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ABSTRACT: Fundamental understanding of biomolecular interfacial behavior, such
as protein adsorption at the microscopic scale, is critical to broad applications in
biomaterials, nanomedicine, and nanoparticle-based biosensing techniques. The goal
of achieving both computational efficiency and accuracy presents a major challenge
for simulation studies at both atomistic and molecular scales. In this work, we
developed a unique, accurate, high-throughput simulation method which, by
integrating discontinuous molecular dynamics (DMD) simulations with the Go-
like protein−surface interaction model, not only solves the dynamics efficiently, but
also describes precisely the protein intramolecular and intermolecular interactions at
the atomistic scale and the protein−surface interactions at the coarse-grained scale. Using our simulation method and in-house
developed software, we performed a systematic study of α-helical ovispirin-1 peptide adsorption on a graphene surface, and our
study focused on the effect of surface hydrophobic interactions and π−π stacking on protein adsorption. Our DMD simulations were
consistent with full-atom molecular dynamics simulations and showed that a single ovispirin-1 peptide lay down on the flat graphene
surface with randomized secondary structure due to strong protein−surface interactions. Peptide aggregates were formed with an
internal hydrophobic core driven by strong interactions of hydrophobic residues in the bulk environment. However, upon
adsorption, the hydrophobic graphene surface can break the hydrophobic core by denaturing individual peptide structures, leading to
disassembling the aggregate structure and further randomizing the ovispirin-1 peptide’s secondary structures.

1. INTRODUCTION

Biomolecular interfacial behavior, such as protein adsorption at
the solid−solution interface, has been a research focus for
more than four decades due to its critical role in the
development of biomaterials,1−3 nanomedicine,4,5 nanopar-
ticle-based biosensing technologies6,7 such as surface-enhanced
Raman spectrum using gold or silver nanoparticles,6,7 and in
the marine industry.8 Protein adsorption mediates biofouling,
introducing the subsequent attachment of microorganisms and
the foreign response.3,9,10 The attachment of bacteria, fungi,
mussels, barnacles, and seaweeds onto ship hulls leads to an
increase in the hydrodynamic drag on vessels’ sailing
movement11 and causes corrosion of vessels’ metal surfaces.
To control marine biofouling costs, governments and
industries around the world invest billions of dollars annually.8

Antibiofouling also presents a major challenge for blood-
contact biomedical devices, biocompatible materials, and
nanomedicine.12,13 The attached proteins and microorganisms
alter the surfaces’ chemico-physical properties and conse-
quently change the device’s sensitivity or materials’ function-
ality. Fundamental in-depth understanding of protein
adsorption at the atomistic and molecular scales is highly
desirable despite a significant amount of previous stud-
ies.1−3,9,10,14,15

The complexity of the protein adsorption process arises
from various factors, such as surface charge distribution,16

morphology,17,18 roughness,19,20 wettability,21 buffer’s ions,10

and the protein surface’s heterogeneity22 in charge and
hydrophobicity. The water-mediated hydrophobic, hydration
forces, and electrostatic interactions were found to be the most
important factors.14,15 Conventional atomistic molecular
dynamics (MD) simulations have been widely used in the
study of protein adsorption on different substrate surfa-
ces.17,20,22−29 Atomistic MD simulations can probe molecular
structures with atomistic resolutions and sample the events
from subnanoseconds to microseconds.17,30−32 However, the
computational load of atomistic MD simulations for a large-
sized system while retaining atomistic details in a long process
is prohibitively expensive,17,33 particularly with the explicit
water model. The coarse-grained (CG) MD simulations can
achieve significant efficiency by lowering the model's resolution
where a number of atoms are grouped as a CG particle and the
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intramolecular interaction functions are also simplified.34

However, CG MD simulation parameterized with the most
widely used Martini force field, which imposes an elastic
network to connect the CG beads, cannot present protein’s
secondary structural changes.35,36

