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Restricted binding of a model protein on CsN,4
nanosheets suggests an adequate biocompatibility
of the nanomaterialf
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Recently, CsN4, a carbon nitride nanomaterial, has attracted great attention in many scientific fields due to
its outstanding properties. Specifically, this nanomaterial has displayed non- or low-toxicity in biological
systems suggesting its excellent biocompatibility and biosafety. Nevertheless, few studies address the
structural consequences from the direct interaction between C3N4 and biomolecules that could imply
the physical origin of its bio-effect, particularly from the molecular level. Herein, we explored the
interaction of a CsN4 nanosheet and a model protein, the A-repressor protein. We found that the C3Ng4
nanosheet has a limited influence on the structure of the A-repressor protein, which substantiates the
outstanding biocompatibility of the nanomaterial. Detailed analyses showed that upon absorption on the
C3N4 nanosheet, the \-repressor protein remains located in a relatively fixed position without
compromising the structural integrity of the protein. Furthermore, the protein-nanomaterial interaction is
mediated by positively charged residues located on the surface of the protein and by the regional
negatively charged center on the C3zN4 nanosheet (i.e., N-rich defects). These findings provide further
molecular-level insights into the good biocompatibility of the CsN4 nanomaterial and also suggest its
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Introduction

The rapid development of carbon-based nanomaterials (CBNs)
has inspired tremendous interests in biomedical applica-
tions,"” including nanotherapeutics,*® optical imaging,® and
gene delivery,” because of their outstanding optical, mechan-
ical, and electrical properties.®**® Recently, ordered carbon
nitrides (e.g. C,N," C3N,""* and C;3;N, (ref. 14)), a new family
class of CBNs, have also greatly stimulated research enthu-
siasm, due to their inherent electronic and optoelectronic
properties. Based on their surprising electronic conductivity
and optical properties, carbon nitrides were successfully
utilized to produce various devices, such as photoelectrical
devices, sensors, field-effect transistor devices, and so on.'***¢
Carbon nitrides also exhibited interesting catalytic activity for
the H, evolution and oxygen reduction reaction.'”** Moreover,
some carbon nitrides exhibited promising potential in
biomedical applications. For instance, ultrathin graphitic-
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potential usage as a protein drug delivery platform.

phase C;N, (g-C3N,4) nanosheets, prepared by a “green” liquid
exfoliation pathway from bulk g-C;N, in water, displayed
outstanding properties including (i) good stability in both
acidic and alkaline solvents, (ii) intensive photoabsorption and
photoresponse, and (iii) excellent biocompatibility.*® The g-
C3N,; has also been utilized as a platform carrying up-
conversion nanoparticles for cancer photodynamic therapy.**
Meanwhile, g-C;N, was considered an excellent biosensor, due
to its metal-free, high fluorescence quantum yield, easy prepa-
ration, high stability as well as adequate biocompatibility.*>**
For example, a g-C;N, single-layer quantum dot was introduced
for fluorescence imaging of the cellular nucleus.** Through
hybridization with gold nanoparticles, the g-C;N, material was
exploited as an electrochemiluminescence immunosensor.>
The ultrathin g-C;N, nanosheet was developed for the detection
of alkaline phosphatase exhibiting label-free high sensitivity in
biological systems.>® The protonated g-C;N, nanosheets without
metal/label functionalization were established as a sensing
platform for highly sensitive and selective detection of heparin.*”
Although hybridized with some components, the g-C;N, material
was also exploited for biosensing of other molecules, e.g., hybrid-
ized with MOF for amyloid-B protein sensing,*® hybridized with
MnSe for H,0, and glucose sensing,* hybridized with molecularly
imprinted polymers for H,O, sensing,* etc.>*>

