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Villin headpiece unfolding upon binding
to boridene mediated
by the “anchoring-perturbation” mechanism

Yugi Luo,’* Zonglin Gu,” Weihua Liao,® Yiwen Huang,* Jose Manuel Perez-Aguilar,® Yanbo Luo,’
and Longzhen Chen'*

SUMMARY

We employ molecular dynamics (MD) simulations to investigate the influence of boridene on the behavior
of a protein model, HP35, with the aim of assessing the potential biotoxicity of boridene. Our MD results
reveal that HP35 can undergo unfolding via an "anchoring-perturbation” mechanism upon adsorption
onto the boridene surface. Specifically, the third helix of HP35 becomes tightly anchored to the boridene
surface through strong electrostatic interactions between the abundant molybdenum atoms on the bor-
idene surface and the oxygen atoms on the HP35 backbone. Meanwhile, the first helix, experiencing
continuous perturbation from the surrounding water solution over an extended period, suffers from po-
tential breakage of hydrogen bonds, ultimately resulting in its unfolding. Our findings not only propose,
for the first time to our knowledge, the “anchoring-perturbation” mechanism as a guiding principle for
protein unfolding but also reveal the potential toxicity of boridene on protein structures.

INTRODUCTION

With the rapid advancement of nanotechnology, nanomaterials have found extensive utilization across various scientific domains, including
energy, electronics, optics, and medicine."® Among these, carbon-based nanomaterials (CBNs) have emerged as exceptional entities, pos-
sessing remarkable mechanical, optical, and electrical properties.” ' This has garnered significant attention, particularly in the field of
biomedicine, encompassing gene delivery, optical imaging, and nanotherapeutics,'’ ™ since the initial discovery of fullerene C60 in
1985,%° carbon nanotubes (CNTs) in 1991,%° and graphene in 2004.? With regard to biomedical applications, CBNs have exhibited great po-
tential for integration into biological systems. However, the integration of foreign nanomaterials with living cells raises concerns regarding
their potential impact on the integrity of the biomolecules, including cell membranes, proteins, and nucleic acids. In general terms, the pres-
ence of nanomaterials in the cellular milieu could either originate potential toxicity arising from the breakdown of natural cellular substances
or coexist with cell components without significant effects on cellular function, i.e., biocompatibility. In both cases, the exogenous nanoma-
terials interact with various biological entities, underscoring the critical role of nanomaterial-biomolecule interactions. For instance, direct
adhesion of proteins/DNA to CBNs can induce toxicity by denaturing their native structures (e.g., secondary and tertiary structures).”®?” Simi-
larly, CNTs can disrupt normal signal transmission by occupying the active sites of cellular receptors, thereby dysregulating native ligand-re-
ceptor interactions.*® Moreover, graphene nanosheets possess the ability to penetrate cell membranes, extracting substantial amounts of
phospholipids through strong dispersion interactions, which can lead to toxicity and potential antibacterial properties.’ In addition,
graphene™ (and other 2D materials, including phosphorene™®) can be inserted into the protein-protein interface, destroying native interfacial
protein-protein communication. To enhance the biocompatibility needed in biomedical applications, CBNs are often employed by incorpo-
rating surface modifications (e.g., functionalization with polyethylene glycol or serum proteins).**

Beyond CBNs, transition metal dichalcogenides, particularly molybdenum disulfide (MoS,),*” have emerged as promising nanomaterials
sharing similar physicochemical characteristics. MoS, has shown potential in various biomedical applications,***? including antibacterial and
antifungal agents, biosensors (due to unique direct band gaps), photothermal and chemotherapeutic agents (owing to high near-infrared
absorbance and extensive specific surface area), and as a contrast agent for X-ray tomography imaging. Recent studies have investigated
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Figure 1. The final conformations of HP35 binding to boridene nanosheet at 2000 ns

(A-C) Three parallel simulations of sys-1.

(D-F) Three parallel simulations of sys-2. HP35 is shown with cyan cartoon representation, while boridene is presented with iceblue (Mo) and pink (B) spheres,
respectively.