Discontinuous molecular dynamics (DMD) is an extremely
efficient alternative to the conventional atomistic MD using
continuous force field, introduced by Alder and Wainwright37

in 1959 for simulations of hard spheres. It has been widely
applied to simulations of polymer chains38−40 and protein
folding and aggregation.41−49 DMD uses an event-driven MD
method and simulates the potentials applied on particles by
discontinuous step-functions of interparticle distance. Thus,
atoms/particles move at constant velocities until their distance
becomes equal to the point of a discontinuity, where the
program performs a calculation of the interactions by solving
the conservations of momentum and energy simultaneously. In
other words, the time step in DMD can be adaptive and much
larger than 1−2 fs as applied in the atomistic MD. Previous
research50 has demonstrated that a DMD simulation can be up
to 100 times more efficient than an atomistic MD simulation in
implicit water. Therefore, the trajectory and potential of a
particle can be simulated discontinuously and at a long-time
scale. Both coarse-grained41−49 and atomistic models51−53 have
been adopted in DMD to study a complex biological system at
large time and spatial scales, which are difficult for atomistic
MD simulations to handle. We used DMD to successfully
simulate the aggregation of polyalanines, the configuration of
which is intended to mimic the hydrophobic part of β-amyloid,
under bulk conditions54 and in a confined medium,55 and the
aggregation of dipeptide repeat proteins56,57 which are
associated with amyotrophic lateral sclerosis and frontotem-
poral dementia. Those simulations,54−57 which covered the
whole dynamic process from ab initio to the final equilibrium
state, cost shorter computational time compared with the
conventional atomistic MD, and matched experimental
measurements.
On the basis of the previous works on protein folding,58−60

an efficient coarse-grained Go-like model61 in implicit water
was recently further developed to study protein−surface
interactions. It was successfully employed to predict the
orientation of peptide/protein on polymer and graphene

surfaces in comparison to the experimental measurement using
sum frequency generation (SFG) vibrational spectrosco-
py.62−65

To achieve sufficient computational efficiency without
compromising accuracy and to present protein’s secondary
structural changes, we integrated the Go-like model61 into our
in-house developed framework of DMD simulations.66 The
original DMD full-atom force field51 was utilized to compute
the intermolecular and intramolecular interactions of proteins
precisely and efficiently at the atomistic level. The coarse-
grained Go-like model was employed to calculate the peptide/
protein interactions with the surface at the CG level. To study
the effect of the substrate surface’s hydrophobicity and π−π
stacking on protein adsorption while excluding the influence of
other factors, we chose a model system of a flat graphene
surface and a small-sized antibiotic ovispirin-1 peptide which
consists of 18 amino acid residues with approximately 78%
helix structure. Our results of the DMD simulation in implicit
water were further verified with conventional atomsitic MD
simulations in explicit water. Our unique method combining
the merits of both the DMD simulations and the Go-like
model will also be crucial to high-throughput studies of
peptide/protein interactions with surfaces. Our fundamental
study of peptide/protein adsorption will pave the way for
future development of biomaterials and biosensing techniques.
The rest of this article is organized as follows: section 2
provides the details of the implementation of DMD
simulations and atomistic MD simulations; section 3 discusses
the simulation results; and the article then concludes with a
summary in section 4.

2. METHOD

2.1. DMD Simulations. To study protein/peptide
adsorption, we modified our in-house developed DMD
simulation software, which was published with the source
code in our previous paper,66 by incorporating the CG Go-like
model61 for biomolecule−surface interactions. It is noteworthy
that due to the event-driven nature of DMD and the implicitly
represented solvent, it is not straightforward to correlate
simulation time and temperature with real physical time and
temperature.52,67−69 Thus, we used time step t*, and reduced
temperature T* = T/Ts, instead of the real units, to represent

Figure 1. (a) Snapshot of the initial configuration of DMD (10.0 × 10.0 × 10.0 nm3): graphene (cyan) on the X−Z plane (the Y-axis is normal to
the plane), ovispirin-1 peptide (the hydrophobic residues were colored blue and the hydrophilic residues red); (b) diagram of potential profiles for
peptide/protein interaction with the surface (the solid curve represents the continuous potential and the dashed lines for the discretized potential);
(c) snapshot of the initial configuration of atomistic MD (10.32 × 10.64 × 13.10 nm3): graphene (cyan) on the X−Y plane (the Z-axis is normal to
the plane), ovispirin-1 peptide (the hydrophobic residues are colored blue and the hydrophilic residues are red), water (gray), and Cl− counterions
(green).
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the time scale and temperature in the simulation. To determine
Ts, we set =k T EsB , where stands for Avogadro’s number,
kB for Boltzmann’s constant, and E for one unit of energy,
taken to be 1 kcal/mol. We thus obtained Ts = 503.2 K and set
T* = 0.57. The real temperature, therefore, is 286.82 K, which
is close to 300 K in the atomistic MD simulation. As will be
discussed later, our DMD bulk simulations at such a
temperature show no denaturing of the ovispirin-1 peptide,
which is in agreement with the atomistic MD simulation with
explicit water.
Solvation simulations were first carried out in the bulk

