
Assessment of the MARTINI 3 Performance for Short Peptide Self-
Assembly
Ivan R. Sasselli* and Ivan Coluzza

Cite This: J. Chem. Theory Comput. 2024, 20, 224−238 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The coarse-grained MARTINI force field, initially developed for membranes, has
proven to be an exceptional tool for investigating supramolecular peptide assemblies. Over the
years, the force field underwent refinements to enhance accuracy, enabling, for example, the
reproduction of protein−ligand interactions and constant pH behavior. However, these protein-
focused improvements seem to have compromised its ability to model short peptide self-
assembly. In this study, we assess the performance of MARTINI 3 in reproducing peptide self-
assembly using the well-established diphenylalanine (FF) as our test case. Unlike its success in
version 2.1, FF does not even exhibit aggregation in version 3. By systematically exploring
parameters for the aromatic side chains and charged backbone beads, we established a
parameter set that effectively reproduces tube formation. Remarkably, these parameter
adjustments also replicate the self-assembly of other di- and tripeptides and coassemblies.
Furthermore, our analysis uncovers pivotal insights for enhancing the performance of
MARTINI in modeling short peptide self-assembly. Specifically, we identify issues stemming
from overestimated hydrophilicity arising from charged termini and disruptions in π-stacking interactions due to insufficient
planarity in aromatic groups and a discrepancy in intermolecular distances between this and backbone−backbone interactions. This
investigation demonstrates that strategic modifications can harness the advancements offered by MARTINI 3 for the realm of short
peptide self-assembly.

■ INTRODUCTION
Over the last few decades, supramolecular peptide self-
assembly has emerged as a promising technique for creating
new materials with exceptional performance in the fields of
nanotechnology and biomedicine.1−4 Peptide assemblies have
proven to be highly effective as bioactive scaffolds, with
successful applications in tissue regeneration both in vitro and
in vivo.5−7 These materials take advantage of the ability of
short, easily synthesized peptides to form well-ordered
nanostructures spontaneously through self-assembly. As with
proteins, the amino acid sequence of these peptides encodes
the final structure, providing control over the morphology,
intermolecular cohesion, and surface properties. Even using
sequences of only 10 amino acids or fewer, a wide variety of
morphologies can be achieved, including fibers, micelles, tubes,
ribbons, and sheets.8−11 Furthermore, by varying the sequence,
materials can range from highly crystalline to lacking
intermolecular order, with significant implications for their
function.7,12 The properties of the structure’s surface are
critical for determining its interaction with other biomolecules
and cells, as well as other material properties such as
viscosity.5,13−15 Therefore, the rationalization of the con-
nection between the sequence and structure has become a key
priority in the field with the goal of designing materials with
on-demand properties.
Understanding the influence of sequence on the properties

of the material has consistently been the focus of numerous

experimental studies. Most of these works focus on small
variations, such as local mutations in the sequence, assessing
how different material properties change upon modifying the
amino acid’s nature (hydrophobic to hydrophilic, aliphatic to
aromatic, or charge) or size.9,16−18 Such studies have shown
that even minor sequence variations can trigger critical
transformations, such as drastic changes in the dimensionality
of the formed structures.8 Self-assembly is so sensitive to the
sequence that isomers with the same amino acid composition
can undergo changes due to variations in their positions in the
sequence.19−22 The sequence length of repeat structural motifs
has also demonstrated significant potential for modifying
material properties, including intermolecular order, interaction
with other structures, and the formation of superstructures.23,24

Moreover, even changes to the chemical nature of the C-and
N-termini can lead to alterations in the supramolecular
order.25,26 Recently, researchers have expanded the library of
available materials and properties by considering not only the
natural L-form of amino acids but also their mirror image, D-
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forms, providing interesting control over the materials’
behavior within biological media.27−30

Despite the numerous advances that have led to the
development of a large library of peptide-based supramolecular
materials for various applications, only a few design principles
can be considered general. Understanding sequence depend-
ence beyond specific instances is limited and often reliant on
serendipity, making it challenging to extrapolate. The use of
molecular dynamics (MD) simulations has shed some light on
this matter. All-atom (AA) models have allowed the study of
supramolecular structures at the molecular level, revealing the
role of the interactions involved in self-assembly.26,31−33 This
approach has been extensively applied to assess the stability of
different supramolecular arrangements, evaluating, in some
cases, the impact of different amino acids on it.34−37 In certain
cases, the combination of these simulations with experimental
results has enabled researchers to construct highly detailed
models of supramolecular arrangements. These models have
been employed to investigate the hierarchical self-assembly of
these materials and the twisting of the structures, among other
aspects.26,38−41 AA-MD simulations can also account for
differences in chirality to assess their effect on self-assembly,
as well as how this, and other effects, are influenced by
conformational changes induced by charge or sequence
variations.28,30,42 Moreover, the high resolution of these
methods has enabled them to estimate secondary structure
content and predict the corresponding spectra for comparison
with experimental results.43−45 Such detailed models have also
demonstrated their potential to reveal other important factors,
such as the influence of including functional epitopes and the
effect of the ions and other environmental conditions on the
resulting structure.46−48

In some cases, AA-MD simulations are time-consuming and
limit studies to short times or small systems. Additionally, they
usually require a high level of knowledge to construct initial
configurations, as they often cannot model the entire self-
assembly process except in very limited cases.49 Therefore, in
order to perform on a large scale, both in terms of size (≥102
molecules) and time (≥102 ns), coarse-grained (CG) models
have gained popularity. These models sacrifice some of the
atomistic detail to expedite simulations, often more than 1000
times. CG models have successfully replicated the formation of
self-assembled structures, including micelles, fibers, and
tubes,50,51 even under constant pH conditions.52 Probably,
the MARTINI force field is the most widely employed in the
field of supramolecular peptide self-assembly due to its
exceptional ability to reproduce various features of these
materials.53 Initially developed to model a different type of
supramolecular system, cell membranes,54 its extension to
proteins unveiled a great prospect to simulate peptide-based
self-assembled systems.55 This force field models every four
heavy (non-hydrogen) atoms with a single CG bead, using a 4-
to-1 mapping, including water, where every four molecules are
replaced by a single bead. It can also be a 3-to-1 or even 2-to-1
mapping in the case of aromatic rings. The force field has been
able to model the formation of assemblies from scratch
(molecules randomly oriented and fully solvated), minimizing
the bias introduced when initial structures are required. This
contrasts with simulations of proteins, where the secondary
structure is an input and the tertiary structure requires
additional elastic bonds.56 Initially, this same procedure was
followed, enforcing the β-sheet ordering of an amyloid fibril
forming decapeptide to reproduce the nucleation and growth

of the fibers.57 However, in the same year, Frederix et al.
utilized it to reproduce the formation of tubes by the dipeptide
diphenylalanine (FF).58 They leveraged the computational
efficiency of the MARTINI model to screen all possible
dipeptides and, in a subsequent study, tripeptides.59 Using this
approach, they not only reproduced the structures formed by
known examples but also employed them to discover four new
self-assembling tripeptides. The same method, using the
aggregation propensity (AP) to quantify self-assembly
tendencies, was later employed for the screening of alkylated
dipeptides.60 In addition to predicting self-assembling
sequences, the comprehensive analysis of the results allowed
the researchers to establish dependences in the preferred
composition and positions of each amino acid, leading to the
formulation of design rules. Screening of longer or more
complex peptides has relied on the combination of CG-MD
simulations with machine learning approaches.61−63 This
success has led to the use of the MARTINI model to evaluate
structure formation by systems designed for specific exper-
imental purposes.64−66 This force field has also demonstrated
its potential in complex systems, effectively modeling the
structures formed when different building blocks are
combined,67,68 even with varying ratios.69 This has encom-
passed the development of tools to analyze the precise
interplay of the monomers in the coassemblies, enabling the
distinction of various types of interplays.70−72 Moreover,
certain studies have employed the MARTINI force field to
examine the different phases that emerge in assembled
systems,73,74 as well as the mechanisms and thermodynamics
of self-assembly.75,76 Recent efforts have showcased the
potential of this force field to contribute to the field of
supramolecular peptide assemblies beyond structure predic-
tion. For instance, we have explored the sequence-dependent
formation of superstructures, understanding how sequence,
conformation, and charge influence them and how filament
interactions differ between superstructures and gels.14 The
study of sequence-dependent interfilamentous interactions has
aided in optimizing the experimental conditions for three-
dimensional (3D) printing of these materials.13 In moving
toward using this method to design materials with specific
properties, we have succeeded in uncovering the role of
molecular motion within the assemblies in the bioactivity of
functionalized peptide-based materials with the assistance of
MARTINI MD simulations.7 We developed a computational
approach to screen sequences based on this mobility.6

