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urface causes accelerated protein
unfolding revealing its critical role in nanotoxicity†

Yuezheng Li,a Baoyu Li,*b Yang Liu, c Yuanyuan Qu, c Jian Tian*a

and Weifeng Li *c

Wrinkles are often found to have a strong influence on the properties of nanomaterials and have attracted

extensive research interest. However, the consequences of the use of wrinkled nanomaterials in biological

systems remain largely unknown. Here, using molecular dynamics simulations, we studied the interactions

of a wrinkled graphene with proteins, using the villin headpiece (HP35) as the representative model. Our

results clearly revealed that the wrinkle, especially the wrinkle corner, showed stronger binding affinity to

HP35 than the planar surface where HP35 experienced accelerated and more severe unfolding. This is

because the transverse translocation of the aromatic residues of the protein is highly confined at the

wrinkle corner. The movement of other parts of the protein causes unfolding of the protein secondary

structure and releases hydrophobic residues to bind to graphene, causing complete denaturation.

Further free energy analyses revealed that this is attributed to the stronger binding affinity of residues to

the wrinkle corner than to the planar surface. The present findings provide a deeper understanding of

the effect of graphene wrinkles on protein stability. This finding may be generalized to other types of

biomolecules and may also guide the design of biomedical nanomaterials through surface structural

engineering.
1. Introduction

In the past decades, nanomaterials especially carbon-based
species (including graphene, fullerene, carbon nanotubes,
etc.) have attracted great research interest.1–7 Because of their
exceptional physical and chemical properties, they nd exten-
sive applications in the biological and medical-related elds,
such as bioimaging, biosensing, drug delivery and therapeutic
agents.8–18 Meanwhile, growing concerns about the biosafety or
toxicity of the nanomaterials to biological systems have also
attracted considerable attention. It has been reported that
carbon nanotubes can be inhaled from the air and reach the
subpleural tissue.19 Furthermore, numerous works have re-
ported that nanomaterials can accumulate in cytoplasm,
causing lung insult, immunologic toxicity and adverse cardio-
vascular effects.20–24 To probe the bio-effect of the nanomaterials
at the molecule level, through experimental and theoretical
approaches, the interactions of nanomaterials with biomole-
cules (such as proteins, nucleic acids and cell membranes) have
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been extensively studied to address the effect of nanomaterials
on the biomolecule structures.25–30

During the production of nanomaterials, wrinkles are
commonly observed either prepared by chemical vapor depo-
sition (CVD) or micromechanical exfoliation.31 The existence of
wrinkles can cause lattice deformation and thus induce strain
in the deformed area, resulting in many interesting physical
and chemical properties. For instance, the wrinkle induced
strain can induce interesting quantum phenomena. Many
studies have predicted that the gradient strain cause gauge eld
which leads to the formation of pseudo-Landau levels.31–36

Moreover, the local curvature induced by wrinkles can signi-
cantly affect the charge-transport behavior and enhance the
chemical reactivity of graphene.37,38 It has also been demon-
strated that the wrinkled structures can improve the stretch-
ability of graphene-based exible electronic devices.39,40 Despite
the enormous research interests of graphene materials in bio-
logical and medical applications, the consequence of the
wrinkled structures on the biological effects is largely unknown.
Many previous works have shown that the morphology of
nanomaterials did have signicant inuence on their biological
performances such as cellular uptake, biodistribution and
blood circulation durations.41–43 More importantly, given the
increasing prevalence of nanomaterials applied to biomedical
elds, the systematic understanding of the inuence of wrin-
kles on biomolecules structures surely deserves more effects to
guide future experimental studies.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In this work, we systematically explored the interaction
process of wrinkled graphene (abbreviated as W-Gra in the
following discussions) with protein using a widely adopted
protein model (villin headpiece HP35) by all-atom molecular
dynamics (MD) simulations. Graphene nanosheet with ideal
planar surface (ideal graphene, abbreviated as I-Gra) was used
as control. Our data reveals that both W-Gra and I-Gra can
attract HP35 and form stable binding. Notably, the HP35
experiences severe structural deformation aer binding to W-
Gra. Additionally, we nd that the transverse translocation of
residues is highly conned at the wrinkle corner and migrate
along it. In contrast, on I-Gra, HP35 can well maintain its native
structure for a relatively longer time. Our present ndings
elucidate the importance of graphene wrinkle on the interac-
tions with biomolecules.
Table 1 The configurations of two simulation models