environment without the presence of a graphene surface, and
then adsorption simulations were performed with the
peptide(s) placed around 2.0 nm away from the implicit
surface, both of which were inside a box with the dimensions of
10 × 10 × 10 nm3 (Figure 1a), with periodic boundary
conditions (PBC) in all X, Y, and Z directions. The simulations
were started with energy minimization, followed by a series of
short-runs that gradually increased the temperature from 0.4 to
0.57. At each temperature step, the system was relaxed for 2 ×
104 timesteps, following the protocol published in our previous
studies.54−57 Then the production runs were carried out at the
temperature of 0.57 in the NVT ensemble until the time step
reached 2 × 106. Each simulation took about 36 h to finish by
serial computation on an AMD Ryzen 9 3900X clocked at 3.8
GHz. In addition, we performed simulations of multiple-
peptide adsorption by using the dimensions of the system box
and procedures aforementioned.
As stated in Section 1, the intra- and intermolecular

interactions of peptide(s) in the aqueous environment were
represented by an all-atom molecular model in implicit water
with force field parameters for DMD simulations from the
literature.51 The interactions between peptide/protein residues
and substrate surface, however, were represented by the Go-
like model,61,70 which can present the main graphene’s surface
effects on protein adsorption: surface hydrophobicity inter-
actions and π−π stacking. The potential function is as follows:
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where N stands for the residues’ number in a peptide/protein,
zis for the distance between residue i and the surface, and σi
and ϵi for the van der Waals parameters. The first three terms (

σ( )z

x
i

is
, x = 9, 7, and 3) in the above equation are to calculate

the interactions of a surface with amino acid residue of any
type, while the fourth term describes the differences of residues
and surfaces in terms of hydrophobicity χ, and the side chain
planarity. Thus, the interaction of peptide/protein with the

surface is controlled by the surface hydrophobicity and side
chain planarity, which can lead to side chain-surface π-π
interactions. In the Go-model potential equation, the
parameters θs and χs of the fourth term control the
hydrophobicity of the surface, while the parameters θp and χp
control the hydrophobicity of each amino acid in the peptide/
protein, and δ controls the side chain's planarity. The
hydropathy indices of all 20 types of amino acids and 3
types of surfaces are listed in Table 1. The graphene surface
was simulated as a relative-hydrophobic (RPH) surface with χ
= 1.5, as in the previous studies.64,70 The values of the other
parameters used in the equation can be found in Table S1 in
the Supporting Information.
In DMD, the original continuous potential profile of

peptide/protein interactions with the surface was discretized
and represented by step functions (Figure 1b for an example).
During discretization, the cutoff distance is set at 10.0 Å and
the minimum distance is at where the potential reaches
positive 1.0 kcal/mol. The jump number of the step function is
adaptive based on the potential profile: once the distance gap
between two adjacent jumps reaches 2 Å, or the distance gap
between one jump and the position of the lowest potential
reaches 1 Å, we will add a step in the function. The values of
discretized potentials for the interactions of different amino
acid residues with the graphene surface are listed in Table S2.
Detailed information on the discretization of protein−protein
interactions in DMD simulations was reported in our previous
paper.66

In the Go-like model, each amino acid residue was simplified
as a CG bead with its center of mass located on the α-carbon
of the residue in the all-atom model. Thus, in mapping the CG
model to the all-atom model, the surface’s force acting on each
CG bead was assigned to the α-carbon of an amino acid
residue and then dissipated by the interactions of the α-carbon
atom with its surrounding atoms. The whole process is energy
and momentum conserved. The ovispirin-1 peptide’s solution
structure in both DMD and atomistic MD simulations was
obtained from the protein data bank (pdb code: 1HU5).