Therefore, we believe that these CG approaches hold
significant potential for designing functional supramolecular
assemblies with tailored properties.
MARTINI has recently released its third version, which

features a higher number of bead sizes and a much more
complex interaction matrix, doubling the number of interaction
levels. This has significantly improved the level of detail in the
model for describing molecules and their interactions.77,78 To
achieve a more accurate representation of molecules,
MARTINI has adopted a “size-shape concept,″ which involves
modeling the actual volume and shape of the molecule based
on atomistic models. The model can reproduce protein−ligand
interactions, while its coarse-grained level still allows for high-
throughput screening.79 Moreover, the inclusion of Go̅-like
parameters to replicate protein flexibility has opened up new
possibilities in this field. In addition, the new version of
MARTINI includes an approach for constant pH simula-
tions.80 These new features hold great promise for the field of
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supramolecular assemblies, provided we strive to improve our
understanding of their interactions with biological systems.
Despite the potential improvements of this third MARTINI

version, van Teijlingen et al. recently observed that these
changes have led to the diminished ability of the force field to
model short peptide self-assembly.81 In this study, they present
a clear decrease in the aggregation propensities (APs) of
dipeptides. They suggest that the new bead size has an effect
on the quality of the stacking and demonstrate how balancing
the interaction with the solvent can address the issue of the
lowered AP. However, their proposed parameters do not result
in the formation of the characteristic tubes for diphenylalanine
(FF); instead, they lead to the formation of discs.
In light of these drawbacks, we assessed the ability of the

new MARTINI version to replicate the self-assembly of short
peptides in an aqueous solution. We selected diphenylalanine
(FF, Figure 1a) as the ideal benchmarking candidate, given its
propensity to form tubes�a specific shape previously
reproduced by the MARTINI model.58 Upon evaluation of
the new model, we identified certain limitations that we
resolved by screening the bead types of the force field. This
enabled us to optimize the MARTINI 3 FF parameters for the
formation of the well-known tubes. Additionally, we analyzed

how different simulation and force field parameters affect the
reproducibility of the results in different MARTINI versions.
Finally, we compared the results obtained using the previous
and new MARTINI model across various short peptide
assemblers: the dipeptides FW, IF, WF, and WW, and the
tripeptides DFF, FFD, FFF, GHK, GGG, KFD, KFF, KYF,
KYW, KYY, and PFF, as well as the coassembly between FFF
and FF and FFD and GHK. Here, K stands for lysine, D for
aspartic acid, Y for tyrosine, W for tryptophan, I for isoleucine,
P for proline, G for glycine, and H for histidine.

■ METHODS
Peptide structures were created in Avogadro and transformed
into the MARTINI model using martinize2. We obtained the
CG structures and parameters for the MARTINI 2.1, 2.2, and
3 (3001 and two other β) versions of the target peptides.
Peptides were simulated in their expected protonated state at
physiological conditions; thus, acids deprotonated with a
charge of −1 (C-terminus and D side chains) and bases
protonated with a charge of +1 (N-terminus and K side
chains). Although previous works have reported on pKa shifts
upon self-assembly, we do not expect this to be significant for
our peptides, given that their zwitterionic nature avoids high
concentrations of equal charges.13 All systems were set up,
simulations were carried out, and analyses were performed
using GROMACS 2019.82 Initial configuration for each
simulation was set up using the insert-molecules tool to add a
certain number of peptides randomly in a cubic box with a side
of 12.5, 17.0, or 24.5 nm. This models an initial fully solvated
state that could resemble the effect of solubilizing cosolvents or
sonication. Enough Na+ or Cl− ions are added when requested
to maintain charge neutrality in the system (not necessary for
FF, as it is with one positive and one negative charge, neutral).
No additional ions are included to mimic salts or buffer
additives in the experimental systems, following previous
protocols.58,59 The initial assessment of the ability of
MARTINI 3001 to reproduce FF self-assembly and the
control simulations with the previous releases (MARTINI
2.1 and 2.2) was carried out with 1200 and 1600 molecules in
a 24.5 nm cubic box for the final concentrations of 135 and
182 mM, respectively.58,59 After this, the first screening of
MARTINI 3001 was carried out with 300 and 800 FF
molecules in 12.5 and 17.0 nm side boxes, respectively, for the
final concentrations of 256 and 267 mM, following the 10-fold
increment commonly used to speed up self-assembly
simulations.59,83,84 The second screening was carried out
with parameter sets selected from the previous and using the
135 and 182 mM conditions used in the initial assessment.
Parameter sets selected in this second screening were subjected
to a third screening in which we evaluated the reproducibility
of the results in a 17.0 nm side box at different concentrations
ranging from 17 to 533 mM (Table 1). The set of dipeptides
and tripeptides was simulated using the conditions of
Screening Step 0/2. Coassembly simulations followed the
procedures from their original works.69,85 FFD:GHK coas-
sembly was carried out in a 12.5 nm side box with 300
molecules. For the FF:FFF coassembly, the systems with FFF
fractions of 0 (1:0), 0.2 (6:1), 0.7 (9:14), and 1 (0:1) were
chosen. With a total number of 1440 F residues, these
correspond to 720:0, 576:96, 216:336, and 0:480, respectively,
simulated in a box of 17.0 nm.
Aggregation propensity (AP) was calculated as the ratio

between the solvent-accessible surface area (SASA) at the

Figure 1. (a) FF chemical structure and (b) its general mapping in
MARTINI with each F residue represented by a single backbone bead
(red) and three side chain beads (black). (c−e) Mapping differences
and structures after 5 μs of simulations using 1200 FF molecules with
versions (c) 2.1, (d) 2.2, and (e) 3 of the MARTINI force field. Water
and ions are removed for clarity, and the simulation box is shown in
green.
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beginning and at the end of the simulations, using the default
parameters of the gmx sasa tool (0.14 nm solvent probe).58,59

In this context, AP = 1 when the final SASA (SASAf) matches
the initial value (SASA0), and AP > 1 when aggregation occurs
(SASAf < SASA0). Typically, aggregated systems are considered
with AP ≥ 2. In the context of this study, AP < 1 is not feasible,
but it would be, for example, associated with the disassembly of
a protein (SASAf > SASA0). No error is included in the AP
determination, as most of them are based only on the last
frame of a single simulation. However, it is worth mentioning
that the standard deviation across different replicas in the
Screening Step 3 is 0.0 within the accuracy used to report the
AP. Radial distribution function (RDF) analysis was carried
out, selecting the center of mass of each F side chain through
the last microsecond of the simulation using the gmx rdf tool.
The temperature of different groups was assessed through the
traj tool analysis.86 Following the procedures of that work,
taking into account that for FF, N = 8, and thus, there are 3N =
24 degrees of freedom, but they contain 6 constraints, a 24/18
= 1.333 correction factor is applied for the temperature of the
groups. Temperatures were calculated for groups of 200 FF
molecules, and the average for the last microsecond of the
simulation is presented. Structure shape was assessed visually,
and all images were rendered using Visual Molecular Dynamics
(VMD).87 The tube fraction was calculated for a total of four
independent simulations at each concentration, and the overall
tube formation analysis is the average of the fraction of the
different systems considered. The error is the corresponding
standard deviation divided by the square root of the number of
simulations used minus one.
Interactions used potential shift for Lennard−Jones and the

reaction field for electrostatics, with a dielectric constant of 15
and a cutoff of 1.1 nm, and the neighbor list was updated every
10 steps.88 Every system was minimized for 5000 steps or until
forces converged below 2000 pN. Simulations were run for
50,000,000 steps using a 25 fs time step, corresponding to 5 μs
effective time applying the established 4× scaling factor due to
CG speed up.54 All simulations were run under an NPT
ensemble with isotropic conditions using the Berendsen
algorithm for the pressure (1 bar, τP = 3 ps) and V-rescale
for the temperature (303 K, τT = 1 ps).89,90 The LINCS

algorithm with an order of 4 was employed. However, in order
to assess the effect of some parameters in the results, we also
carried out simulations with the conditions of Screening Step 0
using particle mesh Ewald (PME) for electrostatics, a
frequency of 20 steps to update the neighbor list, a LINCS
order of 12, a time step of 20 fs, and the latter two
together.86,91,92

■ RESULTS AND DISCUSSION
MARTINI 3 introduces two new bead types with the aim of
being more accurate in reproducing the volume and shape of
the modeled molecules. So, they introduce the tiny (T) beads
to represent 2 atoms (1−2 mapping) and keep the small (S)
beads to represent 3. This new approach modifies the mapping
of phenylalanine (F). This is still represented by a total of 4
beads, 1 for the backbone and 3 for the side chain. The first
side chain bead is kept as an S, like in the previous versions,
because it maps three carbon atoms, two belonging to the ring
and the Cβ that links the ring to the backbone. However, the
other two beads, as they correspond to two ring carbons each,
are mapped by T beads (Figure 1e).
Screening Step 0.We studied the self-assembly of FF with

the MARTINI 2 and 3 parameters. We consider the two
protein versions of MARTINI 2, 2.1 and 2.2, as well as the two
secondary structures most used in simulations of peptide self-
assembly, the coil (C), where no conformation is favored by
any constraint, and extended (E), where the parameters
introduce constraints to favor the formation of β-sheet
arrangements. In MARTINI 2.1, the only difference between
C and E for FF is the force constant of the bond between both
backbone beads, 400 and 1250 kJ/mol/nm, respectively.55

