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How graphene aﬀects the misfolding of human prion protein: A combined
experimental and molecular dynamics simulation study
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As the broad application of graphene in the biomedical ﬁeld, it is urgent and important to evaluate how the
graphene aﬀects the structure and function of the proteins in our body, especially the amyloid-related proteins.
Prion protein, as a typical amyloid protein, it misfolding and aggregation will lead to serious prion diseases. To
explore if graphene promotes or inhibits the formation of amyloid, here, we combined the experimental and
molecular dynamics (MD) simulation methods to study the inﬂuence of graphene on the globular domain of
prion protein (PrP117–231). The results from ﬂuorescence quenching and circular dichroism spectrum showed
that the addition of graphene changed the secondary structure of prion protein largely, mainly reﬂecting in the
reduced α-helix structure and the increased coil structure, indicating graphene may strengthen the misfolding
inclination of prion. To further uncover the mechanism of conformational change of prion under the induction of
graphene, the all-atoms MD simulations in explicit solvent were performed. Our simulations suggest that prion
protein can be quickly and tightly adsorbed onto graphene together with the weak conformational rearrangement and may reorient when approaching the surface. The Van der Waals' force drive the adsorption process. In
the induction of graphene, H1 and S2-H2 loop regions of prion become unstable and prion begins to misfold
partially. Our work shows that graphene can induce the misfolding of prion protein and may cause the potential
risk to biosystems.

1. Introduction
Since its discovery in 2004, graphene has attracted great attention
from various ﬁelds, due to its remarkable electrical, optical, physical
and chemical properties. Until 2008, the potential biomedical applications of graphene started to attract the attention of scientists, including drug/gene delivery, biosensing, bioimaging, antibacterial materials, biocompatible scaﬀold for cell culture, and so on (BrannonPeppas and Blanchette, 2004; Feng and Liu, 2011; Gurunathan and
Kim, 2016; Jarosz et al., 2016; Mendes et al., 2013; Shen et al., 2012;
Zhang et al., 2012). As we know, when nanoparticles (NPs) enter a
biological medium, proteins and other biomolecules rapidly compete
for binding to the NP surface either strongly or weakly, leading to the
formation of a dynamic protein corona (Ashby et al., 2014; Cedervall
et al., 2007; Mahmoudi et al., 2011; Tenzer et al., 2011). Their interaction with proteins can cause the perturbation of both protein

⁎

structure and function. When NPs interact with biological enzymes,
they may cause the enzymes to loss their original conformations and
inhibit or improve the functions of the enzymes (Chen et al., 2017;
Merli et al., 2011). For example, as reported by Chen et al. (2017),
when SWCNTs interact with lignin peroxidase and maleylpyruvate
isomerase, the functions of the enzymes were inhibited. In addition, the
interaction between NPs and amyloid proteins or peptides might inhibit
or facilitate amyloid formation (Bobylev et al., 2010; DominguezMedina et al., 2016; Fei and Perrett, 2009; Guo et al., 2013; Kim and
Lee, 2003; Kowalewski and Holtzman, 1999; Lee et al., 2011; Li et al.,
2011; Linse et al., 2007; Mahmoudi et al., 2012; Podlubnaya et al.,
2006). Owing to high speciﬁc surface area, graphene-family nanomaterials possess potentially larger protein adsorption capacities than
most other nanomaterials (Bianco et al., 2008; Sanchez et al., 2011). In
spite of growing number of computational studies dealing with the
interaction between graphene and proteins, little is known about the
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concentrations of graphene (0.4 mg/ml, 0.6 mg/ml, 0.8 mg/ml, 1.0 mg/
ml, 1.2 mg/ml) were mixed with 20 μM PrP117–231 and then subjected to
the measurement at room temperature. The ellipticity [θ] (degrees) or
diﬀerential absorbance (ΔA) is used to describe the CD data. The mean
residue ellipticity ([θ]mrw, λ) at wavelength λ is given by:

eﬀects of graphene on the structure of amyloidosis protein. Thus,
whether graphene inhibits or promotes amyloid formation is still a
controversial issue. Therefore, one critical issue to be resolved before
further applications of graphene in biomedicine is the potential shortand long-term toxicity of this new nanomaterial (Baldrighi et al., 2016;
de Luna et al., 2016; Elsaesser and Howard, 2012; Shariﬁ et al., 2012).
Here, to uncover the eﬀects of graphene on amyloid-related proteins, we combined the experimental and molecular dynamics (MD)
simulation methods to study the inﬂuence of graphene on the globular
domain of normal cellular prion protein (PrPC). The misfolding and
aggregation of prion protein will lead to the serious prion diseases and
it is also the key factor for the development of early diagnosis and
highly sensitive detection technologies of PrP related biomolecules
(Zhang et al., 2011; Lou et al., 2017a, 2017b; Kouassi et al., 2007; Liang
et al., 2013; Lou et al., 2017a, 2017b). Prion diseases (Chen and Dong,
2016; de Luna et al., 2016) are the only known infectious amyloid
diseases. The conversion of prion protein (PrP) from its cellular form
(PrPC) to its pathogenic form (PrPSc)(Prusiner et al., 1983) is the key
procedure of development of prion diseases. The globular domain of
normal cellular prion protein (PrPC) is rich in the α-helix structure.
Once the misfolding happens, it will be transitioned to the structure rich
in β-sheet (Lou et al., 2015; Sun et al., 2015; Wang et al., 2015). Here,
to monitor if the prion protein will misfold induced by graphene,
ﬂuorescence quenching method and circular dichroism (CD) spectra
were used. Although these experimental methods can give us the direct
evaluation if the secondary structure of prion protein will change or
not, they can't give the mechanism of structure transition. Thus, to
explore how prion protein interact with graphene and uncover the
structure transition of prion protein, the molecular dynamics (MD) simulation was performed. Compared to the experimental method, MD
simulation can provide more detailed and dynamic interaction information between protein and nanoparticles. Additionally, the induced
structural change of protein by graphene can be also observed easily by
analyzing the MD simulation trajectory.

[θ]mrw, λ =

θλ MRW
⋅
10 c⋅l

(1)

where θλ is the observed ellipticity (degrees) at the wavelength λ，l is
the pathlength (cm), and c is the concentration (g/ml). The Mean
Residue Weight (MRW) is calculated from MRW = M /(N − 1) , where M
is the total molecular mass of the protein, and N is the number of amino
acids.
And Δε (the molar diﬀerential extinction coeﬃcient) is a good check
on the protein structure characteristics at a certain wavelength. There is
a close relationship between [θ]mrw and Δε (Kelly et al., 2005):

[θ]mrw = 3298×Δε

(2)
−1

−1

The units of Δε are M cm . The ﬁnal results were analyzed using
SELCON3 software (Calzolai and Zahn, 2003b).
2.4. Molecular dynamics simulations
2.4.1. The construction of simulation system
The 3D structure of human PrP was retrieved from the PDB database
(https://www.rcsb.org, PDB ID: 1HJN) obtained by NMR at pH 7.0
(Calzolai and Zahn, 2003a), which contains the C-terminal globular
domain of PrP consisting of residues 125–228. The globular domain
contains three α-helices (H1, H2, H3) and two very short anti-parallel
β-sheets (S1, S2) (Donne et al., 1997; Riek et al., 1996). The graphene
sheet with the size 65 Å × 65 Å is used in this study, which is large
enough for the prion protein. The adsorption of proteins on the graphene may depend on the initial orientation of the proteins relative to
the surface, but signiﬁcant peptide rotation was generally prevented by
all-atom explicit-solvent MD simulation within nanosecond time scale.
In our simulations, to ensure the enough interaction between graphene
and prion, three initial orientations of prion protein were selected by
keeping the long axis parallel to the graphene surface with the three
typical faces facing graphene (shown in Fig. 1): 1) the H2 helix and the
C-terminal of H1; 2) the beta-sheet and the N-terminals of the three
helices (H1, H2 and H3); 3) H1 and the C-terminals of H2 and H3.
Therefore, based on the three constructs, every part of PrP has a large
probability to contact with graphene. In the initial complexes, the
minimum distance between graphene and prion was set at least 5 Å,
allowing PrP to freely rotate and adjust its orientation and to reduce the
diﬀusion time approaching the graphene surface.

