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ABSTRACT: Self-assembly of peptides into supramolecular
structures represents an active field of research with potential
applications ranging from material science to medicine. Their
study typically involves the application of a large toolbox of
spectroscopic and imaging techniques. However, quite often,
the structural aspects remain underexposed. Besides, molec-
ular modeling of the self-assembly process is usually difficult to
handle, since a vast conformational space has to be sampled.
Here, we have used an approach that combines short
molecular dynamics simulations for peptide dimerization
and NMR restraints to build a model of the supramolecular

structure from the dimeric units. Experimental NMR data notably provide crucial information about the conformation of the
monomeric units, the supramolecular assembly dimensions, and the orientation of the individual peptides within the assembly.
This in silico/in vitro mixed approach enables us to define accurate atomistic models of supramolecular structures of the bacterial

cyclic lipodepsipeptide pseudodesmin A.

B INTRODUCTION

Resolving the supramolecular structures adopted by short- to
medium-sized self-assembling peptide systems is a very
challenging task both experimentally and computationally.' ™
These structures are of increasing interest due to their
potential applications in nanotechnology, biotechnology, and
medicine. Supramolecular assemblies with various morpholo-
gies find applications such as drug delivery systems, biosensors,
imaging contrast agents, antimicrobial agents, or biomaterials
for tissue engineering and biomineralization.*™® Peptides offer
a biocompatible, easy to use/synthetically accessible, and
chemically diverse platform for developing new nanostructures
in a controlled fashion. Understanding the forces that drive
these building blocks toward self-assembly is of paramount
importance for rational design of nanostructures for a specific
purpose. Their study by experimental methods typically
requires combination of multiple spectroscopic and imaging
techniques.”” '’ Higher-order supramolecular structures are
hardly amenable to high-resolution approaches such as
solution state NMR or X-ray crystallography due to size
heterogeneity and/or insolubility.
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From a computational point of view, self-assembly is hard to
tackle because a high level of sampling of the conformational
space is required for the convergence of thermodynamic and
structural quantities. All-atom molecular dynamic (MD)
simulations have limited ability to reach the long time scales
required for the sampling of the molecular degrees of freedom.
This issue is typically addressed by employing advanced
sampling techniques or by reducing the number of freedom
degrees with a coarse grained (CG) representation of
molecular entities.”' "'

In this work, we have developed an original approach to
circumvent these computational limitations by rationally
deducing the supramolecular structures from short MD
calculations, guided and validated by NMR experimental
data. The system under investigation is the cyclic lip-
odepsipeptide (CLP) pseudodesmin A,"” a pseudomonas
secondary metabolite of the viscosin group.'*"
interesting biological activity, it displays remarkable self-

Besides
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assembling properties in nonpolar solutions.'°™"” The precise
biological role of the self-assembly is yet to be established for
this and other CLPs, although it is speculated that it could
occur within the cellular membrane bilayer, which is the
apparent target of these compounds for antimicrobial
activity.””*" Pseudodesmin A consists of two moieties: (1) a
nonapeptide (1-Leul-pD-GIn2-p-aThr3-p-Val4-p-LeuS-D-Ser6-L-
Leu7-p-Ser8-L-1le9) cyclized via an ester bond between the C-
terminal carboxyl and the p-aThr3 side chain hydroxyl and (2)
a fatty acid ((R)-3-hydroxydecanoic acid) group attached to
the N-terminus of the peptide. The monomer conformation
was solved by both NMR and X-ray diffraction and features a
short left-handed a-helix of six amino acids long, followed by a
three-residue loop that completes the cyclic structure by
covalently stapling the end of the helix to its middle (Figure
1)."> The overall molecule is amphipathic, with the hydro-

SER6 GLN2

LEU7

SERS ILE9

Figure 1. NMR structure of pseudodesmin A.'® Carbon hydrogens
and backbone carbons of the helix are not represented. The left-
handed helix cartoon and the hydrogen bonds are in yellow. H-bond
donors, H-bond acceptors, and hydrophobic amino acids are,
respectively, circled in blue, red, and orange.