2.2. Atomistic MD Simulations. Atomistic MD simu-
lations were carried out using the GROMACS package71

(version 4.6.5), TIP4P water model, and OPLS-AA force
field,72,73 which can present the graphene surface hydrophobic
interactions and π−π stacking precisely and was widely used
for many previous studies of graphene/water74 and graphene/
water/protein interactions.26,75−77 The details about the
parameters of graphene atoms’ intermolecular and intra-
molecular interactions are illustrated in the Supporting
Information (Table S3). PBC conditions were applied to the
system along the X, Y, and Z directions. To mimic an infinitely
large graphene surface without boundary effects on adsorption,
graphene surface atoms were bonded with PBC atoms and the
positions of three surface atoms at the edges were fixed, which
allows certain surface fluctuations.

Table 1. χ Values of Different Residues and Surfacesa

residue name GLY ALA PRO VAL LEU ILE MET PHE TYR TRP SER CYS
χ −0.4 1.8 −1.6 4.2 3.8 4.5 1.9 2.8 −1.3 −0.9 −0.8 2.5
residue name ASN GLN LYS HIS ARG ASP GLU THR PHO PHI RPH
χ −3.5 −3.5 −3.9 −3.2 −4.5 −3.5 −3.5 −0.7 4.5 −1.0 1.5

aHydrophobic residues/surfaces have more positive values while hydrophilic residues/surfaces have more negative values. “PHO” is the
hydrophobic surfaces; “PHI” represents the hydrophilic surfaces; and “RPH” is the relative-hydrophobic surfaces.
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The dynamic equations were integrated by using the
leapfrog algorithm with a time step of 1 fs. The ovispirin-1
peptide was initially placed far away from a graphene surface
(∼1 nm) with negligible surface−peptide interactions, as
shown in Figure 1c. Another graphene sheet was placed on the
top as a restraining layer to keep all molecules inside the
simulation box while allowing a peptide to interact with either
graphene layer. The space between two graphene sheets was
filled with water molecules with a thickness of 9.1 nm, which is
large enough to decouple interactions from the top and bottom
surfaces. In addition, there are two vacuum slabs of 2.0 nm
thickness, one at the bottom and one at the top of the cell, to
remove the interactions between the atoms inside the cell and
their images along the Z-direction and thus save computation.
The total size of the simulation system is 10.32 × 10.64 ×
13.10 nm3.
The MD simulations were started with the relaxation of

water molecules with a short-run at 300 K, keeping all peptide
atoms’ positions fixed. Then the production runs were carried
out in the NVT ensemble at 300 K for 85 ns without any
constraint of the peptide atoms. The system temperature was
maintained with a Nose-́Hoover thermostat. The Particle Mesh
Ewald summation was utilized to calculate the long-range
electrostatic interactions, with a cutoff distance of 1.2 nm for
the separation of the direct and reciprocal space. A spherical
cutoff at 1.2 nm was imposed on the LJ interactions. The long-
range dispersion effect on energy and pressure was also
incorporated.

3. RESULTS AND DISCUSSION
3.1. Simulations of Single-Peptide Adsorption. We

first performed the bulk simulation of ovispirin-1 peptide
without the graphene surfaces using a DMD simulation in an
implicit water environment to compare with a conventional
atomistic MD simulation using explicit water. Consistent with
the atomistic MD simulation, an ovispirin-1 peptide remained
stable in its secondary structure in the DMD simulation (see
the snapshot of Figure S1). Our results also matched the
solution NMR measurement published in the literature,78

which showed that ovispirin-1 retained a helical structure in
the solution. This also demonstrates that DMD simulations
with atomistic resolution in the implicit water environment can
precisely present the ovispirin-1 folding.
Subsequently, five independent runs of adsorption simu-

lations on the graphene surface were performed using various
initial configurations to validate the consistency using DMD
simulation with the Go-like model for protien-surface
interactions. To demonstrate the adsorption process, we
monitored one adsorption trajectory (see snapshots in Figure
2) and the secondary structure evolution upon adsorption
(Figure 3). At time step t = 8 × 104, the ovispirin-1 peptide
was about 2.4 nm above the graphene surface (Figure 2a).
Since the peptide was allowed to diffuse freely in the system, at
t = 5.174 × 105, it landed on the surface at the site near its N-
terminal, where there was a hydrophobic amino acid residue of
LEU3 (Figure 2b). Subsequently, the peptide was quickly
adsorbed onto the surface at t = 5.311 × 105 (Figure 2c). At
the initial landing on the graphene surface, the peptide
underwent fluctuations in the secondary structure (Figure 3).
Then the peptide rolled on the surface to allow the
hydrophobic residues to contact the graphene surface. Up to
this point, the peptide still preserved its original helical
secondary structure (Figure 3). Shortly after the peptide lay