MARTINI 2.2 does not show a difference between both
conformations for this peptide length.93 The bonded terms of
FF in MARTINI 2.2 are the same as in MARTINI 2.1 with the
E secondary structure. However, there is a critical difference
between both versions regarding the nonbonded terms of the
side chains. Both employ three small apolar beads (SC) to
represent the side chain, but MARTINI 2.1 uses SC4 bead
types, whereas MARTINI 2.2 uses the more hydrophilic SC5.
In the case of the backbone, there is no difference, and both of
them use the charged type beads (Q), Qd for the N-terminus

Table 1. Simulation Conditions and the Purpose for Each Screening Step for the FF MARTINI Parameters

screening
step

box side
(nm)

no. of
molecules

concentration
(mM) replicas purpose/criteria

0 24.5 1200 135 1 initial assessment of tube formation
1600 181 1

1 12.5 300 256 1 screening for AP > 2 and tube-compatible structures
17.0 800 267 1

2 24.5 1200 135 1 screening for tube formation
1600 181 1

3 17.0 50 17 4 screening for reproducibility in tube formation at various concentrations in medium-
sized boxes100 33 4

200 67 4
300 100 4
500 167 4
600 200 4
800 267 4
1000 333 4
1200 400 4
1400 467 4
1600 533 4
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and Qa for the C-terminus. For the initial screening, we
employ simulation conditions that in previous studies
successfully led to the formation of FF tubes, consisting of
1200 or 1600 FF molecules in a 24.5 nm side simulation box.58

After 5 μs of simulations, the 2.1 version shows the
formation of the characteristic FF tubes (Figure 1c).58

Although our AP value of 3.7 is above the one presented in
that study, 3.2 at 400 ns and 2.7 at 4 μs, these are for the half-
sized system with only 300 molecules, and thus, they can be
expected to be lower. The substitution of SC4 beads with less
hydrophobic SC5 in MARTINI 2.2 prevents the aggregation of
FF molecules, which remain in solution for the whole
simulation time (Figure 1d). This lower aggregation propensity
of the 2.2 version was first observed by Guo et al. in 2016 but
not commented on until van Teijlingen et al. revisited the
methodology developed in the Tuttle group for peptide
aggregation with the different versions of MARTINI in
2023.69,81 Interestingly, the last MARTINI version shows
similar performance to 2.2, with no aggregation despite the
simulation time being far beyond what is usually required for
the self-assembly process, below the microsecond (Figure 1e).
In fact, the AP of version 3 is lower than the result in version
2.2 (1.0 vs 1.2). Putting the three versions together (AP2.1
(3.7) ≫ AP2.2 (1.2) > AP3 (1.0)), we can see that the
MARTINI improvements in reproducing protein behavior do

not reflect in their performance for short peptide self-assembly.
Moreover, the earlier iterations of MARTINI 3, V3.0.B.3.2,
called open β (v3beta), and the development version (v3dev)79
have also been proven unsuccessful in reproducing FF tube
formation, exhibiting minimal aggregation with AP values
ranging between 1.1 and 1.2 (Figure S1). The overestimation
of hydrophobic interactions has been commented to favor
short peptide self-assembly in the first MARTINI version for
proteins, and their correction has diminished the ability of the
force field to model the formation of these supramolecular
assemblies. The analysis of interaction energies between beads
in different versions reveals that from v2.1 to v2.2, the decrease
in hydrophobicity arises from an increase in side chain bead
interaction with water, rising from 2.7 to 3.1 kJ/mol,
approaching the side chain’s self-interaction of 3.5 kJ/mol
(Figure S6). In v3, the interactions involving charged bead Q5
remain comparable to previous versions, with Q5−Q5 at 5.79
and Q5−W at 5.64 kJ/mol, while in the previous versions, both
were 5.6 kJ/mol. In contrast, interactions of the apolar beads
markedly decreased. SC4−SC4 dropped from 3.5 to 2.35 kJ/
mol, along with its corresponding interaction with water, which
decreased from 2.7 to 1.80 kJ/mol. Besides the significant drop
in the self-interaction of SC4 beads, it is noteworthy that in
previous versions, SC4−Qa/d interactions were as strong as
those of SC4−W (2.7 kJ/mol). However, in the last version,

Figure 2. MARTINI 3 Screening Step 1 results for the (a−f) 300 and (g−l) 800 FF molecule simulation systems in 12.5 and 17.0 nm side boxes,
respectively. (a, g) AP results for MARTINI v2.1, v2.2, and variations of v3beta and v3dev, and (b, h) screening of the beads for v3. Results are
colored according to the structures formed: solution/nonaggregated (blue), solid (orange), tube-compatible (green), and tubes (darker green).
Snapshots of (c) SC4/TC5-Q5 (solution/nonaggregated), (d) SC4h/TC4h-Q4 (bilayer), (e) SC4/SC4-/Q4 (vesicle), (f) TC4/TC4-/Q1 (solid),
(i) v2.1 E (tube), (j) v2.1 C (tube), (k) SC3/SC3-Q3 (tube), and (l) SC4/SC5-Q4 (tube). FF molecules follow the color coding in Figure 1,
water and ions are removed for clarity, the simulation box is shown in green, and some structures show the cross-section in the inset.
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SC4−W is favored over SC4−Q5 (1.80 vs 1.48), contributing
to an overall increase in the hydrophilicity of the FF molecules.
Screening Step 1. The difference in performance between

MARTINI 2.1 and 2.2 suggests that small changes in the
hydrophobicity of the side chain can drastically alter their
behavior. Furthermore, we must consider that in the original
interaction matrix, SC5−SC5 and SC4−SC4 interactions are
equally attractive and only a lower affinity to the solvent of the
latter is enough to drive the mentioned self-assembly
differences. Due to this, we carried out a screening of bead
types searching for a parameter set that can reproduce the tube
formation of FF within the MARTINI 3 force field. This
screening covers a range of hydrophobicities of the apolar C
bead types (C2 to C5). Additionally, considering that, as
proposed by van Teijlingen et al., the use of different bead sizes
to represent the aromatic side chains can disrupt π-stacking
interactions, we also screen the use of the same size for the
three beads in the rings (S or T). Looking at the new bead
types presented in this version, we decided to consider the use
of the h bead modification, which accounts for higher self-
interaction, to compensate for the potential disruption of the
π-stacking. The hydrophilicity of the backbone beads is also
screened, considering that the short backbone length can also
play a role. For MARTINI 3, the charged beads employed for
the backbone go from less to more hydrophilic Q1 to Q5.
Lastly, we also check the parameters of open β (v3beta) and
the development version (v3dev), as well as variations with
slight changes in hydrophobicity. This screening is carried out
using a smaller box size to speed up the process. We employ
300 molecules in the 12.5 nm box used by Frederix et al.

before, as well as 800 in 17.0 nm.59 This enables us to evaluate
the potential effects of the size in systems with similar
concentrations, 256 and 267 mM, respectively.
We present the results as a type of phase diagram coloring

according to the type of structure obtained from the
simulations (Figure 2). In F side chain bead nomenclature,
the first term corresponds to the bead closest to the backbone
and the second term to the other two, which are always
equivalent. In MARTINI 3, where also the backbone bead is
screened, this is added as a third term. Thus, the original FF
parameters proposed in v3 are SC4/TC5-Q5. Then, the phase
diagram shows: in blue the systems that do not show
significant aggregation (Figure 2c), with AP < 2; in orange
the solid objects not compatible with the hollow objects
expected for FF (Figure 2f), with AP values over 2.5, often
above 4.0; in green those compatible with the molecular
disposition of the tubes, including bilayers and vesicles (Figure
2d,e) that present AP values between 2.2 and 4, except for the
h beads, which reach values close to 5; and in a darker green
those systems that effectively form tubes (Figure 2i−l), which
show a better defined AP range between 3.3 and 3.8. The first
thing we noticed was that only larger systems were able to
form tubes (Figure 2g,h). Not even using v2.1, the 300-
molecule systems formed tubes (Figure 2a). In general, this
size increment enhances AP values, except for those close to 1,
the most soluble systems. However, the overall phase diagram
is not affected by the size of the system, suggesting that by
applying less strict selection criteria, the smaller systems are
enough for an initial screening step.

