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ABSTRACT: Graphene and its water-soluble derivative, graphene
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biomedicine. Recently, GO has been shown to be the most .
efficient inhibitor for a-chymotrypsin (ChT) compared with all
other artificial inhibitors. However, how GO interacts with
bioactive proteins and its potential in enzyme engineering have
been rarely explored. In this study, we investigate the interactions
between ChT and graphene/GO by using molecular dynamics
(MD) simulation. We find that ChT is adsorbed onto the surface
of GO or graphene during 100 ns MD simulations. The a-helix of
ChT plays as an important anchor to interact with GO. The
cationic and hydrophobic residues of ChT form strong interactions
with GO, which leads to the deformation of the active site of ChT and the inhibition of ChT. In comparison, the active site of
ChT is only slightly affected after ChT adsorbed onto the graphene surface. In addition, the secondary structure of ChT is not
affected after it is adsorbed onto GO or graphene surface. Our results illustrate the mechanism of the interaction between GO/
graphene and enzyme and provide guidelines for designing efficient artificial inhibitors.
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B INTRODUCTION

Enzymes are large biological molecules that regulate almost all
chemical reactions in numerous biological processes, including
signal transduction, gene expression, immune responses,
metastasis, and metabolism. Moreover, enzymes are widely
used in the pharmaceutical and medical fields, food and
environmental industry, biofuel area, as well as life science
studies."”” Therefore, regulation of enzyme activity and stability
is very important and has always attracted great attention.
Various enzyme regulators, ranging from proteins, peptides,
and synthetic organic molecules, have been discovered in the
recent years.

Recently, accompanying the development of nanostructured
materials, a range of nanomaterials with different sizes and
shapes have been utilized as the substrates for enzyme
modulation. Different types of nanomaterialshave been
reported to show positive effects on enzymes, including gold
nanoparticles,”® magnetite nanoparticles,” alumina nano-
particles'®'" and porous silica structures,”>”'* yet mostly
through enzyme immobilization process."®

easier prevention of microbial contaminations, etc. However, to
efficiently immobilize enzymes on nanostructured material
surfaces, labored work is required to modify/functionalize the
substrate surface.”®'® Last but not least, it is hard for most
nanostructured materials to fully characterize their surfaces by
using conventional surface analytical tools.

Graphene oxide®® > (GO) is an ideal substrate for enzyme
immobilization on nanostructured materials: GO is enriched
with oxygen-containing groups, which makes it possible to
immobilize enzymes without any surface modification or
coupling reagents.

In the past few years, graphene and its water-soluble
derivative-GO have attracted huge attention because of their
interesting physical and chemical properties, which also show
wide applications in various fields including biotechnology and
biomedicine. GO, in particular, possesses a single-layered, two-
dimensional, sp* hybrid structure with sufficient surface groups,
offering a unique double-sided, easily accessible substrate for
multivalent functionalization and efficient loading of molecules
from small organic ones to biomacromolecules. Functionalized

Enzymes immobilized on the nanostructured materials have
some advantageslé’17 over the bulk solid substrates, including
enhance the stability, repeat or continuous use, easy separation
from the reaction mixture, possible modulation of the catalytic
properties, prevention of protein contamination in the product,
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GO is potential for applications in gene and drug delivery,”*
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(b)

Figure 1. Atomic structures of (a) graphene (size 10.0 X 9.0 nm*) with 3115 carbon atoms and (b) GO modified from graphene.

cellular imaging,25 cancer therapeutics,26 biosensing,27 as well as
antibacterial agent.”® For instance, the GO nanosheets modified
with poly(ethylene glycol) have been employed as aqueous
compatible carriers for water-insoluble drug delivery.* The
intrinsic oxygen-containing functional groups were used as
initial sites for deposition of metal nanoparticles and organic
macromolecules, such as porphyrin, on the GO sheets, with
opened up a novel route to multifunctional nanometer-scaled
catalytic magnetic and optoelectronic materials.