down on the surface, its N-terminal started to denature first.
The denaturation then gradually propagated toward the C-
terminal (Figure 3). Eventually, at t = 2 × 106 (Figure 2d), the
whole peptide’s structure completely denatured to random coil
and small content of turn structure (Figure 3). It is notable
that the peptide’s structure could be altered upon landing, as
shown in Figures S2 and S3.
Figure 4a shows that for the five independent simulations,

the distances of all the residues of ovispirin-1 peptide to the
graphene surface were different and more than 2.0 nm away
from the surface except in the second case. However, at the
end of the simulations, all those residues moved to the surface
with very similar residue-surface gapping distance (Figure 4b)
and the peptides in all cases lay on the surface, indicating that
the final results of ovispirin-1 peptide adsorption were
independent of the peptide’s initial position and orientation
above the surface. This also demonstrated the consistency of
the simulation results of DMD. Figure 4 shows that the
hydrophobic residues, including LEU3, ILE6, ILE10, ILE11,
ILE13, ILE14, and GLY18, had smaller distances to the surface
compared to the neutral and hydrophilic residues. This also
suggests that hydrophobic interactions of the peptide-surface
served as the key driving force for ovispirin-1 adsorption on the
hydrophobic graphene surface. The observations of DMD in
this work are consistent with the findings of our previous
studies of single-peptide adsorption, using large-scale CGMD
simulations,35 atomistic MD simulation, and free energy
computation.26 Our previous studies26 showed that both

Figure 2. Snapshots of the adsorption process of an ovispirin-1
peptide on the graphene surface: (a) the peptide was more than 2 nm
above the graphene surface; (b) the peptide diffused toward the
surface and its N terminal landed on the surface; (c) the peptide fell
down and its hydrophobic residues came into contact with the
surface; (d) the peptide’s structure denatured eventually and became
a random coil. The hydrophobic residues are colored blue, and the
hydrophilic ones are red.

Figure 3. Secondary structure evolution upon ovipirin-1 adsorption.
The DSSP algorithm was used to deconvolute the secondary structure
of ovispirin-1 peptide.
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protein−surface interactions and the surface-solvent short-
range hydrophobicity effect, that is, γ·ΔA (γ, the surface
tension; ΔA, the available surface contact area), were driving
forces for protein adsorption on a neutral hydrophobic surface.
A protein is more likely to lie down on a hydrophobic surface
with a larger ΔA to achieve minimum free energy.26 As
elucidated in the Method section, in our DMD simulations, the
effect of surface hydration/dehydration was implicitly incorpo-
rated in the peptide-surface interactions. The lying-down
peptide can achieve larger peptide-surface attraction compared
to other orientations.26 Similar to our observation in this work,
our previous simulations35 of hybrid CGMD and atomistic
MD showed that the helical structure of ovispirin-1 peptide
was completely randomized on the hydrophobic gold surface.
In all these five simulations, the ovispirin-1 peptide landed

on the graphene surface with its terminals, though the landing
site can be either the N-terminal or the C-terminal. To further
investigate the initial landing site, we performed 15 additional
simulations with three typical initial orientations: the N-
terminal toward the surface, the C-terminal toward the surface,
and the axis of the ovispirin-1 parallel to the surface. For each
of the three different initial orientations, five independent
simulations were performed using different initial velocity
profiles. Our simulations showed that the ovispirin-1 had

higher possibilities of landing with its N-terminal than the C-
terminal. However, if the ovispirin-1 was initially parallel to the
surface, the landing site showed no specific preference of the
orientation. This suggests that the landing site of ovispirin-1 on
the graphene surface was not specific, although eventually in all
cases the peptide would lie down on the graphene surface. An
ovispirin-1 peptide can adopt various landing sites due to the
complexity of the adsorption free energy profile, where
multiple sites with local free energy minimum are present.24