phobic and hydrophilic residues grouped along opposite sides
of the molecular surface. While no self-assembly was observed
in acetonitrile solution, the formation of large sug)ramolecular
structures has been demonstrated in chloroform.'® Using 1*C
relaxation NMR, it was shown that the assemblies possess an
axially symmetric shape and grow along one dimension.'” The
estimated dimensions suggested that filaments larger than the
diameter of one molecule are formed. Also, the orientation of
the monomer units relative to the direction of growth can be
established, strongly suggesting that the assembly is mediated
via intermolecular contacts between free N-terminal amides as
hydrogen bond donors and the C-terminal carbonyls as
hydrogen bond alcceptors.17 Intermolecular ROESY (rOe)
correlation also confirmed that contacts occur mainly between
these parts of the molecule.'® However, a detailed atomistic
model of the supramolecular assembly remains difficult to
establish at this stage. For this reason, we decided to combine
in vitro NMR data with molecular modeling.

Our modeling approach involves three steps: (1) scanning of
modes of interaction between two monomers by multiple,
short MD simulations using intramolecular NMR distance
restraints, (2) construction of all feasible supramolecular
structures based on the computed dimers, and (3) selection
of the correct filament structure based on the experimental **C
NMR relaxation data obtained in Sinnaeve et al. 2012."” The
complementarity of MD simulations and NMR data is crucial
here, since each separate technique (in silico and in vitro) is not
sufficient to obtain an accurate atomistic model.
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B METHODS

Atomistic Molecular Dynamics. Simulations have been
performed with the GROMOS $4a7 force field.”” The NMR
structure of pseudodesmin (L-Leul-p-Gln2-p-aThr3-p-Val4-p-
LeuS-D-Ser6-L-Leu7-p-Ser8-L-1le9; Figure 1) has been used."?
The p-amino acids and the allo-threonine have been added to
the force field by adapting the improper dihedral definition of
the alpha and beta carbons, respectively. From L-amino acid
topologies, the improper dihedrals are inverted at the C-alpha
to model p-amino acids. HDA is derived from threonine, and
parameters for ester cyclization have been derived from ethyl
acetate.”> The model used to simulate chloroform is the one
present natively in the force field, and acetonitrile parameters
are coming from the ATB repository.”’ rOe distance restraints
defined in Sinnaeve et al. 2009'® (Table S1) were used during
the molecular dynamics simulations. As the carbon hydrogens
are not represented in the Gromos force fields, 0.1 nm was
added to the distance restraints in these cases. All of the
systems studied were first minimized by steepest descent for
5000 steps. They were then run for a 1 ns simulation with the
peptide under position restraints in periodic boundary
conditions (PBCs) using a 2 fs time step. Production runs
were performed for 50 ns. All of the systems were solvated with
SPC water,”* chloroform, or acetonitrile. The dynamics were
carried out under the NPT conditions (298 K and 1 bar).
Temperature was maintained by using the v-rescale method™
with 7 = 0.2 ps, and an isotro;)ic pressure was maintained by
using the Parrinello—Rahman”® barostat with a compressibility
of 4.5 X 10° (1/bar) and 7 = 1 ps. Electrostatic interactions
were treated by using the particle mesh Ewald (PME)
method.”” van der Waals and electrostatics were treated with
a 1.0 nm cutoff. Bond lengths were maintained with the
LINCS®® algorithm. The trajectories were performed and
analyzed with the GROMACS 4.5.4 tools as well as with
homemade scripts and software, and 3D structures were
analyzed with both PYMOL”’ and VMD?? software.

B RESULTS

Simulation of Solvent Dependent Self-Assembly:
Acetonitrile versus Chloroform. In order to reproduce
the behavior of the peptides observed experimentally in both
acetonitrile (no self-assembly observed) and chloroform
(strong self-assembly), we performed short standard MD
simulations in these solvents. It has already been established by
NMR that the peptide monomer adopts essentially the same
intramolecular conformation in both acetonitrile and chloro-
form."® In order to reduce the degrees of motional freedom,
intramolecular NMR distance restraints (Table S1) obtained
from acetonitrile solution are used here to restrain the peptide
structure during the simulations to avoid drifting too far from
the experimental conformation. Simulation of four peptides in
an acetonitrile solvent box for 250 ns showed that peptides stay
mainly monomeric, in agreement with experimental data.'®
Dimers can be formed transiently but represent less than
13.5% of the simulation time. In contrast, in chloroform,
peptides rapidly interact with each other and form multimers
during the whole simulation time (Figure S1). However, due
to the many possible modes of intermolecular interaction
between the peptides, using a brute-force approach to sample a
larger number of peptides in a large solvent box in order to
observe the formation of a well-defined supramolecular
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Figure 2. Cluster occurrence and filament construction. (A) Cluster occurrence in each simulation run. (B) Representation of the dimer from
clusters C1 and C9 and their association to build the filaments. Carbon hydrogens and backbone carbons of the helix are not represented. The left-
handed helix cartoon and the hydrogen bonds are in yellow. The filaments built from clusters C1 and C9 are drawn with a surface representation.
Hydrophobic residues are represented in yellow and pink, while hydrophilic residues are represented in green and blue. (C) Summary table of the
pseudodesmin association; pink means no second filament is formed, i.e., molecules do not align (Figure 2D, right); purple, the second filament
forms, but the molecules are not aligned correctly (Figure 2D, left); and green, the second filament forms in the correct way. (D) Examples of

