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1. Simulation Details

We chose HP35 because its folding and unfolding dynamics have been extensively
studied, which features general properties associated with common globular proteins
despite its small size.!** The initial protein structure was obtained from the Protein Data
Bank. The PDB ID is 1YRF.> Additionally, YAP65 WW domain (PDB ID 1JMQ°),
constructed by three B-sheet segments, was also used to investigate its unfolding
capacity on D-Gra. The simulation box includes HP35/YAP65, graphene, water, and
counter ions. The box contents can be found in Table S1.

The simulations were carried out with the GROMACS (version 4.6.6) software
package’ using the CHARMM?27 force field.?* Following previous work of Seminario
and coworkers,'? the CHARMM CA atom type was assigned to the C atoms of I-Gra
and the C atoms at the defect-free regions of D-Gra. For defects, we adopted the
topology of Asp sidechain in CHARMM to mimic the carboxyl groups at the defect
edges. Six atom types from CHARMM were adopted for the D-Gra model, for which
the Lennard-Jones parameters and atom charges can be found in Table S2. We adopted
the TIP3P model'! for water molecules.

All simulations were conducted at constant temperature of 300 K using v-rescale
thermostat.'> Semi-isotropic pressure coupling along the z direction was used to
maintain constant pressure of 1 atm, using Parrinello-Rahman barostat.!*> Periodic
boundary conditions were applied in all directions. In fact, graphene flakes usually
exhibit significant wrinkle on its surface,'* especially when defected. However,
researchers commonly fixed or restrained 2-dimensional (2D) nanomaterials to explore
the interaction between 2D nanomaterials and various biomolecules using molecular
dynamics simulation approach.>2° Also, this method was applied to probe the
theoretical nanotoxicity.?!?> Therefore, following the similar pathway, the sp?> C atoms
of D-Gra and I-Gra were restrained at their initial positions. The long-range electrostatic
interactions were treated with the PME method,?*>?* and the van der Waals (vdW)
interactions were calculated with a cutoff distance of 10 A. All bonds were maintained
constant at their equilibrium values with the LINCS algorithm,> and water geometry

was constrained using the SETTLE algorithm.?® Each system was first energy-
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minimized with the steepest descent algorithm, followed by 20 ns of pre-equilibration
with position restraints applied to the protein. Random initial velocities were then
assigned to HP35 and solvent atoms. Three independent trajectories of 500 ns were
conducted for each system. A time step of 2.0 fs was used, and data were collected
every 1 ps. The VMD software?’ was used to analyze and visualize the simulation

results.



Table S1. Simulation box contents of the five systems.

HP35/D-Gra HP35/1-Gra HP35/D-Gra in 0.15 M NaCl HP35/D-Gra in 0.15 M MgCl, YAP65/D-Gra
box size (nm?) 12.48X12.72X7.00 12.48X12.72X7.05 12.48X12.72X7.0 12.48X12.72X6.9 12.48X12.72X6.9
number of water 34,122 34,338 33,922 33,972 33,965
molecules
ion 52 Na* 2 ClI 100 Na*, 48 CI- 100 Mg?*, 148 CI- 100 Na*, 47 CI-
total number of atoms 109,120 109,718 108,720 108,820 108,811




Table S2. The force field parameters. The positions of the atoms (index in the brackets) can

be found in the figure below.

Atom type € (kcal/mol) o (nm) charge
c@ CA 0.070 0.3550 0.0
CQ) CA 0.070 0.3550 -0.1150
H@3) HA 0.022 0.2352 0.1150
C@ CA 0.070 0.3550 -0.1966
C(®) CC 0.070 0.3564 0.7994
0O (6) ocC 0.120 0.3029 -0.8014

Figure S1. The defects are distributed roughly evenly on the graphene surface as a simple
model for illustration, with a distance of about 3.2 nm between any two neighboring defects.
The periodic images in the xy-plane are shown for clarity. The blue square indicates the box size.

Red and gray spheres represent oxygen and carbon atoms, respectively.



3. The conformations of aromatic residues before and after binding onto D-

Gra/I-Gra surfaces.

Figure S2. The conformations of aromatic residues before and after binding onto D-Gra/l-
Gra surfaces. HP35 is shown in ribbon representation. The carbon atoms of D-Gra/I-Gra are in
gray, oxygen in red, and hydrogen in white. The aromatic residues exposed to solvent are shown
with lime (carbon) and blue (nitrogen) spheres while the aromatic residues buried in the hydrophobic

core are shown with orange spheres.

By comparing the five aromatic residues after binding the D-Gra/I-Gra surfaces
(Fig. S2), we observed that, all aromatic residues lied on the D-Gra surface, and three
of the five aromatic residues which form the inner hydrophobic core of HP35 were
exposed completely; in contrast, the three aromatic residues in the hydrophobic core
remained buried when binding the I-Gra surface. In addition, the two aromatic residues
located at the helix-3 (Trp-23 and Phe-35) were involved in the interfacial binding on
I-Gra.

