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ABSTRACT: Understanding the interfacial behaviors of biomole- & 4
cules is crucial to applications in biomaterials and nanoparticle-
based biosensing technologies. In this work, we utilized
autoencoder-based graph clustering to analyze discontinuous
molecular dynamics (DMD) simulations of lysozyme adsorption
on a graphene surface. Our high-throughput DMD simulations
integrated with a Go-like protein—surface interaction model makes
it possible to explore protein adsorption at a large temporal scale N

with sufficient accuracy. The graph autoencoder extracts a low- “ I:I
dimensional feature vector from a contact map. The sequence of the | L

extracted f'eature vectors is then clus'tered, and thus ‘Fhe evolution (?f Grap_h"Clust ering

the protein molecule structure in the absorption process is

segmented into stages. Our study demonstrated that the residue—

surface hydrophobic interactions and the 7— stacking interactions play key roles in the five-stage adsorption. Upon adsorption, the
tertiary structure of lysozyme collapsed, and the secondary structure was also affected. The folding stages obtained by autoencoder-
based graph clustering were consistent with detailed analyses of the protein structure. The combination of machine learning analysis
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and efficient DMD simulations developed in this work could be an

1. INTRODUCTION

The interaction between proteins and solids (e.g, nano-
particles, semiconductors, minerals, oxides, and metals) has
played a critical role in many fields, such as antibacterial/
antifouling coating,l industrial catalysts,z’3 biosensors,”* and
drug delivery.” Much experimental work has been carried out
on the adsorption of proteins on solid materials, but the
presentation of the microscopic details of the molecular
structure and adsorption process remains unclear and very
challenging.7_9 Atomistic molecular dynamics (MD) simu-
lation, on the other hand, is capable of providing time-
evolution spatial details of a protein’s structure at the atomic
level.”™'* However, due to the complexity of the protein
adsorption process, the computational cost would be
prohibitively expensive for the complete simulation of the
whole process, especially performed with explicit solvent and
all-atom molecular models.”™"* Coarse-grained (CG) MD
simulation can offer a more efficient way to simulate the same
system by sacrificing the model’s resolution and the computing
accuracy through grouping a number of atoms into CG
particles and simplifying the intra- and intermolecular
interaction functions'® but cannot present the secondary
structural changes of proteins.”'” ™"

To achieve sufficient computational efficiency without
compromising accuracy and to present protein’s secondary
structural changes during the simulation of the adsorption
process, we integrated a Go-like model into our in-house-
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important tool to study biomolecules’ interfacial behaviors.

developed framework of the discontinuous molecular dynamics
(DMD) simulation program.20 DMD is a fast and effective
simulation method derived from conventional MD (CMD) at
the atomistic and coarse-grained scales. It was first proposed by
Alder and Wainwright”' in 1959 to simulate hard-sphere
interactions and then further developed to simulate protein
folding and aggregation.”” ** As opposed to the time-driven
nature (explicit continuous dynamics) of CMD, DMD is
event-driven with an adaptive and large time step. Thus, a
DMD simulation can be up to 100 times more efficient than an
atomistic CMD simulation in implicit solvent, as reported in
previous research.”® In such a way, the trajectory and potential
of a complex biological system can be simulated discontinu-
ously with spatial and time scales beyond the limit of CMD.
We used DMD to successfully simulate the folding and
aggregation”®™ >’ of various peptides/proteins as well as surface
adsorption,”® which covered the entire dynamic process from
ab initio to the final equilibrium state while requiring less
computational time compared to CMD. The results were also
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consistent with the experimental measurements. In the
simulation of peptide/protein adsorption on the surface, an
all-atom force field*” was employed to compute the intra- and
intermolecular interactions of proteins precisely and efficiently
at the atomistic level, and a Go-like model’' was applied to
calculate the peptide/protein interactions with the surface at
the CG level.

