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We present a computational study of the folding of the Trp-rich β-hairpin TrpZip2 near graphene, a
surface of interest as a platform for biosensors. The protein adsorbs to the surface, populating a new
bound, folded state, coexisting with extended, adsorbed conformations. Adsorption and folding are
modulated by direct interactions between the indole rings of TrpZip2 and the rings on the graphene
surface, as well as by indirect water-mediated interactions. In particular, we observe strong layering
of water near graphene, ice-like water configurations, and the formation of short lived hydrogenbonds between water and protein. In order to study the effect of this layering in more detail, we
modified the interactions between graphene and water to obtain two extreme cases: (1) enhanced
layering of water that prevents the peptide from penetrating the water layer thereby enabling it to
fold to a bulk-like structure, and (2) disruption of the water layer leading to adsorption and unfolding
of the protein on the surface. These studies illuminate the roles of direct and solvent mediated interactions in modulating adsorption and folding of proteins on surfaces. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4896984]
I. INTRODUCTION

In this paper, we explore the folding of a small β-hairpin
peptide, TrpZip2 in the presence of graphene. TrpZip2 is a 12residue long protein, stabilized by interactions between four
Trp residues that form a mini-hydrophobic core. It is a stable,
microsecond folding protein that has been extensively studied both experimentally and computationally.12–26 Different
studies propose different folding mechanisms, from two-state
to multi-state, proceeding by either a zipper formation mechanism, or through hydrophobic collapse,17, 19, 20,27–29 but all
studies agree that the native state is stable at room temperature. Our aim is to understand how graphene influences the
conformations adopted by this peptide compared to bulk folding. Both direct protein-surface chemical interactions, as well
as indirect water-surface interactions will be explored. Water has been shown to behave in an unusual way at graphene
and graphite surfaces, forming ordered layers that could potentially impact protein dynamics. This layering on graphene
has been seen in single tunnel current microscopy,30 atomic
force microscopy,31 Raman spectroscopy experiments, and
simulations.32–38 We show that Trpzip2 can populate both adsorbed folded and unfolded conformations on graphene, and
that water layering plays a critical role in determining the conformations adopted by the peptides. Turning off the water layering led to adsorption and unfolding on the surface, while
enhancing water layering prevented direct contact of the protein with the graphene surface, allowing the protein to fold in
a more bulk-like environment.

In living cells, proteins are placed in an environment
crowded with a host of molecules ranging from small osmolytes to large macromolecular assemblies. These moieties
can dramatically affect the conformations adopted by proteins. In particular, surfaces can play a significant role in
modulating folding: For instance, proteins can bind to and
insert into membranes, while chaperonins can recognize incorrectly folded proteins and assist in their refolding. Surfaces
are not only important in the context of cellular folding. Indeed, several biotechnological applications, including biosensors, microarrays, and electro-chromatography, directly exploit protein-surface interactions.1–6
An important emerging biomaterial is proteinfunctionalized graphene. Graphene, the building block
of graphite and of nanotubes, has several properties that
make it suitable for use in biomedical applications. It is
biocompatible, unreactive under physiological conditions,
possesses electrical conductance, and its properties can be
readily modulated through synthetic changes.7–9 The planarity of graphene enhances the effective area of interaction
between the surface and biomolecules, and this material
does not react chemically in aqueous solution under standard
conditions.1, 2, 10, 11 These properties make graphene an attractive material for bioanalytical applications; however, in order
for this material to be of use, it is critical that proteins retain
their biological activity on the surface.3, 4, 6 The development
of novel graphene-based materials requires an understanding
of how graphene affects protein structure and folding.

II. METHODS

a) Electronic mail: shea@chem.ucsb.edu

The NMR-structure of TrpZip2 was used as starting
structure (Sequence SWTWENGKWTWKX (PDB: 1LE115 )
for simulations in the bulk and on the graphene layer (see
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FIG. 1. Native NMR-structure of TrpZip2 peptide, sequence
SWTWENGKWTWKX (PDB: 1LE115 ). Starting structure of TrpZip2
on graphene, water molecules omitted for clarity.