4. Additional Simulation of HP35/D-Gra System with Duration of 1000 ns.



1000 ns

Figure S3. Snapshots of an additional simulation of HP35/D-Gra system at 500 ns and 1000

ns. The display setting is the same as Figure 1.

We also ran another simulation of the HP35/D-Gra system for a longer timescale
(e.g. 1000 ns) to detect any structural change of HP35 on D-Gra after 500 ns (Fig. S3).
Notably, at t = 500 ns, HP35 experienced serious structural deformation, losing most of
its secondary structure which resembled the other three simulations (Fig. 1B-D). When
t = 1000 ns, the secondary structure of HP35 showed no apparent change and the

binding conformation showed limited fluctuation as compared to 500 ns.

5. Effect of ionic concentration and valence state to HP3S unfolding.
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Figure S4. HP35 binding on D-Gra in 0.15 M NaCl solution. (A) The final conformation of HP35
binding on D-Gra in 0.15 M NacCl solution. The display setting is the same as Figure 1. The Na*
ions adsorbed around the defect are shown with pink spheres. (B) The contact maps between all
residues of HP35 in the first frame, i.e. the crystal structure (left), and in the last frame of HP35/D-
Gra (right) simulation in 0.15 M NaCl solution. (C) The total number of native contacts that each
residue formed in the first frame (green) and the last frame of HP35/D-Gra (red) simulation in 0.15

M NaCl solution.
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Figure S5. HP35 binding on D-Gra in 0.15 M MgCl, solution. (A) The final conformation of
HP35 binding on D-Gra in 0.15 M MgCl, solution. The display setting is the same as Figure 1. The
Mg?" ions adsorbed around the defect are shown with mauve spheres. (B) The contact maps between
all residues of HP35 in the first frame, i.e. the crystal structure (left), and in the last frame of
HP35/D-Gra (right) simulation in 0.15 M MgCl, solution. (C) The total number of native contacts
that each residue formed in the first frame (green) and the last frame of HP35/D-Gra (red) simulation

in 0.15 M MgCl, solution.

Fig. S4 and Fig. S5 illustrate the unfolding of HP35 on D-Gra in 0.15 M NaCl and
MgCl, solutions to understand the effect of ionic concentration and valence state on
HP35 unfolding. In 0.15 M NacCl solution, the unfolding of HP35 was observed where
helix-3 disappeared partially along with some aromatic residues packing on the defect-
free region of D-Gra and a lysine (Lys-29) directly contacting a defect. Similarly, HP35
also unfolded in 0.15 M MgCl, solution. Moreover, some cations were found near the
defects which may generate local electrostatic screening for the attraction between the
basic residues and the carboxyl groups of the defects and subsequently reduced the
unfolding degree of HP35. In the MgCl, solution, the main change of HP35 was on

helix-2, in which the native contacts were lost almost completely.
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6. Defect-Assisted YAP65 Unfolding
A

Figure S6. The YAP65 unfolding on the D-Gra. (A) The YAP65 protein secondary structure. (B-
D) Last snapshots of YAP65 on D-Gra from three independent trajectories at 500 ns (only part of
the graphene and defects near YAP65 are shown, with the sidechains of the key residues forming

direct contacts with D-Gra highlighted).
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Figure S7. Structural analysis of YAP65 binding on D-Gra in a representative trajectory. (A)
The contact maps between all residues of YAP65 in the first frame, i.e. the crystal structure (left),
and in the last frame of YAP65/D-Gra (right) simulation. (B) The total number of native contacts
that each residue formed in the first frame (green) and the last frame of YAP65/D-Gra (red)

simulation.
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The YAP65 protein is composed of three 3-sheet segments (Fig. S6A), which is also
a common protein model consisting of pure B-sheet structure used to explore the bio-
nano interfacial binding.?®2?° For the system of YAP65 with D-Gra (Fig. S6B-D),
denaturation was observed as YAP65 lost its structural integrity after 500 ns in all three
trajectories. The sidechains of key residues that formed direct contacts with D-Gra were
highlighted in these figures. Some aromatic residues (Trp-17, Tyr-28, Phe-29 and Trp-
39) adsorbed to the defect-free regions of D-Gra through the formation of n-n stacking
with the sp?-hybridized carbon atoms, while some charged residues (Lys-21 and Arg-
27) bound the defects. We further performed structural analysis of YAP65 binding on
D-Gra using one of the trajectories (as shown in Fig. S6C) and summarized the results
in Fig. S7. We found that the native contacts in half of B-sheet 2 and entire B-sheet 3
were lost almost completely and those in B-sheet 1 and the other half of B-sheet 2 were

lost partially, which corresponded to the final conformation shown in Fig. S6C.