2. Materials and methods
2.1. Cloning, expression and puriﬁcation of Prion117–231
The genes of prion protein (PrP117–231) were synthesized by
GENEWIZ, Inc. Suzhou, China and were cloned into the pET-28b derived plasmid containing 6×His tag. The plasmid was transformed into
Escherichia coli strain BL21 (DE3) (Conway et al., 1998) competent cells
by heat-shock at 42 °C for 60 s. The prion proteins (PrP117–231) were
expressed and puriﬁed as described (Li et al., 2017). The purity and
concentration of the refolded protein were determined using a 12%
SDS-PAGE and a Nanodrop 2000 equipment, respectively. Finally, the
protein was stored lyophilized at −80 °C.

2.4.2. Molecular dynamics simulations in explicit solvent
We performed MD simulations with TIP3P (Jorgensen et al., 1983)
waters using AMBER 10 software package (Case et al., 2008) and
AMBER ﬀ03 (Duan et al., 2003; Lee and Duan, 2004) force ﬁeld since
previous MD simulation studies have shown that AMBER ﬀ03 can reproduce the secondary structures of peptides comparable to experimental measurements when the peptides are adsorbed on carbon nanotube or graphene (Balamurugan et al., 2010). Na+ ions were added
to keep the systems neutral. The complexes and the isolated protein
were placed in a rectangular box and truncated octahedral box, respectively. The distance between protein/graphene and box-boundary
was set at least 11 Å. To reduce the solvent boxes, several carbon atoms
of four corners in the graphene sheet were deleted here. The total atom
numbers of three systems with graphene are 40663, 43189, 44287,
respectively. Firstly, we used steepest decent method and conjugate
gradient method to minimize each system. Subsequently, the systems
were heated up from 0 to 310 K with a force weight of 2.0 kcal/(mol Å2)
on the graphene. All bond lengths involving hydrogens were constrained using the SHAKE algorithm (Ryckaert et al., 1977), 2-fs time

2.2. Fluorescence quenching measurements
All ﬂuorescence spectra were recorded on a Perkin-Elmer LS 55
Fluorescence Spectrometer. The excitation wavelength at 285 nm was
used to selectively excite tryptophan residues and the emission spectra
was monitored in the range of 300–500 nm with a ﬁxed slit width of
5 nm. After diluting with 10 mM Tris-HCl, 10 μM PrP117–231 was selected and added to diﬀerent concentrations of graphene (0.04 mg/ml,
0.05 mg/ml, 0.06 mg/ml, 0.07 mg/ml, 0.08 mg/ml, 0.09 mg/ml,
0.10 mg/ml). The suspended solution was used for depicting ﬂuorescence intensity curves.
2.3. CD spectroscopy
Circular dichroism (CD) spectra were recorded on OLIS-052711DSM1000, which was a CD spectropolarimeter with a 5 mm sample cell
and the scan wavelengths ranged from 190 nm to 240 nm. Various
2
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Fig. 1. The structures of prion protein above the graphene surface before and after 100 ns simulation. The protein was shown as cartoon colored from blue (the Nterminus) to red (the C-terminus) and the graphene was shown as sticks in gray. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

calculated as below (Balamurugan et al., 2011):

step was made use of integrating the equations of motion. The nonbonded cutoﬀ distance was 10 Å and the long-range electrostatics interactions were calculated by using the Particle Mesh Ewald(PME)
(Essmann et al., 1995) method. The Langevin thermostat was used to
regulate the temperature of the system. All equilibration and subsequent MD stages were carried out in the isothermal isobaric (NPT)
ensemble using a Berendsen barostat (Berendsen et al., 1984). There
were no restrains on protein but a force constant of 2.0 kcal/mol Å2 on
graphene. Each complex system was simulated for 100 ns to investigate
the initial adsorption stage. Neutral pH and physiological temperature
(310 K) are controlled in all simulations.

