaknesses in
modeling SPAs.

Il.a. QWM/DFT. At the heart of quantum chemistry lies the
Schrodinger equation, typically in its time-independent form
with the Born—Oppenheimer approximation, which, when
solved, provides all possible observable information about the
system. Unfortunately, exact solutions of the Schrodinger
equation are only known for a few simple cases, such as the
particle in a box, the harmonic oscillator, or the hydrogen
atom. Consequently, QM methods employ approximation and
numerical techniques to offer insights into physically
interesting systems. These methods are broadly categorized
into wave function-theory (WFT) based, density functional
theory (DFT) approximations, and semiempirical methods
(sQm).
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WEFT-based methods are based on solving Schrodinger
equation in its original form and are renowned for their
accuracy and robustness. However, they come with a high
computational cost, often rendering them impractical for SPAs
applications. An exemplary method within this category is the
coupled-cluster approach, often regarded as the ’gold standard’
and frequently used as a reference in numerous benchmark
studies. On the other side, SQM comprise of QM methods
with drastic approximations and parameters fitted to empirical
data.*' As a result, they can model medium systems (~10°
atoms), but with trade-offs in accuracy and robustness. Notable
examples of SQM methods include PM6, PM7, DFTB3, and
GFN2-xTB.”7*

DEFT is probably the most popular QM method in the SPA
field. It is based on solving the Schrodinger equation using
electron density rather than wave function. They are more
efficient than WFT and can be applied to study small-sized,
such as small supramolecular assemblies (~10* atoms). When
used appropriately, they offer reliable and robust results,
providing accurate energies and structural properties. While
the theory of DFT is exact, the precise form of the key
component of this theory, the exchange-correlation functional,
is unknown, which leads to the formulation of at least 400
different approximations.”’ They can be categorized by
Perdew’s Jaccobi Ladder, in which at the bottom of accuracy
lies the Hartree world/hell and each subsequent rung
introduces an additional ingredient to the functional, finishing
in “heaven” of chemical accuracy (Figure 2).** The functionals
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Figure 2. Typical accuracy and relative computational time for QM
methods. Often, DFT methods are categorized (with increasing
accuracy) as generalized gradient approximation (GGA), meta-GGA,
hybrid, and double-hybrid. In general, methods with more
components yield more accurate results but higher computational
costs. Figure based on ref 50.

on the first three rungs focus on electron density and can be
categorized as local density approximation (LDA), based only
on electron density, generalized gradient approximations
(GGA), which also includes electron density gradient, and
meta-GGA, which includes higher-order derivatives of electron
density. The fourth and fifth rungs, named hybrids and double-
hybrid functionals, include nonlocal effects by combining DFT
with WET methods. In principle, the higher the rung on the
ladder, the greater its accuracy and computational cost.
Therefore, knowing where the chosen approximation is in
the ladder is helpful as it gives rough guidance about the
accuracy and computational efficiency of the method.” For a
detailed introduction to DFT, we recommend reviews by
Grimme et al. and Goerik et al.>>*"

The two most common strategies for selecting the functional
are based on (a) previous literature in the field/popularity and
(b) benchmarks. While the former approach is commonly
employed, caution is advised as the field continuously evolves,
with new methods being developed and older ones potentially
becoming outdated.”” Alternatively, benchmarks offer an
objective evaluation of the functional performance. The two
most popular benchmarks are GMTKNSS and
MGCDBS84,°>** which contain 40% of data to test the
noncovalent interaction of small organic molecules as well as
the relative energies of amino acids and small peptide
conformers. Both show that the family of wB97 performed
particularly well, with the best performing functionals wB97X-
V and wB97M-V, followed by wB97X-D3 or wB97X-D. They
emphasize the need of dispersion-corrected functions to
describe weak nonbonded interactions accurately. It is worth
noting that both benchmarks were published in 2017 and,
since that time, new promising methods have been
developed.”*

In order to solve the Schrodinger equation, an accurate
representation of electron density is essential. DFT calculations
commonly employ basis sets, offering a practical and
computationally efficient approach to approximate electron
density. The basis sets are available in a variety of sizes, starting
with the minimal basis sets (e.g., STO-3G), followed by split-
valence (e.g., def2-SVP, cc-pVDZ, 6-31G*), triple-{ (e.g., def2-
TZVP,cc-pVTZ, 6-311G*), quadruple-{ (e.g., def2-QZVP, cc-
pVQZ), etc. The accuracy and computational cost of the
calculations increase with the basis set size. Therefore, it is
essential to balance the trade-off between precision and
efficiency. A smaller basis set increases the probability of
encountering issues associated with an incomplete basis set,
known as basis set superposition error (BSSE), which leads to
an artificial overestimation of noncovalent interactions. As a
result, it is recommended to use at least a triple- sized basis
set or employ BSSE corrections.

The presence of a solvent in QM can be considered (a)
implicitly by using one of the continuum solvation models
(e.g, CPCM, SMD, or COSMO) or (b) explicitly by adding
solvent molecules to the system.”® The first approach is more
common due to its simplicity and lower computational cost.
Alternatively, the second might offer some advantages in cases
of strong solvent—solute interactions. However, this approach
often requires lengthy and laborious optimization due to a
larger system and the need to explore the optimal position of
solvent molecules. Therefore, the computational cost might
outweigh the advantage of an explicit solvent and should be
considered only if necessary.
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Regarding their application to SPAs, QM methods are highly
suitable for single molecules and small assemblies as, for such a
system, the calculations can be relatively fast and provide
accurate energies and structural properties, such as intra- and
intermolecular noncovalent interactions and molecular electro-
static potential.”**° For example, Xu and co-workers related
the handedness of helical fiber in final assemblies from single
peptide change by comparing conformers o7ptimized by DFT
initially obtained from MD simulations.”” DFT has been
utilized to investigate small assemblies of F-based peptides
examining arrangement of the f-sheets,”*”*> and sequences
protected with large aromatic moieties, capitalizing on the
straightforward implementation of these methods, and
obtaining critical intermolecular details of these systems.”*%°

The limitation of the system size imposed by DFT can be
addressed by multiscale modeling, particularly the QM/MM
approach. In this approach, a small region of the system is
treated using QM methodologies, while the remainder is
handled with MM.®®®” There are several protocols that vary in
how the interface between QM and MM regions is
implemented (using additive and subtractive schemes) and
in the interaction mechanisms (mechanical, electrostatic, and
polarizable embedding).”® It is important to note that the
bottleneck of these methods lies primarily in the QM regions;
the efficiency of these methods largely depends on the size and
level of theory applied to the QM region, as the computational
cost associated with MM regions is relatively negligible.
Despite their potential for SPA simulations, QM/MM
approaches are infrequently used due to their complex setup
(compared to standalone QM calculations), higher computa-
tional costs (compared to MM or MD), and the limited
availability of compatible software. These and other multiscale
examples are discussed in Section IV.b.

Il.Lb. MD Approaches. SPAs have been extensively studied
using MD approaches at all-atom (AA) and coarse-grained
(CG) resolutions. MD simulations compute acceleration,
velocity, and subsequent displacement of atoms by applying
Newton’s equation of motion, where forces arise from
interactions with surrounding particles. At AA resolution,
each particle describes individual atoms, while at the CG level
a set of atoms are grouped into one particle.