7. HP3S Structural Analysis from Parallel Trajectories
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Figure S8 Results of the parallel trajectory #2. (A) The contact maps between the heavy atoms

of HP35 in the first frame, i.e. the crystal structure (left), and in the last frames of HP35/D-Gra

(middle) and HP35/I-Gra (right) simulations. (B) The total number of native contacts that each

amino acid of HP35 formed in the first frame (green) and the last frames of HP35/D-Gra (red) and
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HP35/1-Gra (blue) simulations.
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Figure S9. Results of the parallel trajectory #3. (A) The contact maps between the heavy atoms
of HP35 in the first frame, i.e. the crystal structure (left), and in the last frames of HP35/D-Gra
(middle) and HP35/I-Gra (right) simulations. (B) The total number of native contacts that each
amino acid of HP35 formed in the first frame (green) and the last frames of HP35/D-Gra (red) and
HP35/1-Gra (blue) simulations.

Fig. S8 and S9 depict the contact maps of HP35 in the crystal structure and the last
frames of HP35/D-Gra and HP35/I-Gra in the parallel trajectories. In consistent with
the results in Fig. 3 in the main manuscript, helix-2 and helix-3 of HP35 unfolded upon
binding to D-Gra. The number of native contacts that each residue formed in the last
frames of HP35/D-Gra trajectories also revealed a clear decrease as compared with that
in the crystal structure. These results validate the stronger denaturing strength of D-Gra

than that of I-Gra.

8. Transitory movements of Arg-14 show sharp increases of Coulombic energy.

12



Figure S10. Snapshot of HP35 on D-Gra at 9.0 ns. Arg-14 moves away from the defect and results

in sharp increases of Coulombic energy at 9.0 ns, which corresponds to Figure 4.

It is noted that at 9.0 ns, the Coulombic energy showed a transitory sharp increase to
~0 kcal/mol, indicating that the interaction between Arg-14 and the carboxyl groups of
the defect disappeared for a short time, as shown in Fig. S10, where Arg-14 moved

away from the defect.

9. Total interaction energies of HP3S denaturation upon binding to D-Gra
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Figure S11. The total interaction energies (the sum of vdW and Coulomb energies) between Arg-14

and D-Gra (black) or between HP35 and D-Gra (red). The trajectory used in this analysis is the same
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as that in Fig. 4C.

10. Mechanism Study of Defect-Assisted HP35 Unfolding
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Figure S12. The unfolding process of helix-3 from 310 ns to 325 ns in the simulation. (A-B)
Snapshots of HP35 on D-Gra at 310 ns and 325 ns, respectively. Three key residues (Phe-35, Lys-
24, and Lys-30) that played important roles in the unfolding process are highlighted. (C) The
coulombic energy between Lys-24 and the defect of D-Gra. (D) The trajectories of Phe-35
(triangles) and Lys-24 (circles) projected on the surface of D-Gra. The colors represent the time
from 310 ns to 325 ns. Gray circle indicates the position of the defect.

In addition to the unfolding process of helix-2 discussed in the main manuscript,
Fig. S12 depicts another unfolding process, the unfolding of helix-3, which completed
in 15 ns. Fig. S12A depicts one snapshot at 310 ns, where helix-3 was still well
maintained. The sidechain of Lys-24 formed electrostatic interaction with the carboxyl
oxygen atoms of the defect, and thus the residue was restrained as the “anchor”. The
sidechain of Phe-35 formed n-x stacking with the C atoms at the defect-free regions of
D-Gra. By 325 ns, helix-3 had totally unfolded, accompanied by the appearance of a

second “anchor residue”, Lys-30, at the defect site. During this process, Lys-24 had
14



always been attracted by the defect. The binding was strong which reached -50 kcal/mol
(Fig. S12C). Through assessing the positions of Lys-24 and Phe-35, we concluded a
similar mechanism of denaturation for helix-3, which was caused by the mobility-

mismatch of “anchor residue” with the rest of the protein.

11. The function of water molecule in the initial adsorption as well as during

residue’s anchoring process.

Figure S13. Interfacial waters between HP35 and D-Gra in the initial adsorption. The
interfacial waters are shown with red (oxygen) and white (hydrogen) spheres, respectively. The
HP35 is displayed by cyan ribbon and gray surface. The key residue, Arg-14, is shown with lime

(carbon), blue (nitrogen) and white (hydrogen) spheres. The D-Gra is depicted with sticks.
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Figure S14. The key role of water molecule during Arg-14 anchoring process. The Arg-14 is
shown by ball-and-stick model with carbon colored in lime, nitrogen colored in blue and hydrogen
colored in white, respectively. The D-Gra is plotted by sticks. The water is displayed by ball-and-

stick model colored in red and white. The red and blue dashed lines represent hydrogen bonds.

11. The stability of helix—1 when binding to D-Gra.

Figure S15. Binding conformation of helix-1 on D-Gra revealing the structural stability of
helix-1. Four key residues (i.e., Glu-4, Phe-6, Lys-7 and Phe-10) that played important roles in the

structural stability of helix-1 are labeled.
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