Many attempts have been made to characterize and predict
protein folding using deep learning approaches since it has
demonstrated remarkable success in many applications
involving complex data.’*~>° With tools such as multitask
learning and autoencoders, deep learning offers new
possibilities over traditional methods. The sparse autoencoder
was first proposed by Ng et al’® to learn features from
unlabeled data. Based on the prior work, Tian et al.’’
integrated the sparse autoencoder into the fields of graph
clustering, referred to as a graph encoder, and obtained better
clustering accuracy than the mainstream spectral clustering
algorithm. In recent studies of protein folding, Bhowmik et
al.”® used a convolutional variational autoencoder (CVAE) to
learn low-dimensional latent features from long-time-scale
protein folding simulations and then cluster those results.
Similarly, Liu et al.’’ proposed a data-driven generative
conformation clustering method based on the adversarial
autoencoder (AAE) to evaluate the transition rates and cluster
protein behaviors. In this work, inspired by the work of Tian et
al,”” we developed a graph autoencoder stratification method
to segment the protein adsorption process and identify the
representative protein structures in each stage. The evolution
process of protein molecule structure obtained in the
simulation was represented by a sequence of contact maps.
A contact map is a two-dimensional matrix in which the value
at (i, j) is the spatial distance between the ith and jth amino
acids of a protein molecule at a particular moment. The graph
autoencoder extracted a low-dimensional feature vector from
each contact map. The sequence of the feature vectors was
clustered, and thus the evolution process of protein molecule
structure was segmented into stages.

Lysozyme, as an anti-inflammatory enzyme, has great
biological significance. Although many experimental studies
have been conducted on the adsorption of lysozyme on
different surfaces,”®**™" few presented the conformational
changes at the atomistic scale, and thus the mechanism details
underlying the surface’s effects on the adsorption on the time
scale of microseconds from the mesoscale level are still unclear.
In this work, we present the simulation results to study the
adsorption behavior and conformational changes of lysozyme
on the graphene surface, combined with graph clustering
analyses to segment the adsorption process. The structure of
the rest of this article is as follows: section 2 describes the
details of the implementation of DMD simulations and graph
clustering analyses; section 3 presents and discusses the
simulation and analysis results; and section 4 gives conclusions
and summarizes the article.

2. METHOD

2.1. DMD Simulations. The simulations were carried out
using our in-house-developed program package, sDMD.”>**
We used an all-atom force field”” for the intra- and interprotein
interactions and a CG Go-like model® for the peptide/protein
interactions with the surface. The solvent in the simulations
was implicitly represented by the Lazaridis—Karplus solvation
model.””* It is noteworthy that because the DMD is event-

driven and the solvent is implicit, it is difficult to correlate the
simulation time and temperature with the actual physical time
and temperature.%’47 Therefore, we used the time step, t¥, and
the reduced temperature, T* = T/T,, rather than the real unit
to represent the time scale and temperature in the simulation.
To determine T, we set NkgT, = E, where N represents
Avogadro’s constant, k is Boltzmann’s constant, and E is a unit
of energy, which is taken as 1 kcal/mol. For the sake of
simplicity, however, we will delete the superscript “*”, knowing
that all the future temperatures are dimensionless. We thus
obtained T, = 503.2 K and set T = 0.566, which was slightly
below the folding temperature of the lysozyme. The
corresponding real temperature, therefore, is 285 K, at which
the lysozyme showed no denaturing.

The simulations were first performed in a bulk environment
without a solid surface; then, a lysozyme (PDB code: 1AKI)
was placed about 2.0 nm above an implicit surface, which
mimicked the graphene surface, for the adsorption simulations.
Both systems were in a box with dimensions of 15 X 15 X 15
nm?®, with periodic boundary conditions (PBC) in the X, Y,
and Z directions (Figure 1). The simulations started with an

Figure 1. Snapshot of the initial configuration of the system: graphene
(cyan) on the X—Z plane (the Y axis is normal to the plane) and
lysozyme (the hydrophobic residues were colored blue and the
hydrophilic residues were colored red). The PDB code of the protein
model is 1AKI.

energy minimization, followed by a series of short runs, each
lasting 20 000 time steps, during which the system’s temper-
ature was gradually increased from 0.4 to 0.566. Then the
production simulations were carried out in the NVT ensemble
at T = 0.566 until the system reached the equilibrium state at
about 5.0 X 10° time steps.