The atomistic resolution of AA-MD allows the study of
molecular and intermolecular features, such as molecular
conformation and nonbonded interactions, which underlie the
self-assembly process and the stability of different assem-
blies.””~”* The lower resolution CG model greatly elevate
computational performance by reducing the number of
particles needed to model specific systems. Additionally, the
use of longer time steps in CG, facilitated by the larger size of
the particles employed, can speed up simulations by around 3
orders of magnitude.”” Consequently, CG approaches enable
the study of larger systems and longer time scales. In
quantitative terms, AA-MD can typically simulate up to 10'—
10* short peptides and times of 10'—10* ns, whereas CG-MD
can easily handle 10° molecules for 10°—10" us in even shorter
calculation times, often referred to as wall-clock time (Figure 1).

With the loss of resolution, CG models often fail to
reproduce the enantiomeric nature of amino acids, a factor
known to influence the self-assembling behavior and resulting
morphology of the structures formed.”*™7® In contrast, AA
resolution has proven its efficacy in modeling chirality,
capturing the effects of substituting L-amino acids with D-
amino acids in SPAs.”*7%”’

AA-MD. With several decades of development, all-atom
(AA) force fields, such as OPLS-AA,”*”® CHARMM,*’ and
AMBER,”" support simulations of proteins/peptides/DNA/
RNA and organic molecules, e.g, hydrocarbon tails and
aromatic moieties. Specifically, OPLS-AA seamlessly supports
peptides and hydrocarbons. CHARMM and AMBER released
the CHARMM General Force Field (CGenFF)**® and
General AMBER force field (GAFF),* respectively, which
were developed for organic molecules to be compatible with
the original biomolecules parameters. In conclusion, all three
force fields are suitable for SPA simulations. United atoms
(UA) force-fields, which reduce the number of particles by
omitting nonpolar hydrogens, have also been successful in
modeling SPAs.*>

Nevertheless, the accuracy of these force fields for SPAs
needs to be quantitatively assessed. The parameters for
(oligo)peptides, hydrocarbon tails, and aromatic groups, as
well as their combinations, in addition to the water model, the
force field of salt ions/counterions, and the simulation
protocols must be quantitatively examined to ensure the
validity of the method.

Peptides. The parameters for peptides were generally
borrowed from those from folded proteins, with further
improvements for unstructured peptides. The AA force fields
of proteins have been extensively developed and validated with
experimental approaches (X-ray structure, NMR, CD, etc.) and
generally display minor differences in accuracy.””®® Unlike
folded proteins, peptides are mostly unstructured and have
much less experimental data to validate the force field
parameters, raising questions about applying force fields
traditionally designed for folded proteins directly to them.
The progress of these atomistic force fields for peptide
simulations up to 2019 was reviewed by Georgoulia and
Gluykos.*” In conclusion, all three force fields are qualified for
SPA simulations, which generally provide comparable accu-
racy, with some observable differences that are barely
experimentally validated.”””" Note that the CHARMM 36m
force field has been better supported in recent studies for
peptides, which play a crucial role in SPAs owing to their
polarity nature.*>”*~"*

In most of the SPA simulations the charge of the amino-
acids is chosen based on their pK, However, the highly
condensed structures of SPAs involves additional challenges,
such as the local pK,, which might differ from that in the bulk
solution, leading to variations in the ionization of the amino
acids.”” For instance, glutamic acids were found to be only
partially charged at the surface of SPA nanofibers.”® Addressing
these ionization variations requires constant-pH simulations,
implemented in GROMACS,”””®* NAMD,” and AMBER.'"
However, given their high computational demand, large
systems, such as SPA structures, are still challenging for
constant-pH simulations.””

Hydrocarbon Tails. The hydrocarbon tails of PAs are also
crucial in their assembly and the morphology formed. While
their length can vary, longer chains of 12 to 16 carbons have
demonstrated greater capacity for enhancing self-assembly.***®
As these tails are equal or shorter than those in phospholipids,
their CHARMM and AMBER force field parameters can be
utilized for SPAs. Note that for OPLS-AA, recent versions
OPLS/L'"" or OPLS/2020'%* are required for the simulations
of long-chain alkanes to reproduce the experimental data of
gel-to-liquid phase transition temperature, diffusion coefficient,
viscosity, gauche—trans ratio, and other features.
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The Peptide-Tail Connector. Although both peptides and
hydrocarbon chains have been extensively developed and
validated, the accuracy of their covalent link, specifically the
bonded interactions between the peptide headgroup and the
hydrocarbon tails, has not been appropriately addressed to the
best of our knowledge and their parameters are barely
described in the literature. Historically these parameters were
generally obtained based on similar bonds, angles, or dihedrals
in the existing force field database and were considered
transferrable. Nowadays, automated tools have been developed
to facilitate parametrization. For the CHARMM force field, the
CGenFF web servers (https://charmm-gui.org) generate
parameters for an input structure, including the joint section
of SPAs with an accuracy score indicating the quality of each
parameter. Similarly, AmberTools'*® and LigParGen'** have
been developed for AMBER and OPLS-AA, respectively.

Aromatic Moieties. APAs harness both the hydrophobic
effect and z-stacking interactions to enhance self-assembly.
However, the electronically complex nature of aromatic groups
poses additional challenges for parametrization. While the
servers introduced above can be applied, manual para-
metrization can be advantageous. For example, the para-
metrization of the Fmoc moiety with optimized partial charges,
utilizing interactions with water and dimerization energies in
different conformations to using DFT benchmarks, reproduced
sequellolsce-dependent self-assembly with the CHARMM force
field.

Water Models. Explicit solvent (water) models generally
perform better than implicit solvents.'>'*” There exist around
100 water models, among which SPC, SPC/E, TIP3P are the
most frequently employed 3-site models108 as along with the 4-
site. models (TIP4P).”” The 3-site models dominate in
atomistic simulations owing to compromised accuracy and
computational performance. Generally, force fields were
originally developed using specific water models, and it is
highly recommended to adhere to this pairing:'”” GROMOS/
SPC,''° OPLS-AA/TIP3P (OPLS-AA/TIP4P),'""" AMBER/
TIP3P (AMBER/TIP4P/OPC),*” and CHARMM/
TIP3P parain

Salt lons. In SPA simulations, most molecules are charges
and monovalent jons (mainly Na* or CI7) are used to
neutralize the system.”**””"''? Additionally, 0.10~0.15 M
NaCl is generally used to describe salt levels in biology or
buffer solutions.""* The effects of ions arrangement on the SPA
surface due to the exposed charges in PA nanofibers,"'>"'* or
the stability changes induced by the addition of functional
groups into the PAs''> have been explored. Regarding
differences among force fields, recent work by Qiao et al
reported that elevated consistency was indeed reached for the
CHARMM force field." "