Despite the widespread biomedical applications, thus far,
there is very limited knowledge regarding the interaction of the
C;N, nanomaterial with biomolecules. Detailed knowledge of
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the biomolecule-C3N, (bio-nano) interaction is central to
support the desired biocompatibility of C;N,. Recently, Zhao
et al. investigated the interaction between amino acid residues
and a C3N, nanosheet by employing density functional theory
(DFT) and molecular dynamics simulations.* They found that
C3N, preferentially attracted the backbone amino (NH,) group,
yet this group appeared infrequently in any protein due to the
dehydration synthesis from amino acids to protein. However,
the positively charged side-chain groups from lysine and argi-
nine may follow similar behavior regarding their preference to
contact the C3N,. In this study, we probed the binding of
a model protein, the A-repressor protein, to a C;N, nanosheet
using all-atomic molecular dynamics (MD) simulations. We
observed that the transverse migration of the A-repressor
protein on the C;N, plane was significantly restricted, while the
same protein on the graphene plane moved relatively free and
randomly. Also, the protein structure exhibited little change
throughout the binding process, suggesting excellent biocompat-
ibility of the C;N, nanomaterial. In addition, the positively charged
residues were robustly attracted by the N-rich defects on the C;N,
surface, which was critical to the confined combination. Our works
revealed the interaction basis at the molecular level of the C5;N,
nanosheet and a model protein, which might be directly correlated
with the nanomaterial's adequate biocompatibility that is central
for its utility in biomedical devices.

Results

In order to investigate the binding of the A-repressor protein to
the C;N, surface, we built an all-atom system consisting of
a single biomolecule (the A-repressor protein) and the C3;N,
nanosheet as shown in Fig. 1. The system was investigated by
unbiased MD simulations and five independent 200 ns-long
trajectories were generated (see Methods for details). To
assess the stability of the secondary and tertiary structures of
the protein upon surface absorption, we performed analyses of
several parameters along the different simulations, including
the root mean square deviations (RMSDs) of Co atoms, the
fraction of native contacts (Q values) and the o-helix ratio
(Fig. 2). Herein, a direct contact of the protein with the C3N,
surface was considered when any heavy atom of the A-repressor
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protein was within 0.6 nm of any atom of C;N, nanomaterial.
Using the same direct contact criterion for the cut-off distance,
the fraction of native contacts of protein over time ¢, Q(¢), was
defined as the ratio of the total number of native contacts at
time ¢ relative to that at time zero (i.e., the total number of
native contacts as observed in the X-ray crystal structure); for
this analysis, only residue pairs apart by at least 3 consecutive
residues from each other were considered. The analysis indi-
cates that the protein conserved its structural integrity in the
five independent MD trajectories. Specifically, the RMSD values
for the protein Co. atoms remained lower than 0.5 nm and even
maintained values of ~0.2 nm in three out of five trajectories,
suggesting that the C;N, nanosheet had little influence on the
overall protein structure (ie., the nanomaterial displays
adequate biocompatibility). Moreover, both the Q values and
the a-helix ratios also indicated a minor impact on the confor-
mations sampled by the protein during the entire adsorption
process, which substantiates the aforementioned conclusion
regarding the protein structure. The mild effect of the C;N,
nanosheet on the protein tertiary structure substantially emerges
from the particular molecular features of the surface (see detailed
discussion below), which varies from that of pristine graphene.***
Fig. 3a illustrated the distributions of the center of mass (CoM) of
the A-repressor protein mapping onto the X-Y plane in the five
trajectories. Clearly, during the entire simulation time, the CoMs
of the protein was restricted on the C;N, nanosheet in all five
trajectories, showing a localized binding pattern. For comparison,
we also performed another simulation in which the C;N, nano-
sheet was replaced by a graphene surface (Fig. 3b). We similarly
tracked the CoM of the A-repressor protein on the graphene
surface and found a different situation: the same protein moved
quickly and randomly on the graphene plane. This difference was
fundamentally caused by the ordered charge distribution and
abundant defects on the C;N, nanosheet which is in stark contrast
to graphene's zero charge and uniform surface.