As mentioned in section 1, the intra- and intermolecular
interactions of proteins are represented by an all-atom
molecular model within implicit water. A brief description of
the model is given in the Supporting Information, and the full
details can be found in the literature.’”** The interaction
between protein and a surface, however, is represented by a
Go-like model.>"** Tt can present the main effects of the
graphene surface on protein adsorption: hydrophobicity
interaction and 7m—7 stacking. The potential energy function
is as follows
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Figure 2. Overflow of graph autoencoder stratification for the detection of the stages of protein adsorption.

Table 1. Graph Autoencoder Stratification for Protein Adsorption Stage Detection

Input

M matrices, each of which is a n X n symmetric matrix S;, i = 1, ..., M.

Fori =1toM:

1. Normalize S; and take X = D~1S; as the input of the sparse encoder. D =
diag{dy,d,, ...,d,} and d; = max{Y}_, Si(j_k)}, where S;(; ) represents the entry in the
L

ith

jt" row and k*"* column of the matrix ;.

2. Sparse autoencoder.
Forj=1toI":

(a) Build a three-layer encoder with input data X ).
(b) Train the encoder by optimizing with back-propagation. Obtain the hidden layer

activations ),

(c) Set XU*tD = pU) Note that XU) € R Letp =T,

End

3. Flatten the output matrix X' € R™*P into a pn-dimension vector V;

End

Run k-means on feature vectors [V;]M ;.

Output
Final clustering label.

N 9 7 3
O; O; O;

V;urface = Z ﬂpai?’ei 91[_1] - 92[_1] + 03[_1)
Zjg z

i

3
O'i
- [y, + GP(;(I,P + 25)](_,]
18 ( 1)
s 1s the
distance between residue i and the surface; o; and €; are van der

where N is the residue’s number in the protein; z,

Waals parameters; 6; and y, in the fourth term control the
hydrophobicity of the surface; QP
hydrophobicity of each amino acid in the protein; and &
controls the planarity of the side chain. Thus, the first three

and y;, control the

terms ((:—’) ,x=19,7, and 3) of the above function can be

used to calculate the interactions between any types of amino
acids and a specific surface, and the fourth and fifth terms
mainly demonstrate the hydration/dehydration effects and the
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Figure 3. (a) Average silhouette scores with different numbers of clusters, ranging from 1 to 20. k = S is chosen as the best number of clusters. (b)
t-SNE plot of graph autoencoder stratification. The color codes of the stages are green (stage 1), red (stage 2), orange (stage 3), blue (stage 4), and

cyan (stage S).
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Figure 4. (a) Five clustered stages of the lysozyme adsorption process. Cluster IDs were remapped into the five stages in chronological order. The
purple dot is the initial landing point, and the red dots are the positions that are the closest to the corresponding cluster centers. (b) Five
representative contact maps that are the closest to the corresponding cluster centers in terms of Euclidian distance with a unit of A. (c) Five

snapshots of the protein molecule structure closest to the cluster centers.

7—7 stacking interactions between a protein and the graphene
surface due to the side chain’s planarity. In this work, the
graphene surface was simulated as a relatively hydrophobic
(RPH) surface with y = 1.5, as in the previous studies.””***’
The values of hydropathy indices of all 20 types of amino acids
and 3 types of surfaces, as well as the other parameters used in
the above function, can be found in Table S1 in the Supporting
Information.