CG-MD. Coarse-grained (CG) models sacrifice some of the
resolution of AA models to accelerate calculations by
representing groups of atoms with a single particle or bead.
Consequently, amino acids are represented by 1 to 6 beads
(Figure 3). While the reduced resolution compromises the
accuracy necessary to fully replicate the behavior and
interactions of molecules, the overall structures formed are
not significantly affected. In fact, reproducing certain features
often necessitates large systems rather than focusing on fine-
grained intricacies. Thus, CG models have demonstrated great
performance in modeling the self-assembly of different types of
SPAs, including short peptides, PAs, and APAs M7 Gith
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Figure 3. MARTINI mapping representation of (a) the 20 natural
amino acids, (b) water, (c) the FF dipeptide, and (d) the C —
VVAA—OH PA. Panel (c) reproduced from ref 121 and (d) from ref
120. Copyright 2024 and 2022, respectively, American Chemical
Society.

great reproducibility in the formation of various sequence-
dependent architectures, even between isomers.'"*~"*°

Although different CG models exist, we focus on those that
maintain enough resolution to model the amphiphilic nature of
SPAs. The maximum approximation involves using beads to
represent full amino acids. Olvera de la Cruz et al. employed
such model to study the self-assembly of PAs as a balance
between hydrophobic interactions and hydrogen bonding,
predicting its effect on morphology (Figure 4).'*” A more
recent study on FFF tripeptide supported that a higher
resolution of the F side chains leads to better agreement with
the experimental formation of solid-core nanospheres.'

The MARTINI force field stands out as the most widely
adopted CG model, employing a 4—1 mapping approach
where 4 non-hydrogen atoms are grouped per bead. This ratio
may be adjusted to 3—1 or even 2—1 for aromatics, enhancing
their shape replication (Figure 3a). Within MARTINI, water is
explicitly represented, with each water bead corresponding to 4
water molecules (Figure 3b). Unlike atomistic models, beads in
MARTINI feature only net charges and not partial charges,
with the rest of the nonbonded interactions modeled by
Lennard-Jones terms. Originally developed for hp1d bi-
layers,"**'** it was extended to proteins in 2008,'*° opening
up opportunities for SPA studies. In 2011, the Tuttle group
harnessed MARTINI’s capacity to model short peptide self-
assembly, screening 400 dipeptides for SPA sequences and
design rules, later extending to 8000 tripeptides.'””'** This
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Figure 4. Schematic phase diagram presented by Olvera de la Cruz et
al. as a function of the hydrogen bonding and hydrophobic terms in
CG-MD simulations. The diagram includes regions of (a) free
molecules, (b) spherical micelles, (c) micelles with f-sheets on the
outside forming the corona, (d) long cylindrical fibers, (e) f-sheets
stacks, (f) single S-sheets, and (g) amorphous aggregates. Figure
reproduced from ref 122. Copyright 2008 American Chemical
Society.

approach led to the discovery of new self-assembling
sequences, the development of design rules, and, lately, the
selection of candidates to act as emulsifiers."”” The same
procedure was successfully adapted to predict the self-assembly
of dipeptide amphiphiles and liquid—liquid phase separation
(LLPS) in dipeptides."**"*" In 2012, Wei et al. studied the self-
assembly mechanism of FF.''® The MARTINI force field has
demonstrated significant success in modeling self-assem-
bly' 121277132 "and  coassembly.'**7"**  Specifically, this
method has enabled the prediction of conformational changes
and even full phase diagrams of coassemblies,'**'** as well as
the understanding of the inhibition of self-assembly in mixtures
of components and the unraveling of the exact location of
monomers depending on the sequence.'””"**

The MARTINI team has been dedicated to refining the
force field for improved representation of protein dynamics.
However, these improvements have ironically impacted its
efficacy in peptide self-assembly. In 2016, the Wei group
recognized the need to adhere to version 2.1 for short
peptides,'* the initial version designed for proteins, as the
subsequent version 2.2'*” could not replicate the self-assembly
of FF or FFE."> Recent studies also identified certain
limitations for the most recent MARTINI 3 akin to those
observed in version 2.2, which exhibited heightened solubility
of peptides.'*® Nevertheless, a recent study suggested that
these limitations diminish with peptide length, making it
potentially negligible above 4—5 amino acids. Moreover, we
also proposed corrections that address these issues, enabling
accurate modeling of the self-assembly of various dipeptides
and tripeptides.'”" Despite the initial challenges, the improve-
ments introduced in MARTINI 3 are expected to contribute
positively to the field of SPAs.

CG models are versatile in replicating various environmental
conditions beyond aqueous solutions. Nguyen and colleagues,
for instance, utilized an implicit solvent model to investigate
the impact of hydrophobicity in a PA’s self-assembly.'*" The
MARTINI force field offers the flexibility to incorporate other
explicit solvents to explore the behavior of tripeptides in water/
organic biphasic systems, providing insights into sequence-
dependent surfactant behavior.'”” The influence of ions
studied using the more detailed polarizable version of the
solvent,"** demonstrated the inhibition of FF self-assembly in
the presence of NaCl'*> Moreover, pH can be introduced
combining MD with Monte Carlo calculations, as described by
Tuttle’s lab,"** or by using the MARTINIs constant pH
model, developed by Marrink’s lab, which allows proton
transfer between the beads.'* Other studies have adopted
diverse strategies, such as modeling pH-dependent self-
assembly by running simulations across the full range of
charge states for pH sensitive side chains.””'*’

lll. SYSTEM SIZE, CONCENTRATION, TIME SCALE,
AND INITIAL STRUCTURES

As well as the level of accuracy and details that can be
achieved, the method choice also influences the size of the
system that can be simulated within the constraints of current
computational power. DFT, which does not account for time,
is usually limited to no more than 10 molecules. Generally,
atomistic simulations are typically constrained to 10* ns in
boxes below 20 nm. CG can extend up to 10" us, and covers
tens of nanometers. As such, CG-MD can model the self-
assembly process from scratch, requirin§ minimal or no initial
information from experiments,127’128’ 30131 ywhile AA-MD
often necessitates an initial input structure to provide atomistic
detail on the structures.’®'*® Additionally, recent studies have
demonstrated the influence of concentration in modeling the
self-assembly behavior of SPAs."*"'*

lll.a. System Size. The time required for any computa-
tional calculation is proportional to the number of particles
involved. DFT demands considerable resources, limiting its
application to providing insights to the interactions and
preferential molecular orientation of single peptides and small
assemblies, usually with no more than 10 molecules, allowin
for the comparison of different arrangements.'”*”"'*% In
contrast, AA-MD simulations can operate on the scale of ~10?
SPA molecules and CG-MD can handle systems up to 10 times
larger in one-tenth the time compared to AA.

In terms of self-assembly, AA-MD simulations typically focus
on the initial stages of aggregation to gain an understanding of
the forces driving the process.””””" Although there are
instances where the entire formation of nanoscale assemblies
is reproduced,””'*>'* it is computationally expensive due to
the need of a large number of SPAs molecules and
accompanying environment (e.g., solvent and ions) and the
long time-scale of the process.