HP35–W-Gra HP35–I-Gra

Box size (nm3) 9.89 × 8.80 × 8.00 6.14 × 6.38 × 6.00
Number of water 21 479 6995
Number of ions 2Cl− 2Cl−
2. Simulation methods
2.1 All-atom MD simulations

The initial structure of the chicken villin headpiece subdomain
protein (HP35) was obtained from the Protein Data Bank (PDB
code: 1YRF (ref. 44)) and modeled by CHARMM27 force eld.45

We selected HP35 as the representative model protein because
its folding and unfolding kinetics have been well documented
in experimental and theoretic studies.46–49 TheW-Gra nanosheet
Fig. 1 (A) Side view and (B) top view of the graphene nanosheet with a
spheres while the others are shown as light gray spheres. (C) The initia
chlorine ions are shown as yellow spheres and water box is rendered as a
and (G–I) I-Gra surface after 500 ns simulation respectively. The hydroph
orange sticks.

© 2022 The Author(s). Published by the Royal Society of Chemistry
model consists 3600 carbon atoms with a dimension of 9.89 ×

8.80 nm2, while the I-Gra nanosheet consists 1500 carbon atoms
with a dimension of 6.14 × 6.38 nm2. Following experimental
observations,50–54 we have constructed a wrinkle model with
a width of 2.99 nm and height of 0.98 nm as shown in Fig. 1A
and B. Additionally, the main ndings were veried by a larger
winkle with a larger height of 1.77 nm (data were shown in ESI
Materials†) which gave consistent results. The carbon atoms of
two graphene models were modeled as uncharged Lennard–
Jones particles with a cross section of scc = 0.34 nm and
a potential well depth of 3cc = 0.36 kJ mol−1.55 In the simula-
tions, the HP35 protein was initially placed above the W-Gra/I-
Gra nanosheet with a minimum distance of 2.44 nm as shown
in Fig. 1C. Then they were solvated in a water box with periodic
boundary conditions in all three directions. The TIP3P water
model56 was used and two Cl− atoms were added to neutralize
the net charge of HP35. Detailed information about two simu-
lation systems is summarized in Table 1.
wrinkle; the carbon atoms in the wrinkled area are shown as dark gray
l system where the HP35 protein is shown in ribbon representation,
cyan surface. The final structures of HP35 adsorbed onto (D–F) W-Gra
obic core formed by three phenylalanine (Phe 6, 10, and 17) is shown as

RSC Adv., 2022, 12, 30976–30984 | 30977
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View Article Online
All simulations were conducted using the GROMACS
package (version 4.6.6).57 All the bonds involving hydrogen
atoms were maintained with the LINCS algorithm.58 The elec-
trostatic interactions were treated using the particle mesh
Ewald (PME) method59,60 (the maximum Fourier spacing for the
FFT gird is 0.1 nm and the electrostatic energy tolerance is 1 ×

10−5), while van der Waals interactions were calculated with
a cutoff distance of 1.0 nm. All the carbon atoms in two models
were xed during the simulations. Aer energy minimization,
all models were equilibrated for 500 ps in the NVT ensemble
using v-rescale thermostat61 at 300 K. Then, 500 ns simulations
were conducted for data production at a constant pressure of 1
bar and a temperature of 300 K using the Berendsen coupling
method.62 Three independent trajectories for each model were
generated, yielding a total simulation time of 3 ms.
2.2 Potential of mean force (PMF) calculations