Regarding the interactions between GO and biomacromole-
cules, such as enzymes, GO has been reported in a few
studies.””*° In a recent work, De et al.*! uncovered that GO
could act as an artificial modular to inhibit the activity of a-
chymotrypsin (ChT) and it showed the highest inhibition dose
response (by weight) for ChT inhibition compared with all
other reported artificial inhibitors. However, the mechanism of
GO bound with ChT at atomic level is still unclear.

Therefore, in this study, we employ MD simulations to
investigate the dynamic interactions between graphene/GO
and ChT. Our results show that ChT is adsorbed onto the
surfaces of both graphene and GO. The cationic and
hydrophobic residues of ChT form strong interactions with
GO, leading to the deformation of the active site of ChT and
the inhibition of ChT. However, the active site of ChT is only
slightly affected after it adsorbed onto the graphene surface.
These findings suggest a new generation of enzymatic inhibitors
that can be applied to other complex proteins by systematic
modification of the GO functionality.
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B MATERIALS AND METHODS

Atomic Structures. The crystal structures of ChT** (PDB entry:
4CHA, resolution 1.68 A) and trypsin®* (PDB entry: 1TRN,
resolution 2.20 A) used in our studies are retrieved from the Protein
Data Bank (http:/ /www.pdb.org/pdb/). The crystal structures are
then prepared by Discovery Studio 2.5 (DS2.5). Missing atoms are
added and the protein is minimized in DS2.5. DS2.5** is used to
determine the protonated states for histidines and other residues
within the physiological pH range (~7.4): Electrostatic interaction
energies are calculated using an implementation of Generalized Born
solvation model in CHARMM and the atomic parameters are taken
from either CHARMM or CHARMM polar hydrogen force fields. The
energies of the protonated and deprotonated states are calculated and
the percentage of protonation of each residue is predicted at given pH
on the basis of the Boltzmann distribution.

For ChT, the calculated pK, values of the histidines are 9.073 for
His40, and 9.395 for His57. We then use PROPKA 3.1%° and H++
3.0 to predict pK, of His57:7.31/8.70 for His57. Thus, His40 and
His57 of ChT are protonated.

For trypsin, the calculated pK, values of the histidines are 7.863 for
His40, 9.439 for HisS7, and 5.791 for His91. We also use PROPKA
3.1% and H++ 3.0% to predict the pK, value of His57:7.10/7.55 for
His57. Thus, His40 and HisS7 of trypsin are protonated.

Side chains of Asp, Glu, Arg, and Lys were charged (Asp~, Glu~,
Arg*, and Lys") in all simulations.

In the literature,”’ ~*° pK, values of His57 determined by various
experimental studies and computational studies range between 6 and
7. Our calculation results above show that pK, value of His57 ranges
between 7.0—9.5. Thus, we first perform MD studies with protonated
His57. We also perform MD studies with neutral His57. Both MD
studies show that His57 is far away from the interface between ChT
and GO/graphene. And the protonation state of His37 does not affect
the interaction between ChT and GO/graphene significantly. See the
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(a)
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Figure 2. (a) MD simulation box of GO and ChT with water (the orientation of ChT is randomly selected); (b) active pocket of ChT highlighted in

red.

ChTis adsorbed onto graphene surface mainly
through the hydrophobic interactions

(a)

ChT is adsorbed onto GO surface mainly
through the H-Bonding interactions

Figure 3. Typical structure of a-chymotrypsin adsorbed onto (a) the graphene surface and (b) the GO surface. Three randomly selected orientations
of ChT lead to three different interaction modes of ChT with graphene/GO, the other two can be found in Figure S1 in the Supporting Information.

section “MD results of ChT with neutral His57 show similar results as
ChT with protonated HisS7”.

We prepare the graphene sheet with size of 10.0 X 9.0 nm* (3,115
carbon atoms, Figure 1a), which provides a sufficient large surface for
the enzyme to be adsorbed onto it. The epoxy and hydroxyl groups are
randomly grafted to the carbon atoms on the graphene basal plane.
The carboxyl groups are also attached to the carbon atoms on the edge
randomly. The GO model considered here is not significantly
oxidized: C,;0,(OH), (ie, 1 epoxy group and 1 hydroxyl group
per 10 carbon atoms are attached to the graphene basal plane), as
shown in Figure 1. This GO model reflects a typical outcome from a
standard oxidation process.”**'™* One carboxyl group per 20 carbon
atoms is attached to the graphene edge (C,,0,(OH),(COOH),;) to
mimic the behavior of GO in neutral or high pH condition.