Figure 3. AP results for the MARTINI 3 Screening Step 2, (a, c) including v2.1, v2.2, and variations of v3beta and v3dev, and (b, d) the screening of
bead types for v3, for the (a, b) 1200 and (c, d) 1600 FF molecule simulation systems in a 24.5 nm side box. Results are colored according to the
structures formed: solution/nonaggregated (blue), solid (orange), tube-compatible (green), and tubes (darker green). Values discarded in the
previous screening are shaded in black. Radial distribution function (RDF) graphs of the aromatic side chains (using the center of mass of the three
beads) of examples for the different bead compositions in v3 (e) with a similar AP score from the simulations in Screening Step 1 (Figure 2g,h) and
(f) of tube-forming sets from Screening Step 2 (Figure 3c,d). Both include v2.1 (E) as a reference and a zoomed region in the inset on the left
(dashed in gray).
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Analyzing the trends in the phase diagram, we see that the
hydrophobicity of both the backbone and side chain beads
alters the type of structures formed (Figure 2b,h). The bead
size or inclusion of the h beads is also critical to the structures,
tuning the shape of the diagrams. T-only side chains present
particularly low AP values, whereas h beads show a shift to
higher APs. Overall, tube-compatible structures are favored by
higher hydrophobicities, whereas highly hydrophilic FF
remains in solution (Figure 2b,h, in blue). There is a clear
dependence on the backbone bead, inhibiting the formation of
tube-compatible shapes at high hydrophilicities. On the other
hand, lowering the backbone hydrophobicity drives the
collapse of the molecules into solid objects (Figure 2b,h, in
orange). Thus, changes in hydrophobicity have different effects
on the backbone and side chains. We can also observe that
using S beads only or including the h beads favors the
formation of tube-compatible structures, whereas using T
beads only reduces the number of these structures. Lastly, S-
only side chains favor the best results and are the only
parameter sets showing tube formation in this type of
simulation. In summary, we illustrate with these results that
the formation of tube-compatible structures occurs in a certain
balance between backbone and side chain hydrophobicity.
However, the current FF parameters (SC4/TC5-Q5) are too
hydrophilic (AP = 1.0). The previous versions, v3beta and
v3dev, show slightly better aggregations, with AP values similar
to those in v2.2, and the enhancement of the side chain
hydrophobicity improved these results. However, their values
still remain significantly distant from 2, the threshold value
established for assembly formation, and are not able to form
any tubes (Figure 2).
Screening Step 2. In the following screening step, we

wanted to assess tube formation for all those parameter sets
that formed tube-compatible structures in the previous
screening and include the MARTINI 2.1 and 2.2 parameters
and the current FF MARTINI 3 parameters as reference.
Given that the box size plays a significant role, we employed
the same box size as in the initial assessment. This is a
particularly big simulation setup that doubles the previous
screening systems and has been used, as mentioned above, to
study the morphology of self-assembled structures. Using both
1200 and 1600 molecules in a box of 24.5 nm, we can also get
an initial assessment of reproducibility. The results show again
the size dependence of the results, with some of the selected
parameters giving nonaggregated structures (TC3/TC3-Q3,
Figure 3b) with 1200 molecules, but not with 1600, and with
some others giving formation of solid objects, despite in the
previous screening with smaller boxes, they gave tube-
compatible structures (orange in Figure 3b,d). These are, in
all cases, parameters in the edge of the selection area, and some
of them gave, already in the previous screening, ambiguous
results among both system sizes. The results show that v2.1
consistently forms tubes with both secondary structures, while
v2.2 remains too soluble. Additionally, the original MARTINI
3 parameters remain with an AP of 1, irrespective of the
simulation conditions. With these results, we also discarded the
v3beta and v3dev options, as well as the T-only sets, as none of
them showed tube formation in any of the conditions
attempted (in the first or second screening). Up to 9 different
S-only sets are able to form tubes under certain conditions,
with 5 of them forming tubes at both concentrations. Only one
combined S/T set can form tubes with and without the h-type
beads. However, the latter slightly improves the results,

showing tube formation at both concentrations, whereas the
former forms tubes with only 1600 molecules. This supports
the idea that the different bead sizes cause a certain disruption
in the formation of the assemblies. As we mentioned above,
van Teijlingen et al. discussed the incompatibility between
different bead sizes to form stable π-stacking interactions.81
Due to this, we have analyzed the radial distribution function
(RDF) of the F side chains of certain examples with different
bead size distributions that present similar AP values (3.7−4.0)
and form tubes (Figure 3e,f, respectively). First, we can
observe that there is no clear difference in the trends between
the two RDF sets despite the fact that these are different
parameter sets and simulation setups. Thus, the RDF depends
only on the bead size. V2.1 and S-only sets present the
maximum at 0.60 nm (Figure 3e), and all of the sets containing
T beads are below this (0.50−0.55 nm). In this way, the T/S-
combined sets present RDF positive values even below the
lower limit of the S-only π-stacking interactions. This result
supports the proposed repulsion between S beads due to the
forced proximity of well-packed T beads in T/S-combined sets.
According to these results and the fact that the T/S-combined
parameter sets present a lower tendency to form tubes (Figure
3b,d), the geometrical planarity of the aromatic groups is
important to favor π-stacking interactions, often critical in the
self-assembly of short peptides. Nevertheless, it is noteworthy
that the planar T-only sets are even less successful. Their
reduced size likely plays a role, as their interaction energies are
lower, resulting in diminished differences between self-
interactions and interactions with water, thereby affecting the
hydrophobic effect. However, upon examining the side chain
(Figure 3e,f) and backbone (Figure S2) RDFs, additional
challenges become evident. The smaller distances between
aromatic groups induced by the T beads may be incompatible
with the interaction distance of the backbones, leading to
significant disruptions in the overall assembly. The analysis
reveals that the backbone RDF shows probability densities
below 0.1% of the first maximum at 0.4 nm, which is
compatible with the stacking distances of v2.1 and the S-only
sets, both with values below 5%. In contrast, the S/T-
combined and T-only sets present probability densities of
around 30 and 40%, respectively. Thus, in addition to the T
beads forcing the S beads toward unstable distances, there is a
discrepancy in interaction distances between the backbone and
the side chains or, in other words, between the hydrogen
bonding and π-stacking contributions in the assembly of FF,
posing a potential disruption to the overall assembly, despite
the improvements introduced in MARTINI 3 for this type of
interaction.78

Screening Step 3. At this stage, it is clear that the system
size affects the structures formed through the self-assembly
simulation, with larger systems favoring the more ordered
outputs, namely, the tubes. Similarly, seeing that certain
parameters can form the tubes under more conditions than
others, it seems evident that the reproducibility of the tubes is
also a function of the parameters used. Therefore, in order to
select among the so-far selected parameter sets, we assessed the
tube formation reproducibility. We do this at different
concentrations (from 50 to 1600 FF molecules), and for this
purpose, we select a medium-sized box, 17.0 nm, on each side.
The tube fraction is calculated from four independent
simulations for each concentration. We observe in the results
a high dependence on the concentration that varies strongly
with the parameter sets (Figure 4a−c). Even the v2.1 results
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show these differences, with a tube fraction of 1 at medium
concentrations using the extended (E) secondary structure.
The distinct concentration dependence observed for con-
formations C and E suggests that chain flexibility may also play
a role in self-assembly. The more flexible conformation (C)
exhibits improved reproducibility across various concentra-
tions, while the more rigid one performs best within a narrower
concentration range (500−1200 FF molecules). However,
both the E and C conformations show fractions of ≥0.5 for the
systems between 500 and 1200. Only one simulation among all
of the parameter sets (with four replicas each) proposed using
MARTINI 3 showed tube formation for systems with fewer
than 600 molecules (Figure 4a). So, v3 parameters require
higher concentrations, but most of them fail in the most
crowded system of 1600 molecules, similar to the v2.1 set
(Figure S5). Most of the parameters show a high variability
but, in general, poor reproducibility. The average tube fraction,
calculated using only simulations of at least 600 FF molecules,
shows that out of the 11 sets, 6 are below 0.2 and only 3 are
above 0.4. It is worth mentioning that the trends using all of
the systems are the same; only the absolute numbers are lower,
and the distance with the MARTINI 2.1 results is enhanced
(Supporting Information (SI), Figure S3). Despite the overall
bad performance, there are two sets that outperform v2.1 with
the C conformation (0.46), and one, SC4/SC4-Q4, matches
the performance of the E conformation with 0.58. These two
sets show us how disruptive the enhancement of the
hydrophilicity of the Q bead can be to the assembly, dropping

from 0.54 to 0.17 (Q3 to Q4) and from 0.58 to 0.08 (Q4 to
Q5). Additionally, the drop from 0.42 of SC4/SC5-Q4 to 0.17
of SC5/SC5-Q4 demonstrates that side chain hydrophilicity
also plays a disruptive effect. However, the fact that the best-
performing set (SC4/SC4-Q4) has an increase in the
hydrophilicity of both the side chains (SC4) and backbone
(Q4) over the second one (SC3/SC3-Q3) suggests that a
certain level of balance between these two is required for
proper self-assembling behavior.
In the Supporting Information, we show how the two

winning parameter sets are also the closest in AP trends to
MARTINI 2.1, which is interesting given the success of this
parameter in predicting self-assembly (Figure S4). However,
for the systems with tube fractions below 0.4 (Figure 4d), there
is no clear correlation. Lastly, the combined S/T sets present
different concentration dependences, which suggests, again, an
effect of the different-sized beads in the aromatic group.
Concerning interactions, the S/T set that effectively triggers

tube formation (SC3/TC3-Q3) necessitates a higher hydro-
phobicity compared to that of the original v3 set. This
requirement stems from a reduction in the interactions of the
T side chain beads and the backbone with water, decreasing
from 1.36 and 5.64 kJ/mol to 1.12 and 4.99 kJ/mol,
respectively (Figure S6). This effect is further magnified by
an increase in side chain-charged bead interactions (from 1.48
and 0.98 kJ/mol for S and T beads, respectively, to 2.16 and
1.45 kJ/mol), thereby promoting aggregation of the FF
molecules. The incorporation of elevated self-interactions in