To further validate the DMD simulations, we performed
three atomistic MD simulations in explicit water using different
initial configurations and initial velocity profiles. Their final
configurations were shown in Figure 5. Consistent with the
DMD simulations, all atomistic MD simulations showed that
the peptides lay down on the graphene surface and completely
denatured to random coils, which validated the accuracy of our
method of DMD simulations with the Go-like model. It should
also be emphasized that it only took ∼36 core-hours of
computation with DMD to simulate the whole process,
whereas it took ∼2880 core-hours with conventional atomistic
MD.
It is notable that our DMD simulations were performed at

the atomistic and coarse-grained levels to illustrate the main
effects of the graphene surface: surface hydrophobic inter-

Figure 4. Distance of each residue of ovispirin-1 to the graphene surface from five independent simulations (a) in the initial state, and (b) in the
final equilibrium state.

Figure 5. Snapshots of the final states of ovispirin-1 adsorption on the graphene surface with explicit water in three different cases of atomistic MD
simulations. The hydrophobic residues are colored blue, and the hydrophilic ones are red.
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actions and π−π stacking. The factor of hydration and
dehydration was also implicitly included in the Go-like
model that we adopted. The Go-like model for the specific
graphene surface was validated with many experimental results
(protein adsorption and orientation) in previous publica-
tions.64,79 Under the surface’s influence, the ovispirin-1
peptide(s) was found to be adsorbed onto the surface with
randomized secondary structure. The residue of tyrosine
(TYS17) was found to lie on the surface due to the π−π
stacking of the residue’s aromatic group and the graphene
surface in both DMD and atomistic MD simulations. We used
the parameters of DMD for protein folding and the Go-like
model for protein−surface interactions, which have been
calibrated with atomistic MD simulations and experimental
data.61,80 Moreover, the Go-like model as presented in the
previous papers61 was calibrated with the potential of mean
force, which includes the overall effect of the surface, amino
acid residues, and solvent. Our DMD simulation code was also
used to present protein folding in the bulk environment in
several of our previous papers.56,57,66 In this work, our
simulations of ovispirin-1 peptide adsorption are in agreement
with atomistic MD simulations. Moreover, we compared the
simulated secondary structure of the peptide in the bulk
environment with the solution structure (pdb code 1HWA)
measured with an NMR experiment,81 which further validated
our DMD simulations (see Figure S1).
3.2. Simulations of Peptide Aggregate Adsorption.

We also simulated the adsorption behavior of multiple peptides
on a graphene surface. As a reference, we first performed the
DMD simulations of four ovispirin-1 peptides in the bulk
environment (the concentration of 14.02 g/L) without a
graphene surface. The four peptides were randomly distributed
initially in the simulation box; however, they eventually formed
a rounded tetramer with a hydrophobic core, with the
hydrophilic residues exposed outwardly to the bulk (Figure
6). The hydrophobic amino residues (LEU3, ILE6-7, ILE10-11

and ILE13-14) of the ovispirin-1 peptides merged to stabilize
the core structure of the aggregates. This is similar to the
aggregate structure reported in our previous study82 of the
aggregation of polyalanines.
Next, the adsorption of peptide aggregate on the graphene

surface was simulated by using the equilibrated tetramer in the

bulk environment as the initial conformation. As shown in
Figure 7a, the tetramer was initially placed about 2 nm away

from the graphene surface. After 1.1 × 106 timesteps, the
tetramer was adsorbed on the surface with the secondary
structure preserved (Figure 7b). However, under the hydro-
phobic effect of the graphene surface, the tetramer
disassembled and the individual peptides were separated
from each other (Figure 7c). Each individual peptide
underwent structural alternation, and the helical structure
was randomized eventually (Figure 7d).
Looking at the disassembling process in detail, we can find

that it started with the denaturing of one individual peptide,
which had its terminal in contact with the graphene surface
and led to the breaking of the hydrophobic core. The standing
peptides fell down on the graphene, separated from the
tetramer and denatured ultimately (Figure 8).
It should be noted that as shown in previous DMD

simulation papers,52,67,68 it is not straightforward to correlate
the simulation time of DMD with real physical time due to its
event-driven nature and the implicit solvent used. Marchut and

Figure 6. Tetramer formed by four ovispirin-1 peptides in the bulk
simulated by DMD with the Go-like model: (a) front view, (b) top
view. The hydrophobic residues came into contact with each other to
form a hydrophobic core. The hydrophobic residues, including LEU3,
ILE6-7, ILE10-11, and ILE13-14, are colored blue, and the
hydrophilic ones are red.