Then, the GO structure is prepared by Material Studio S.S.
Geometry optimization is performed by using the Forcite module with
the Dreiding force field*** and the Gasteiger charges46 (the
maximum iteration is set to 50000 and the convergence is set to
5.0 X 107°) and the ultrafine quality is used for the energy calculation.
The minimized structure (Figure 1b) is regarded as the initial structure
of GO for the following simulations.

MD Simulations. The carbon atoms of graphene/GO are
uncharged according to Hummer et al.*’ Graphene/GO is fixed
during the simulations. The initial minimum distance between the
graphene/GO surface and protein is 2.0 nm. The enzyme and
graphene/GO do not contact in the beginning of the simulations. We
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randomly select three orientations of the enzyme and perform three
independent MD simulations. In the randomly selected orientations,
the active pocket of ChT is facing away from the graphene/GO surface
as shown in Figure 2.

Then, the protein and graphene/GO are embedded into a
rectangular box of TIP3P water molecules™® with a size of 11.0 X
10.0 X 7.5 nm?, and the waters within 5/2 A of the protein/graphene
are eliminated. Five angstroms is a reasonable criterion, because the
favorable Van Der Waals interaction distance is between 4 and S A.
The simulation systems are built up by using VMD.*

The whole system (Figure 2) contains the protein (ChT/trypsin),
graphene/GO, ~29 688/27 071 water molecules, and 123/121 sodium
ions for a total of ~97 009/88 874 atoms per periodic cell. The system
is first equilibrated for 200 ps with the protein fixed. Then, the protein
is released and another 200 ps equilibration is performed, which there
is no vacuum left in the systems.

Starting from the last frame of the equilibration, we perform 100 (or
50 for ChT with deprotonated HisS7) ns NPT MD simulations using
the NAMD package®® (version 2.7b2) with CHARMM27°' ™3 force
field. In addition, Dreiding force field is used to describe the
interactions between the graphene/GO and protein. Dreiding force
field is useful for predicting structures and dynamics of organic,
biological and main-group inorganic molecules, which leads to
accurate geometries and reasonably accurate barriers for various
organic systems and widely used for the MD simulations. Long-range
electrostatics is handled by the particle mesh Ewald (PME) method™*

dx.doi.org/10.1021/am500167c | ACS Appl. Mater. Interfaces 2014, 6, 7153—7163
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Representative snapshots of the adsorption

of ChT onto the GO surface

(¢) 60ns

Figure 4. Representative snapshots of the adsorption of ChT onto the GO

trajectory. The SI active site of ChT is highlighted in red.

(d) 100ns

surface (a) 0, (b) 30, (c) 60, and (d) 100 ns extracted from the MD

with a 12 A nonbonded cutoff and a grid spacing of 1 A per grid point
in each dimension. The Van Der Waals energies are calculated using a
smooth cutoff (a switching radius of 10 A and a cutoff radius of 12 A).
The constant temperature of 310 K and the constant pressure of 1 atm
are applied by a langevin thermostat and a langevin barostat,
respectively. The time step of the MD simulations is set to 1 fs, and
the snapshots are saved every 10 ps. The trajectory analyses are carried
out with VMD.

Dock Proflavine (PRF) into ChT. To examine the change of the
active site of ChT after ChT is adsorbed onto graphene/GO, we
predicted the 3D model of proflavine in complex with ChT by using
the CDocker program in DS2.5. The docking site is set at the center of
the active pocket of ChT with a radius of 10 A, large enough to cover
the whole binding pocket. CDocker is a grid-based molecular docking
method that employs CHARMM force field. The receptor is rigid,
whereas the ligands are flexible during the refinement. Random ligand
conformations are generated from the initial ligand structure through
high temperature molecular dynamics, followed by random rotations.
The random conformations are refined by grid-based simulated
annealing and a final grid-based or full force field minimization.