In order to explore the adsorption molecular determinants
and interaction mechanism of the A-repressor protein binding
to the C3N, nanosheet, we calculated the heavy atom contact
number, the van der Waals (vdW), and coulombic energy
contributions between the protein and the nanosheet, as well as
the residue-dependent heavy atom contact number map

( ",. .. 5 G Q :
(F X DS LG 0’9‘ Q
ogeegeeges % %

Fig. 1

(a) The C3N4 nanosheet. The cyan and blue dots indicated the carbon and nitrogen atoms, respectively. The black circle showed the

defect surrounded by nitrogen atoms. (b) Side view of the simulated system. (c) Top view of simulated system where the A-repressor protein was

shown in lime cartoon representations.
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Fig. 2

(a) Root mean square deviations (RMSDs) of the Ca atoms of the A-repressor protein in five independent trajectories. (b) Q values for the

A-repressor protein in five trajectories. (c) The a-helix ratio of the A-repressor protein during simulation trajectories with respect to the values in

the crystal structure.
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Fig. 3
repressor protein when bound to a graphene surface.

(Fig. 4a-c). Additionally, according to their tendencies, we
described in detail the adsorption process by plotting some
snapshots at selected key time points along the entire trajectory
(Fig. 4d). Specifically, at early stages, ¢t = 10 ns, the A-repressor
protein approached the C;N, nanosheet, with some residues
directly contacting the surface, i.e., residues E22, K24, K25, S72,
E75, and Y85. As expected, the values for the heavy atom contact
number sharply increased to a value of around 43. Meanwhile,
the vdW energy and the Coulombic energy decreased their
values to —72.46 kcal mol ' and —17.13 kecal mol ', respec-
tively. The larger decrement of its magnitude from the former
energy term suggests that the vdW interactions may drive the
initial protein-surface interactions. From 10 ns to 37 ns, the
binding profile fluctuated significantly. At around ¢ = 37 ns, the
binding seems to reach a metastable state with minor incre-
ments in the protein-surface contact values mediated mainly by
the interaction of the E89 and S92 residues (heavy atom contact
number: ~47, vdW energy: ~—88.66 kcal mol ", coulombic
energy: ~—37.49 keal mol ™). At around ¢ = 102 ns, and after the
packing of residues E89, Y88, and Y85 (Fig. 4c), the adsorption
event was further strengthened, where the heavy atom contact
number reached values of close to 61 while the vdW and
energies —122.29
—31.10 keal mol™ ", respectively. Around ¢ = 188 ns, the protein

coulombic reached close to and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Center of mass (CoM) distributions of the A-repressor protein mapping onto the X—Y plane in five trajectories. (b) CoM track of the -

contact intensified slightly after the adsorption of the R82
residue. Even though the C;N, nanomaterial comprised various
negatively charged defects in its structure, during the absorp-
tion event it is the vdW interactions, and not the coulombic
interactions, that seem to dominate the binding process. Yet
interestingly, the positively charged residues account for
around 30% of all the contact residues.

Due to the particular chemical topology of the C;N, surface,
the defects on the C;N4 nanosheet are surrounded by highly-
concentrated negative charges (i.e., nitrogen atoms, as indi-
cated in Fig. 1a) which enabled a specific attraction of these
sites to the positively charged residues via electrostatic attrac-
tion. Therefore, we next explored the binding character of
positively charged residues (choosing residue K24 as an
example) as shown in Fig. 5. We first calculated the interaction
energies between the K24 sidechain and the C3;N, nanosheet.
Interestingly, both the vdW and the coulombic energies showed
a sharp decline in the initial value of the contact number (~10
ns). To interpret the absorption process of the K24 residue in
the proximity of the C;N, surface, we described in detail some
snapshots from the MD trajectory as shown in Fig. 5c. Clearly,
from 22.2 ns to 22.3 ns, the positively charged amino group of
K24 quickly approaches the N-encircling defect in the surface.
This event seems to be driven by the conjunct contributions,