#3795 revealing its capacity to alter protein structures due to strong attractive forces, suggest-

the direct interaction of MoS, with biomolecules,
ing its potential toxicity.

A member of the 2D nanomaterial family, called boridene,”® has been successfully synthesized via chemical exfoliation, featuring ordered
vacancies. Boridene, with a chemical formula of Mo4/3B,, comprises a layer of molybdenum atoms sandwiched between two layers of boron
atoms (similar to a MoS; monolayer), with ordered and abundant vacancies present on both basal surfaces. In contrast to previous 2D nano-
materials such as graphene, graphene oxide, boron nitride, MoS,, and MXene, boridene exhibits unique surface morphology characterized
by ordered and abundant vacancies (grooves). Furthermore, the surface atoms of boridene consist of molybdenum atoms, carrying positive
charges, a trait not observed in any previous 2D material. Despite some reported applications of boridene,”’~*? limited research has been
conducted to investigate its potential nanotoxicology, a crucial aspect to consider. Additionally, the influence of the positively charged sur-
face of boridene on the adsorption of globular proteins, although very intriguing, remains unknown. In this work, we reveal that the unique
“anchoring-perturbation” mechanism mediates the unfolding of HP35, a prototypical globular protein, upon binding to boridene. As for this
mechanism, the positively charged molybdenum atoms represent a significant role by robustly attracting the negatively charged oxygen
atoms in the HP35 backbone.

RESULTS

The interaction of the globular protein HP35 with the boridene surface was investigated by unbiased molecular dynamics (MD) simulations.
Three systems, namely sys-1, sys-2, and sys-3, were prepared with different orientations of the HP35 (see STAR Methods). For each system,
three independent trajectories were carried out (see STAR Methods).

The final binding conformations of HP35 to the boridene surface from two independent simulations, sys-1 and sys-2, are depicted in Fig-
ure 1. Two distinct binding patterns are observed. In the first pattern, the third helical segment of HP35 comes into contact with the boridene
surface, as illustrated in Figures 1A, 1C, 1E, and 1F. In the second pattern, the loop region that connects the second and third helices interacts
with the boridene, as shown in Figures 1B and 1D. The results from the third simulation, sys-3, also present similar binding conformations
(Figure S1). Regardless of the specific binding pattern, the interfacial interactions are remarkably stable (further details are in the following
section). Interestingly, among the six final binding conformations, we observe the unfolding of HP35's first helix in the trajectory represented
by Figure 1A, while the other structure of HP35 undergoes minimal changes upon binding to the boridene surface. It is intriguing that the
unfolding event occurs at the first helix, which is not in direct contact with the boridene surface and experiences freedom of movement in
the solution; the binding site is located at the third helix of HP35. Traditionally, the unfolding of HP35 takes place in the binding region,
as demonstrated in previous studies involving graphene surface,”® MoS, surface,”® C3N surface,”’ and boron nitride.*” For example, the
HP35 protein adsorbs on the graphene surface with the aromatic residue at the end of the third helix touching the graphene surface.
Then, the third helix completely lies on the graphene surface, followed by the unfolding of this segment. However, no reports have yet re-
vealed an unfolding event through a “non-contact” mode. In contrast, the additional simulation of an individual HP35 in solution (Figure S2)
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Figure 2. Binding kinetics of HP35 to boridene nanosheet in a typical trajectory
A) Atom contact number of HP35 to boridene.

(
(B) Interaction energies, including van der Waals (vdW) and Coulomb (Coul) energies, between HP35 and boridene.
(C) Hydrogen bond (H-bond) number and Q value evolutions of HP35.
(D) Root-mean-square displacement (RMSD) of HP35.
(E) Two typical snapshots showing the binding process.

shows that HP35 almost maintains its entire structure throughout the 2000-ns simulation displaying low root-mean-square displacement
(RMSD) values relative to the X-ray structure utilized.