The following parameters are used for the dockings: CHARMM
force field is used, Grid extension is set to 8.0, SO random
conformations of each ligand are generated, simulated annealing
refinement is performed: 2000 steps for heating and S000 steps for
cooling, and 100 binding poses are saved for each ligand.

B RESULTS AND DISCUSSIONS

Adsorption of a-Chymotrypsin onto Graphene or GO.
The dynamic features of the ChT-GO/graphene interactions in
explicit water are explored by the MD simulations. After 100 ns
MD simulations, we find that ChT is adsorbed onto the surface
of graphene or GO. As shown in Figure 3a and Figure Sla in
the Supporting Information, three randomly selected orienta-
tions of ChT lead to three different interaction modes with
graphene. However, three randomly selected orientations of

ChT lead to consistent interaction patterns with GO as shown
in Figure 3b and Figure S1b in the Supporting Information.
The initial minimum distance between graphene/GO surface
and ChT is 2.0 nm (Figure 2). Along the MD simulations, ChT
is gradually adsorbed onto the surface of graphene or GO. At
100 ns, the average minimum distance between graphene and
ChT is ~1.86 A, whereas the average minimum distance
between GO and ChT is ~0.85 A. Similar observations are
observed by the recent simulation reports: peptides (GAM
peptide, dodecamer peptide, a-helical peptide, and RC7
peptide) and proteins (fibronection module, insulin, HP3S,
WW domains, and human serum albumin) can be adsorbed
onto the surface of graphene,ss’56 carbon nanotube, > ™%
C60,°>*° and gold nanoparticles.>*

As shown in Figure 3a and Figure Sla in the Supporting
Information, ChT shows different interaction modes with
graphene in three independent MD runs, but hydrophobic
residues always contribute most to the interaction with
graphene: the adsorption area of ChT onto graphene is only
~8.6 nm’, because of the “flat surface” of graphene. A variety of
hydrophobic residues contribute to the adsorption of ChT onto
graphene, which include Ile6, Val9, Val23, Pro24, and Ala149.
Moreover, the aromatic residue Phe71 contributes 7—rx
stacking and CH—7 interactions with graphene surface. The
distances between these residues and the graphene surface are
less than 1.5 A.

However, it is completely different for the adsorption of ChT
onto the GO surface (Figure 3b and Figure Slb in the
Supporting Information). Three randomly selected orientations
of ChT lead to consistent binding patterns with GO. In all
three simulations the a-helix consisted of the residues 165 to
172 is adsorbed onto the surface of GO. Importantly, almost all
residues interacting with GO are hydrophilic residues, especially
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Figure 5. (a) Active site of ChT is deformed after ChT is adsorbed onto the surface of GO, which the a-helix of ChT plays as an important anchor
to interact with GO; (b) active site of S1 from one of the MD simulation; (c) average rmsd of the active site of ChT during the 100 ns MD

simulations with GO (black line) or graphene (red line).

lysine and asparagine. These residues in ChT prefer the
oxidized part of GO. Therefore, ChT is prone to be adsorbed
onto the oxidized part of GO.

Our results show that ChT is favored with the “concave
surface” of GO, which has large surface curvature and area. So,
the adsorption area of ChT onto GO is ~12.3 nm’
Importantly, the residues directly interacting with GO surface
are all hydrophilic residues, which include Asn91, Lys93, Tyr94,
Asn9S, Ser96, Asnl00, Lys169, Lys170, Tyrl71, Lysl75,
Lys177, Asp178, and Ser223. These hydrophilic residues form
strong hydrogen bonds with epoxide and/or carbonyl groups
on the surface of GO. Particularly, lysines from ChT are
cationic residues, which form favorable interactions with
anionic graphene oxide.