Fig. 1(a)). For simulations in the bulk, the protein was centered in a cubic box [5.5 × 5.5 × 5.5 nm3 ] and 5136 SPC/E
waters were added. For simulation on graphene, the protein
was centered in a triclinic box [5.5 × 5.5 × 6.5 nm3 ] and
solvated by ∼ 5800 SPC/E waters (see Fig. 1(b)). To obtain
normal pressure in the canonical simulations, the number of
waters and the box length in x and y were adjusted
so that we obtained a pressure as close as possible to
normal pressure (see Fig. 1S(a) of the supplementary
material39 ). In the following Table I, we display all relevant
parameters.

TABLE I. Box parameters for the simulation of TrpZip2 in the bulk and
on graphene layers with different properties in canonical REMD simulations.
We varied the box-dimensions until each of the systems converged to normal
pressure, which is essential for a realistic description of protein folding near
a surface.
Solvent

Boxx

Boxy

Boxz

System

5.38873
5.41842
5.41835
5.41775

5.38873
5.41842
5.41835
5.41775

5.38873
6.40359
6.40431
6.40268

Bulk
Graphene
GraR
GraA

All systems were neutralized through addition of 2 chloride ions. Simulation and analysis was performed using the
GROMACS-4.5 simulation suite.40 The AMBER-96 forcefield was employed for describing the interactions.41 Electrostatics were calculated using the Particle Mesh Ewald algorithm, with a cutoff of 1.0 nm and a Fourier grid of [4
× 4 × 4 nm3 ]. For Lennard-Jones interactions, we used a
shift function with the same cutoff. The neighbor list, calculated on a grid (rc = 1.0 nm), was updated every 5th
integration step. For integration a Leapfrog integrator was
used with a timestep of 2 fs. Water was constrained through
the SETTLE algorithm, while H-bond constraints were applied onto the protein. For efficient exploration of conformational space, we used the replica exchange dynamics method
(REMD).42 In the bulk, we simulated 30 replicas in a range T
= 271.6 − 414.1 K, while on graphene 38 replicas were used
in a range T = 297.95 − 445 K. For temperature control in the
NVT-ensemble, the Nosé-Hoover thermostat was used with tc
= 1.0 ps. We simulated each replica in the NVT ensemble
for a total of 200 ns, and the frame 110 − 200 ns was used
for analysis. For simulation on repulsive graphene (GraR ), a
very low  = 0.0001 kJ/mol value in the LJ-potential was applied for the interaction between graphene and water. In the
simulation on attractive graphene GraA , epsilon was set to
1.5 kJ/mol to obtain a contact angle of zero degrees between a
water droplet and graphene. We tested the exchange between
the parallel simulations through a reconstruction of the exchange statistics throughout our simulations (see Fig. 1S(b) of
the supplementary material39 ). We did not test the simulations
for convergence of the thermodynamic variables, but tested if
the free energy values converged to values known from the
literature.17–19 In all systems isotropic periodic boundary conditions in xyz have been applied, which mimics an infinitely
periodic graphene sheet in the xy-plane. In order to verify that
water interactions via periodic images did not lead to spurious results, we repeated the simulations with graphite, a fourlayered version of graphene. Water layering was found to be
the same in both cases, in good agreement with the experimentally observed layering of water on graphene immobilized
on a substrate.30 In Table II, we list the relevant parameters,
with which we tuned the Lennard-Jones (LJ)-part of the interaction between graphene and water. This potential is described as
ULJ = 4

r

−

 σ 6 
r

(1)

,

TABLE II. Lennard-Jones interaction parameters between graphene surface
and water for different degrees of attraction. In particular, the  and the σ
parameter of the Lennard Jones 12-6 interaction between graphene-carbon
and the water-oxygen were tuned to obtain the specific interactions between
the surface and water.
System

5136
5763
5763
5763

 
σ 12

GraR ()
GraA
Graphene

C−O [kJ/mol]

σC−O [nm]

θ -contact [◦ ]