Within the Go-like model, the atoms in each residue were
grouped into a single CG bead with its center of mass located
on the a-carbon in the all-atom model. Thus, the surface’s
force acting on each CG bead was assigned to the a-carbon of
a residue and then dissipated to its surrounding atoms by
future interactions, during which the whole process is energy-
and momentum-conserved. In DMD, the continuous potential
profile between protein/peptide and the surface was
discretized and represented by step functions. The protocols
used in this work during discretization are as follows: the
minimum distance between the protein/peptide residues and

10820

the surface is where the potential reaches positive 1.0 kcal/
mol; the cutoff distance was set at 10.0 A; in between, the
discretized function was added a step once the distance
between two adjacent steps reached 2 A or the distance
between one step and the position of the lowest potential
reached 1 A. The parameters of the discretized potential for
the interactions of protein residues with the graphene surface
are listed in the Supporting Information (Table S2). Detailed
information on the discretization of protein—protein inter-
actions in DMD simulations was reported elsewhere.**

2.2. Machine Learning Analyses of the Folding
Stages. The molecular structure of a protein in three
dimensions can be represented by the spatial distances of all
possible amino acid residue pairs, formulating a symmetric
matrix S, also called the contact map. S is an n X n matrix,
where n is the total number of residues in the protein, and the
value at (j, j) is the distance between the a-carbons at the ith
and jth residues in the chain. Therefore, the spatial evolution of
a protein structure during the adsorption process can be
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characterized by a series of contact maps collected at each time
step. Here we have full data sets of contact maps depicting the
structural evolution of lysozyme during the complete process
of adsorption. Because the lysozyme has 129 residues, the
corresponding contact maps are matrices of size 129 X 129
storing the distance between each pair of residues in the
protein.

We proposed a graph autoencoder stratification method, an
autoencoder-based graph clustering model, to segment the
protein adsorption process. As shown in Figure 2, the inputs of
our model were M contact maps collected during the protein
adsorption process, represented as [S;]Y, where S; is a
symmetric matrix of size n X n at time step i. For each S,
we fed the normalized training set D™'S; into a sparse encoder
(feed-forward neural networks) consisting of three fully
connected layers. The output feature from the encoder became
a matrix of size n X p, often referred to as a latent space.
Further flattening the feature matrices, the original M contact
maps can be represented as M feature vectors, denoted as
[V,]¥,. Finally, the k-means method was used to cluster the
feature vectors into different absorption stages. In the case of
the lysozyme adsorption process, M = 9994, n = 129, and p =
S. The pseudocode of the graph autoencoder stratification
method is summarized in Table 1. We ran our model on a
RedHat Linux system using Python 3.6 and Torch 1.10.

3. RESULTS

We performed five independent adsorption simulations on the
graphene surface, starting with various initial configurations. A
visual inspection of the trajectories by VMD®® showed that the
lysozyme in all runs could adsorb on the graphene surface
eventually, despite undergoing different conformational and
orientational changes. We presented a representative simu-
lation trajectory in which lysozyme firmly adsorbed on the
graphene surface and utilized it for the graph clustering
analysis. The entire simulation time was 5.0 X 10° time steps,
including about 7.5 billion bond events and 2.5 billion collision
events, for which the time scale of our simulations would be
about 75 us based on Marchut and Hall’s estimation.”’ Our
simulations showed that the temporal profile of the lysozyme’s
potential reached a plateau for more than 1.0 X 10° time steps
in the last period of simulation, which demonstrated that our
simulation system had reached equilibrium (Figure S3 in the
Supporting Information).

Figures 3 and 4 show the results of autoencoder-based graph
clustering analysis of 5.0 X 10° time steps in the simulation
sample. To find the optimal number of clusters, we used
different numbers of clusters ranging from 1 to 20 and
evaluated the silhouette scores (Figure 3a). It was found that k
= 2 has the highest silhouette score, which is 0.412, but
obviously, it is not precise enough to present the adsorption
process. If k = 2, there are only two stages, i.e., protein in the
bulk and protein on the surface, which cannot offer useful
information about the structural evolution of lysozyme protein.
Since the silhouette scores of k = 3, 4, and S are very close to
each other, we also applied two other metrics, the Davies—
Bouldin score and the elbow method, to select the best
number of clusters (Figures S4 and SS in the Supporting
Information). According to the Davies—Bouldin score, the
clustering is better if its score is lower. It was found that k = 5
with the lower Davies—Bouldin score exhibits better clustering
than k = 3 and 4 (Figure S4 in the Supporting Information).
Using the elbow method, the best value is the first k after