S1 Specificity Pocket in ChT is Deformed after It Is
Adsorbed onto the GO Surface. ChT is composed of 245
residues (M,, of 25 kDa), which contains in three separate
polypeptide chains linked by five disulfide bridges. The catalytic
site of ChT can be divided into four distinct regions: the n-site
where the nucleophilic attack occurs; the ay-site, a deeply
invaginated apolar pocket close to the active serine, which binds
aromatic side chains; the am-site (amide), which can form H-
bonding interactions with substrate; and the h-site, which
accommodates the o-hydrogen of substrates. The ay-site,
known as the S1 specificity pocket (residues 189—195, 213—

220 and 226—228), is the most important binding locus that
controls directly the specificity and efficiency of the enzyme, as
shown in Figure S2 in the Supporting Information. The
catalytic triad, formed by HisS7, Asp102, and Ser195, has been
described as a charge relay system in which the relative
proximity of Aspl02 to HisS7 serves to polarize the hydrogen
bonding network between the imidazole ring of His57 and the
hydroxyl proton of Ser195. The active serine from the catalytic
triad (Ser195) is located at the mouth of the S1 cavity. The
deeply invaginated hydrophobic S1 pocket of ChT shows high
specificity for aromatic (Phe, Trp, Tyr) and bulky apolar side-
chains.!

Our results show that when ChT interacts with graphene, the
active site of S1 in ChT is far away from the graphene surface in
all three independent MD simulations (see Figure S3a in the
Supporting Information). The average center-of-mass distance
between the active site of S1 in ChT and the graphene surface
is 18.6 A. Moreover, the minimum distance between the
residues in the active site and graphene is ~7.2 A. By using
sitemap module in Schrodinger, we estimate that the volume of
the active site of ChT changes from 146.1 A® (crystal structure)
to 130.0 A’ (average value from three independent MD runs)
after the adsorption of ChT onto graphene surface. These
results support the fact that the interaction with graphene will
not affect the S1 binding pocket of ChT significantly.

7157 dx.doi.org/10.1021/am500167c | ACS Appl. Mater. Interfaces 2014, 6, 7153—7163
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Figure 6. Comparison of the conformations in (a) the crystal structure of ChT, (b) in the structure absorbed onto the graphene surface, and (c) in

the structure adsorbed onto the GO surface.

Figure 7. Conformations of the active site of ChT (a) in the crystal structure, (b) in the structure adsorbed onto graphene, and (c) in the structure
adsorbed onto GO. Figures on the left show the conformations of the ChT-proflavine complexes, and figures on the right show the binding sites of

ChT.

However, our results show that the active site of S1 in ChT
adsorbed onto GO. Figure 4 shows representative snapshots of
the adsorption for S1 onto the GO surface. First, the enzyme
gets close to the surface of GO (~30th ns) due to cationic
residues of ChT (long-range Coulomb interactions between
ChT and GO). Then, the a-helix consisting of the residues
165—172 is adsorbed onto the surface of GO (~60th ns),
which behaves as an “anchor”. Finally, the active site is
adsorbed onto the GO surface.

Moreover, our results show that the active site of S1 in ChT
will be affected significantly when ChT interacts with GO, as
shown in Figure S3b in the Supporting Information. By using
sitemap module in Schrodinger, we estimate that the volume of
the active site of ChT changes from 146.1 A® (crystal structure)
to 75.8 A® (average value from three independent MD runs)
after the adsorption of ChT onto GO surface.

Importantly, our results show that the a-helix (consisted of
the residues 165 to 172, sequence: “TNCKKYW”) is strongly
adsorbed onto the GO surface in all three independent MD
simulations. Five of seven residues are hydrophilic, and one
residue (Trp172) is aromatic. Trp172 close to the binding site
is proposed to be responsible for the induced circular
dichoroism (CD) activity.”> Five hydrophilic residues can
enhance the interaction between ChT and GO, whereas the
aromatic residue (Trpl72) contributes the 7—x stacking and
CH—r interactions.

Figure Sa indicates that in three independent simulations, the
S1 active site of ChT is deformed after ChT is adsorbed onto
GO, which blocks the S1 active site and inhibits ChT.