Figure 4. Tube formation reproducibility results from Screening Step 3 showing the tube fraction of v3 sets, with (a) combined S/T sets and S-only
sets using (b) C2 and C3 and with (c) C4 and C5. (d) Average tube fraction for the systems with ≥600 FF molecules. Snapshots of the structures
formed with (e) SC3/SC3-Q3 and (f) SC4/SC4-Q4, with the number of FF peptides indicated in the inset. FF molecules follow the color coding
in Figure 1, water and ions are removed for clarity, and the simulation box is shown in green.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.3c01015
J. Chem. Theory Comput. 2024, 20, 224−238

231

https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c01015/suppl_file/ct3c01015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c01015/suppl_file/ct3c01015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c01015/suppl_file/ct3c01015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c01015/suppl_file/ct3c01015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c01015/suppl_file/ct3c01015_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01015?fig=fig4&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c01015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


SCh3/TCh3-Q3 further amplifies this effect, favoring the
formation of tubes (Figure 4d). The S-only bead sets exhibit
similar trends, reducing the interaction of the charged beads
with water while enhancing their interaction with the apolar
side chain beads. Consequently, we can conclude that the
alterations introduced in MARTINI 3 to the balance of
interactions of charged beads with the apolar side chains and
water critically impact the model’s ability to accurately
replicate the self-assembly of FF.
Simulation Setup Effect. Regarding the system size’s

impact, it is important to highlight that the 24.5 nm box used
in Screening Step 2 has concentrations (135 and 181 mM) that
fall between the concentrations used in the 300 and 600
molecule systems in Screening 3, which were 100 and 200 mM,
respectively. However, the larger boxes appear to exhibit better
reproducibility in tube formation, as evidenced by their
consistency across both concentrations and in line with the
results from Screening 1. In Screening 1, the 800 FF molecules
within 17.0 nm boxes exhibited tube formation in the v2.1 and
three additional MARTINI 3 sets, whereas the 300 molecules
within 12.5 nm boxes failed to produce any tubes, even for the
former, despite their similar concentrations (267 mM and 256
mM, respectively). Therefore, we can conclude that successful
modeling of self-assembled morphologies requires large box
sizes. Furthermore, the tube fraction of several studied
parameter sets drops significantly at high concentrations
(≥1200 FF molecules, ≥400 mM). In these excessively
congested systems, artifacts formed due to excessive binding
across the periodic boundaries of the simulation box (Figure
S5). Therefore, we can conclude that particular care must be
taken when modeling supramolecular self-assembly with regard
to simulation box size and concentration to ensure the
reliability and reproducibility of the results. Lastly, it is
noticeable that the range of concentrations within which self-
assembly exhibits good performance consistently falls between
100 and 400 mM. This range aligns with the 10-fold increment
compared to the experimental concentrations typically used
when modeling supramolecular self-assembly.59

Validation of the Simulation Parameters. Recent work
presented by Thallmair et al. demonstrated the presence of
temperature gradients in biphasic water−lipid bilayer sys-

tems.86 In that study, the use of constraints on the solute
molecules led to deviations in the thermostat for different
molecular groups, resulting in temperature differences among
the components of the same bilayer. As our assemblies are also
biphasic and the F side chain employs constraints to maintain
the geometry of the aromatic ring, they could potentially
exhibit similar gradients. Since we do not have multi-
component systems, we analyzed the temperatures of groups
of molecules instead, as described in the Methods section. The
results revealed no trend among the different models (Figure
S7a), and the fluctuations presented are below those shown in
the bulk box or in the solvent (Figure S7d). Additionally,
tuning the parameters to assess the effect of a different
electrostatics algorithm, commonly used in highly charged
systems,91,92 and a set of parameters demonstrated by
Thallmair et al. to minimize these gradients,86 we can observe
that none of these sets lead to consistent improvements of the
temperature fluctuations. Additionally, these parameters have
no influence on the AP scores using v3 despite the
recommended time step for this version being employed
(Figure S7e).77 Therefore, the temperature gradients seem to
be below standard fluctuations of the thermostat algorithm,
and tuning the simulation parameters does not have a clear
effect on them or on the self-assembly behavior of FF using v3.
Self-Assembly Validation with Other Di- and Tripep-

tides. Given the match of the SC4/SC4-Q4 set with the tube
formation tendency of MARTINI 2.1 with the E conformation,
we decided to assess whether this modification could be
enough to fix the self-assembly behavior of other dipeptides
and tripeptides. Following the comparison between MARTINI
2.1 and 2.2, and of the different aromatic amino acids within
v2.1, we attempted a few modifications in these amino acids as
well. Our modified W and Y, as they have additional beads to
account for their heteroatoms, employ the same modification
of their aromatic hydrophobic beads to SC4. Additionally, all
of the tested peptides include Q4 instead of Q5 for their
charged termini, as suggested by our results. We employed the
same simulation setup as in the initial assessment, with 1200 or
1600 molecules in 24.5 nm side boxes. In these results, we can
observe a significant AP drop from v2.1 to v2.2 in dipeptides
(Figure 5a), but this difference noticeably decreases for

Figure 5. AP scores of the additional (a) dipeptides and (b) tripeptides, using v2.1, v2.2, v3, v3opt, and v3opt* (similar to v3opt but using v3 for all
of the nonoptimized side chains). Final structures of (c) FW, (d) KYY, and (e) KYF using v3opt and (f) KYF using v3opt*.
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tripeptides (Figure 5b). Instead, v3 is not able to reproduce
any aggregation except in the case of FFF. Thus, we see that
although both v2.2 and v3 exhibit a length-dependent
misperformance in reproducing the behavior of short
sequences, this issue seems to be more pronounced in the
latter version. Therefore, as observed for FF, MARTINI 3 di-
and tripeptides are unrealistically soluble with AP values of ≈1,
except for FFF. Nevertheless, we can observe that by
introducing our proposed optimization (v3opt), the results
clearly improve and the AP values increase. The AP of the
optimized FF is very similar to the reference v2.1. The
introduction of the W modifications in FW and WF also
successfully increases the AP values, in this case, above the
reference, suggesting some overestimation of hydrophobicity in
the case of these parameters. The results of these two
dipeptides with the unmodified W, which have AP values
closer to those of v2.1, may imply that no modification is
required for this dipeptide. Nonetheless, the lack of any
aggregation in WW with the original MARTINI 3 model
rejects this option, although it could be related to the
hydrophilicity of the backbone beads. The result of IF shows
that it is not enough to modify only the aromatic amino acid
parameters, as the introduction of unmodified aliphatic I
overrides any improvement of the v3opt set (Figure 5a). The
results in the tripeptides corroborate this, as only FFF, with all
of the amino acids modified, reaches AP scores at the level of
v2.1 (Figure 5b). But the modifications clearly improve the
results. Y seems to be giving improvements similar to F, but
the hydrophobicity overestimation of W makes tripeptides
with this amino acid give the best performance. However,
future improvements in the rest of the amino acids would
make this problematic, leading to excessive aggregations.
Lastly, the results on nonaggregating tripeptides, GGG and
GHK, with similar AP values for the v3 and v3opt parameter
sets, show that lowering the charged termini hydrophilicity
does not lead to any unrealistic aggregation. The results for the
1600 molecules are similar, following the same trends (Figure
S8). In summary, the AP results show that there is an
improvement with v3opt but that W presents an overestimated
hydrophobicity, and the rest of the amino acids would also
require parameter optimization to reproduce the AP behavior
of v2.1.
Although the AP score provides a good measure of peptide

aggregation, we have observed, in the case of FF, parameter
sets with different APs that lead to tubes or similar AP scores
presenting different structures. The AP has not been
quantitatively connected to any experimental measure, and
thus, using the MARTINI 2.1 results as a reference has limited
validity, and it is used only as an initial assessment. Therefore,
as for FF, we also evaluate the performance of the new
parameters in reproducing the formation of structures that
have been validated experimentally (Table 2). We must
consider that the comparison between experimental and
computational results is not always straightforward. Both can
have different populations of structures and additional effects,
such as experimental drying or computational size of the
system, that can alter the output. That is why except for the
molecules that remain in solution or the well-ordered tubes
and fibers the rest of the structures are compatible with
experimentally observed aggregates. Additionally, when refer-
ring to some aggregation (some aggr.), it must be stated that
this still refers to a state close to molecules in solution.
Additionally, some bilayers show preferential growth in one of

their dimensions, resembling ribbons that are compatible with
the experimentally observed fibers. Continuing with the
analysis of the results, the high solubility of v2.2 and v3 is
totally evident. Although the latter only matches the soluble
results, the former can reproduce the self-assembly of some
tripeptides. Indeed, some errors of v2.2 in reproducing the
experimental morphology are caused by an excess of order
(e.g., FFF and KFD), similar to v2.1. This suggests that the
change in behavior for short peptides of the newer MARTINI
2 version is already reduced in tripeptides with respect to
dipeptides. However, v2.1 and v3opt are the parametrizations
that perform best. Both sets can reproduce the experimental
behavior of 4 dipeptides and 10 tripeptides. Actually, v3opt
only fails to reproduce the behavior of IF, undoubtedly due to
the nonmodified I side chain. Although the formation of the
more ordered tubes seems to be favored by modified W for
FW (v3opt result), this excess of order may not be consistent
with the experimental results for WF. In the case of the
tripeptides, v2.1 fails by overestimating the order in KFD,
whereas the error in v3opt is, again, due to a non-
reparametrized hydrophobic residue (P) for PFF. Although
the Y parameters introduced have not been optimized, they
lead to the expected morphologies for KYY and KYF (Figure
5d,e) and show, as for W-containing dipeptides, a better
matching than the nonmodified residue for KYF (Figure 5f).
In summary, although some optimization of the rest of the
amino acids would improve the results, v3opt can successfully