To quantitatively describe the adsorption strength between
HP35 and two graphene models, the potential of mean force
(PMF) values of the HP35 pulling from the W-Gra or I-Gra
surfaces were calculated along the z-direction using the
umbrella sampling method.63 Technically, the distance (d) of
HP35 to the W-Gra or I-Gra surface was restrained at a reference
distance (d0) with a harmonic force

F = k × (d − d0)

where k is the force constant (ranging from 2000 to 20
000 kJ mol−1 nm−2). The resolution of the distance was 0.05 nm.
In the calculation, the d was chosen from 0 (the rmly binding
conformation) to 1.7 nm (totally separated conformation). At
each d0, the system was equilibrated for 2 ns followed by 10 ns
productive simulation. The PMF proles were obtained by the
Fig. 2 Structural evolutions of HP35 on W-Gra surface in a representativ
The residues Leu 1 and Phe 35 that play important role in the unfolding

30978 | RSC Adv., 2022, 12, 30976–30984
g_wham tool that implements theWeighted Histogram Analysis
Method.64,65
3. Results and discussion
3.1 Binding process of HP35 to two graphene models

In our simulations, the initial separation between HP35 and W-
Gra/I-Gra surfaces was 2.24 nm as shown in Fig. 1C. During the
simulation, we observed that HP35 freely dissolved in water for
several nanoseconds, then adsorbed onto W-Gra/I-Gra in all
trajectories. Notably, the HP35 was found to interact with two
graphene models with distinct binding patterns. For the HP35
with W-Gra, clear structural distortions were observed for HP35
in 500 ns simulations. The native conformation of HP35
consists of three a-helical segments and a hydrophobic core
formed by three phenylalanine (Phe 6, 10, and 17). As depicted
in Fig. 1D–F, some of the a-helical segments of HP35 unfolded
and the hydrophobic core which is important for maintaining
protein's stability was also destroyed. In contrast, for the I-Gra
simulations, the native structure of HP35 was well maintained
aer the adsorption onto I-Gra surface and no obvious distor-
tion or unfolding events were detected aer 500 ns simulations
(Fig. 1G–I). In a previous study of the binding process of double-
stranded DNA (dsDNA) with wrinkled graphene,66 we also
noticed that dsDNA experiences severe structural deformation
upon binding to a wrinkled graphene surface, whereas it tends
to maintain its native structure upon binding to an idealized
graphene nanosheet. Thus, the denaturing behavior of the
wrinkle in nanomaterials to bio-molecules could be an inherent
character that should be pay more attentions when utilized in
biological and medical areas.

From the simulation traj-1, we took some representative
snapshots at various times to show the specic unfolding
e trajectory. The hydrophobic core of HP35 is shown as orange sticks.
process are shown as lime sticks.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
process of HP35 on W-Gra surface (Fig. 2). At t = 10 ns, HP35
loaded to W-Gra nanosheet and formed direct contact with the
ridge of wrinkled region through residues Leu 1 and Phe 35, as
shown in Fig. 2A. Aer 6 ns, these two residues slid to the edge
of the wrinkle (Fig. 2B) and the movements of them were
restricted nearby in the following simulations (Fig. 2C). While
other parts of the protein still migrated around the ridge of
wrinkle, the HP35 began to unfold which initiated at the helix-2
segment (Fig. 2D). Meanwhile, the hydrophobic core of HP35
was also destroyed as displayed in Fig. 2D. The local unfolding
of protein led to the expose of buried residues inside HP35 to
interact with W-Gra which accelerated the protein denaturation
(Fig. 2E and F). In the other trajectories, the similar trend of
protein unfolding was also observed which can be found in
Fig. S1 and S2 in the ESI.†