RSC Adv, 2021, 11, 7417-7425 | 7419
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Fig. 4 (a) Heavy atom contact number of the A-repressor protein
adsorbed onto the C3N4 nanosheet. (b) van der Waals and coulombic
energies between the A-repressor protein and the CzN4 hanosheet. (c)
Residue-specific heavy atom contact number map for the A-repressor
protein. (d) Representative snapshots for the binding event at some key
time points according to the tendencies of (a—c) figures.
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vdW and coulombic; the coulombic energy values range from
—0.05 kcal mol ™" to —13.43 kcal mol~" while the vdW energy
values range from —4.21 kecal mol " to —12.21 kcal mol ™. Yet,
soon after, at ¢t = 22.4 ns and due to minor conformational
perturbations of the K24 sidechain, the binding strength
weakened significantly with a major contribution by the
coulombic energy, which suggests that small conformational
changes of the lysine residue can cause a large change in the
value of this energy term. At ¢ = 23.0 ns, the conformation
recovered completely. We identified that the conformations
where the K24 amino sidechain is directly positioned on the
C;3N, surface defect were the structurally most stable and
energetically more favorable binding modes; where the main
contributions arise from the coulombic energy term. Moreover,
our previous study also found a similar interacting pattern by
the HP35 protein binding onto the C,N surface, suggesting
more general binding features by this type of nanomaterials.?”
Next, we mapped the location of the nitrogen atom from the
amino group of residue K24 during the last 100 ns trajectory, on
the X-Y plane (same plane as the C;N, surface) as well as on the
Z direction (perpendicular to the C3;N, plane), respectively
(Fig. 5d and e). Remarkably, the largest distribution is located at
the center of the N-encircling defect. Moreover, along the
perpendicular direction, the position of this atom is mostly
maintained at a distance of 0.20-0.23 nm over the C;N, plane.
This finding demonstrates the significance of the specific
binding of basic residues to the C;N, defects.

To probe if the aforementioned electrostatic interaction
played a role in the observed fixed binding, we conducted
a simulation by changing all atomic charges of C;N, to zero.
Notably, by tracking the CoM of the protein (as shown in
Fig. S21), we still observed a restricted binding of the protein on
the C;N, nanostructure, which thereby suggests that the elec-
trostatic interactions are not the main factor for the observed
fixed binding pattern of the protein but that the vdW interac-
tions alone can induce the determinants of the observed
binding event. We have demonstrated that the protein can
freely move on graphene (Fig. 3b), and since the only difference
between the two 2D nanomaterials is the surface topological
structure, we concluded that the vdW interactions are enough to
restrain the movement of the adsorbed protein and the key
reason for the observed fixed binding pattern is the presence of
significant defects in the nanomaterial surface topology. These
defects could generate high free energy barriers and would
affect the free protein movement, resembling the case for the
C,N nanosheet.’” Further analysis of the surface water distri-
bution on the C;N, structure (Fig. S31) showed that the surface
defects aggregate many water molecules (with one water located
nearby a structural defect), which forms a specific water layer in
the proximity of the C;N, material. This water layer may also
contribute to the fixed binding of protein by forming a steric
hindrance to prevent the lateral displacement of the protein,
which resembles the results from our previous study regarding
the dsDNA binding to the 2D C,N nanosheet.*® To sum up, the
restricted protein binding on the C;N, nanosheet is mainly
attributed to the inherent porous structure of the C;N, sheet as
well as the water aggregation in the proximity of the surface.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and b) The van der Waals (vdW) and coulombic (Coul) energies between the side chain of residue K24 and the CsN4 nanosheet. (c)
Snapshots at key time points showing the K24 different conformations for the amino side-chain group. (d) The distribution of nitrogen atom from
the amino side chain group of K24 mapped onto the X-Y plane after its tight binding (i.e., after 23.0 ns). (e) The distribution probability of same
nitrogen atom over the CzN4 nanosheet along the vertical direction.
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To further confirm if the observed restricted binding pattern
occurred in other biomolecules upon binding to the C3;N,
nanosheet, we conducted MD simulations where we replaced
the A-receptor protein with (i) a double-stranded DNA segment
(dsDNA) and (ii) the HP35 protein. As shown in Fig. $4,} it is
notable that, despite their different physicochemical properties,
both the HP35 protein and the dsDNA can bind to the C;N,
surface. Also, upon binding, these two biomolecules explored
restrained conformations on the C;N, surface comparable to
those observed in the case of the A-receptor protein bound to
the C;N, nanosheet. These findings substantiate our conclusion
that the observed fixed binding pattern of biomolecules on the
C;N, nanosheet is mainly attributed to the inherent porous
structure of the C;N, nanomaterial as well as the water distri-
bution in the surface proximity.