Given that the first trajectory of sys-1 presents the most severe unfolding of HP35 among all trajectories, we select this representative tra-
jectory (Figure 1A) for in-depth analysis (as shown in Figure 2) aiming at further elucidating the unfolding kinetics. Specifically, we calculate the
interfacial atom contact number between HP35 and boridene, as well as the interaction energies (including van der Waals, vdW, and Coulomb
energies) between the two entities. Additionally, we investigate the structural characteristics of HP35 during the adsorption process, such as
the number of hydrogen bonds, the Q value, and the RMSD of HP35. The Q value represents the ratio of native contacts within residues as
observed in the crystal structure. To calculate the Q value in the structures throughout the entire trajectory, a distance cutoff of 6 A was used.
We also include two snapshots at significant time points. Initially, at 32 ns, HP35 primarily attaches to the boridene surface via the F35 residue
located at the end of the third helix. Notably, the aromatic phenyl ring of the F35 side chain exhibits a “face-to-face” interaction with the bor-
idene surface positioning atop of it. At this stage, the interfacial interaction strengthens, resulting in an increased atom contact number to 41,
accompanied by a sharp decrease in vdW energy to —36.2 kJ/mol while Coulomb energy has no distinct reduction. As time progresses to
80 ns, HP35 undergoes a rotation, leading to a relatively different orientation and binding pattern where the tail of HP35 (i.e., the end of
the third helix) tightly adheres to the boridene surface. Subsequently, the binding site does not undergo any significant change. However,
we observe a substantial structural change in HP35, specifically the unwinding of the first helical segment. Simultaneously, notable structural
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Figure 3. Statistical analysis of interaction between HP35 and boridene

(A) Mean contact number of HP35 binding to boridene.

(B) Mean interaction energies (including vdW and Coulomb energies) between HP35 and boridene.

(C) Mean hydrogen bond number of HP35.

(D) Mean RMSD of HP35. All data were calculated from the last 50 ns of each trajectory. The labels of run1, run2, and run3 indicate the first, second, and third
trajectory of each system. Data are represented as mean + SEM.

alterations in HP35 are observed, including a reduction in the number of hydrogen bonds from ~23 to ~18, a decline in the Q value to ~0.8,
and a final increase in RMSD values to ~0.42 nm. These findings confirm the occurrence of severe structural denaturation in HP35 upon
adsorption to the boridene surface, which supports the structural features depicted in Figure 1A. It is noteworthy that the interfacial interac-
tion between HP35 and boridene stabilizes at 80 ns, while the unfolding of HP35 takes place after this time point. Furthermore, the unfolding
predominantly affects the first helix (instead of the third helix), which is located distant from the interaction interface (also see Video S1), dis-
tinguishing it from previous studies.

Furthermore, to further confirm if the binding between HP35 and boridene was finally stable, we also calculated the RMSD of HP35 versus
the boridene sheet as shown in Figures S3-S5. In most cases, the HP35 finally keeps stable after binding to boridene. We noted that Figure S3A
shows a robust fluctuation. Although the interfacial binding of HP35 and boridene is completed, the fast movement of the first helix contrib-
utes to the continuous fluctuation of RMSD of HP35 versus boridene. The snapshots as shown in Figure Sé also clearly demonstrate the shift of
the first helix.