2∗ 10−4
1.5
0.48

0.319
0.319
0.319

147
0
98
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where r stands for the distance between the centers of interacting particles.
Probability distributions were calculated by applying a
2D mesh over the radius of gyration and the root mean square
deviation from the backbone of the 
native structure and calculating the probability Pj = nj /( N
i ni ) for each of the
grid points, where nj is the number of species in one point
in the 2 dimensional space. The potential of mean force of
the protein was then calculated over: F = −kT ln Pj . We
used the method of Luzar et al. for the determination of the
H-bond lifetimes.43 The spatial distribution functions
were determined using the GROMACS tool g_spatial. Images
were made using VMD-1.9.1.44 The potentials of mean force
F between graphene and protein were calculated using the relation F = −kB T ln g(r), where g(r) is the radial distribution
function between graphene and the protein.45

III. RESULTS
A. TrpZip2 adsorbs and is partially destabilized
on graphene

As described in Sec. II, we performed replica exchange
molecular dynamics simulations to investigate the folding of
TrpZip2 in the bulk (we refer to this system as TrpZipbulk ).
The probability distributions at 300 K as a function of
RMSDCα−Cα and the radius of gyration Rg are shown in
Figure 2(a). Consistent with studies using other force fields,
we see that the peptide primarily populates the folded state
at 300 K, with a well defined hydrophobic core stabilized by
interactions between the Trp residues. This native basin is located at RMSDCα−Cα of 0.2 nm and Rg of 0.65 nm, with little
unfolded contribution seen (only 2.4% of the population has
RMSDCα−Cα larger than 0.3 nm). The free energy of the native basin is −4.5 kT, which is in agreement with experiments
of Yang and Gruebele et al. who found a stabilization free
energy ranging from −4.5 to −5.6 kT.17–19
In the case of graphene, analysis of the protein density
as a function of the box-diameter shows that the protein is
adsorbed to the surface (see Figure 2S (black curve) of the
supplementary material39 ). The probability distribution in the
presence of graphene (Figure 2(b)) shows the emergence of
a new adsorbed, compact state with near native RMSDCα−Cα
of 0.3 nm and Rg of 0.8 nm. We will refer to this state as
a graphene-adsorbed folded state. This folded state is shifted
in RMSDCα−Cα by 0.1 nm and in the radius of gyration by
0.15 nm compared to the native state observed in the bulk.
We find that the Trp rings of the protein now interact through
a staggered face-to-face interaction with the rings of graphene
(Figure 2(c)), as opposed to the T-shaped Trp-Trp ring
interaction that stabilizes the native state in the bulk
(Figure 1(a)). Representative structures of the bulk folded
state and the surface-adsorbed folded state are shown in
Figure 2. DFT simulations have shown that face-to-face interactions are more stable than T-shaped interactions.46 Hence
from a direct interaction perspective, there is a real driving force for the protein to adsorb on the protein in term of
ring-ring interactions. In addition to the new native state, we
see the emergence of adsorbed unfolded states, with higher

FIG. 2. Probability distribution as function of radius of gyration and backbone RMSD Cα − Cα at TREMD = 298 K in bulk (a) and on graphene
(b). While TrpZip2 is mainly folded in the bulk, the protein adsorbs to
graphene, populating both folded and unfolded states. Folded configuration on graphene (c) with all Trps aligned in a sandwich configuration with
graphene, corresponding to the surface-bound folded state.

population than the bulk unfolded state (7% versus 2.4%).
These denatured states are seen as two major maxima at
RMSDCα−Cα of 0.55 and 1 nm, and Rg of 0.85 and 1.2 nm,
corresponding to a compact unfolded state, and an extended
unfolded state. Interestingly, the free energy of stabilization
stemming from intra-protein interactions is similar on the surface (−4.2 kT) as in the bulk; however, there is an additional contribution from the surface interactions (−1.3 kT, see
Figure 3S of the supplementary material39 ) that brings the
overall free energy of stabilization to −5.5 kT, 1 kT lower
than in the bulk. This stabilization energy comes primarily
from the strong ring-interactions between Trp and graphene.
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FIG. 3. Density profile of water on graphene (red), on GraR (repulsive to water) (blue curve) and on GraA (attractive to water) (green). Water layering is
enhanced for GraA , with two high density layers, while layering is abolished
for GraR .