To quantitatively describe the binding processes of HP35 to
W-Gra and I-Gra, we calculated the number of contacts between
HP35 heavy atoms with W-Gra and I-Gra (abbreviated as Ncont),
respectively. Here, two atoms within a separation of 0.5 nmwere
treated as contacted. As depicted in Fig. 3A, for the HP35–W-Gra
simulations, a quick increase was observed for Ncont to around
40 within 15 ns, representing the initial loading stage of HP35.
Then the Ncont gradually increased to around 80–140 from 15 ns
to around 200 ns. From then on Ncont uctuated during the
remaining simulation, which represented the stable binding
with W-Gra. In sharp contrast, for the adsorption of HP35 onto
I-Gra (Fig. 3B), aer the quick increase of Ncont to 30–40 at the
initial stage, no clear increase was detected during the entire
simulations, revealing the high stability of HP35 on I-Gra. The
other parallel trajectories also show similar phenomenon which
can be found in Fig. 2, S1 and S2.†
Fig. 3 Time evolutions of the contact number (Ncont) between HP35 heav
energy of HP35 binding to (C) W-Gra and (D) I-Gra. Time evolutions of th
respect to the crystal structure upon binding to the (E) W-Gra and (F) I-

© 2022 The Author(s). Published by the Royal Society of Chemistry
To probe the energetic origin of the different binding
patterns of HP35 onto W-Gra and I-Gra, we then calculated the
interaction energies between HP35 and two graphene models.
The two systems exhibited different trends where HP35 binding
to W-Gra (Fig. 3C) in much stronger strength than that with I-
Gra (Fig. 3D). This is well consistent with Ncont proles in
Fig. 3A and B because more contacts between HP35 and W-Gra
result in the stronger interactions. In contrast, the HP35 formed
less contacts with I-Gra. Thus, the weaker interaction was
incapable of causing structure distortions of HP35.
3.2 Structure changes of HP35 during binding

The structural changes of HP35 upon binding ontoW-Gra and I-
Gra were quantitatively assessed by calculating the root-mean-
squared deviation (RMSD) of the heavy atoms with respect to
the crystal structure and the results are summarized in Fig. 3E
and F. The structure changes were found to be in line with the
change of Ncont and interacting energy. For the system of HP35
with W-Gra, the relatively larger RMSD value and uctuations
indicated clear deformation of the HP35 structure upon binding
to W-Gra. In contrast, for HP35 with I-Gra, the RMSD was small
revealing that no changes happened for the HP35 structure.
This is consistent with the nal congurations of HP35 adsor-
bed onto W-Gra and I-Gra surfaces as presented in Fig. 1D–I.

From the RMSD analyses, more severe unfolding of HP35
was observed upon adsorption with W-Gra than that with I-Gra
although the three trajectories show different evolutions for the
structure change. For clearer comparison of structural changes
of HP35 binding to W-Gra and I-Gra, we computed its secondary
structure using the Dene Secondary Structure of Proteins
y atoms and (A) W-Gra and (B) I-Gra. The time evolutions of interaction
e root-mean-squared deviation (RMSD) of the HP35 heavy atoms with
Gra. For each model, three trajectories have been conducted.

RSC Adv., 2022, 12, 30976–30984 | 30979
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Fig. 4 Time evolutions of the secondary structure assignment of HP35 upon binding to (A) W-Gra and (B) I-Gra from three independent
trajectories in each system. Time evaluations of the ratios of (C) the a-helical segment, (D) remaining hydrogen bonds and (E) native protein
contacts, Q, of HP35 upon binding to the W-Gra and I-Gra. The data in (C)–(E) are averaged over the three independent trajectories.
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(DSSP) program67 implemented in the do_dssp module of
Gromacs package. In the native state, HP35 has three a-helical
segments: helix-1 (residues 4–10), helix-2 (residues 15–19) and
helix-3 (residues 23–32). As shown in Fig. 4A, upon binding to
W-Gra, the helix-2 segment in all trajectories, the helix-3
segment in traj-1 and the helix-2 segment in traj-3 unfolded
completely. In contrast, all the helical segments of HP35 were
largely maintained upon binding to I-Gra in three 500 ns
trajectories (Fig. 4B). The residual ratios of HP35 a-helix
revealed that HP35 lost around 60% and 0.4% (data averaged all
trajectories) of its helical segments upon binding to W-Gra and
I-Gra, respectively (Fig. 4C). It is well known that the hydrogen
bonds formed within the protein play a vital role in maintaining
the protein secondary and tertiary structure. The structure
distortion of protein is usually accompanied by broken of
hydrogen bonds. To verify this, we calculated the ratio of the
remaining hydrogen bonds in HP35 protein. Here, a hydrogen
bond is dened as the distance between the donor–acceptor
atoms less than 0.35 nm and the angle dened by the donor–
hydrogen–acceptor atoms less than 30°. As shown in Fig. 4D,
HP35 lost around 40% of the hydrogen bonds in contacting with
30980 | RSC Adv., 2022, 12, 30976–30984
the W-Gra. For comparison, only ∼10% of the hydrogen bonds
were broken in the I-Gra simulations. This result was well
consistent with the above structure analyses where distortions
of HP35 binding to W-Gra were much severer than that to I-Gra.