second filaments not correctly formed.

Table 1. H-Bonds Defining Each Cluster”

cluster relative orientation hydrogen bond criterion
cluster 1 linear GLN2 NH-LEU7 CO
GLN2 NH, E—-SER6 CO
cluster 2 linear LEU1 NH-LEU7 CO
GLN2 NH, Z—-SER8 CO
cluster 3 linear LEU1 NH—-SER6 CO
GLN2 NH, Z-LEUS CO
cluster 4 linear LEU1 NH-LEU7 CO
GLN2 NH, Z—SER6 CO
cluster 5 linear LEUI NH—-SER8 CO
GLN2 NH, Z-LEU7 CO
cluster 6 linear HDA OH-SER6 CO
LEU1 NH-LEU7 CO
GLN2 NH, Z-LEUS CO
cluster 7 linear HDA OH-LEUS CO

LEU1 NH-SER6 CO
GLN2 NH, Z-VAL4 CO

cluster relative orientation hydrogen bond criterion
cluster 8 linear HDA OH-VAL4 CO
LEUI NH-LEUS CO
GLN2 NH-SER6 CO
GLN2 NH, E-LEU7 CO
cluster 9 antiparallel GLN2 NH, E-SER6 CO
SER6 CO—GLN2 NH, E
cluster 10 antiparallel GLN2 NH, E—SER8 OH
SER8 OH—GLN2 NH, E
cluster 11 antiparallel GLN2 NH, E-SER8 CO
SER6 CO—GLN2 NH, E
cluster 12 antiparallel GLN2 NH, E-LEUS CO
SER8 CO—-GLN2 NH, E
cluster 13 perpendicular GLN2 NH-SER8 CO

GLN2 NH, E-SER8 OH
GLN2 NH, Z-THR3 OT

“NH, Z corresponds to the H which is on the O side of the planar amide bond (Figure 2B). OT corresponds to the oxygen of the alkoxy group.

structure is unlikely to succeed within a reasonable period of
time using currently available computational power.

Dimer Scan. We chose an alternative approach where we
first scan all possible interactions between only two peptides in
chloroform. For this, 10 independent simulations of 50 ns were
carried out (Figure 2A). Those simulations showed that
intermolecular contacts arise mainly through hydrogen bond
formation between the N-terminal of one peptide and the C-
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terminal residue of the other, as shown in Figure 2B and in
agreement with what was already proposed via NMR.'® Several
possible transient intermolecular hydrogen bonds are observed
during the simulation time, and most often several hydrogen
bonds are formed simultaneously (Table S2). Hydrogen
bonding patterns that are associated with specific dimeric
organizations can be identified and can be used as a criterion to
define dimer structures (Figure S2). Thirteen clusters were
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hence classified, each representing at least 0.5% of the total
simulation time. Their hydrogen bonds are listed in Tables 1
and S2 and represented in Figures 2A and S2. Three main
types of clusters are observed based on the relative orientation
of the peptides: (1) both peptides stacked linearly upon each
other via their N- and C-terminal sides (Figure 2B, left); (2)
both peptides aggregated side-by-side in an antiparallel fashion
(Figure 2B, right); (3) both peptides oriented in a
perpendicular arrangement for one cluster (C13) (Table 1
and Figure S3). The clusters showing the longer time duration
are the antiparallel dimers C9—C11 and the two linear clusters
C1 and C2 (Table 1).