B. Water layering and its influence on the folding
of TrpZip2 on graphene

Plotting the densities of water as function of the box distance (Figure 3) shows that water forms 2 layers with higher
density near the surface. The first layer has a density of
2379 kg/m3 (0.3 nm away from graphene), approximately
twice the bulk value of 1000 kg/m3 (see Figure 3 (red curve),
while the second layer has a peak at a density of 1184 kg/m3 ,
located 0.6 nm away from graphene, with a density approximately similar to that in the bulk. The layering can clearly be
seen in the spatial distribution between water and graphene
(Figure 4(a)). We find that water forms longer lived hydrogen
bonds with the protein in the bulk than on graphene (25 ps
versus 18 ps). At the graphene surface, TrpZipgraph is hence
surrounded by water with anomalous hydrogen bonds and an
anomalously high density.
We further analyzed the configuration of water on
graphene using a graphical H-bond analysis in Figure 4(b). In
this analysis, we find that water forms planar pentagonal, and
hexagonal clusters on the surface, in addition to conventional
tetragonal arrangements. These clusters usually occur under
different physiological conditions in the bulk at high pressure
and low temperature, when water forms hexagonal phases of
ice.47, 48 Hexagonal phases of water near surfaces have been
reported recently for water on graphene based materials32 .
From the residence times of water and the H-bond lifetimes
near the surface we estimate that, in contrast to ice, each of
the clusters survives a maximum of 15-20 ps (In regular ice,
the self-diffusion of water is 5 orders of magnitude lower than
for the graphene water system studied in this paper49, 50 ). We
speculate that the protein might behave as a molecule in a cage
of water (clathrate) within this high density layer of ice-like
ordered water (see Fig. 4(c)).
Further evidence of altered structuring of water can be
found by comparing the radial distribution function (rdf) of
bulk water and water in the presence of graphene, as shown in
Figure 4S(a) of the supplementary material.39 From this plot,
we see that water coordinates differently than bulk water at the
inter-oxygen distances at 0.3 nm and 0.6 nm. The packed arrangement of water is a result from the attractive interactions
between water and graphene, which leads to slower diffusion

FIG. 4. Spatial distribution of water near graphene (a). Water configuration on graphene in the first high density layer of water near graphene
(b). Tetragonal (violet), penta- (blue), and hexa- (green) water-clusters, the
latter two reminiscent of water configurations occurring in ice. Typical hexagonal, quasi-planar water cluster on graphene (c).

of water on graphene.51, 52 Water within the high-density layers near the surface is ordered, as shown in Figure 4S(b) of
the supplementary material39 in which we plot the alignment
of the dipole vector to the normal z-vector of the box. In this
plot, we see that the water dipoles in the high density layer
align parallel to the graphene layer at z = 0.5 nm, with a
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dipolar moment of 15 Debye acting parallel to the graphene
surface (Figure 4S(b) of the supplementary material39 ). We
speculate that as a consequence of this field effect, the dielectric constant  of the graphene-water system (the capability of
the medium to respond to an incoming change of the electric
field) might have a lower value than for bulk water.
In summary, the conformations of the protein appear to
be determined not only by direct interactions between the
protein and graphene, but also by water-mediated effects. In
particular, water surrounding TrpZipgraph is two times more
dense, highly aligned and exposes the protein to a large electric field, all of which can affect protein conformations near
the surface.
C. Graphene strongly attractive to water (GraA ) leads
to an enhanced water layer impenetrable to the
protein, while a high level of repulsion between
graphene and water (GraR ) leads to adsorption
and denaturation of TrpZip2