Contact Area =

1⎡
(SASpep + SASgra) − SAScomplex⎤
⎥
2⎢
⎦
⎣

Here, SASgra and SASpep are solvent accessible surface area of the
isolated graphene and prion, respectively, and SAScomplex is that of the
graphene-prion complex.
To investigate the binding aﬃnity between prion protein and graphene, Molecular Mechanics/Generalized Born Surface Area (MMGBSA), which has been successfully applied in free energy calculations
(Hou et al., 2011a), were applied. For each snapshot extracted from the
last 15 ns MD simulation, the free energy is calculated for each molecular species (complex, protein, and graphene), and the binding free
energy is computed by using the following formula:

2.5. Trajectory analysis methods
The trajectories were analyzed using AMBER 10 (Case et al., 2008)
and VMD (Humphrey et al., 1996) programs. To evaluate the compactness of the studied protein, the size of protein was roughly estimated by radius of gyration (Rg), which is deﬁned as the mass-weighted
positional mean of the distances of atoms from the center of mass. Here,
Rg was calculated for CA atoms of the whole protein and the hydrophobic core, respectively. The secondary structures were assigned using
the dictionary of secondary structure of proteins (DSSP) program developed by Kabsch and Sander (1983).
The interface area or contact area is the area of the molecular surface buried in contact surface between the two molecules. It was

∆Gbind = Gcomplex − Gprotein − Ggraphene
The free energy, G, for each species can be calculated by the following scheme using the MM-GBSA methods: (Kollman et al., 2000;
Srinivasan et al., 1998)

G = Egas + Gsol − TS
Egas = Eint + EvdW + Eele

Gpolar = Eele + Gsol _polar
3
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Gsol = Gsol _polar + Gsol _np

Gsol _np = γSAS
where, Egas is the gas-phase energy; Eint is the internal energy; Eele and
Evdw are the Coulomb and van der Waals energies, respectively. Gsol is
the solvation free energy and can be decomposed into polar and nonpolar contributions. Gsol_polar is the polar solvation contribution calculated by solving GB equation. Gsol_np is the nonpolar solvation contribution and was estimated by the solvent accessible surface area (SAS)
determined using a water probe radius of 1.4 Å. In MM-GBSA calculation, the solute dielectric constant (εin) is a key parameter for the calculation of electrostatic energy. By considering the polarity of the studied protein and the results of reference, (Hou et al., 2011a; Hou et al.,
2011b) here, we set the solute dielectric constant as 2.0. T and S are the
temperature and the total conformational entropy of protein, respectively. The normal-mode analysis was performed here to evaluate the
conformational entropy change (-TΔS) using the nmode program in
AMBER 10.0. (Case et al., 2008), in which the entropy term is divided
into the contribution of translational, rotational, and vibrational entropies.
Using the GB model, it was possible to compute the binding free
energy contribution of each residue at the interface between two interacting molecules. The contribution of a given residue can be obtained by summing the contribution of each atom of the residue. To
obtain a detailed view of the interaction between graphene and proteins, the binding free energy decomposition was performed using MMGBSA method.

Fig. 3. CD spectra of the PrP117–231 at diﬀerent concentrations of graphene.
“Prion” is the blank system without graphene.

3.2. The secondary structure changes of PrP117–231 induced by graphene
CD can be used to determine the secondary structural content of
interested proteins. The negative peaks appearing at 208 and 222 nm
and the positive peak appearing at 192 nm (Matsuo et al., 2012) in CD
spectra are the characteristics of α-helical structure of proteins while
the negative peak appearing at 215 nm (Matsuo et al., 2012) and the
positive peak appearing at 195 nm are the characteristics of β-sheet
structure. Any variation in these bands is related with a conformational
change of protein. Based on CD spectra, the secondary structure contents of PrP117–231 were calculated. With the concentration of graphene
increasing, the peak intensities at 208, 222 and 192 nm decreased, indicating that the amount of α-helical structure decreased (Fig. 3).
In order to further accurately calculate the secondary structure
contents of PrP117–231, the data were analyzed using the SELCON3
program (Matsuo et al., 2016) and the results were listed in Table 1.
The main secondary structure of prion without graphene was α-helix
with the content of 72.8%, while the β-sheet and turn were 2.4% and
4.6%, respectively. When the concentration of graphene is 0.4 mg/ml,
the secondary structure of prion has no obvious change, indicating that
in the low concentration of graphene, the structure of prion wasn't
perturbed. But when the concentration of graphene is higher than
0.6 mg/ml, the secondary structure of prion will change largely. From
the Table 1, it can be seen that the content of β-sheet increased and the
content of α-helix decreased when the concentration of graphene is
higher than 0.6 mg/ml, indicating that graphene with the certain concentration can induce the misfolding of prion partially.