Instead, using CG models, simulations ranging from 10% ns
to us can easily contain hundreds of solute molecules, enabling
reliable reproduction of the entire self-assembly proc-
ess.”??1P13% Eurthermore, given the system size that CG
simulations can achieve, they allow for the reproduction of
nanoscale morphologies at a level that can be correlated with
experimental microscopy techniques, creating a synergy
between both approaches that has enhanced the understanding
of SPAs."*
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Despite the preference for larger systems with more
molecules in modeling self-assembly and SPAs, certain
problems can prioritize resolution over size. For example,
small AA systems can be employed to study intricate features
at the atomistic level, even comprising single or a few-
molecules systems within the scale affordable for DFT
calculations. However, unlike the latter, AA-MD reproduces
experimental dynamic conditions and entropic contributions.
There are instances where even single-molecule AA-MD
simulations are employed to elucidate preferred conformations
influencing self-assembly.">"'>*

The system size can also influence the ability to reproduce
the formation of certain assemblies in CG simulations. For
instance, Tuttle et al. increased the box side from 12.5 to 24.5
nm and the number of dipeptides from 300 to 1600 to
successfully replicate the formation of FF tubes."”” A more
recent study also supported the formation of tube structures
using a larger system (1600 FF molecules with simulation box
length of 24.5 nm) than a small system (600 molecules with a
box length of 17 nm), at the same concentration.'*'

lll.b. Time Scale. First, QM methods and MM are usually
utilized to give insights into the static system and therefore do
not account for time. MM is often used only to minimize
assemblies obtained from idealized models, as it allows for
larger systems than QM methods.”"">*'>*

In contrast, MD methods account for thermal motion and
incorporate a time dependence. There exist notable
distinctions in terms of time affordability between CG and
AA approaches. Except for a few examples,”®'*>'* AA
simulations may fall short in modeling the entire self-assembly
process, which typically extends beyond reachable time scale of
microsecond. As such, AA models are frequently employed to
assess the stability of proposed models. These models can
range from small stacks, necessitating only brief simulations to
evaluate their stabilitzf, to larger structures that require
extended simulations.'”>~"*” Small stacks may suffer from a
lack of stability due to their limited size and low number of
molecules, given that self-assembly is a collaborative process.
Consequently, results must be interpreted with caution and
always in a relative context.’>">’~"*? Larger models necessitate
more extended periods to reach equilibrium, which is
contingent on the initial structure’s proximity to equilibrium,
ranging from less than 40 ns," "> to 100 ns.>*7>1>51%0 The
implications of using different starting structures, along with
some relevant examples, are discussed in Section III.d.

The acceleration in CG simulations is not solely attributed
to the simplified topologies, making each step computationally
cheaper, but also to the longer times steps allowed by the
larger size of the particles. While AA-MD is constrained to
time steps of 1—2 fs, a CG model can afford time steps of 20—
40 fs. Moreover, in CG models, due to the smoother nature of
the potential energy surface, molecules diffuse unrealistically
faster.'*> For example, in the MARTINI model, an additional
speed-up factor of 4 is often assumed, resulting in up to 160
times fewer steps to simulate the same time than AA-MD.
With these steps being faster to calculate, CG simulations, on a
~ 24 cores/node, can run 1 s simulations with boxes of 10—
20 nm per side within a day. On the other hand, simulating a
10 nm box for 100 ns in AA may take weeks. In general, the
most significant advantage of the time scale in CG models is
the capability to reproduce the entire self-assembly process,
enabling the assessment of self-assembly tendencies in
simulation ranging from 1 to 5 ps. ¥ Thig also

enables the study of different stages of the process along the
simulation, identifying early aggregation stages and their
coalescence to form nanostructures in pathways of up to 14
us. 8192 Finally, CG simulations have also even been
employed to assess the dynamic properties of resulting
structures across several microseconds and interactions
between structures in simulations of 10 ys.”**"'*

lll.c. Concentration. While the concentration dependence
of self-assembly in solution is widely acknowledged, this
parameter is often overlooked in computational works. As in
the case of lipids, SPAs present critical concentrations at which
structural transitions occur, namely critical aggregation
concentration (CAC), critical micelle concentration (CMC),
or critical fiber concentration (CFC).'**™'%° However, due to
the computational cost, researchers typically minimize the
simulation box, resulting in concentrations 1 order of
magnitude above what is commonly employed experimentally
for SPAs, often surpassing any critical concentration. For
instance, a concentration of 10 mM necessitates boxes with
25.5 nm side to accommodate at least 100 peptides, which only
requires 12 nm box for a concentration of 100 mM. However,
although this 10-fold increase in concentration is justified as a
means of expediting the self-assembly process at an affordable
computational cost,” 128 s importance becomes more
apparent when assessing the effect of concentration in self-
assembling simulations. The concentration-dependent poly-
morphism of the tripeptide KFG using the MARTINI force
field, exhibited a correlation at computational concentrations
15 to SO times higher than the experimental ones (Figure
5)."*7 This dependence was also observed by Guo et al. with
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Figure 5. CG-MD self-assembly simulations of the tripeptide KFG at
83, 340, and 858 mM and the correlation of their formed shapes with
TEM images at concentrations of 1.43, 14, and 57 mM, respectively.
Figure reproduced from ref 147, Copyright 2017 American Chemical
Society.

the FF dipeptide, which formed vesicles instead of tubes at low
concentrations.''® A more extended study demonstrated that
simulations require concentrations above 100 mM to replicate
the formation of tubes experimentally observed at 10 mM.”"*!
These studies suggest that the 10-fold increment in
concentration does not only accelerate the self-assembly, but
is also required to reproduce the thermodynamic equilibrium
of self-assembly. Hence, while systematic investigations on
CAC:s or other critical concentrations involving morphological
transformations are needed to ascertain the exact concen-
tration scaling factor, we note that the 10-fold has emerged as a
practical approximation.
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The use of significantly higher concentrations is notably
emphasized in AA simulations, driven by the substantial
computational costs that imposes limits on box size.
Concentrations exceeding 1660 mM (216 molecules in 6 nm
side boxes) were employed by Garcia et al.”*’® on the self-
assembly of tripeptides, experimentally investigated within the
range of 10 to 20 mM. Remarkably, despite the elevated
concentrations, Garcia et al. successfully delve into this process
at the atomistic level, extracting intricate details on the
interactions and the impact of backbone conformation
comparing the assemblies when introducing one D-amino in
tripeptides with simulations lasting 300 ns. Tuttle et al
explored sequence-dependent morphological differences in two
protected amino acids at a lower concentration, ~350 mM
(120 molecules in 8 nm side boxes), although still 35 times
more concentrated than the corresponding experimental
system.'”> While employing such heightened concentrations
has yielded positive results in AA-MD simulations, there is no
established correlation between experimental and computa-
tional values as in CG-MD. Moreover, in AA simulations, it is
common practice to employ a specific initial arrangement that
mitigates potential concentration effects, allowing the system
to be treated as representative of the local high concentration
where the assemblies are localized.

lll.d. Initial Structures in AA. AA-MD simulations of the
assembly process of SPAs are accessible only for selected
systems. Therefore, an initial structure is often built using a
combination of experimental knowledge and chemical intuition
to provide a starting point. Subsequent MD simulations will
evolve into the energetically most favorable structure within
the time scale affordable.