7158

From Figure Sb, we can clearly observe that the active site of
S1 from one MD simulation is significantly affected by the
interaction with GO. Most residues of the active site interact
strongly with GO. The catalytic triad (HisS7, Aspl02 and
Ser195) is directly adsorbed onto GO. Moreover, Trp2lS,
another aromatic residue, forms a strong 7—x interaction with
GO. This residue near to the binding site is also proposed to be
responsible for the induced circular dichoroism (CD) activity.62
Importantly, several hydrophobic residues of the active site
(including Met192, Val213, Cys220, and Val227) contribute
hydrophobic interactions. Finally, a ring of positively charged
residues around its active pocket interacting with anionic ions
of GO (Lys93, Lys169, Lys170, Lys17S, and Lys177). The
strong interaction between ChT and GO deforms the active
site of ChT, leading to the inhibition of ChT.

Figure Sc shows the average rmsd of the active site of ChT
during the 100 ns MD simulations with GO (black line) or
graphene (red line). We can see that the active site of ChT is
affected significantly by the absorption with GO, but is not by
the absorption with graphene.

To further elucidate how the deformed active site inhibits the
enzymatic activity, we used the CDocker program to dock
proflavine into three structures (the crystal structure of ChT,
the structure adsorbed onto graphene with lowest deviation
during three independent MD simulations, and the structure
absorbed onto GO with lowest deviation during three
independent MD simulations). The results are discussed in
the following section.

dx.doi.org/10.1021/am500167c | ACS Appl. Mater. Interfaces 2014, 6, 7153—7163
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Figure 8. (2) Active site of ChT with deprotonated HisS7 is deformed after ChT is adsorbed onto the surface of GO (highlighted in red), (b) active
site of S1 is adsorbed onto GO, (c) active site of S1 is far away from the surface of graphene, (d) rmsd of the active site of ChT during the S0 ns MD

simulations with GO (black line) or graphene (red line).

Active Site of ChT Is Deformed after Adsorbing onto
GO. Conformation of active site is the most important binding
locus which controls the specificity and efficiency of an enzyme.
In this section, we want to examine how the conformational
changes of the active site for ChT when ChT interacts with
graphene or GO.

From Figure 6a—c, different degrees of conformational
changes can be found for the active site. For the structure of
ChT absorbed onto graphene (Figure 6b), the region consisted
of His57, Aspl02, Glyl93, Aspl194, Serl9S, Trp215, and
Glu216 (here we named it the proximal region), becomes
larger, whereas the rest region (we named it the remote region)
becomes narrower. However, the binding pocket of the active
site is large enough for ligand binding.

7159

However, for the structure of ChT adsorbed onto GO
(Figure 6c), the proximal region is almost covered, while the
remote region can allow only some small ligands to be docked
vertically into it.

To accurately characterize the conformational change of the
active site before and after the prolonged graphene/GO
binding, we predict the binding mode of proflavine in complex
with ChT®® by using the CDocker program in DS2.5. We first
dock proflavine into the crystal structure of ChT, as shown in
Figure 7a. This binding mode of ChT-proflavine ranks first
among the 100 top hits, and it is also in agreement with the
recent docking reports.”*®> The docking score between the
crystal structure and proflavine is —21.82 kcal/mol (CDOCK-
ER INTERACTON ENERGY). Our results show that the
binding site is large enough for accommodating the ligand.

dx.doi.org/10.1021/am500167c | ACS Appl. Mater. Interfaces 2014, 6, 7153—7163
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Moreover, proflavine is favored with the proximal region of the
active site, and it directly interacts with His57, Asp102, and
Ser19S in a catalytic triad.

We then dock proflavine into the structure of ChT adsorbed
onto graphene, as shown in Figure 7b. The docking scores of
CDOCKER _INTERACTON_ENERGY between the ChT
adsorbed onto graphene and proflavine are —23.77, —19.56,
and —17.74 kcal/mol, respectively. These docking scores are
close to that of crystal structure of ChT and proflavine. Our
results illustrate that two of three binding sites are similar to
that of the crystal structure, while the binding site of the last
one is mainly located in the proximal region. However, all three
binding sites are large enough to allow ligands to be bound
into, especially the proximal region of the active site, the region
of catalytic triad. From Figure 7b, we can find that the residues
HisS7, Aspl02, Ser19S, and Trp2lS move opposite to the
center of the active site, which makes the proximal region
larger. Meanwhile, Ser189 gets closer to Ser217 in the remote
region, making the remote region of the active site narrower.
However, the conformation of the whole active site is similar to
that of the crystal structure.