Table 2. Summary of the Morphologies Obtained for the
Different Peptides Studied and Their Comparison with the
Experimentally Determined Onesa

MD predicted structure

peptide
experimental
structure v2.1 v2.2 v3 v3opt

FF tube, vesicle94 tube,
vesicle

solution solution tube,
vesicle

FW tube,
aggregate95

fiber, solid solution solution tube,
vesicleb

IF fiber96 fiber, solid solution solution solution
WF aggregate3 hollow

aggr.
some aggr. solution tube,

vesicleb

WW aggregate3 fibrillar
aggr.

some aggr. solution bilayer

DFF aggregate67 bilayer some
bilayer

solution bilayer

FFD fiber67 bilayer/
ribbon

bilayer solution bilayer/
ribbon

FFF solid69 fiber, solid fiber vesicle,
tube

solid

GGG solution59 some
aggr.

- solution solution

GHK solution67 some
aggr.

- solution solution

KFD aggregate59 fiber fiber solution aggregate
KFF fiber59 fiber aggregate solution fiber
KYF fiber59 fiber fiber solution fiber,

aggr.b

KYW fiber59 fiber fiber solution fiber
KYY fiber59 fiber - solution fiber, aggr.
PFF crystals59 solid solid solution tube,

vesicle
aThe computational results matching (or compatible with) the
experimental results are underlined. bThis refers to the structure
obtained with v3opt*.
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reproduce di- and tripeptide self-assembled morphologies.
Indeed, this version seems to have lowered the order
overestimation of v2.1 and has a strong potential to outperform
its results with further reparameterization. This aligns with
previous reports, highlighting that v2.1 is deemed “too sticky,”
resulting in an overestimation of hydrophobic interactions.79

This characteristic likely underlies its efficacy in modeling
peptide self-assembly, but it is not unexpected that it may lead
to unrealistic overestimation of the order in certain cases.
Nonetheless, our proposed set is capable of replicating the
positive results of v2.1 without succumbing to its unrealistic
overestimation of hydrophobic interactions.
Coassembly Validation. Given the excellent performance

of our parametrization in reproducing the behavior of FF, FFF,
FFD, and GHK, we also assessed their performance in more
complex systems by studying the FF/FFF and FFD/GHK
coassemblies. The latter were studied at a 1:167 ratio, while the
former at 6:1 and 9:14 ratios, representing the limiting
examples of fully hollow and fully solid object formation,
respectively.69 Following the previous discussion, it is evident
that v3opt successfully reproduces the expected formation of a
ribbon with molecules in a bilayer disposition for FFD and the
nonaggregation of GHK (Figure 6a). Interestingly, GHK
presents even lower aggregation than that with v2.1, which is
known to overestimate aggregation (Table 2). This reduced
aggregation tendency is also apparent in the coassembly with
FFD, where a significant number of GHK molecules remain in
solution. However, similar to when using v2.1, v3opt
demonstrates how the GHK tripeptides coassemble onto the
FFD, enhancing its one-dimensional (1D) character (Figure
6a). In the case of the FF:FFF coassembly, the results show
the formation of hollow structures, specifically tubes, for both
versions at a 6:1 ratio (Figure 6b). However, at 9:14 and 0:1
ratios, where FFF dominates the assembly, solid objects are
formed. Therefore, we can conclude that the proposed

optimized parameters for MARTINI 3, v3opt, are capable of
reproducing more complex behaviors, such as the coassemblies
between the proposed dipeptides and tripeptides.
Even though we have demonstrated only the effects of

modifying the charged termini and the aromatic amino acids,
specifically optimizing only one of them, F, our alterations to
the MARTINI 3 parameters, v3opt, significantly enhance the
performance of the original set. This achievement extends to
the reproduction of sequence selectivity in the formation of
various morphologies, including vesicles, fibers, and tubes. The
success of this parameter set is not limited to single-peptide
self-assembly systems but has also demonstrated excellent
performance in more complex coassemblies involving two
components. Therefore, we can conclude that our proposed
parameter set enhances the capability of MARTINI 3 to
accurately model the self-assembly of short peptides.
We wish to underscore that the proposed set has undergone

optimization and validation specifically for replicating the self-
assembly and coassembly of short peptides only. This involved
enhancing aromatic side chain interactions, crucial for forming
the extended stacks inherent to supramolecular assemblies, and
reducing the hydrophilicity of the charged C- and N-termini,
thereby augmenting aggregation in the presented systems. The
significance of this hydrophilicity reduction is particularly
pronounced in short peptides, such as dipeptides, where the
charged termini constitute the sole backbone beads. Consid-
ering that his effect is enhanced by the low stability of side
chain-charged termini interactions, it is plausible to assume
that the impact of termini hydrophilicity diminishes with
increasing length of the peptide. While the exact length
required to alleviate this solubilizing effect in v3 remains
unclear, our results already exhibit favorable AP values for FFF,
indicating that the number of F residues in this tripeptide is
sufficient to promote aggregation, surpassing the opposite
effect of the termini. Consequently, we hypothesize that the

Figure 6. Coassembly results of (a) FFD with GHK, showing the self-assembled structures of GHK and FFD, and the coassembly (FFD+GHK),
and (b) FF with FFF at 6:1, 9:14, and 0:1 (FFF only). Some structures show the cross section in the inset.
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overall effect may be negligible in sequences below 10 amino
acids and certainly not relevant for proteins, which include
additional parameters that ensure structural stability. Never-
theless, minimizing errors may not suffice for certain
applications of the MARTINI force field demanding
heightened precision in supramolecular interactions, such as
ligand binding in the proximity of the termini. In such cases,
our proposed correction may yield superior results. However,
to rigorously validate these hypotheses, further simulations
with longer peptides and proteins�whether embedded in lipid
membranes or not�are essential to ensure the MARTINI
force field accomplishes its intended purpose. Alternatively,
forthcoming MARTINI iterations could benefit from an
alternative approach in modeling charged termini to alleviate
their destabilizing effect. We propose that decentering the
charge from these beads using virtual beads could enhance the
consistency of the MARTINI force field across different
peptide lengths.

■ CONCLUSIONS
We conducted an evaluation of the MARTINI 3 force field’s
performance in simulating the self-assembly of di- and
tripeptides, comparing it with previous versions (2.1 and 2.2)
for amino acids. Our analysis revealed that the initial version,
v2.1, outperformed the others, while the latest version, v3,
exhibited an inability to replicate the self-assembly behaviors
observed in both dipeptides and tripeptides. Additionally, v2.2
demonstrated diminished performance in dipeptide simula-
tions yet showcased improved outcomes for tripeptide
assemblies. Consequently, the iterative refinements made to
the MARTINI force field, while enhancing its capacity to
emulate protein behavior, have inadvertently diminished its
effectiveness in capturing the self-assembly characteristics of
short peptides. This trend appears to be associated with the
peptide length that has further deteriorated across successive
versions.
Motivated by the potential of MARTINI 3, we conducted an

exploration of multiple parameter sets to investigate their
impact on the force field’s efficacy in reproducing the
formation of tubes by dipeptide FF. Our investigations into
the hydrophilicity variations of charged termini revealed that
this factor influences solubility enhancement and likely
underlies the length-dependent discrepancies observed in v3.
This effect is enhanced by disruptive intermolecular
interactions between the charged termini and the aromatic
beads of F and diminishes as the percentage of charged
backbone beads decreases with longer peptide lengths and is
likely to be insignificant in proteins. While mitigated through
the reduction of hydrophilicity in charged beads and
augmentation of side chain hydrophobicity, the overestimated
repulsion of charged beads could potentially be mitigated in
terms of peptide length dependence by relocating the charge
away from the backbone bead center in termini. Furthermore,
the utilization of distinct bead sizes within the aromatic ring of
F critically affects π-stacking interactions. Specifically, the use
of tiny (T) beads brings small (S) beads to unstable distances,
thereby introducing packing distances that may be incompat-
ible with those between backbones. In summary, we emphasize
the significance of maintaining the planar geometry of aromatic
side chains to safeguard the integrity of π-stacking interactions
in future MARTINI iterations. Additionally, it is crucial to
further investigate the impact of discrepancies in interaction