We also conducted an analysis of other trajectories, as depicted in Figures S7-S14. The majority of these trajectories exhibit a weaker inter-
action between HP35 and boridene, characterized by lower atom contact numbers and interaction energies. However, we observe a contrast-
ing behavior in the second and third trajectories of the sys-2 simulations. Specifically, in the second simulation of sys-1 (Figure S7) and the first
simulation of sys-2 (Figure S9), the contact region was primarily located at the second helix of HP35 (refer to Figure 1). Notably, the contact
number and interaction energies in this region are comparatively smaller. Similarly, in the third trajectory of sys-1 simulations (Figure S8),
adsorption occurs exclusively at the third helix of HP35, resulting in limited interfacial contact. Conversely, in the second (Figure S10) and third
(Figure S11) simulations of sys-2, HP35 interacts with boridene through its third and first helices, leading to slightly higher atom contact
numbers and interaction energies, comparable to those observed for the other systems as shown in Figure 2. Three trajectories in the sim-
ulations of sys-3 also present weak interaction with boridene (Figures S12-S14). Furthermore, it is worth mentioning that among these trajec-
tories, we observe a slight unwinding of the first helix of HP35 (refer to Figure 1; Figure S15) in the first trajectory of the sys-2 simulation. Addi-
tionally, the analysis of hydrogen bonds and Q evolutions (Figure S9) in this particular trajectory indicates a slight reduction compared to the
other trajectories. Moreover, higher RMSD values were also detected. The binding dynamics (and unfolding process) are illustrated in Fig-
ure S16, wherein the unfolding region is located at the first helix while the binding region is in the third helix, also confirming the
“anchoring-perturbation” mechanism. In addition, we also performed an additional simulation of the sys-1 systems and found again the local
unfolding event. As shown in Figure S17, the hydrogen bond number and Q value of HP35 decline after 400 ns, while the RMSD values in-
crease. HP35 shows denaturation at the first helix while the loop segment that connects the second and third helices remains anchored
on the boridene surface. These results also support and strengthen the “anchoring-perturbation” mechanism guiding HP35 unfolding as
discovered previously. We also summarized the interaction features between HP35 and the boridene surface as well as the structural changes
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Figure 4. HP35 unfolding mechanism on boridene surface

Left: Initial configuration of HP35 on boridene before protein unfolding. Right: Final configuration of HP35 on boridene after protein unfolding. Upper: Middle
configuration of HP35 on boridene with some typical residues highlighted. The purple curve indicates the anchoring region of HP35 on boridene, and the orange
dashed curve denotes the free movement region of HP35 in the solution.

of HP35 by calculating the corresponding data at the last 50 ns of each trajectory as shown in Figure 3. From the contact number results, the
first trajectory of sys-1 and the first and third trajectories of sys-2 show significant values due to the strong interfacial contact. The interaction
energy profiles denote that the vdW interaction mainly determines the binding of the HP35 protein on boridene. Hydrogen bond and Q value
analysis of HP35 demonstrate that the first trajectories of sys-1 and sys-2 both present lower values compared to other trajectories, confirming
the denaturation process of HP35 in these two simulations as mentioned previously. Similarly, the RMSD of HP35 in the first trajectories of sys-1
and sys-2 exhibit higher values in comparison with other trajectories, further supporting the local unwinding of HP35 in these two trajectories.
These findings suggest that the denaturation of HP35 upon stable direct contact with the boridene surface exhibits a certain degree of con-
tingency. However, it is important to note that at least local helical content loss can possibly occur.

To elucidate the underlying mechanism behind the unfolding event on the first helix of HP35, induced by non-direct contact, critical snap-
shots are presented in Figure 4. Interestingly, upon comparing the conformations of HP35 before and after unfolding, we consistently observe
the interaction region positioned at the end of the third helix, with limited perturbation in orientation. In contrast, the first helix of HP35 un-
dergoes substantial unraveling, resulting in the loss of its original secondary structure helical content into a curved conformation. Therefore,
the likely reason driving the non-direct-contact-induced unfolding is the tight anchoring of the end of the third helix on the boridene surface,
while the first helix freely moves in the solution and is perturbed by it. During this process, where the third helix remains fixed and the first helix
experiences perturbation from the solution, the first helix undergoes persistent perturbation while the third helix is effectively immobilized on
the boridene surface. Consequently, the first helix unwinds. Moreover, during this process, direct contact between residue L1 (in the first helix)
and the boridene surface further intensifies the unfolding of the first helix, exerting a stretching force that contributes to the unwinding.