3. Results and discussion
3.1. The interaction between graphene and PrP117–231
In the presence of diﬀerent concentrations of graphene, the ﬂuorescence spectra of PrP117–231 were collected and displayed in Fig. 2.
Here, the “blank-line” is the ﬂuorescence intensity of PrP117–231 without
graphene. As the concentration of graphene increased, the ﬂuorescence
intensity of protein decreased, indicating that graphene could quench
the intrinsic ﬂuorescence of prion in a concentration dependent
manner. Particularly, when the concentration of graphene was up to
0.10 mg/ml, the ﬂuorescence intensity reduced by half. The strong
quenching of ﬂuorescence indicates that the conformation of aromatic
amino acids signiﬁcantly changed under the inﬂuence of graphene. To
further identify the detailed changes in secondary structure of
PrP117–231, circular dichroism analysis was performed.

3.3. Dynamical adsorption of PrP125–228 on the graphene surface
To explore the mechanism of structural transformation of prion
induced by graphene, the MD simulations were performed in explicit
Table 1
The secondary structure contents of PrP117–231 at diﬀerent concentrations of
graphene obtained by CD spectra.
The concentrations of graphene

0.0 mg/ml
0.4 mg/ml
0.6 mg/ml
0.8 mg/ml
1.0 mg/ml
1.2 mg/ml

Fig. 2. Fluorescence spectra of the PrP117–231 at diﬀerent concentrations of
graphene.
4

Secondary structure content (%)
α-helix

Beta-sheet

Turn

Coil

Sum

72.8
80.4
43.1
36.3
46.3
40.7

2.40
0.30
8.20
7.00
12.9
14.7

4.60
5.30
20.4
22.6
15.0
15.7

22.5
15.2
28.7
30.7
23.7
26.8

102.4
101.1
100.5
100.2
97.8
98.0
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Fig. 4. The contact area between graphene and PrP as a function of simulation
time averaged over 500 ps.

Fig. 6. Radius of gyration for the hydrophobic core of PrP as a function of
simulation time for all systems averaged over 500 ps.

solvent. For the all-atom MD simulations, the contact area between the
atoms of graphene and PrP125–228 was monitored as a function of simulation time to show the dynamic interactions between graphene and
PrP. It can be seen from Fig. 4 that at the ﬁrst 10 ns the contact areas are
keeping a good upward trend and reached equilibrium in the last 10 ns
with the contact number in a relatively high level. Although the different orientations (Fig. 1) lead to varying degrees of the contact area,
the relative high values indicate PrP can form good contacts with graphene. Therefore, the adsorption process is very quick and the interaction between graphene and the protein is very stable in all orientations.