distances between the side chains and the backbones within
the assemblies.
While acquiring these findings, we also obtained insights

into the influence of box sizes and solute concentrations along
with the reproducibility of simulation results. Large boxes
(≥17 nm) with elevated concentrations (≥180 mM) favored
the self-assembly of FF into tubes. However, overly congested
systems (>500 mM) encountered difficulties in forming the
expected structures using specific parameter sets. This
dependence was contingent on the parameter sets, which
also exhibited concentration-dependent reproducibility. This
underscores the importance of screening multiple simulation
setups when investigating supramolecular self-assembling
systems to ensure the attainment of reliable results or the
need for free energy calculations to build accurate phase
diagrams of supramolecular systems. It is worth noting that the
concentration range at which the simulations are performed
optimally aligns closely with the standard practice of using a
10-fold concentration increment compared to experimental
values.
Finally, within this study, we introduce parameters designed

to enhance the efficacy of MARTINI 3 for simulating short
peptide self-assembly. The proposed parameter set (v3opt)
demonstrates superior performance compared to earlier
MARTINI versions in specific scenarios, underscoring the
potential of this new version to increase the simulation
accuracy of peptide self-assembly phenomena. Unlike the
successful MARTINI 2 version, v2.1, our optimized version 3
does not appear to necessitate the overestimation of hydro-
phobic interactions to model this behavior, thus avoiding the
overestimation of order observed in certain examples with the
older version. In light of these findings, we suggest that refining
the side chain geometry and mitigating the impact of charged
termini represent promising next steps for future enhance-
ments to the MARTINI force field. These adjustments hold
the potential to establish consistency across various peptide
lengths from dipeptides to proteins.
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(29) Sato, K.; Ji, W.; Álvarez, Z.; Palmer, L. C.; Stupp, S. I. Chiral
recognition of lipid bilayer membranes by supramolecular assemblies
of peptide amphiphiles. ACS Biomater. Sci. Eng. 2019, 5, 2786−2792.
(30) Clover, T. M.; O’Neill, C. L.; Appavu, R.; Lokhande, G.;
Gaharwar, A. K.; Posey, A. E.; White, M. A.; Rudra, J. S. Self-Assembly
of Block Heterochiral Peptides into Helical Tapes. J. Am. Chem. Soc.
2020, 142, No. 19809, DOI: 10.1021/jacs.9b09755.
(31) Garcia, A. M.; Melchionna, M.; Bellotto, O.; Kralj, S.;
Semeraro, S.; Parisi, E.; Iglesias, D.; D’Andrea, P.; De Zorzi, R.;
Vargiu, A. V.; Marchesan, S. Nanoscale assembly of functional
peptides with divergent programming elements. ACS Nano 2021, 15,
3015−3025.
(32) Caruso, M.; Gatto, E.; Placidi, E.; Ballano, G.; Formaggio, F.;
Toniolo, C.; Zanuy, D.; Alemán, C.; Venanzi, M. A single-residue
substitution inhibits fibrillization of Ala-based pentapeptides. A
spectroscopic and molecular dynamics investigation. Soft Matter
2014, 10, 2508−2519.
(33) Eckes, K. M.; Mu, X.; Ruehle, M. A.; Ren, P.; Suggs, L. J. β
Sheets Not Required: Combined Experimental and Computational
Studies of Self-Assembly and Gelation of the Ester-Containing
Analogue of an Fmoc-Dipeptide Hydrogelator. Langmuir 2014, 30,
5287−5296.
(34) Castelletto, V.; Cheng, G.; Greenland, B. W.; Hamley, I. W.;
Harris, P. J. F. Tuning the Self-Assembly of the Bioactive Dipeptide l-
Carnosine by Incorporation of a Bulky Aromatic Substituent.
Langmuir 2011, 27, 2980−2988.
(35) Noble Jesus, C.; Evans, R.; Forth, J.; Estarellas, C.; Gervasio, F.
L.; Battaglia, G. Amphiphilic histidine-based oligopeptides exhibit pH-
reversible fibril formation. ACS Macro Lett. 2021, 10, 984−989.
(36) Dana, A.; Tekinay, A. B.; Tekin, E. D. A comparison of peptide
amphiphile nanofiber macromolecular assembly strategies. Eur. Phys.
J. E: Soft Matter 2019, 42, No. 63.
(37) López-Pérez, D. E.; Revilla-Lopez, G.; Hamley, I. W.; Aleman,
C. Molecular insights into aggregates made of amphiphilic Fmoc-
tetrapeptides. Soft Matter 2013, 9, 11021−11032.
(38) Jones, C. D.; Kennedy, S. R.; Walker, M.; Yufit, D. S.; Steed, J.
W. Scrolling of supramolecular lamellae in the hierarchical self-
assembly of fibrous gels. Chem 2017, 3, 603−628.
(39) Lai, C.-T.; Rosi, N. L.; Schatz, G. C. All-Atom Molecular
Dynamics Simulations of Peptide Amphiphile Assemblies That
Spontaneously Form Twisted and Helical Ribbon Structures. J.
Phys. Chem. Lett. 2017, 8, 2170−2174.
(40) Xiong, Q.; Stupp, S. I.; Schatz, G. C. Molecular Insight into the

β-Sheet Twist and Related Morphology of Self-Assembled Peptide
Amphiphile Ribbons. J. Phys. Chem. Lett. 2021, 12, 11238−11244.
(41) Zanuy, D.; Poater, J.; Sola, M.; Hamley, I. W.; Aleman, C.
Fmoc−RGDS based fibrils: atomistic details of their hierarchical
assembly. Phys. Chem. Chem. Phys. 2016, 18, 1265−1278.
(42) Mondal, S.; Varenik, M.; Bloch, D. N.; Atsmon-Raz, Y.; Jacoby,
G.; Adler-Abramovich, L.; Shimon, L. J.; Beck, R.; Miller, Y.; Regev,
O.; Gazit, E. A minimal length rigid helical peptide motif allows
rational design of modular surfactants. Nat. Commun. 2017, 8,
No. 14018.

(43) Frederix, P. W. J. M.; Idé, J.; Altay, Y.; Schaeffer, G.; Surin, M.;
Beljonne, D.; Bondarenko, A. S.; Jansen, T. L.; Otto, S.; Marrink, S. J.
Structural and spectroscopic properties of assemblies of self-
replicating peptide macrocycles. ACS Nano 2017, 11, 7858−7868.
(44) Lee, O.-S.; Stupp, S. I.; Schatz, G. C. Atomistic Molecular
Dynamics Simulations of Peptide Amphiphile Self-Assembly into
Cylindrical Nanofibers. J. Am. Chem. Soc. 2011, 133, 3677−3683.
(45) Tang, J. D.; Mura, C.; Lampe, K. J. Stimuli-responsive,
pentapeptide, nanofiber hydrogel for tissue engineering. J. Am. Chem.
Soc. 2019, 141 (12), 4886−4899, DOI: 10.1021/jacs.8b13363.
(46) Iscen, A.; Schatz, G. C. Hofmeister Effects on Peptide
Amphiphile Nanofiber Self-Assembly. J. Phys. Chem. B 2019, 123,
7006−7013.
(47) Mehralitabar, H.; Taghdir, M.; Naderi-Manesh, H. A
combination of bioactive and nonbioactive alkyl-peptides form a
more stable nanofiber structure for differentiating neural stem cells: a
molecular dynamics simulation survey. J. Biomol. Struct. Dyn. 2019,
37, 3434−3444.
(48) Nir, S.; Zanuy, D.; Zada, T.; Agazani, O.; Aleman, C.; Shalev,
D. E.; Reches, M. Tailoring the self-assembly of a tripeptide for the
formation of antimicrobial surfaces. Nanoscale 2019, 11, 8752−8759.
(49) Ramos Sasselli, I.; Ulijn, R. V.; Tuttle, T. CHARMM force field
parameterization protocol for self-assembling peptide amphiphiles:
the Fmoc moiety. Phys. Chem. Chem. Phys. 2016, 18, 4659−4667.
(50) Manandhar, A.; Chakraborty, K.; Tang, P. K.; Kang, M.; Zhang,
P.; Cui, H.; Loverde, S. M. Rational Coarse-Grained Molecular
Dynamics Simulations of Supramolecular Anticancer Nanotubes. J.
Phys. Chem. B 2019, 123, 10582−10593.
(51) Velichko, Y. S.; Stupp, S. I.; Olvera de la Cruz, M. Molecular
simulation study of peptide amphiphile self-assembly. J. Phys. Chem. B
2008, 112, 2326−2334.
(52) van Teijlingen, A.; Swanson, H. W.; Lau, K. H. A.; Tuttle, T.
Constant pH coarse-grained molecular dynamics with stochastic
charge neutralization. J. Phys. Chem. Lett. 2022, 13, 4046−4051.
(53) Frederix, P. W. J. M.; Patmanidis, I.; Marrink, S. J. Molecular
simulations of self-assembling bio-inspired supramolecular systems
and their connection to experiments. Chem. Soc. Rev. 2018, 47, 3470−
3489.
(54) Marrink, S. J.; Risselada, H. J.; Yefimov, S.; Tieleman, D. P.; de
Vries, A. H. The MARTINI Force Field: Coarse Grained Model for
Biomolecular Simulations. J. Phys. Chem. B 2007, 111, 7812−7824.
(55) Monticelli, L.; Kandasamy, S. K.; Periole, X.; Larson, R. G.;
Tieleman, D. P.; Marrink, S.-J. The MARTINI Coarse-Grained Force
Field: Extension to Proteins. J. Chem. Theory Comput. 2008, 4, 819−
834.
(56) Periole, X.; Cavalli, M.; Marrink, S.-J.; Ceruso, M. A.
Combining an elastic network with a coarse-grained molecular force
field: structure, dynamics, and intermolecular recognition. J. Chem.
Theory Comput. 2009, 5, 2531−2543.
(57) Sørensen, J.; Periole, X.; Skeby, K. K.; Marrink, S.-J.; Schiøtt, B.
Protofibrillar assembly toward the formation of amyloid fibrils. J. Phys.
Chem. Lett. 2011, 2, 2385−2390.
(58) Frederix, P. W. J. M.; Ulijn, R. V.; Hunt, N. T.; Tuttle, T.
Virtual Screening for Dipeptide Aggregation: Toward Predictive
Tools for Peptide Self-Assembly. J. Phys. Chem. Lett. 2011, 2, 2380−
2384.
(59) Frederix, P. W. J. M.; Scott, G. G.; Abul-Haija, Y. M.;
Kalafatovic, D.; Pappas, C. G.; Javid, N.; Hunt, N. T.; Ulijn, R. V.;
Tuttle, T. Exploring the Sequence Space for (Tri-)peptide Self-
assembly to Design and Discover New Hydrogels. Nat. Chem. 2015,
7, 30−37.
(60) Hu, T.; Zhang, Z.; Hu, H.; Euston, S. R.; Pan, S. A
comprehensive study on self-assembly and gelation of C13-
dipeptides�from design strategies to functionalities. Biomacromole-
cules 2020, 21, 670−679.
(61) van Teijlingen, A.; Tuttle, T. Beyond Tripeptides Two-Step
Active Machine Learning for Very Large Data sets. J. Chem. Theory
Comput. 2021, 17, 3221−3232.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.3c01015
J. Chem. Theory Comput. 2024, 20, 224−238