We also dock proflavine into the structure of ChT adsorbed
onto GO (Figure 7c). We only have two binding modes in this
system (Figure 7c shows one of them), because one of the
three active sites is completely covered. The docking scores of
CDOCKER_INTERACTON_ENERGY between ChT ad-
sorbed onto GO and proflavine are 48.53 and 60.46 kcal/
mol. These two docking scores show very weak binding
between ChT adsorbed onto GO and proflavine. These two
binding modes share large similarities in the proximal region of
the active site (Figure 7c): three residue pairs including HisS7-
Ser19S, Aspl102-Asp194 and Trp215-Glyl93, move closer to
each other and cover the proximal region of the active site,
making most of the active site not be available for the ligand;
moreover, the motif consisted of the residues 189 to 191,
moves away from the original position strongly; meanwhile, the
motif consisted of the residues 217 to 220 also has large
conformational change, approaching to the previous motif.
Although the remote region becomes larger, it can only allow
the small ligand be docked into vertically. However, the
conformational changes of both the proximal region and the
remote region make the active site not suitable for most ligands.

In summary, for the structure of ChT absorbed onto the
graphene surface, the active site is far away from the surface of
graphene, and the whole active site of S1 of ChT is similar to
that of the crystal structure (especially the proximal region of
the catalytic triad). However, in the structure of ChT absorbed
onto GO, the whole region of the active site is unavailable for
ligands with large conformational change, which strongly
inhibits the activity of ChT. Moreover, our simulations also
show that the active site of ChT is faced and adsorbed onto the
GO. We suggest that another potential inhibiting effect of ChT
is the active site of ChT is not available, which it is blocked by
GO.

MD Results of ChT with Neutral His57 Show Similar
Results as ChT with Protonated His57. In many
experimental and computational studies,>”~* the pK, value of
HisS7 is between 6 and 7. Thus, we also perform 50 ns MD
studies with neutral His57. The results are shown in Figure 8.
MD studies with neutral HisS7 or protonated His57 show that
His57 is far away from the interface between ChT and GO/
graphene. And the protonation state of HisS7 does not affect
the interaction between ChT and GO/graphene significantly.
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Our results also show that ChT with deprotonated HisS7 is
also adsorbed onto graphene and GO. Figure 8a indicates that
in ChT with deprotonated His57, the S1 active site is deformed
after ChT is adsorbed onto GO, comparing with the ChT
adsorbed onto graphene. The volume of the active site of ChT
(with deprotonated HisS7) adsorbed onto graphene changes
from 146.1 A® (crystal structure) to 134.7 A’. In comparison,
the volume of the active site of ChT (with deprotonated
HisS7) adsorbed onto GO changes from 146.1 A’ (crystal
structure) to 109.4 A3

Figure 8b shows that the active site of S1 is significantly
affected by the interaction with GO. Most residues of the active
site also interact strongly with GO, including Ser189, Ser217,
Thr219, and Cys220. In comparison, HisS7 is far away from
GO. These results agree with our previous MD results with
protonated HisS7.

Figure 8c shows that the active site of SI1 in ChT with
deprotonated His57 is far away from the surface of graphene.

Figure 8d shows the rmsd of the active site of ChT with
deprotonated His57 during the 50 ns MD simulations with GO
(black line) or graphene (red line). The figure shows that the
active site of ChT with deprotonated HisS7 is also affected
significantly by the absorption with GO, but is not affected by
the absorption with graphene.

In conclusion, our MD results of ChT with neutral His57
show similar results as ChT with protonated HisS7.

In order to validate further these results, we also perform the
MD simulations for trypsin in the following section.