Construction of One Filament Supramolecular
Structures. In the linear dimers, the peptides interact via
the hydrogen bond donor side of one molecule and the
acceptor side of the other one (cluster C1 of the Figure 2B)
and can then lead to the oligomerization of the peptides.
Filamentous oligomers have been built by iterative translations
and rotations (Figure 2B). First, from one member of the
dimers, translations and rotations necessary to find the
coordinates of the second member of the dimer are computed
(Figure 2B). From this transformation matrix, filamentous
oligomers that retain the dimer structure and intermolecular
contacts are built. For example, the filament formed from
cluster C1 shows a helically twisted structure with five peptides
per turn and all of the hydrophilic residues facing inward
(Figure 2). Different results are obtained from the various
other linear clusters, as summarized in Figure S4.

Validation of Filamentous Structures Based on NMR
Data. Experimental NMR results provided the orientation of
the monomer within the supramolecular structure relative to
the direction of growth.'” This information can be directly
confronted with the filaments obtained by molecular modeling.
This orientation is reflected in the collection of angles between
various Ca—Ha bonds of each amino acid and the direction of
growth (long axis) of the supramolecular structure, as this is
what was obtained from the NMR '3C relaxation approach.'”
The clusters giving filament models displaying the best
correlation with experimental data are clusters C1, C2, C4,
and CS with average differences over 10 angles of 13.5, 10, 10,
and 13.6° respectively, while the cluster displaying the greatest
differences is cluster C7 with an average difference of 20.6°
(Figure 3, Table S3).

Construction of the Two-Stranded Filament Struc-
tures. The segregation of hydrophobic and hydrophilic
residues along some filaments (see, for example, Figure 2B,
left, or Figure S4, cluster C1 or C4) strongly suggests that
pseudodesmin A can form intertwisted filaments by association
of the hydrophilic residues. Clusters C1 and C4 with five and
seven peptides per turn are very good candidates, while the
other filaments have four or less peptides per turn, with some
hydrophilic residues facing outside, and should then be less
prone to self-assemble. To build the second filament, the
antiparallel dimers have been used as a template. The
translations and rotations necessary to go from one member
of the antiparallel dimer to the other are computed and applied
to each peptide of the linear filament. The eight linear filament
models and the four antiparallel dimers have been used to
build double-stranded filaments (Figure SS). When we look at
Table 1, one can notice that the hydrogen bonds defining
linear and antiparallel dimers both involve the side chain of
GLN2. It supposes that the conformation of the side chain of
GLN?2 is different in the two structures used to build double-
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Figure 3. Correlation between NMR 13C relaxation data and C1, C4,
or C7 structures about the angles between CaH and the long axis of
the filament for each residue.

stranded filaments, as clearly illustrated in Figure 2B for C1
and C9. Thus, to build a double filament, the conformation of
the side chain of GLN2 from the linear dimer has been kept,
while the hydrogen bonds formed between the hydroxyl
groups of SER6 and SER8 of each peptide in the antiparallel
configuration (Figures 2B and S3) have been conserved. When
looking at the antiparallel clusters, C9 is the one where the
hydrophilic faces are matching at best (Figure S3), and from
the 32 possible double-stranded filaments built, two combina-
tions (C1 + 9 and C4 + 9) give a second filament which is
structurally identical to the one-strand filament and are thus
the best candidates. It is worth noting that, from two unrelated
dimer configurations (linear and antiparallel), a structure with
two structurally identical filaments can be built, strongly
suggesting self-consistency of the approach. Besides, we can
notice in Figure 2A that C1 and C4 are frequently observed
concomitantly during the simulations, while C1 appears to be
more stable over time. Since C9 is present during almost all of
the simulation time (Figure 2A), we can assume that the two
double filament structures could exist as “metastable”
conformations that can switch from one to the other.