By comparing the simulation results starting from diﬀerent orientations of prion protein relative to graphene, we speculate two
possible adsorption processes can occur. One is the initial adsorption of
a protein on graphene is accompanied by signiﬁcant conformational
changes of some “soft” local regions in contact with the surface, such as
H1 of PrP in Orientations 1 and 3. The other one is preserving the native
stable secondary structures and the overall globular shape at the beginning of adsorption process (i.e. Orientation 2). In Orientation 2, one
β-strand (S2) is adhered to the graphene surface without signiﬁcant
conformational changes due to its intrinsic ﬂat structure, while the Nterminal of H1 and the C-terminal of H2 start to lose their initial helical
structures. Hence, much larger rearrangements might take place at
longer times during the MD runs, eventually yielding similar adsorption
conformation.
To evaluate the stability of the globular domain of PrP, generally, a
core of hydrophobic side chains is deﬁned in the prion protein, which
contains residues 134, 137, 139, 141, 158, 161, 175, 176, 179, 180,
184, 198, 203, 205, 206, 209, 210, and 213–216. In order to measure
its compactness during the simulations, we monitored Rg of the CA
atoms of the hydrophobic core, and the results are shown in Fig. 6.
In Fig. 6, it can be seen that the Rg values in the isolated run
maintain around 9.25 Å and have a narrow ﬂuctuation margin during
all 100 ns simulation. However, the Rg values in the adsorption runs
have obvious dramatic ﬂuctuations. At the end of the simulations, it can
be seen that except for Orientation 3, the adsorption made the PrP
(125–228) more compact than the isolated protein. With the interaction
between graphene and protein, PrP may experience a structural transition progress during adsorption. In order to show the structural
transition progress, we calculated the average CA-CA distances for PrP
(125–228) in all runs. To show the movement of each residue more
clearly, only relative change of the CA-CA distance between the isolated
run and the adsorption runs are shown in Fig. 7. In this ﬁgure, diﬀerent
colors indicate diﬀerent changes in the CA-CA distance. For example,
blue represents the adsorption makes the distance shorter, while red
represents the adsorption makes the distance longer. The distance
changes mainly locate at the ﬁrst helix (H1) region in all adsorption
simulations. For Orientation 1 and 2, the H1 of PrP becomes closer to
S2-H2 and H3, while for Orientation 3 it is on the contrary. Apparently,
Orientation 2 with the smallest color range has the weakest structural
changes, which agrees with the RMSF results. Although Orientation 1
and 3 have obvious ﬂuctuations in the structure of protein, the changes
of their CA-CA distances are opposite. In Orientation 3, H1 moves away
from H2 and H3, leading to the high Rg values, while in Orientation 1
and 2, H1 becomes closer to H2 and H3. Although there are diﬀerent
movement trend of H1 in diﬀerent orientation, the common feature is
that H1 is becoming unstable in the induction of graphene.
To further explore the detailed structural changes of PrP during
adsorption, the analysis of the secondary structures were performed.
The secondary structure information for each residue (residues
125–228) during the simulations was given in Fig. 8. It can be seen that
the secondary structures have no obvious changes during the isolated

3.4. The structural changes of prion upon the adsorption on graphene
To explore if the adsorption of PrP on graphene surface will aﬀect
its structural features, the structural changes of prion during the molecular dynamics simulation were analyzed further. Firstly, the rootmean-square ﬂuctuations (RMSFs) of Cα atoms of prion were calculated. As shown in Fig. 5, the Cα RMSFs show similar manners for all
runs. For the residues (174–188 and 202–220) of core domain, the
RMSFs values are rather small in the adsorption runs and the reference
run, further showing the corresponding H2 and H3 regions are very
stable, which is in well agreement with our previous work (Guo et al.,
2012a; Guo et al., 2012b). Relative to H2 and H3 region, the H1 region
is more ﬂexible in all systems, which is also veriﬁed in previous study
(Zhou et al., 2017). H1 is unstable and easy to misfold. Additionally,
two ends and the loop regions are also very ﬂexible.
Compared with the isolated PrP, the RMSF values of many residues
in the adsorption runs increased, especially residues 133–140 (S1-H1
loop), 149–161 (H1 and H1-S2 loop), 192–200 (H2-H3 loop), and residues 209–218 (the middle part of H3) in Orientation 1 and 3, indicating that the ﬂexibility of PrP in the two runs increased after adsorption on graphene surface. The residues in Orientation 2 have the
smallest structural ﬂuctuation, suggesting although this orientation has
more contacts with graphene than Orientation 1, the adsorption has a
very small inﬂuence on the protein ﬂexibility after the 100-ns simulation.

Fig. 5. The RMSFs of Cα atoms as a function of residue number for the last
25 ns simulations.
5
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Fig. 7. The diﬀerence of the average CA-CA distance (Å) between the isolated run and the adsorption runs during the last 25 ns (ΔDist = Distadsorption-Distisolated).

Fig. 8. Secondary structure analysis for PrP simulated in explicit solvent.
6
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Table 2
The averaged secondary structure contents of prion protein in the last 10 ns simulation.
System