Schatz and co-workers conducted numerous early studies on
SPA nanofibers using both AA and CG simulations. They
proposed the optimal initial structures for atomistic
simulations on SPA nanofibers,'*® a framework widely
employed in subsequent studies (Figure 6a)."*>'% In this
initial structure, the nanofiber consisted of layers (cross-
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Figure 6. (a) Proposed initial structure for atomistic simulations by
Lee et al.'*° showing top (left) and side (right) view of the nanofiber
structure with two separate layers (interlayer distance of S A), in red
and blue, rotated by 20°. (b) PA chemical structure. Figure
reproduced from ref 146. Copyright 2011 American Chemical
Society.

section) of PA chains, with each layer featuring 9 PA chains
radially and evenly distributed (40° between neighboring PA
chains). The neighboring layers were rotated by half of the
PA—PA angle (20°), and the distance between adjacent layers
was set at S A, as the distance between f-sheet strands (Figure
6). Tekin et al. explored other initial structures for PA
nanofibers, varying the numbers of PAs in each layer from 7 to
12 and the number of layers in the nanofiber from 9 to 21, in
relatively short simulations, 30—50 ns.'®””'*® They concluded
that 12 PAs/layer with 19 layers displayed enhanced stabili?r in
the cylindrical nanofiber composed of C,,—VVAGERGD.'®” A
subsequent study also assessed how the coassembly of
functionalized PAs could affect the preferential composition
of these layers.'® These types of stacks provided information
on atomistically resolved structures, interactions responsible
for the stability of the assembly, and the distribution of peptide
secondary structures. '

Further studies have employed AA to model the
homochirality of amino acids to evaluate the twist in PA-
built nanofilaments, gaining insights into curvature and
dependence on the amino acid sequence.”*'”’ The con-
struction of these initial structures of PAs, however, is relatively
straightforward due to the design of these SPAs. PAs are
designed with an aliphatic tail, usually at their N-terminus,
driving aggregation, and the peptide region that shows a
gradient of hydrophobicity until the charged C-terminus
(Figure 6b). This design restricts the arrangement of the
molecules perpendicular to the fiber axis. This arrangement
was further confirmed by MARTINI CG simulations that
showed the formation of a cylindrical nanofiber after 16 ys.*

In addition to PAs, there exist other SPA designs that
facilitate the task of building initial structures, though with
relatively limited experimental information. This is exemplified
by the self-replicating macrocycles developed by the Otto
group.'”" These are APAs that form cycles through reversible
disulfide bonds, creating an aromatic core with the peptides
providing a gradient of hydrophobicity that stabilizes their
interaction with water (Figure 7).”” The task of building
models is facilitated by the evident molecular orientation and

Figure 7. (a) Chemical structure, (b) top view of the initial
configuration, and (c) side view of the AA-MD equilibrated structure
of the self-replicating macrocycles developed by the Otto group.
Figure adapted from ref 37. Copyright 2017 American Chemical
Society.
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the limited number of possibilities to stack molecules, enabling
the combination of peptide—peptide hydrogen bonding and 7-
stacking. The equilibrated structure was employed to gain a
deep understanding of the intermolecular order. Other
peptides with a surfactant structure (Figure 8), such as AyK
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Figure 8. A\K (N =3, 6, or 9) (a) structure and some proposed
initial configurations for the (b, c¢) A;K bilayer, (d) A¢K tube, and (e)
A fiber, with the latter two showing top (top) and side (bottom)
views. Figure reproduced from ref 34. Copyright 2014 American
Chemical Society.

(N = 3, 6, or 9), also simplify the formation of initial
configurations, with the most hydrophobic side always oriented
toward the core of the structures. However, even in this case,
different conformations were tested to reproduce the stability
of membranes, nanotubes, and nanorods at N equals 3, 6, and
9, respectively.”* Amyloid-like SPAs mimic the design of toxic
folds formed by these proteins, alternating hydrophobic and
hydrophilic residues, limiting the potential molecular con-
formations to replicate the experimentally observed fibers. This
allows for the reliable construction of fiber models for AA
simulations, enabling the study of preferential conformations,
relative stabilities of the structures, and the arrangements of
coassembled molecules.”>'”>~"73

In some cases, there is only limited information on certain
interactions that do not provide enough constraints to
determine the specific arrangement of monomers in the
nanostructures. This is often the case for short peptides or
short aromatic peptide amphiphiles (APAs), where the
amphiphilicity of the molecules is not as well-defined as for
PAs to favor their core—shell structures (Figure 9a, b). Given
the limited information, scientists have often analyzed relative
stabilities of rather small stacks, composed of a limited number
of molecules (2 to 21). The relatively high dynamics of such
small structures facilitate their equilibration within 25
ns.'*#15715% These systems can be simple enough to run
DFT calculations to compare binding energies and calculate
spectroscopic magnitudes.'”*”~°%'*® till, these stacks have
proven to be useful even for assessing the effects of sequence
mutations and environmental factors, such as pH and solvent
variation.***>"%?

Caution must be exercised to minimize bias when building
initial configurations. Insufficient conformational space sam-
pling can introduce errors. Furthermore, the limited size of
some of these stacks also introduces a bias toward parallel
conformations, as antiparallel ones do not exhibit appropriate
distances for z-stacking of moieties placed in one of the
termini (Figure 9¢)."”">”'** However, simulating fiber models
constructed by expanding similarly simple stacks concurred on
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Figure 9. Chemical structures of two APAs (a) Fmoc-TF-NH,>° and
(b) Fmoc-RDGS—OH, and (c) the four stacks arrangements studied
by Aleman et al."*® Panel (c) reproduced with permission from ref
158. Copyright 2013 The Royal Society of Chemistry.

the parallel arrangement of APAs, which was inconsistent with
experimental findings.””'**'7

An alternative approach is to combine chemical intuition
with an interpretation of experimental results. Such approach
was used to build models of Fmoc-protected dipeptides
nanostructures.”"'>* The correlation between experiments and
simulations in an initially proposed model, allowed the
refinement of the molecular arrangement to better fit the
experimental observations.”® However, this approach required
long times of 150 ns to converge the simulations with the
wrong initial model. Nevertheless, in certain cases, NMR, in
combination with other experimental information, can provide
constraints enough to build atomistic models."* Additionally,
although single-crystal molecular arrangements are usually not
representative of the supramolecular assembly in solution,'”"®
stabilities of stacks based on the crystal structure, with different
stereoisomers, were compared with MM calculations by Kralj
et al'>* However, except in the latter case, where they
extrapolated the structures directly from crystallographic data,
these studies require a deep understanding of both
experimental and computational techniques and are highly
time-consuming.