Similar Results on the Adsorption of Trypsin. Trypsin,
another serine protease, has an evolutionary history with ChT
(including the S1 active site), and it shares the sequence
identity of 41% and sequence similarity of 60% with ChT. We
perform 100 ns MD simulation of both adsorption onto
graphene and GO, and also dock the active ligand into three
structures of trypsin (the crystal structure of trypsin, the
structure absorbed onto graphene, and the structure absorbed
onto GO). The initial minimum distance between graphene/
GO and trypsin is also 2.0 nm. The binding site (or binding
mode in the active site) of the crystal structure of trypsin is very
similar to that of ChT.

Our results show that trypsin is adsorbed onto the surface of
both graphene and GO (Figure 9). Moreover, our results
illustrate that the S1 pocket in trypsin is far away from
graphene, which is absorbed by hydrophobic interactions.
However, the active site is adsorbed onto the GO surface
through its cationic residues and hydrophilic residues (Figure
9). Importantly, the ligand can be docked into the active site of
trypsin adsorbed onto graphene (Figure 9b). On the other
hand, the active site of trypsin adsorbed onto GO is covered
and the catalytic triad cannot interact with ligand any more
(Figure 9c). All these results are in good agreement with our
results for ChT.

However, differences can be found between trypsin and ChT.
Both for the trypsin adsorbed onto graphene and GO, we can
find that the motif composed of the residues 215—220 divides
the active site into two parts: one part consists of the residues
215—228 (we named it the left region), and the other part
consists of the residues 189—195, His57, Asp102, and residues
215—220 (we named it the right region), as shown in the
middle of Figure 9c. Moreover, the ligand bound with the
structure absorbed onto graphene can interact with the catalytic
triad, but the main part of the ligand can be found in the left
region (in the middle of Figure 9b). However, the ligand bound
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Figure 9. Conformations of the active sites of (a) trypsin in the crystal
structure, (b) trypsin absorbed onto the graphene surface, and (c)
trypsin absorbed onto the GO surface.

with the structure absorbed onto GO cannot interact with the
catalytic triad any more, and the whole ligand can only be
found in the right region of the active site.

By comparing the active sites of ChT and trypsin, we find the
reason: four residues at positions 189, 192, 217, and 219 are
not conserved in trypsin and ChT. Furthermore, Ser190 adopts
a different orientation in each of these enzymes as well,
pointing into the S1 site of trypsin but away from this site in
ChT where it forms a hydrogen bond with Thr138. The
bottom of the S1 site in trypsin contains Aspl189 which is
anionic at neutral pH and can stabilize the positive charge of
lysine/arginine residues for which trypsin has displayed a
preference. The S1 pocket of ChT on the other hand does not
contain this aspartate anion but is uniquely fitted for accepting
hydrophobic residues as it is formed from Ser189, Ser190,
Ser195, Met192, Trp21S, Gly216, Ser217, and Gly226.

Our results indicate the importance of cationic residues of
ChT/trypsin to interact with GO and ChT, and show that
trypsin share similar interaction modes with GO.

B CONCLUSION

In this study, we explore the interactions between enzymes and
graphene and GO by the MD simulations. Our results show
that ChT can be adsorbed onto the surfaces of both graphene
and GO with different surface curvature and area. Moreover,
the S1 specificity pocket in ChT is far away from the graphene
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surface, while it is adsorbed onto the GO surface by its cationic
residues and hydrophilic residues, which strongly inhibits
enzymatic activity. By careful examination, we observe that the
position and conformation of the S1 specificity pocket are the
reason that GO exhibited the good capability to inhibitor ChT:
the S1 specificity pocket of ChT is not available for ligands due
to large conformational changes upon absorption onto GO,
while it is available for ligand because it only undergoes small
conformational change when adsorbed onto graphene.
Importantly, we obtain similar results for trypsin. Our study
shows the position and conformation of the S1 specificity
pocket is important for enzymatic activity. Our results indicate
useful guides for designing nanoparticles to interact with
enzymes.
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Figure S1 shows typical structure of a-chymotrypsin adsorbed
on the graphene surface and the GO surface in other two
simulations; Figure S2 shows the active pocket of a-
chymotrypsin; Figure S3 shows the active site of a-
chymotrypsin during our simulations with graphene sheet or
with GO sheet. This material is available free of charge via the
Internet at http://pubs.acs.org.
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