In order to further understand the role of water layering on protein folding and adsorption, we turn to a theoretical construct in which we computationally alter the strength
of the surface-water interactions, while keeping the proteinsurface and protein-water interactions the same as in the simulations presented in Secs. III A and III B. We consider two
extreme scenarios, the first one where the interaction between
graphene and water is so strong that layering is abolished (abbreviated as GraA ), and a second setup where the interaction
between water and the surface is weakened to enhance water
layering (abbreviated as GraR ). The parameters for these new
water-surface interactions is given in Table II.
The enhanced layering on GraA is such that the protein can no longer adsorb to the graphene surface. This layering causes a density 4.5 times higher than in the bulk
(4500 kg/m3 ) (see Figs. 3 and 5(b)). In contrast to TrpZip2
on our original graphene surface, T rpZipGra does not interA
act directly with the graphene surface. The probability distribution plotted as a function of RMSDCα−Cα in Figure 6
shows a primary native fold at an RMSDCα−Cα of 0.2 nm and
Rg 0.7 nm (70% of structures). The distance between GraA
and the protein (shown in Figure 6S(a) of the supplementary
material39 ) shows that the protein adopts these folded states
when it resides around 3 nm away from the GraA (i.e., in the
middle of the box). However, the situation is not quite like
in the bulk, as the protein can diffuse into the second layer,
as seen in the plot of the protein density shown in Figure 2S
(green curve) of the supplementary material.39 (The maxima
in density of the layers of water on GraA are located 0.4 and
0.7 nm away from the surface.) When the protein moves from
the bulk to the water layer surface, it is surrounded by a thick
and dense layer of water. While the protein cannot make direct interactions between the Trp-residues and graphene, it is
nonetheless destabilized by virtue of its interactions with the
water layer. The protein then populates unfolded states (with
RMSD values ranging from 0.4 to 0.62 nm (20%) and Rg
from 0.7 to 0.85 nm and even more unfolded structures (probability of 10%) at Rg from 0.85 to 1.2 nm and RMSDCα−Cα
ranging from 0.4 to 1 nm, see Figure 6(a)). The hydrophobic

FIG. 5. Water protein configuration on GraR (repulsive to water) (a) and on
GraA (attractive to water) (b). Near GraR no water is present, which causes
unfolding of TrpZip2 near the surface and strong adsorption. By contrast,
the attraction of GraA for water causes an extremely high density layer of
water near the surface, which is impenetrable for TrpZip2. This effect forces
TrpZip2 to stay in the bulk and stabilizes TrpZip2.