Figure 7. Snapshots of the adsorption process of the ovispirin-1
tetramer on the graphene surface: (a) tetramer was initially about 2
nm away from the graphene surface; (b) tetramer landed on the
surface, keeping its original secondary structure; (c) tetramer
disassembled and the individual peptides were separated apart; (d)
three of the four individual peptide denatured eventually and became
random coils. The hydrophobic residues are colored blue, and the
hydrophilic ones are red.

Figure 8. Snapshots of the ovispirin-1 tetramer disassembling process
during the simulation corresponding to Figure 7. (a) The tetramer
landed on the graphene surface vertically; (b) one of the peptide
(orange) denatured first and broke the hydrophobic core; (c) the
neighboring peptide (yellow) fell down on the surface and started to
denature; (d) The yellow peptide diffused away from the tetramer
while the aggregate disassembling continued.
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Hall68 proposed to estimate the time scale in three different
ways: (1) The first estimate was based on the fact that
approximately 90% of the simulation events in DMD were
bond events. If one assumes that two bond events are
equivalent to a bond vibration, and that each bond vibration
happens as quickly as a carbon−carbon single bond vibration
(0.02 ps), the time covered in 1 billion collisions would be
roughly 10 μs. (2) The second estimate was based on the fact
that α helices fold in roughly 100 ns,83 and that the α helices in
their model folded in 250 million collisions. Thus, the time
covered in 1 billion collisions would be about 0.4 μs. (3) The
third estimate was based on the fact that β sheets fold in
roughly 1 ms,83 and their results demonstrated β sheets
forming in 8 billion collisions. In this case, the time covered in
1 billion collisions would be roughly 125 μs. In our
simulations, the numbers of bond and collision events are
about 5 billion and 1.25 billion, respectively, which means that
the converted time scales would be about 50 μs (based on
estimate 1), 0.5 μs (based on estimate 2), and 156.25 μs
(based on estimate 3).

4. CONCLUSION
Desp i t e e x t en s i v e s t ud i e s o f p ro t e i n ad so rp -
tion,10,17,20,27,62−65,84,85 a high throughput simulation method-
ology with sufficient computational efficiency and accuracy at
the atomistic and molecular scales is highly desired to
rationalize experimental design and synthesis for various
applications, such as antibiofouling materials, and nano-
particle-based sensing technology. Moreover, simulations
involving biomolecules of sophisticated structures require
high resolution at the atomistic scale. The main challenging
issue for atomistic MD simulations of a protein−surface in an
aqueous environment is the significant computational load,
particularly with the large amount of explicit water molecules.
In this work, we developed a novel simulation method based
on the DMD simulation framework and incorporate the Go-
like protein−surface interaction model. The event-driven
DMD simulations provide the capability of solving the
dynamics efficiently. Furthermore, the protein’s intramolecular
and intermolecular interactions, and protein−surface inter-
actions, can be precisely described in the implicit water
environment using the original full-atom DMD simulation
parameters and the Go-like model, respectively.
We utilized our hybrid simulation method and in-house

developed code to study the interactions of an ovispirin-1
peptide with a graphene surface. Our simulation system
focused on the effects of surface’s hydrophobicity and π−π
stacking on protein adsorption without involving other
complex factors of the substrate surface, that is, morphology
and charges. Our simulations demonstrated that a single
ovispirin-1 peptide was prone to lying down on the graphene
surface with the denatured secondary structure upon
adsorption due to the surface’s hydrophobic interactions and
graphene−amino acid residues’ π−π stacking. Our DMD
simulation results of ovispirin-1 peptide adsorption (orienta-
tions and structures) were further validated using the
conventional atomistic MD simulations in explicit water. Our
simulations also showed that the ovispirin-1 peptides can form
stable aggregates with an inner hydrophobic core driven by the
strong interactions of the hydrophobic residues among
different peptide molecules. Upon adsorption, the hydrophobic
surface randomized the individual peptide’s structure and
introduced the disassembling of the aggregate and further

denaturing of the peptides’ secondary structures. This
fundamental study of peptide/protein adsorption will be
crucial to future broad applications.
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