Secondary structure content (%)
α-helix

Isolated PrP
Orientation 1
Orientation 2
Orientation 3

50.84
40.51
46.14
47.59

±
±
±
±

π-helix

310-helix
2.88
3.60
3.10
4.45

4.28
10.24
6.72
6.27

±
±
±
±

1.77
3.05
2.65
3.12

0.11
0.00
0.01
0.05

±
±
±
±

Helix
0.60
0.08
0.19
0.38

55.22
50.76
52.88
53.90

simulation, indicating that the wild type PrP is rather stable. Nevertheless, the secondary structures of PrP in adsorption simulations
change more obviously. In Orientation 1, the H1 region is instable, and
the S2-H2 loop forms a 310-helix. In Orientation 2, the H2 region is not
stable during the simulation, especially at residue 180 and the tail of
H2. The H1 region is also very ﬂexible in Orientation 3, particularly at
the end of simulation. These results indicate that the prion protein
experiences the structural transitions during the adsorption on graphene.
As can be seen in Table 2, the β-sheet contents were maintained at
almost the same level in the absence and presence of graphene, while
the α-helical contents decreased slightly and turn contents increased in
the adsorption simulations compared with that in the isolated PrP simulation, which is consistent with the results of CD spectra. The 310helical contents in adsorption runs, especially in Orientation 1, are
larger than that in the isolated simulation. From Fig. 8, it can be seen
that H1 region and the tail of H2 and H3 are responsible for the decreasing of α-helical content. Whatever, the α-helical content decreased
and the 310-helical and turn contents increased after adsorption on
graphene surface, which is a critical feature in the misfolding progress
of PrP.
Previous studies showed that the S2-H2 loop is important for the
template-driven ampliﬁcation of prion (Kaneko et al., 1997), and behaves as a motif with self-assembly properties (Christen et al., 2009). As
Fig. 8 shows, in MD simulation of the adsorbed prion in Orientation 1,
the conformational transition of the S2-H2 loop to a 310 helix was observed, which is consistent with the previous reports (Guo et al., 2012a;
Meli et al., 2011). This result suggests the S2-H2 loop undergoes a
structural rearrangement during the adsorption progress.
The above result suggests that graphene may induce the misfolding
of prion by making H1 unfold and S2-H2 loop transition to 310 helix.
Although the initial orientation determines which parts of protein will
contact with graphene at ﬁrst, and be aﬀected mostly, it is obvious that
the adsorption indeed induces the conformational changes in all orientations.

Sheet
±
±
±
±

2.60
3.51
2.87
4.65

3.85
3.93
5.36
3.83

±
±
±
±

Turn
0.32
0.48
0.91
0.26

5.82
12.94
10.38
10.16

Coil
±
±
±
±

2.51
3.34
2.93
4.29

35.10
32.37
31.39
32.10

±
±
±
±

1.47
0.95
1.50
1.23

Table 3
The components and standard errors of binding free energy for prion protein
adsorbing on graphene. (kcal mol−1).
Contribution

ΔEele
ΔEvdw
ΔEint
ΔEgas
ΔGsol_np
ΔGsol_polar
ΔGsol
ΔGpolar
ΔHtot
-TΔS
ΔGtot tot
a

Orientation 1

Orientation 2

Orientation 3

Average

Stda

Average

Stda

Average

Stda

0.00
−154.75
−0.00
−154.75
−12.85
26.60
13.75
26.60
−140.99
36.19
−104.80

0.00
13.77
0.00
13.77
1.01
2.12
1.36
2.12
12.97
16.18

0.00
−190.25
0.00
−190.25
−15.41
15.10
−0.31
15.10
−190.56
39.94
−150.62

0.00
9.49
0.00
9.49
0.59
0.76
0.66
0.76
9.59
14.43

0.00
−237.40
0.00
−237.40
−18.33
34.30
15.97
34.30
−221.43
44.34
−177.09

0.00
12.86
0.00
12.86
1.08
2.36
1.54
2.36
11.94
16.08

Standard deviation.