In depth analysis of the tertiary structure of HP35 was also
conducted by calculating the fraction of protein native contacts,
Q(t), which was dened as the ratio of the residual number of
native contacts (using a distance cutoff of 0.5 nm) at time t with
respect to the value of crystal structure. Following our previous
work,68 only residue pairs separated by at least three consecutive
residues were used to calculate the contacts. As can be seen in
Fig. 4E, the mean Q(t) over all trajectories decreased to 0.65 aer
500 ns which revealed that HP35 lost 35% of the tertiary
structure when binding to W-Gra. For comparison, ∼93% of
native contacts were preserved for HP35 with I-Gra, indicating
the strong inuence of graphene wrinkle on the tertiary struc-
ture of HP35.

In the three trajectories, the specic unfolding process of
HP35 on W-Gra show different characteristics. However, the
main nding of severer unfolding at the W-Gra than that on I-
Gra is commonly observed in all the trajectories with both the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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secondary structure and the tertiary structure of HP35 being
destroyed aer adsorption onto wrinkle. Thus, it is safe to
conclude that the curvature heterogeneity in wrinkled graphene
can show toxicity by causing protein denaturation.
3.3 Verication of HP35 unfolding with large wrinkled
graphene and CNT models

From above analyses, the wrinkle region of graphene is found to
play a key role to cause protein denaturation. To further verify
this phenomenon, we simulated the adsorption of HP35 onto
graphene with a larger-sized wrinkle (the height increased to
1.77 nm as depicted in Fig. S3A†) and the results were
summarized in Fig. S3 in ESI.† Similar to above observation,
HP35 quickly absorbed to the wrinkled area and located as the
corner of the wrinkle (Fig. S3B†). Meanwhile, HP35 lost most of
its native structure during binding. More specically, HP35 lost
40% of the hydrogen bonds in protein and around 50% of the
native contacts, revealing severe distortions of its tertiary
structure upon binding to large wrinkled graphene. This veries
that the wrinkled graphene surface plays a major role in HP35
unfolding.

In addition to the verication with a larger wrinkle model,
the rooop of the wrinkle is believed to be inconsequential for
HP35 unfolding, albeit HP35 binding to it happens. Consid-
ering that the morphology of the rooop part is similar to
carbon nanotube (CNT). Intuitively, we simulated the interac-
tion of HP35 with CNT whichmimics the rooop. The CNT used
in current work has a chiral index (15, 15) with diameter of
2.03 nm. As summarized in Fig. S4A–C,† HP35 well maintained
Fig. 5 (A and B) Two representative snapshots from traj-1 showing how
between Phe 17–6 and Phe 17–10. (D) The migration pathway of residue
force (PMF) of HP35 binding onto the wrinkled (black) and planar (red) a