To examine how the third helix becomes fixed on the boridene surface, we conducted additional analyses and calculations. Firstly, we
calculated the contact probability of each residue of HP35 with the boridene surface, as depicted in Figure 5A. Clearly, residues spanning
from 29 to 35 exhibit relatively high contact probabilities, indicating a preferential binding capacity of the third helix to the boridene surface.
We also observed that residue L1 possesses a non-negligible contact probability, confirming the finding depicted in Figure 4, where this res-
idue occasionally contacts the boridene surface. Subsequently, the residues in the third helix with high contact probabilities were traced by
projecting the center of mass of this region onto the x-y plane (i.e., the boridene surface) from 0 to 2000 ns (as shown in Figure 5B). Evidently,
this segment exhibits a relatively concentrated distribution, suggesting that the third helix of HP35 is almost immobile on the boridene surface
with limited lateral displacement. One might question why the third helix can be effectively immobilized on the boridene surface. To shed
light on this matter, we zoomed in on the HP35-boridene interface to examine the local binding conformation of the HP35 backbone (Fig-
ure 5C). Interestingly, we discovered that the oxygen atoms in the HP35 backbone form close and tight connections with the boridene sur-
face's Mo atoms. Further calculations demonstrated strong electrostatic interactions (Coulomb energy) between these oxygen atoms and the
surface Mo atoms, owing to the negative charges of oxygen and positive charges of Mo. In particular, this electrostatic force reaches approx-
imately —50 kJ/mol, resulting from the abundance of Mo on the boridene surface. In other words, the negatively charged oxygen atom on the
third helix of HP35 can be robustly captured by and simultaneously anchored to the boridene surface through the strong electrostatic inter-
action, as the third helix remains fully anchored. As a consequence, the first helix, subjected to continuous perturbation from the water so-
lution over an extended period, experiences potential breakage of hydrogen bonds, eventually leading to its unfolding. In contrast, HP35 can
freely move on graphene,”® C3N,”" and boron nitride™ surfaces.

Finally, we present the structures of HP35 at ten different time points, selected from 100 to 1900 ns with intervals of 200 ns. Subsequently,
we align all HP35 structures by superimposing the third helices (the anchoring region) together, as shown in Figure 6. Consistent with our
previous findings, the third helices in the ten structures can be almost seamlessly merged, indicating that the third helix, which directly
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Figure 5. Detailed analysis of the anchoring region of HP35 on boridene in the typical trajectory

(A) Contact probability of each residue of HP35 binding to boridene.

(B) Time-dependent coordinate evolutions of the anchoring region of HP35 projecting onto boridene surface (i.e., x-y plane).

(C) Typical snapshot showing the local binding configuration of oxygen atom on the protein backbone to boridene surface. The critical oxygen atoms on the
protein backbone are shown with red spheres while the entire backbone is illustrated with sticks.

(D) Time-dependent interaction energies between four selected oxygen atoms in (C) and boridene.

interacts with the boridene surface, exhibits minimal structural changes. Similarly, the second helix remains largely unchanged. However, the
third helix gradually diminishes as the simulation progresses, eventually adopting an irregular structure. Furthermore, the first helix freely
moves in the solution without a fixed orientation. This analysis further supports the “anchoring-perturbation” mechanism underlying the un-
folding of HP35.

DISCUSSION

In summary, we utilize MD simulations to explore the potential toxicity of boridene by investigating the interaction between the HP35 globular
protein and a boridene nanosheet. Our simulations demonstrate that the binding of HP35 to the boridene surface leads to a loss in the sec-
ondary structural content, particularly, the unwinding of helical structure. Notably, the unfolding primarily occurs in the first helix, even though
direct contact with the nanostructure occurs in the third helix. Further analysis reveals that the strong electrostatic interaction between the
negatively charged oxygen atoms in the backbone of the third helix of HP35 and the molybdenum atoms on the boridene structure allows
for the robust anchoring of the third helix on the surface. Consequently, the first helix, subjected to continuous perturbation from the sur-
rounding water solution over an extended period, undergoes potential breakage of hydrogen bonds, ultimately resulting in its unfolding.