FIG. 6. Probability distribution as function of RMSD Cα-Cα and radius
of gyration in REMD simulation in presence of GraA (attractive to water)
 = 1.5 kJ/mol (a), and on GraR (repulsive to water) with scaling in
 = 2∗ 10−4 kJ/mol (b). TrpZip2 is stabilized on GraA due to the strong layering of water near the surface. By contrast, the surface repulsive to water
causes strong adsorption of the protein and TrpZip2 unfolds.
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Trps try to avoid solvation in the high density layer and are
mostly at a distance larger than 1 nm to the surface as shown
in Figure 6S(b) of the supplementary material.39
We now turn to the analysis of simulations on folding
of TrpZipgraph on GraR with water layering switched off on
the surface through repulsive interactions between water and
GraR . In this case, the protein adsorbs to the surface, as can
be seen in the protein density plot (Figure 2S (red curve)
of the supplementary material39 ) and the probability density
plots shown in Figure 6(b). The peptide populates primarily extended conformations (RMSDCα−Cα of 1.1 nm and Rg
1.3 nm with 62.5% population), as well as some compact non-native structures (RMSDCα−Cα ranging from 0.4 to
0.7 nm and Rg from 0.8 to 1.1 nm with an average probability of 25%). The energy of the protein graphene interactions
on GraR favoring adsorption is −0.4 kT lower than on our
reference graphene surface (pmf shown in Figure 7S of the
supplementary material39 ). In this case, the adsorbed protein
is stabilized by the direct interactions between Trp and GraR ,
and, in the absence of water at the interface, there is no compensatory effect to favor folding of the peptide.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we investigated the folding of TrpZip2 on
graphene, a surface of emerging biotechnological interest.
We found that the protein adsorbs on the surface, and
populates both adsorbed folded and unfolded states. Both direct protein-surface interactions (in particular favorable interactions between the indole rings of the protein and the rings of
graphene), and indirect water-mediated interactions influence
folding and adsorption. Water was seen to layer on graphene,
an observation supported by other experimental and computational studies.30–36, 38, 53, 54
Non-tetragonal water arrangements are observed, with
formation of ice-like water clusters near the surface, consistent with results from the first principles MD study of Lee
et al.32 and theoretical work by Molinero and co-workers
that showed heterogenous nucleation of ice on graphene
surfaces.38, 53 On the surface, water residence times are
strongly increased compared to the bulk, but water does not
form long lived hydrogen bonds with the protein as in the
bulk. We speculate that TrpZip2 folds within a cage of surrounding water molecules (a clathrate). Water near graphene
has properties akin to those observed in the bulk under high
pressure and low temperature conditions. Our results are suggestive of a form of cold denaturation of our protein on the
surface.33, 55
To further probe the role of water in adsorption and folding, we tuned the water-surface interactions (while leaving the
protein interactions unaltered). For a surface which is highly
attractive to water (abbreviated as GraA ), we find that the protein cannot penetrate the high density layer of water (5 times
larger than in the bulk) and can adopt a native fold, with the
protein residing in the bulk, mainly 1.5-3 nm from the surface. In some cases, the protein can interact with the second
layer of water, and become destabilized. When water-surface
interactions are switched off, the layering disappears and the
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protein is now strongly adsorbed in a denatured state to the
surface.
The importance of direct interactions in mediating adsorption of peptides on graphene,7, 56 and, in particular, the
competition between folding of biomolecules and π − π attractive forces of the graphene surface have also been observed in experiments. For instance, the assembly of DNA
fragments on graphene57 was seen to be governed by a competition between base-base and base-graphene π -stacking.
Additionally, experimental studies on the folding of a synthetic peptide GAMHLPWHMGTL showed that this peptide was able to partially fold58 on graphene, with partial
adsorption of aromatic aminoacids occurring. Mutation of
Trp7 to Ala reduced the peptide’s affinity for graphene dramatically, which supports our observation of a high affinity
of TrpZipgraph for graphene due to the indole-graphene-ring
interactions. In another study by Alava and co-workers, it
was found that graphene-protein interactions lead to a defunctionalization of Concanavalin A on graphene. Only a
modulation of the interaction at the interface enables anchoring of proteins on graphene.59 Zhang et al. showed that specific patterning of graphene or the use of specific patterns of
proteins (π − π -interactions over hydrophobic regions of the
protein, away from the functional part) can stabilize proteins
near graphene.60
While a number of computational studies have studied
protein and peptide adsorption on surfaces ranging from mica
to self-assembled monolayers,58, 61–86 few have focused on
the role of water in mediating adsorption and folding. A recent study of relevance with regard to the role of water is
the work by Netz et al. who showed that there is a transition between peptide adsorption and resistance to adsorption
on self-assembled monolayers, depending the composition of
the head-groups and corresponding water contact angle.74 Our
construct (GraA ) reflects the resistance to adsorption scenario,
in our case with the protein repelled from the graphene surface due to strong water layering. In related work, Cruz and
co-workers examined how water structuring and confinement
in rough and smooth hydrophobic cages affect the stability of
a metastable b-hairpin.85 Pertinent to our work on graphene
are the simulations of Garcia and co-workers on TrpCage confined in polar and non-polar fullerene cages, where the authors observed stabilization of the protein in the non-polar
case, and destabilization in the polar case.63 Similarly, Bolhuis et al. have simulated the folding of TrpCage confined
between two planar sheets of graphene. Their simulations
showed that there are stabilized intermediates on the surface,
which are not present in the bulk.62 Zuo and co-workers found
that strong direct ring interactions between the protein villin
headpiece and graphene lead to unfolding of this protein,
while the contacting surface curvature as given by C60 has
a huge influence on the protein stability.61 Finally, Zheng and
co-workers showed that aggregates of the Alzheimer amyloidβ peptide readily adsorbed to graphite.87
In conclusion, both direct chemical and indirect water
mediated interactions clearly play a role in the adsorption and
folding of the protein on graphene. In this paper, we focused
on the role of the water layering observed at the graphene
surface in influencing adsorption and conformations adopted
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by the protein. We found that for a given strength of interaction between the protein and graphene, there is a dependence
of the folding behavior of TrpZip2 on the degree of layering, with the absence of layering promoting adsorption and
denaturation, and enhanced layering disfavoring adsorption
and promoting folding. The level of attraction between surface and water affects the formation of hydrogen-bond networks parallel to the surface and the affinity for density accumulations near graphene, which influences the adsorption
tendency and folding stability of TrpZip2. Future work will
involve modulating the strength of both surface-water and
surface-protein interactions to study their interplay and respective roles in governing folding on surfaces.
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