© 2022 The Author(s). Published by the Royal Society of Chemistry
its native structure and no obvious distortion or unfolding
events were detected aer binding to CNT surface in 500 ns
simulations. Moreover, most of its a-helical segments
(Fig. S4D†) and hydrogen bonds (Fig. S4E†) were well main-
tained aer binding to CNT. The mean value of Q(t) averaged
over three trajectories decreased to around 0.83, indicating that
only slight global changes happened for the tertiary structure of
HP35. According to these results, we conclude that the corner of
wrinkle region plays the key role in HP35 unfolding.
3.4 Unfolding origin and potential of mean force analysis

Except for the rooop in above discussions, the wrinkle has two
corners. From the unfolding snapshots in Fig. 2, we noticed that
the aromatic residues (Phe for instance) tend to bind and locate
at the corner of the wrinkle, further causing the unfolding and
revealing the signicance of the corner in HP35 unfolding. To
conrm this, in Fig. 5 we show an unfolding event of HP35 aer
binding to wrinkle. At 55 ns, the three helical segments and the
hydrophobic core of HP35 were still well maintained (Fig. 5A).
Meanwhile, Phe 35 at the C-terminus formed stable binding
with the wrinkle corner of W-Gra as highlighted in Fig. 5A. The
rm binding of Phe 35 at the corner lasted tens of nanoseconds
and at 73.2 ns, helix-2 and a part of the helix-3 segment
unfolded. The helix-1 moved away from the C-terminus, causing
unfolding of the buried hydrophobic core (Phe 6, 10 and 17)
which then formed direct interactions with W-Gra as shown in
Fig. 5B. During this process, the separation distance between
Phe 17 and Phe 6/10 greatly increased from∼0.5 nm to∼1.0 nm
(Fig. 5C), indicating that the hydrophobic core of HP35 was
HP35 unfolds at the wrinkle corner. (C) Time evaluation of the distance
Phe 35 at the corner of wrinkle from 55 to 73.2 ns. (E) Potential of mean
rea of graphene.
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completely destroyed. During this unfolding event, the Phe 35 is
always trapped in the wrinkle corner. Fig. 5D depicts the
migration pathway of Phe 35 on W-Gra surface. It's clear that
the transverse migration of Phe 35 on W-Gra surface was highly
conned along the corner of graphene wrinkle. Thus, the
attraction strength of corner region to aromatic residues,
through forming the well-known p–p interactions, is believed
to be stronger than the rooop. Such phenomenon is
commonly found in other trajectories (see Fig. S5 and S6†).

To quantitatively compare the binding strength of HP35 to
a wrinkled or planar graphene surface, we further calculated the
binding free energies of HP35 adsorbing onto the wrinkled and
planar area, respectively, by pulling HP35 away from the wrinkle
corner or a planar graphene surface along the normal direction.
The free energy proles are summarized in Fig. 5E. The results
clearly indicate that the binding free energy of HP35 to wrinkled
area reaches abound −175 kJ mol−1 which is much stronger
than that to planar area (∼94 kJ mol−1). Therefore, it is ener-
getically advantageous for residues in HP35 protein to bind to
the wrinkled area. Because the residues at the wrinkled area are
highly restrained, thermal movements of other parts of the
protein act to induce the unfolding process of HP35 and the
exposure of inner hydrophobic residues. These residues further
bind to graphene and nally results in the loss of the secondary
and tertiary protein structure.
4. Conclusion

In summary, the adsorption and binding dynamics of the HP35
protein with wrinkled graphene was studies by MD simulations.
We found that HP35 structure experienced severe distortions
upon binding to wrinkled region on graphene. This is because
of the restraints of the transverse migration of residues at the
wrinkle corner was highly restrained. With the movements of
the other parts of HP35, the structured domains were stretched
and unfolded. By calculating free energy by umbrella sampling
technique, this is because of the higher binding affinity of HP35
to the wrinkled area than that to the planar area. So, it is
energetically advantageous for residues in protein to bind to the
wrinkled graphene. Our present ndings reveal the effect of
nanomaterial wrinkle on the nano–bio interactions and provide
deeper understanding of the nanotoxicity of nanomaterials.
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