Therefore, initial structures in AA give us the ability to study
the stability, chirality, and supramolecular interactions, among
other features, of self-assembled structures by constructing
initial models based on observations from experimental data
and human reasoning. However, due to the limited
experimental information available, caution is advised, and
analyzing various initial structures may provide insights into
the proper orientation of the molecules within the assemblies.
The validity and accuracy of the results depend on the number
and variety of structures and arrangements included in each
study. With only two different initial structures, we can assess
the preferential molecular orientation—e.g., parallel versus
antiparallel. However, adding various possible structures for
each arrangement will further validate the conclusions and
potentially unlock more details about the specific interactions
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involved.**'®” Even in cases where molecular arrangements
are constrained by experimental observations and chemical
intuition, proposing different possibilities and fine-tuning
among them enhances understanding at the molecular level.
These adjustments should focus on specific interactions, such
as hydrogen bonding among specific residues, to fully exploit
AA-MD to its highest potential.*****” In certain instances,
when experiments provide sufficient constraints, when great
detail is not required, or when the study is focused in
evaluating the effect of sequence or environmental conditions,
assessing the stability of just one structure may be
sufficient.*”*>'3%13%170 Nevertheless, we must recognize that
the results are only relevant within the context of the proposed
structure and should not be considered as proof of preferential
arrangement,'®’ except in cases where the final structure
significantly deviates from the initial one. In such cases, this
change can serve as evidence of preferential intermolecular
binding arrangements. However, it is still advisible to rerun the
system with the newly suggested conformation as a final check
of stability to validate the atomistic level of detail.*®

lil.e. Initial Structures in CG Simulations. Although CG-
MD simulations can reproduce the entire self-assembly process
of SPAs, there are cases where it is pertinent to employ CG-
MD simulations with specific initial structures, such as
coassemblies, cointeraction with biomolecular systems, and
the study of certain mechanisms.

Coassembly is frequently modeled considering the different
monomers in solution (Figure 10)."**"**"*” While it is often a

GHK

b)

c)

D/GHK

Figure 10. CG-MD simulation snapshots of the self-assembly of (a)
GHK and (b) FFD, and (c) the coassembly between them at (i) 0 us
(initial simulation setup), (ii) ~3 ps, and (iii)) ~9.6 us. Figure
reproduced with permission from ref 134. Copyright 2017 The Royal
Society of Chemistry.

valid simplified approach, it is only an accurate representation
of the experimental system if, for instance, monomers are
mixed in a solvent where they are not preassembled/
aggregated, such as hexafluoroisopropanol (HFIP)."*® Other-
wise, simulating the coassembly of preassembled components
provides a more accurate representation.”'”” This has been
employed to incorporate functionalized monomers into
filaments, built or assembled in a previous step.”'””'”® The
results provided insights into the percentage of incorporation
and the presentation of the bioactive sequences, demonstrating

excellent correlation with biological in vitro and in vivo
experiments.

Initial structures have been instrumental in directing the self-
organization of PAs from diverse starting configurations.'*’
This study compares the structures formed by molecules in
solution with those derived from an initial bilayer config-
uration, inspired by a model proposed years earlier for the
experimental system.'” The simulations revealed the formation
of filaments through both configurations, while the bilayer’s
initial structure retained a distinctly 2D nature due to robust
interactions among filaments, resulting in the formation of
superstructures (Figure 11a, b). Although the trend toward
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Figure 11. Structures obtained from CG-MD simulations with four
PA isomers initially disposed (a) randomly and (b) in a bilayer
configuration. (c) Comparison of the fibers obtained from a random
initial configuration with 300 and 600 PA molecules, with the latter
giving an infinite fiber across opposite edges of the box (in green).
Figure reproduced from ref 120. Copyright 2022 American Chemical
Society.

superstructures was also evident in simulations from scratch, it
was less pronounced. A comparison with interfilamentous
interactions among pre-equilibrated single filaments suggested
that the hierarchical superstructure formation involved
simultaneous, rather than sequential, processes. Applying the
same protocol to study interactions between filaments in this
and a previous study demonstrated a strong correlation
between interfilamentous binding energies and the viscosity
of the materials, as influenced by the sequence and charge,
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experimentally tuned through pH variations.”” While inter-
actions of SPAs with other biomolecules can also be
investigated with atomistic resolution,”® the addition of more
components intensifies the challenge of system size afford-
ability. However, in specific cases, such studies can provide
crucial mechanistic insights, such as in understanding the
superstructure nature of twisted ribbons.*

The examples of interaction studies among nanostructures
and with other biomolecular systems are poised to see a
significant increase in the coming years. These examples
underscore that studying the interaction between a structure A
and a structure B, being A a SPA and B either SPA or another
biomolecular system, e.g., lipid bilayer, protein, or protein
assembly, necessitates the use of pre-equilibrated molecules.
After independently equilibrating structures A and B, they are
placed in the same simulation box, ideally positioned to
facilitate interaction among them to optimize simulation
time.”” This aligns with existing protocols for various
interactions, such as peptide and other molecules interacting
with bilayers."””~'** However, challenges may arise when the
size of the SPA nanostructure needs to match that of the lipid
bilayer, as demonstrated by Schroer et al. in the case of a
protein filament."®” Although each component of these
multicomponent systems must be pre-equilibrated, SPAs can
still be formed in a preceding step when utilizing CG
resolution. As the number of examples increases, there is a
growing opportunity to establish robust protocols and gain a
deeper understanding of the potential challenges that may
arise.

lIL.f. Practical Aspects of Building Initial Structures.
The use of starting structures involves additional technical
challenges. The approach to building these initial structures
can be systematic, employing, for instance, Packmol,"'*'® to
position molecules with specified orientations (angles) and at
appropriate intermolecular distances.'*® For example, hydro-
gen bonding is favored at a S A interpeptide distance (center to
center). On the other hand, more complex architectures may
require manual construction of the models,”® utilizing software
such as Avogadro software or Visual Molecular Dynamics
(VMD)."**"*> In many cases, initial fiber structures need to be
strategically placed to exploit periodic boundaries across the
simulation box (Figure 6a) to model an infinite fiber, fixing the
z-side to its length. This makes that additional box variations to
adjust concentrations require modification of x- and y-axis
only."”” Alternatively, CG self-assembly simulations to result in
infinite fibers, at least as long as the box side, require
adjustments of the simulation box and number of molecules
(Figure 11c). Usually, we place the fiber in the z-axis because
certain simulation packages, e.g., GROMACS, facilitate
decoupling this dimension from the xy-plane. This approach,
known as semi-isotropic pressure coupling, allows the system
to vary the z-axis independently of x and y-axes, facilitating the
equilibration of a 1D fiber. However, exploiting periodic
boundaries induce other constrains, specifically in the twisting
of the fibers, making simulations seeking understanding on this
matter to set up initial structures smaller than box dimensions,
with enough separation to avoid unrealistic elongation.156’l7o

IV. FURTHER TIPS TO OBTAIN VALUABLE
INFORMATION FROM SPA CALCULATIONS

IV.a. Sampling Methods. The constraints on AA-MD
simulations in replicating the self-assembly process are
primarily bound by the time scale, which is ascribed to the

kinetic barriers of complex structures. In this regard, advanced
sampling methods have been developed. Replica exchange
molecular dynamics (REMD) enhances sampling by running
sequences of simulations in various temperatures, periodically
exchanging the explored configurations. The conformational
search, ranging from monomers to hexamers, has enabled the
formation of well-ordered stacks and the assessment of
variations in molecular conformation with the degree of
arrangement, yielding results more reliable than brute-force
AA-MD self-assembly simulations."*>'**'®” The Xu group
utilized the resulting preferred conformations to construct
reliable starting structures for assessing fiber stability in
different solvents.”®> Employing REMD to propose more
accurate starting structures for nonbiased AA-MD simulations
holds significant promise as an alternative for SPAs where
intuitive construction is challenging, such as APAs.'°
Umbrella sampling is another method to overcome kinetic
barriers and enhance the sampling toward a reaction
coordinate. The Schatz group examined the disassembly
process of a PA as a coordinate to calculate the free energy
of the process.'® Despite these advantages, the adoption of
these enhanced sampling techniques is not widespread, partly
due to their higher computational cost, difficulties of finding
appropriate reaction coordinates to describe self-assembly, and
the fact that their advantages can be offset by chemical
intuition and experimental information.