which depends on the initial orientation. This phenomenon was also
supported by a previous MD research (Mücksch and Urbassek, 2011) of
BSA adsorption on graphite surface.
Further insights into the driving forces involved in the adsorption
can also be obtained by analyzing the free energies contributions
(Table 3). In detail, the intermolecular van der Waals (ΔEvdw) is important for the adsorption, whereas electrostatic interaction (ΔEele) has
no contribution as the graphene is uncharged. The polar solvation terms
(ΔGsol_polar) are unfavorable, however, the non-polar solvation ones
(ΔGsol_np), which correspond to the burial of SASA upon binding, contribute favorably. As a result, both the polar interaction (ΔGpolar = ΔEele
+ ΔGsol_polar) and the solvation contribution (ΔGsol = ΔGsol_np +
ΔGsol_polar) are unfavorable for the adsorption in all orientations. Contrary to the contribution of the overall enthalpy, the overall entropic
contribution is unfavorable. Hence, the binding free energy comes
mainly from the nonpolar contributions, such as Evdw and Gsol_np.
To further identify which parts of the protein are critical for PrP
adsorption, the interaction energies between each residue of PrP
(125–228) and the graphene surface are shown in Fig. 9. Consistent
with the above results, the total enthalpy contribution of one residue is
very close to its vdw contribution, indicating it interacts with graphene
mainly by vdw interaction. The polar solvation terms (ΔGsol_polar) are
unfavorable. For Orientation 1, the hotspot residues (per residue contribution > 1 kcal mol−1) are mainly distributed around the head of the
three helices (H1, H2 and H3) and the loop near them; for Orientation
2, the hot spots locates mainly in the two β-sheets (S1 and S2) and the
tail of H2 and H3; as for Orientation 3, the whole H3 helix is lying on
the graphene as well as the residues near the head of H1 and H3. It is
obvious that the hotspot residues are just those in contact with graphene.

3.5. The driving force of the interaction between prion and graphene
For a protein to adsorb to a surface, it must ﬁrst contact and “stick”
at that surface. The aﬃnity of a protein with a surface depends on
several factors, including both the nature of the adsorbent surface and
the surface of the protein that ﬁrst contacts the adsorbent surface.
Several simulation studies have demonstrated the importance of the
orientation of protein (or protein-like) molecules on their adsorption at
surfaces (Mücksch and Urbassek, 2011; Wei et al., 2012; Yu et al., 2012;
Zhou et al., 2004). Here, to further identify the driving force of the
adsorption process, MM-GBSA calculations were performed. The results
of free energy calculations were shown in Table 3. It can be seen that
graphene has a strong adsorption capacity to the globular domain of
prion protein, with binding aﬃnities larger than 100 kcal mol−1. The
binding free energies for adsorption runs are −104.80 (Orientation 1),
−150.62 (Orientation 2), and −177.09 (Orientation 3) kcal mol−1,
respectively, indicating diﬀerent orientations result in the diﬀerent
binding aﬃnities between protein and graphene. Therefore, we denote
the weak physisorption attraction pulls the protein toward the surface

4. Conclusions
In our present work, we investigated the atomic-level structural
variations for PrP125–228 on graphene surface to understand the eﬀects
of graphene on the structure of amyloid protein and further to explore
7

Environmental Research 171 (2019) 1–10

Y. Zhu et al.

Fig. 9. The contribution of each residue calculated from MM-GBSA method.

and amyloid formation. On the contrary, the other regions are rather
stable in the both adsorption runs and the isolated run. Hence the H1
and S2-H2 loop may play more important roles in the initial structural
transition progress of PrP. Due that the carbon atoms of graphene have
no charges, so the adsorption is mainly driven by vdw forces but not the
polar interactions. Our work shows that graphene will induce the partial misfolding of prion protein. The obtained results can provide the
detailed insights into the interaction of prion with graphene, which is
valuable to the applications of graphene in biosystems and to understand the potential risk of graphene in the ﬁeld of biomedicine.

the bio-safety of graphene in biomedical applications. The results from
ﬂuorescence quenching and circular dichroism spectrum experiments
showed that the addition of graphene changed the secondary structure
of global domain of prion largely and may strengthen the misfolding
inclination of prion. The molecular dynamics simulations in explicit
solvent suggest that the prion protein was quickly and tightly adsorbed
onto the graphene sheet, and underwent a weak structural rearrangement progress. It was found that in adsorption runs the Rg of the hydrophobic core ﬂuctuated rather wildly and were diﬀerent from the
isolated one, indicating the increased instability of hydrophobic core
upon the absorption of prion on graphene. In more details, in adsorption runs, the helix contents decrease and the unstructured contents
increase, indicating that the graphene can induce the partial misfolding
of prion. The H1 region is the most instable part during the adsorption.
Besides H1, the S2-H2 loop was found converting to a 310-helix or turn,
which is related to the in vivo template-driven ampliﬁcation of a prion
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