Figure 6. Alignment of HP35 structures at 10 time points (from 100 to 1900 with an interval of 200 ns) via aligning the anchoring region of HP35

together
The HP35 colors from white to red indicate the time from 100 to 1900 ns.
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This unfolding mechanism, characterized as the “anchoring-perturbation” mechanism, highlights an observation whereby the unfolding of
HP35 occurs at a distance from the direct contact-binding site. Our findings provide insights into the understanding of protein unfolding
when interacting with nanomaterials, emphasizing the importance of considering such mechanisms in the study of nanotoxicology.
Considering the potential toxicity of boridene to the HP35 protein, certain pretreatments should be administered before utilizing this ma-
terial in various bioapplications, such as nanocarriers. Drawing inspiration from graphene-based materials, we propose a strategy involving
the pretreatment of surface coatings or functionalizations on boridene (e.g., PEG, chitosan, and protein corona) prior to its use in

e><periments.53’55

Limitations of the study

Our MD results provide insights into the potential toxicity of boridene to protein. The determination of such toxicity can be further verified by
experiments, for instance, the loss of the helical secondary structure content of HP35 in the presence of the nanomaterial.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e METHOD DETAILS
O Simulation setup
O Simulation protocol

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2023.108577.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GROMACS version 2018 Abraham et al.>® https://manual.gromacs.org/
VMD Version 1.9.3 Humphrey et al.”” https://www.ks.uiuc.edu/Research/vmd/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to lead contact, Dr. Yugi Luo (luoyuqi2004@tom.com).

Materials availability

This study did not generate any novel reagents and all materials used in this study are reported either the main text or in the supplemental
information.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS
Simulation setup

The subdomain HP35 has only 35 residues and is a fast and independently folding three-helix bundle. Because of its small size and fast folding
kinetics, HP35 is a commonly studied protein in MD simulations.”® “° Therefore, HP35 was chosen as the representative biological system as
its folding and unfolding dynamics have been well studied both experimentally and theoretically. The HP35 protein (PDB code: 1YRF ©') was
initially placed above the boridene surface (with the corresponding dimension of 3.587 X 4.141 nm?), yielding three simulation systems
(as shown in Figure S18). In these three systems, the protein was rotated for 0°, 180°, and 270° to enhance the simulation sampling, finally
yielding three simulation systems (i.e., sys-1, sys-2, and sys-3). The closest initial distance between HP35 and boridene was set to over
1.0 nm. Then, these three complexes were immersed in the same box with a dimension of 3.587 x 4.141 x 5.000 nm?3. 0.15 M NaCl and
some water molecules were finally added to the boxes, yielding three simulation boxes. More details of simulation boxes are shown in
Tables ST and S3.

Simulation protocol

Molecular dynamics (MD) simulations were carried out using the GROMACS software package (version 2018),” and the resulting trajectories
were analyzed using VMD software.”” The CHARMM 36 force field*” and the TIP3P water model®” were employed for the protein and water
molecules, respectively. The force fields of boridene were derived from a previous study® (also see Table S2). The steep algorithm was used
for energy minimization. The MD leap-frog integrator®® was utilized. The temperature and pressure were maintained at 300 K and 1 atm,
respectively, using the v-rescale thermostat®® and the Parrinello-Rahman barostat®’ with semi-isotropic pressure coupling in the z directions
(x+y direction was not treated with pressure). Periodic boundary conditions were applied in all directions. Long-range electrostatic interac-
tions were treated using the particle mesh Ewald (PME) method,®*” while van der Waals (vdW) interactions were calculated within a cutoff
distance of 1.2 nm. Bonds involving hydrogen atoms were constrained to their equilibrium values using the LINCS algorithm,” and the
SETTLE algorithm’' was used to constrain the geometry of water molecules. During the simulations, the boridene was fixed. A time step
of 2.0 fs was employed, and the coordinates of all atoms were saved every 10 ps. Each system (sys-1, sys-2, and sys-3) was simulated with three
parallel trajectories and each trajectory had a 2000-ns duration.
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