IV.b. Multiresolution Methods. Given that different
computational approaches present their own strengths and
weaknesses, methods exist to combine them synergistically to
leverage information provided by each. It is common to use
DFT to enhance accuracy in studying interactions using
structures formed, or at least equilibrated, by AA-
MD."7*!%7191 Eor example, binding energies calculated with
DFT are employed as benchmarks to optimize the AA force
field.'" In certain cases, this offers the advantage of
spectroscopic validation using, for example, FT-IR exper-
imental results as a reference for the calculated vibrational
spectra with DFT from MD-formed structures.'”’ Further-
more, DFT is sometimes employed to link the AA-MD
structure to electronic structure-dependent features. For
example, it can be used to identify effects on the reaction
mechanism depending on MD conformation in catalytically
active SPAs,"”” or to determine the charge distribution in
donor—acceptor interactions of SPAs with large aromatics like
porphyrins.'”

Hybrid AA-CG MD simulations can provide detailed
molecular information from the former while benefiting from
the scalability inherent to the latter. This process can be
executed sequentially, beginning with the assembled state
formed through CG-MD simulations and backmapping it into
AA resolution. Subsequently, the CG structure undergoes re-
equilibration with AA resolution in a short simulation.
Therefore, the output of the CG simulation serves as the
starting structure, mitigating human bias, while the information
acquired from the simulations entails the AA resolution.'”*~"
Sankaranarayanan and co-workers employed a more intricate
approach, commencing with AA to assess the initial stages of
aggregation and its interactions, particularly with water within
the SPA. The system was then converted to CG to facilitate
scaling up and enable the aggregates to coalescence into fibers,
before being backmaépped to AA to elucidate the intermo-
lecular interactions."”

https://doi.org/10.1021/acsomega.4c02628
ACS Omega 2024, 9, 31254-31273


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

The combination of methods can be integrated into the
same calculation by delineating regions with varying
resolutions, thereby enhancing detail in specific groups or
molecules of interest. For instance, employing QM/MD
calculations to treat water with AA force field and the solute
molecules as QM allows for the computation of optical Raman
activities with an MD trajectory.'”” Similarly, AA-CG
approaches stand for a comparable strategy, representing
solute molecules with AA resolution and CG for the
surrounding water molecules, thereby significantly reducing
the computation time.'”® Nonetheless, these methodologies
often pose additional challenges. The energy scales are intrinsic
to each force field, and their absolute values cannot be directly
compared across them. Hence, when integrating competing
interactions calculated with various force fields—like simulta-
neously using CG and AA for different interacting pairs—
proper scaling factors need to be benchmarked to prevent bias
toward specific interaction types. For instance, if the CG force
field representing interactions with water shows higher binding
energies compared to the AA force field representing solute
interactions, this inconsistency might lead to artificially high
solubilities.

IV.c. Analysis Tools. The most captivating result of MD is
to examine the morphology of sugramolecular assemblies,
which can be visualized with VMD,'®®> Chimera,'*” Pymol,zoo
or Morphoscanner,”" providing qualitative information. In
self-assembling simulations, they serve as proof of self-assembly
and their morphology can be compared with experimental
techniques such as TEM, SEM, AFM, and SAXS.!19120,177,201
Their morphological structures can be quantitatively studied
through geometry maps (Figure 12), obtaining parameters that
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Figure 12. (a) Geometry map of the nanostructures formed at
different FFF mass percentages. The results are grouped in 3 clusters
according to the morphology: (1) nanotubes or nanorods (RgZ ~
RgY > RgX); (2) ellipsoids (RgZ ~ RgY > RgX); and (3) sphere-like
nanovesicles or nanospheres on the diagonal line, and toroids or
ellipsoids in upper left of the diagonal. (b) Percentage of hollow or
solid structure as a function of the FFF mass percentage. Figure
reproduced from ref 133. Copyright 2016 American Chemical
Society.

can be directly validated with experiments.'*® The tools are
derived from protein data, making the obtention of specific
parameters for multimolecular systems highly challenging. For
example, using moment of inertia for quantitative shape
determination requires pretreatment of self-assembled struc-
tures.'*® Therefore, using these methods for SPAs poses some
limitations that must be considered, including their lower order
and subsequent heterogeneity.

Numerous features could be analyzed from MD simulations.
First, the evolution of structural features such as the root-
mean-square deviation (RMSD) or solvent accessible surface
are (SASA) are advisible to assess equilibration in SPA

simulations. The quantification for the self-assembly tendency
was first described through the Aggregation Propensity (AP)
parameter employing CG-MD simulations,'”” and was also
employed to study the distribution of the different molecules
within coassemblies.'*> A recent study has demonstrated an
inverse correlation between simulated AP values and
experimental CAC.”> However, AP quantified aggregation
rather than self-assembly, with higher values for insoluble
sequences, not directly implying good self-assembling proper-
ties. Therefore, the measure was improved by introducing a
bias toward the hydrophilic residues to compensate for the
aggregation excess on hydrophobic peptides, called hydro-
philicity-corrected score (APy;).">* However, these parameters
are not suitable for differentiating between PAs with a low
aggregation capability or with no aggregation propensity. In a
subsequent study, Tang et al. determined the clustering degree
parameter, so-called exchange rate of interaction parameter
(ER), that predicts the low-aggregating PAs liquid—liquid
phase transition propensity, offering insight into their ability to
form supramolecular self-assembled structures.'”" In addition
to the self-assembling tendency of PAs, it is also possible to
study the mobility of the peptides through the root-mean-
square fluctuation (RMSF),” the molecular orientation of the
different sections of the PAs within assemblies by calculating
the exposure of the molecule to the solvent,”* the distribution
of the water within the assemblies,”” or even to analyze the
bundling between fibers by calculating the free energy between
two fibers.”

Furthermore, atomistic simulations provide us with
information on the peptide secondary structure, conforma-
tional changes, and thermodynamics. The Morphoscanner
software was developed for the visualization and identification
of B-structuring and f-sheet formation in CG simulations.”"
However, despite the hint provided by this software on f-sheet
structure in CG models, detailed secondary structure is more
adequately obtained from AA simulations by using the DSSP
or STRIDE algorithms.””"**!'3319%1%3 Conformational changes
can be easily inferred using the molecular orientation of SPAs
or the position of individual amino acids within the assemblies
by calculating the radial density profile, density profile,
Ramachandran maps, probability maps, or radius of gyration,
among others.”"*>''>3V15% Additionally, specific interactions
can be calculated. Hydrogen bonding can be calculated
straightforwardly through tools in different software packages,
but z-stacking can be derived from proximity, radial
distribution function, or contacts analyses. These calculations
can be qualitatively correlated with spectroscopic experiments
such as CD, UV—vis, NMR, or FT-IR.”>*%* Spectra can also be
derived from MD structures using empirical-based algo-
rithms.””’ Although they often require specific simulation
set ups, the calculation of thermodynamics sheds light on the
mechanism of self-assembly and structure stability. For
instance, the entropy or free energy of SPAs, between
monomers, or with the solvent can also be calculated.'®*'**