Usually, under real experimental environmental conditions,
most water-soluble proteins (e.g., serum proteins) present
a significant amount of hydrophilic residues on their surface for
stability reasons in the water environment, particularly residue
with positively charged side chains. In our previous study,*® we
found that solvent-exposed basic residues (Lys and Arg) played
an important role in mediating the interactions at the bio-nano
interface, e.g., in the serum proteins-graphene interaction.
Therefore, an abundance of basic residues may strengthen the
protein absorption on the C;N, surface in a physiologically
relevant environment, because of the potent attraction between
basic residues and the C3;N, pores. Similarly, by using the
combination of MD simulations and experiments, we discov-
ered that this kind of specific interactions between positively
charged groups of bacterial lipid head groups and the C3;N,
pores, also weakened the C;N, insertion into the bacterial
membrane due to the strong binding interactions between the
lipid head groups and the C;N, nanomaterial, reflecting the
weak antibacterial activity of pristine C3;N, (ref. 40). However,
after nitrogen plasma treatment, the pores of C;N, were sealed,
endowing the C;N, nanosheet with a more homogeneous
surface that results in an increase in membrane insertion and
the concomitant increase in the C;N, antibacterial activity.
These findings further demonstrate that the interaction
between positively charged chemical moieties (groups/side
chains) and the C;N, pores was extremely relevant for the
behavior of the C;N, nanomaterial in real experiments.
Furthermore, surface functionalizations and larger topological
defects on the C;N, nanosheet should also be taken into
account, due to the frequent presence during nanomaterial
chemical synthesis. We have demonstrated that the main
factors leading to the observed fixed protein binding is the
porous C;3;N, surface structure and the specific water distribu-
tion in the proximity of the nanosheet (as shown in Fig. S37),
instead of the electrostatic interaction. The functionalizations
on the C;N, surface will not have a significant impact on the
determinants observed in the protein binding to the C3;N,
nanosheet. The larger defects generate higher free energy
barriers for lateral movement (resembling C,N nanosheet),*”
which in turn intensifies the fixed binding of biomolecules.
Thereby, surface functionalizations may have a limited influ-
ence on the observed fixed protein binding pattern.
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We also compared our findings with other works regarding
the interactions between other 2D nanomaterials and biomole-
cules as seen in Table S1, particularly focusing on the conse-
quences on the biomolecular structural integrity. Notably,
abundant surface defects, such as nitrogen-enriched pores on the
C;3;N, and C,N nanomaterials, maybe more biocompatible to
biomolecules than more homogeneous materials because their
inherent porous structure can significantly restrict the lateral
movement of the biomolecules. The 2D nanomaterials without
abundant surface pores, such as graphene, C;N, boron nitride,
and MoS,, may have an influence on the tertiary structure of the
systems, due to the potential fast lateral migration of biomole-
cules. Moreover, surface wrinkles (e.g, in phosphorene) and
hydrophilic groups (e.g:, in silicene) may contribute to protect the
biomolecular integrity. However, if the pores on the 2D nano-
material are distributed less close-packed (the separation
distance among these pores was larger than the size of adsorbed
biomolecule), the biomolecule may suffer partial or complete
denaturation, e.g., the HP35 protein on carboxyl functionalized
graphene defects.** Furthermore, surface-specific atomic
arrangements also impact the structural change of biomolecules,
e.g., Pt nanocrystals with (111) and (100) facets. In general, the
factors mediating the structural influence of biomolecules after
binding to 2D nanomaterials are complex, but it may be highly
correlated to the surface characters of these 2D nanomaterials.