which the line becomes linear. Figure SS in the Supporting
Information shows that k = S is the transition point, after
which the score curve becomes linear. Figure 3b illustrates the
t-distributed stochastic neighbor embedding (t-SNE) of our
stratification result, which projected 645 (129 X §)-dimen-
sional features into a 2-dimensional plane. The contact maps of
the same stage formed clear clusters, and there was an obvious
distinction among the five stages, indicating that our
stratification method had a good understanding of the data
and was capable of distinguishing between the contact maps.
Notably, the autoencoder played a significant role in reducing
the degree of freedom, which extracted representative features
from each contact map and guaranteed the success of the
subsequent k-means analysis. As shown in Figure 2, the original
contact map of lysozyme protein contained 16 641 degrees of
freedom, and after the autoencoder, it was reduced to a vector
of 645 features. The feature extraction not only accelerated the
efficiency of the K-means clustering algorithm but also
improved the stability of the final stratification results.

As shown in Figure 4a, the transitions of folding stages
occurred at time steps of 0.32 X 10 1.50 x 105, 3.12 x 10°,
and 3.60 X 10° respectively, suggesting that there were
significant changes in the protein structure. To facilitate our
discussion, in chronological order, we rearranged the cluster
IDs into five stages (1—S5) of the protein adsorption process.
We further calculated the Euclidean center of clusters and
selected the contact maps closest to the corresponding cluster
centers as the representative protein structure for each stage.
The contact maps closest to the cluster centers were at 0.165 X
10% 1.102 x 10% 2.074 x 10°, 3.263 X 10°, and 4.656 X 10°
time steps, as shown in Figure 4a. These contact maps and the
corresponding molecular structures are shown in Figure 4b,c,
respectively. It was observed that the contact maps and the
configurations of stages 1, 4, and S showed noticeable pattern
differences, whereas stages 2 and 3 displayed similarities to a
certain extent. The similarity between stages 2 and 3 is also
evidenced by the back and forth jumps around the time step of
1.50 X 10° in Figure 4a.

In stage 1 at t = 0.080 X 10° (Figure Sa, also the purple dot
in Figure 4a), the residues of Arg128 and hydrophobic Leul29

XXROCIRAT AL
SIXXXZRILS

Figure 5. System snapshots at (a) t = 0.080 X 10° and (b) ¢ = 0.135 X
106

on the C-terminal of lysozyme came into contact with the
graphene surface. Shortly after that, at t = 0.135 X 10°, which
was about the time of the cluster center of stage 1 at t = 0.165
X 10° the residues of Ala122-Cys127, which contain Trp123
with an aromatic group of strong 7—7 interactions with the
graphene surface, further landed on the surface. In the
meantime, the residues of Val2-Cys6 on the N-terminal were
also adsorbed, including the hydrophobic Val2, Phe3 (also
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Figure 7. Time evolutions of the secondary structure of lysozyme during the adsorption process.

aromatic), and Cys6 (Figure Sb). Interestingly, it was found
that the C- and N-terminals can behave like “anchors”, which
locked the lysozyme on the surface hereafter. As a result, the
residues surrounding the “anchors” quickly fell on the surface
in sequence, which could lead to the transition from stage 1 to
stage 2.