Alternatively, the combination with ab initio methods such
as DFT permits the calculation of features to compare with
experimental spectroscopic techniques such as CD, UV—vis,
Overhauser dynamic nuclear polarization relaxometry
(ODNP), NMR, or FT-IR.'?3776:197:205

IV.d. Artificial Intelligence and Machine Learning. In
recent years, significant advancements in artificial intelligence
(AI) and machine learning (ML) applied to proteins,
exemplified by tools like RoseTTAFold and AlphaFold, have
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garnered considerable attention in the scientific commun-
ity.”°° 2% These consist of the prediction of protein structures
from their amino acid sequence based on their homology with
already-known architectures. They capitalize on the vast
repository of crystallographic data available for protein
structures, enabling algorithms to achieve remarkable accuracy,
particularly in protein folding prediction tasks. However, the
application of Al and ML for SPAs presents distinct challenges.
Historically, the development of quantitative structure—activity
relationship and quantitative structure—property relationship
(QSAR/QSPR) models was widely used to screen chemical
compounds and evaluate their properties or activity. These
models were trained using mathematical models that
established correlations between the structures of the
compounds and properties or activity.””*~*'* With the advent
of Al and ML, these methodologies have been integrated into
QSAR/QSPR models, significantly enhancing their predictive
performance.”’® However, given the ongoing scarcity of
resolved structures and the lack of standardized procedures,
comparing results across different research groups remains
challenging in the SPA field. Consequently, Al and ML
approaches have primarily been utilized in SPAs to expedite
the screening process in conjunction with other computational
methods. These approaches are continuously being improved.
For instance, Wang et al. undertook the synthesis and
evaluation of 160 peptides to assess their self-assembling
capabilities, providing essential data for their ML approach.”"”
Another example is the work performed by Perez and Jones,
who observed improved predictive performance when
incorporating experimental NMR information into their ML-
based predictions for self-assembling and coassembling
peptides.”"”

The Tuttle group utilized an active ML method to extend
their material discovery approach from dipeptides and
tripeptides to peptides up to hexapeptides.”' In their study,
they highlighted the impracticality of simulating all possible
sequences due to the exponential growth in number with
increasing peptide length. Consequently, while many aggrega-
tion propensities (APs) were predicted rather than obtained
from simulations, the vast search space necessitated a simpler
model compared to the MARTINI model initially employed.
Subsequently, in the second screening step, CG-MD
techniques were employed to enhance the accuracy of AP
calculations for promising candidates. This information was
then utilized iteratively to refine the sequence selection process
in the initial step. By applying a convergence criterion, the
Tuttle group successfully proposed different sequences,
validated using existing experimental data.

This approach also enabled Ferguson et al. to screen the
tripeptide search space, predicting self-assembling APAs with a
m-conjugated core by simulating only 2.3% of the overall
sequences.”'” Another ML method was employed by Xiao et
al. to identify amyloid-like structures, exhibiting excellent
agreement with experimental validation, confirming the
presence of fB-sheets typical of amyloid order in all selected
candidates.”"® They utilized an assisted method selection based
on sequence comparison with known amyloids, leveraging
existing experimental information for these protein-inspired
materials. Additionally, Batra et al. introduced Monte Carlo
steps to randomize sequence selection, aiming to reduce
human bias favoring the search for p-sheet forming
peptides.””” These approaches share a common goal of

expediting material discovery, employing diverse acceleration
techniques and search criteria.

V. CONCLUSIONS AND REMARKS

Computational methods play a crucial role in filling the gaps
left by experiments in SPAs. They pose unique challenges
arising from their supramolecular nature underscored by the
scarcity of experimentally resolved structures. To overcome
these limitations, it is crucial to highlight that correlation with
experiments serves not only as a means to validate models but
also as an integral approach. Many studies in the field present
both experimental and computational works in parallel, often
in an iterative manner with each method enhancing the
implementation and interpretation of the other, providing
details not accessible by any single approach alone.

We have examined examples of applications of DFT, AA-
MD, and CG-MD. To simplify, DFT provides insights into
structure stability, interactions, and spectroscopic features.
However, it lacks dynamism and is highly resource-demanding,
limiting its application to a small number of molecules, much
below the experimental structures composed of 10°—10°
molecules.

MD methods capture system dynamics over time, allowing
stability calculations at various temperatures and conditions
and can afford a larger number of molecules depending on the
resolution (AA vs CG). AA models offer full resolution for
representing molecular conformation and interactions but face
challenges in modeling the self-assembly process. CG sacrifices
some of these details to allow for longer and larger simulations
that can simulate the entire self-assembly from scratch. Thus, if
sufficient knowledge is available to construct a starting
structure—making it unnecessary to model the entire self-
assembly process — AA will provide finer details of SPAs. Even
if the information is not enough to propose a single
conformation, this approach can be used to compare among
them, but care must be taken to avoid biases introduced by the
limited size of the system. Enhanced sampling has addressed
some problems in surpassing kinetic barriers to access the
more stable molecular conformation in AA, leading to more
reliable conformations, ensuring efficient sampling of the
conformational space.

The ability of CG-MD to model the entire self-assembly
process, allows it to assess structure formation or study self-
assembly mechanisms. The MARTINI force field is the most
extensively used, but the validity of the MARTINI 3 for SPAs
is still under discussion. Proper validation should be carried
out, and extreme care must be taken when modeling peptides
below S amino acids long.

In addition to the model, factors such as box size, the
number of molecules, and concentration significantly affect the
output. Small boxes can be employed for an initial assessment
of self-assembly, but large boxes are necessary to replicate the
self-assembly process reliably. Additionally, the actual
correlation between computational and experimental concen-
trations is currently unknown, but a scaling factor of 10 is
commonly applied in CG simulations. Under adequate
conditions, CG-MD holds the potential to screen self-
assembling molecules, recently boosted by its combinations
with machine learning (ML) methods. However, these
methods are limited in the SPA field to enhance the efliciency
of MD approaches, due to the lack of an experimental database
of SPAs for training these methods. However, despite this
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challenge, computational methods have achieved success in
aiding the discovery of novel self-assembling sequences.

The contribution of computational methods to SPAs is
indisputable. It has enabled a comprehensive understanding of
these structures, their properties, and the determining factors.
These results complement experimental findings, significantly
advancing our ability to design and optimize materials for
specific applications. The ongoing enhancement of models and
computational resources holds the potential to further amplify
their application in the coming years. Beyond the scope of self-
assembly and structural features, these methods can be applied
to comprehend complex systems. This encompasses the study
of interactions among SPAs and with other systems related to
their function, such as bilayers and proteins. This broader
application allows for insights into bioactivity mechanisms and
the parameters influencing them. The immense potential of
computational methods in understanding supramolecular
peptide systems underscores the importance of meticulous
attention to calculation parameters and the necessity for
adequate correlation with experimental data to ensure their
validity and reliability. As these methods continue to evolve,
they will persistently contribute to unraveling the intricacies of
supramolecular peptide systems, providing unprecedented
insights into their structures, properties, and functions.
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