237

https://doi.org/10.1039/C6CC05821C
https://doi.org/10.1039/C6SM01737A
https://doi.org/10.1039/C6SM01737A
https://doi.org/10.1039/C6SM01737A
https://doi.org/10.1021/acsnano.0c06041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c06041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c06041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2018.05.016
https://doi.org/10.1016/j.chempr.2018.05.016
https://doi.org/10.1021/acsbiomaterials.9b00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.9b00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.9b00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c09386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c09386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3sm52831f
https://doi.org/10.1039/c3sm52831f
https://doi.org/10.1039/c3sm52831f
https://doi.org/10.1021/la500679b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500679b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500679b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500679b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la104495g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la104495g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.1c00142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.1c00142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1140/epje/i2019-11827-6
https://doi.org/10.1140/epje/i2019-11827-6
https://doi.org/10.1039/c3sm51826d
https://doi.org/10.1039/c3sm51826d
https://doi.org/10.1016/j.chempr.2017.09.001
https://doi.org/10.1016/j.chempr.2017.09.001
https://doi.org/10.1021/acs.jpclett.7b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CP04269K
https://doi.org/10.1039/C5CP04269K
https://doi.org/10.1038/ncomms14018
https://doi.org/10.1038/ncomms14018
https://doi.org/10.1021/acsnano.7b02211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b02211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110966y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110966y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110966y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b05532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b05532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07391102.2018.1516571
https://doi.org/10.1080/07391102.2018.1516571
https://doi.org/10.1080/07391102.2018.1516571
https://doi.org/10.1080/07391102.2018.1516571
https://doi.org/10.1039/C8NR10043H
https://doi.org/10.1039/C8NR10043H
https://doi.org/10.1039/C5CP06770G
https://doi.org/10.1039/C5CP06770G
https://doi.org/10.1039/C5CP06770G
https://doi.org/10.1021/acs.jpcb.9b07417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b07417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074420n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074420n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CS00040A
https://doi.org/10.1039/C8CS00040A
https://doi.org/10.1039/C8CS00040A
https://doi.org/10.1021/jp071097f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp071097f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct700324x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct700324x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct9002114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct9002114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz2010094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz2010573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz2010573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2122
https://doi.org/10.1038/nchem.2122
https://doi.org/10.1021/acs.biomac.9b01386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b01386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b01386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c01015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(62) Shmilovich, K.; Mansbach, R. A.; Sidky, H.; Dunne, O. E.;
Panda, S. S.; Tovar, J. D.; Ferguson, A. L. Discovery of self-assembling
π-conjugated peptides by active learning-directed coarse-grained
molecular simulation. J. Phys. Chem. B 2020, 124, 3873−3891.
(63) Batra, R.; Loeffler, T. D.; Chan, H.; Srinivasan, S.; Cui, H.;
Korendovych, I. V.; Nanda, V.; Palmer, L. C.; Solomon, L. A.; Fry, H.
C.; Sankaranarayanan, S. K. R. S. Machine learning overcomes human
bias in the discovery of self-assembling peptides. Nat. Chem. 2022, 14,
1427−1435.
(64) Mazza, M.; Notman, R.; Anwar, J.; Rodger, A.; Hicks, M.;
Parkinson, G.; McCarthy, D.; Daviter, T.; Moger, J.; Garrett, N.; et al.
Nanofiber-based delivery of therapeutic peptides to the brain. ACS
Nano 2013, 7, 1016−1026.
(65) Moreira, I. P.; Piskorz, T. K.; van Esch, J. H.; Tuttle, T.; Ulijn,
R. V. Biocatalytic self-assembly of tripeptide gels and emulsions.
Langmuir 2017, 33, 4986−4995.
(66) Scott, G. G.; McKnight, P. J.; Tuttle, T.; Ulijn, R. V. Tripeptide
Emulsifiers. Adv. Mater. 2016, 28, 1381−1386.
(67) Abul-Haija, Y. M.; Scott, G. G.; Sahoo, J. K.; Tuttle, T.; Ulijn,
R. Cooperative, ion-sensitive co-assembly of tripeptide hydrogels.
Chem. Commun. 2017, 53, 9562−9565.
(68) Bera, S.; Mondal, S.; Tang, Y.; Jacoby, G.; Arad, E.; Guterman,
T.; Jelinek, R.; Beck, R.; Wei, G.; Gazit, E. Deciphering the Rules for
Amino Acid Co-Assembly Based on Interlayer Distances. ACS Nano
2019, 13, 1703−1712.
(69) Guo, C.; Arnon, Z. A.; Qi, R.; Zhang, Q.; Adler-Abramovich,
L.; Gazit, E.; Wei, G. Expanding the Nanoarchitectural Diversity
Through Aromatic Di-and Tri-Peptide Coassembly: Nanostructures
and Molecular Mechanisms. ACS Nano 2016, 10, 8316−8324.
(70) Moreira, I. P.; Scott, G. G.; Ulijn, R. V.; Tuttle, T.
Computational prediction of tripeptide-dipeptide co-assembly. Mol.
Phys. 2019, 117, 1151−1163.
(71) Sasselli, I. R.; Moreira, I. P.; Ulijn, R. V.; Tuttle, T. Molecular
dynamics simulations reveal disruptive self-assembly in dynamic
peptide libraries. Org. Biomol. Chem. 2017, 15, 6541−6547.
(72) Sasselli, I. R.; Syrgiannis, Z. Small Molecules Organic Co-
Assemblies as Functional Nanomaterials. Eur. J. Org. Chem. 2020,
2020, 5305−5318.
(73) Deshmukh, S. A.; Solomon, L. A.; Kamath, G.; Fry, H. C.;
Sankaranarayanan, S. K. Water ordering controls the dynamic
equilibrium of micelle−fibre formation in self-assembly of peptide
amphiphiles. Nat. Commun. 2016, 7, No. 12367.
(74) Tang, Y.; Bera, S.; Yao, Y.; Zeng, J.; Lao, Z.; Dong, X.; Gazit, E.;
Wei, G. Prediction and characterization of liquid-liquid phase
separation of minimalistic peptides. Cell Rep. Phys. Sci. 2021, 2,
No. 100579.
(75) Lee, O.-S.; Cho, V.; Schatz, G. C. Modeling the Self-Assembly
of Peptide Amphiphiles into Fibers Using Coarse-Grained Molecular
Dynamics. Nano Lett. 2012, 12, 4907−4913.
(76) Yu, T.; Schatz, G. C. Free-Energy Landscape for Peptide
Amphiphile Self-Assembly: Stepwise versus Continuous Assembly
Mechanisms. J. Phys. Chem. B 2013, 117, 14059−14064.
(77) Souza, P. C. T.; Alessandri, R.; Barnoud, J.; Thallmair, S.;
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