Figure 6a demonstrates the distance of each residue of the
lysozyme to the substrate surface, incorporating the overall
effect of the protein’s translational motion and rotational
motion and the internal structural alternations. To clearly
elucidate the internal structural changes upon adsorption and
decouple the translational and rotational motions, we also
analyzed the root-mean-square deviation (RMSD) of the
contact maps for the neighboring stages (Figure 6(b—e)). At t
= 1.25 X 10% which was slightly after the time of cluster center
of stage 2, the residues of Lys1-Cys6, Gly26-Ala42, and
Cys115-Leul29 were adsorbed on the surface. Compared with
stage 1, the residues of Thr40-Asn65 moved closer to the
surface, while Cys80-Ala95 diffused in the opposite direction
(Figure 6a). Correspondingly, Figure 6b showed the hot spots
of large RMSD values in the areas of two clusters (Asn39-
Asn44 and Cys80-Ser91), both of which moved apart. In stages
2—4, more residues (i.e, AsnS9-Leu75) moved toward the
surface, while the residues of Cys80-Ala9S were moving back
and forth from the substrate surface during the process (Figure
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6a). However, as shown in Figure 6¢,d, relatively small internal
structural changes among those three stages (stages 2—4) were
observed. This was also in agreement with the fluctuations at
the transitions of 1.50 X 10° and 3.12 X 10° (Figure 4a).
Several areas of large RMSD in the contact map were detected
at stage S (the white spots of large RMSD values: Lys1-Gly22
and Asn37-Trpl08 in Figure 6e), indicating that the tertiary
structure of lysozyme had significantly collapsed. By tracking
the simulation trajectory, more details could be observed to
explain large structural changes at stage S. At the beginning of
stage S at t = 3.71 X 10% Asnl103-Thr118 with the a-helix
structure fell on the surface, including the hydrophobic
residues (Met10S, Alal07, Vall09, Ala110, and Cysl115). In
addition, the residues of Ala95-Gly102 also moved closer to
the surface.

Figure 7 shows the time evolution of the secondary
structures of lysozyme during the adsorption process. It was
found that the f-sheet had more significant changes compared
with the helical structures. The helical region of Cys80-Leu84
unfolded for some time but restored to its original structure
later. Also, the residues in Gly49-Leu56 formed a new a-helix
during the simulation. Compared to the significant collapse in
the tertiary structure, the protein’s secondary structure
displayed smaller changes.
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4. CONCLUSIONS

Continuous or discontinuous molecular dynamics simulations
at the atomistic or coarse-grained scale have been intensively
applied to the study of protein folding/unfolding in the bulk
solution'®**3*>3 or on substrate surfaces”'"'”!*2%*73L3% for
many biomedical and industrial applications. However, an
analysis of the structural evolution using simulation trajectories
remains difficult. Further quantitative analysis of simulation
data can provide critical insights into the underlying biophysics
and elucidate protein’s structure—function relationship. In this
work, we successfully applied the method of autoencoder-
based graph clustering to analyze DMD simulation trajectories
of protein adsorption using a model system that consisted of a
lysozyme protein and a graphene surface in implicit water. Our
in-house-developed DMD program, sDMD, by combining an
all-atom molecular model for protein—protein interactions and
a Go-like CG model for protein—surface interactions, can
effectively elucidate the dynamics of protein folding/unfolding
and also accurately describe protein—surface interactions,
particularly protein—surface hydrophobic interactions and
7—m stacking. Moreover, the sparse autoencoder-based graph
clustering model was used to analyze the protein contact maps
to identify the folding/unfolding states and illustrate the
protein adsorption path.

The DMD simulations showed that a lysozyme protein
could land on a hydrophobic graphene surface with its terminal
groups, followed by subsequent structural changes due to the
strong protein—surface hydrophobic interactions and 7—n
stacking in Cys30-THR40. It was also found that the lysozyme
experienced a collapse in its tertiary structure and mild changes
in its secondary structure. The analyses of autoencoder-based
graph clustering showed a five-stage unfolding path. By
comparing with detailed analyses of protein structure, our
study showed that the autoencoder-based graph clustering can
provide sensitive and accurate detection of a protein’s
structural changes. The combination of deep graph clustering
analyses and efficient DMD simulations developed in this work
could be an important tool to provide insights into
biomolecules’ interfacial behaviors. It is also notable that the
autoencoder-based graph clustering can be applicable to the
analyses of other types of simulation trajectories, such as
continuous atomistic MD and coarse-grained MD.
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