Conclusion

In summary, we have performed unbiased all-atom MD simu-
lations to investigate the binding of the A-repressor protein to
a C3N, nanosheet. Upon the protein's adsorption onto the C3N,
surface, the A-repressor protein retained its structural integrity,
that is, the conformations sampled upon absorption do not
change its secondary and tertiary structure. The main driving
force involved in the protein's absorption event was dominated
by the van der Waals (vdW) interactions while the coulombic
energy term exhibits a more discreet contribution. Moreover,
our analysis of the mobility of the center of mass (CoM) of the -
repressor protein found that the protein remains relatively fixed
on the C3;N, nanosheet. Detailed analyses showed that the
positively charged residues were mainly responsible for this
specific binding pattern in which both interactions, vdW and
coulombic, guided the determinants of the adsorption process.
Our findings demonstrated a special interface of the protein
and the C;N, nanosheet and revealed a potential molecular
mechanism that substantiates the adequate biocompatibility of
the C;N, nanomaterial observed in previous experiments.

Model and methods

The C;N, nanosheet used here consists of 1344 nitrogen and
1792 carbon atoms with a dimension of 9.98 x 9.88 nm” as
shown in Fig. 1a. Notably, C;N, was a porous 2D nanomaterial,
in the sense that every pore is surrounded by six nitrogen atoms
forming a negatively charged center (due to inherent charge
transfer from the C atoms to the N atoms). The force field
parameters for C;N, were obtained from our previous study,*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and the details were shown in Fig. S1.7 The A-repressor protein
(PDB code 1LMB*?) was utilized as a protein model to investi-
gate its interaction with the C;N, nanomaterial, due to its
previous use in investigating the interactions of biomolecules
with graphene.* Next, the C3N, nanosheet and the A-repressor
protein were embedded in a box (size: 9.98 x 9.88 x 6.89 nm?)
of 21 028 water molecules, with their minimum initial distance
setting to 1.5 nm. Two sodium ions were added to neutralize the
entire system. Additionally, some other simulation systems
were also built to support our conclusion, such as the A-
repressor protein with non-charged C;N,, HP35/C3;N,, dsDNA/
CsN,.

The MD simulation was carried out with the GROMACS
software package (version: 4.6.6).* The VMD software® was
used to visualize the MD trajectories and rendered the molec-
ular snapshots. The CHARMM36 force field*® was utilized for
the protein in this system. TIP3P*” water model was applied to
describe the water molecules. The system's temperature was
maintained at 300 K using the velocity-rescale*® method while
its pressure was coupled at 1 atm using the Parrinello-Rah-
man® algorithm with semiisotropic type (coupling along Z
direction). Periodic boundary conditions (PBC) were applied in
all directions. The C;N, nanosheet was frozen throughout the
simulation which was similar to the protocol used in our
previous works.*®*® The particle mesh Ewald (PME)*"*> method
was used to treat long-range electrostatic interaction (with a cut-
off distance of 1.2 nm) and the van der Waals (vdW) interactions
were computed with a cutoff distance of 1.2 nm. The LINCS*
and SETTLE** algorithms were employed to constrain the solute
bonds associated with hydrogen atoms to their equilibrium
values and water geometry, respectively. During the simula-
tions, the time step was set to 2.0 fs and the coordinates were
saved every 20 ps. The system was investigated by unbiased MD
simulations and performed five independent 200 ns-long
trajectories, for a total aggregated simulation time of 1.0 ps.
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