To further validate our filament models, intermolecular
ROESY correlations measured by NMR on the aggregates'®
highlighting molecular contacts can be compared to those
observed between the peptides inside the model filament
structures. From Table 2 listing the interatomic distances
computed on the cluster models, it is obvious that almost all
contacts can be explained by the formation of one or the other
linear filaments, with clusters C1 and C2 presenting notably
seven interatomic distances lower than S A. Regarding the
other filament candidate made from clusters C4 and C9, it can
explain five of the interatomic distances and notably the
contact between LEU1 and LEU7 which is not observed in the
Cl + 9 double filaments. We can also notice that the
antiparallel configurations reflect the proximity between the
side chain of GLN2 and the backbone of SERS. Its proximity
with the ILE9 residue is less obvious. With the latter being in
the middle of the hydrophobic face of the peptide, no cluster
presents interatomic distances smaller than 5 A, except in
cluster C13, which is however in a perpendicular configuration.
Finally, we compared the diameter measured on the two-
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Table 2. List of the Atomic Contacts Determined Experimentally by NMR and the Interatomic Distance Computed in Each

Model Dimer Cluster”

C1 Cc2 C3 C4 Cs
HDA HA-SER8 HA 4.6 5.0 10.4 3.6 4.5
HDA OH-SER8 HA 3.2 3.8 9.0 4.8 3.3
LEUI HN-LEU7 HA 6.4 4.0 54 3.3 7.9
LEU1 HN-SER8 HA 2.7 3.1 7.8 3.8 3.7
LEU1 HN-ILE9 HB 6.9 8.0 12.2 8.7 5.9
GLN2 HN-LEU7 HA 4.1 7.0 3.8 3.9 7.7
GLN2 HN—-SER8 HA 3.1 4.0 7.3 6.3 4.5
GLN2 HN-ILE9 HB 8.7 8.5 11.5 11.0 7.0
GLN2 NH, E—-SER8 HA 3.9 4.9 8.5 8.2 4.4
GLN2 NH, Z—-SER8 HA 2.8 3.5 8.4 7.1 2.8

“Distances lower than 5 A are in bold.

Cé6 Cc7 C8 C9 C10 Cl1 Cl12 C13
4.2 8.3 10.3 9.8 11.0 6.9 9.8 8.4
5.7 9.0 7.7 7.7 7.9 3.9 7.5 6.9
2.9 3.2 5.0 10.5 13.1 9.6 10.8 9.6
4.4 6.6 8.7 10.4 9.4 5.9 7.3 5.9
9.6 10.9 11.7 16.3 9.8 9.9 11.3 4.6
4.0 4.2 3.3 8.1 11.0 7.9 9.2 8.8
7.2 8.5 6.7 8.6 7.9 5.7 S.S 4.6
11.8 11.6 11.1 14.1 9.5 8.3 8.2 6.6
9.4 9.6 3.6 4.9 4.4 4.3 4.0 4.5
7.9 8.3 4.5 4.4 4.9 3.6 4.8 5.2

stranded filament models C1 + 9 and C4 + 9 (2.1 and 2.3 nm,
respectively) to the diameter of the aggregate measured by
NMR (2.5 nm),"” showing a very good agreement. On the
other hand, the length of aggregates measured by NMR is 6.4
nm,"” corresponding to structures with an average of five and
four peptides per filament in the C1 + 9 (6.4 nm) and C4 + 9
(6.2 nm) models, respectively. Overall, there is a very good
agreement between the proposed models for double-stranded
filaments and the NMR data, strongly supporting our modeling
approach.

B DISCUSSION

The description of peptide self-assembly in order to reach
molecular models at atomistic level remains a nontrivial and
nonobvious task both experimentally and computationally but
is of paramount importance for the rational design of
nanostructures with specific purposes. To study the peptide
self-assembly by experimental methods, it typically requires
combination of multiple spectroscopic (NMR, FTIR, CD
spectroscopy, ..) and imaging techniques (TEM, AFM, ...)
because supramolecular structures are less amenable to high-
resolution approaches such as solution state NMR or X-ray
crystallography.”’ The peptide under investigation in this
study, pseudodesmin A, has been the object of an in depth
experimental characterization through various NMR and X-ray
diffraction techniques.'>'®'” Experimental NMR data obtained
in chloroform notably provide significant information about
the conformation of the monomeric units, the supramolecular
assembly dimensions, and the orientation and intermolecular
contacts of the individual peptides within the assembly.'>"”
However, while very informative, these data were not sufficient
to reach an atomistic representation of the aggregates.

Here, we have used an original approach that combines
short molecular dynamics simulations of the dimers and NMR
restraints to build a model of the supramolecular structure
from the dimeric units. The first step of the approach is to
calculate dimers of the peptide based on its restrained NMR
monomer structure by multiple short MD simulations.
Sampling dimer formation and hydrogen bond patterning led
us to classify the dimers into 13 clusters in which
intermolecular contacts arise mainly through hydrogen bond
formation between the N-terminal part of one peptide and the
C-terminal residue of the other, in agreement with NMR
data.'® The dimers can either be linear or antiparallel. More
precisely, we found that the interactions and peptide
configurations observed for the linear cluster C1 are very
favorable to filament formation, according to NMR data.
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Moreover, this filament presents a partition of its hydrophobic
and hydrophilic residue that allows the formation of
complementary and identical filaments, when combined with
the antiparallel cluster C9. In addition, these two clusters are
the ones that are more populated during molecular dynamics
simulations. Another potential structure is made of C9 and C4
clusters, which presents these same properties. Both oligomeric
structures converge, strongly supporting our methodology.
The oligomeric structure further appears to fit all of the
available experimental information (intermolecular contacts,
orientation, shape, and size) and provides now a working
model of the pseudodesmin self-assembly.

It should be noted that simulating self-assembly processes by
MD is not an obvious task and all-atom molecular dynamics
(AT-MD) simulations have limited ability to reach the long
time scales required for the sampling of the molecular degrees
of freedom associated with the self-assembly.”**® The
formation of small oligomers, the earliest stages of the self-
assembly, can be performed by AT-MD, usually with advanced
sampling techniques such as replica exchange molecular
dynamics (REMD).”>**~** Multiscale approaches using
REMD and an implicit water force field such as OPEP
coupled to all-atom MD simulations notably allowed
simulation of the self-organization of Sup3S amyloid peptides
without preformed seeds.'” In the same way, activation—
relaxation technique (ART) simulations allowing the energy
landscape to be sampled were coupled to coarse grained energy
models and AT-MD simulations to study the early steps of
amyloid peptide aggregation.’” These advanced techniques are
required to sample the conformational space of monomers to
find the ones involved in the oligomers. In our study, the high
stability of the peptide conformation as a monomer and in
aggregates allows us, by using NMR restraints on monomers,
to directly sample the dimerization processes by using short
AT-MD simulations. MD also allows simulation of the
dimerization in the same environment experimentally (chloro-
form or acetonitrile). For the formation of larger oligomers,
coarse grained (CG) representations, which reduce the
number of freedom degrees, have been successfully applied.
CG representations have notably been used to simulate the
formation of nanostructures,”*>*' fibrils of A peptide,” or
cylindrical micelle fiber of peptide amphiphiles.42 However,
CG-MD simulations are not always sufficiently accurate to
study self-assembly. In our study, CG representation like
MARTINI cannot be used due to the limitation of this method
in reproducing hydrogen bond interactions.”® Indeed, this
peptide has a hydrogen bond donor side and an acceptor side
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that could not be distinguished in a CG representation. To
address self-assembly in this context, the well-defined dimer
structures identified during the dimerization simulation
enabled the exploration of larger oligomer structures and
allowed the identification of accurate model filament
candidates. To study the later stage of self-assembly, model
aggregates are usually preformed prior to AT-MD simulations,
such as preformed amyloid fibrils built by stacking beta
strands**~*" or peptides assembled into cylindrical nano-
fibers.***” In contrast to pseudodesmin A, these peptides do
not have a well-defined conformation and present a wide range
of interactions inside the aggregates.”'”*’ A way to solve this
problem is to validate these interactions against experimental
information like intermolecular contacts identified by
NMR.”*"** In our study, experimental observations also help
to build and validate the aggregate structure obtained by
simulations. The complementarity of MD simulations and
NMR data is crucial here, since each separate technique (in
silico and in vitro) was not sufficient to obtain an accurate
atomistic model.

B CONCLUSIONS

In conclusion, we have used a fast MD and modeling approach
to obtain supramolecular structures at the atomistic level, since
sampling of the dimers is made with short simulation times.
Model filaments can be built from the computed dimer
structures, by using NMR data to guide and validate atomistic
models step by step. Our original in silico/in vitro approach has
allowed solving a harsh structural problem, i.e., peptide self-
assembly for a cyclic aggregating peptide, pseudodesmin A.
This stumbling block would not have been solved by CG-MD
methods or AT-MD brute force only. The proposed strategy
could hence be applied to other aggregating peptides having a
conformational stability as monomer or dimer and could be
used for rational design of nanostructures for specific purposes.
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