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ABSTRACT: Detecting conformational change in protein or
peptide is imperative in understanding their dynamic function and
diagnosing diseases. Existing techniques either rely on ensemble
average that lacks the necessary sensitivity or require florescence
labeling. Here we propose to discriminate between different
protein conformations with multiple layers of graphene nanopore
sensors by measuring the effect of protein-produced electrostatic
potential (EP) on electric transport. Using conformations of the
octapeptide Angiotensin II obtained through molecular dynamics
simulations, we show that the EP critically depends on the
geometries of constituent atoms and each conformation carries a unique EP signature. We then, using quantum transport
simulations, reveal that these characteristic EP profiles cause distinctive modulation to electric charge densities of the graphene
nanopores, leading to distinguishable changes in conductivity. Our results open the potential of label-free, single-molecule, and
real-time detection of protein conformational changes.
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1. INTRODUCTION

Proteins are biological molecules consisting of chains of amino
acids. They are fundamental components of all living cells;
performing a variety of biological tasks such as intercellular
signaling, defending against foreign substances, catalyzing
chemical and biological reactions, and regulating metabolism.
Protein polymers with shorter amino acids chains are often
called peptides. Sharing similar structural and functional
properties, both proteins and peptides have received enormous
attention in molecular biology.1

The biological functions of proteins depend on their ability
to recognize and bind to other molecules. For example,
antibody proteins bind to particular foreign substances that fit
their binding sites. Enzymes recognize and bind to specific
substrates in order to facilitate chemical reactions. Messenger
proteins pass signals from one cell to another by binding to
receptor sites on proteins in the membrane of the receiving cell.
In order to perform various tasks proteins transit into different
conformations which are twisted, folded, and coiled into
particular shapes. As a result, protein or peptide folding has
become an increasingly important field in current molecular
biology.2 Much effort has been devoted to understanding the
conformational structures of proteins, and a wide variety of
experimental techniques have been applied to this problem.
These include circular dichroism,3 optical second-harmonic
generation,4 nuclear magnetic resonance (NMR)5 and
fluorescence spectroscopy.6 Molecular dynamics (MD) simu-
lations have also been used to study protein/peptide
conformations.7,8 MD simulation algorithms usually determine

the trajectories of atoms and molecules by numerically solving
the Newton’s equations of motion for a system of interacting
particles, where forces between the particles and potential
energies are defined by molecular mechanics force fields. MD
simulations are able to provide atomic and molecular level
information needed to reveal the structures and dynamics of
protein conformational change processes.
The particular problem this paper addresses is to detect

conformational changes of proteins. This problem is practically
important because many human diseases are associated with
proteins that convert from their regular forms to abnormal ones
in the affected organs. There is some evidence to suggest that
diseases, such as Alzheimer’s disease, Creutzfeldt-Jakob disease
(mad-cow), Parkinson’s disease, Huntington’s disease, prion
disease, and type II diabetes may be as a consequence of
misfolded proteins.9,10 The ability to detect changes in protein
conformations could provide insight into the structural
transition mechanisms and allow early diagnoses of diseases.
Traditional spectroscopy methods such as NMR rely on

ensemble averages, that is, measurements from a large number
of molecules. As a consequence, rare, but important,
populations can be obscured and go undetected.11 A technique
having the ability of observing molecules one at a time is the
one based on the photon counting histogram model.12 It
exploits the sensitivity of single-molecule fluorescence spec-
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troscopy to detect the presence of rare conformations of
cytochrome c and thus allows more thoroughly characterizing
the heterogeneity of biological samples. Single molecular
fluorescence involving Förster resonance energy transfer of
individual dye-labeled polyproline molecules has also been
investigated.13 Of particular note are biological and solid-state
nanopores that, in addition to sequencing and detection of
nucleic acids,14 have been proposed in studying protein
conformations by analyzing the characteristic transit duration
times and blockade currents when a protein is translocated
through the pore.15,16

Here we propose an alternative label-free technique that
relies on the fact that conformational transitions are usually
accompanied by changes in chemical and physical parameters
of the proteins. In particular, as will be revealed next, each
conformation carries a unique electrostatic potential (EP)
signature. This opens the potential for real-time discrimination
of protein conformations through examining their associated
electric fields. Recent advance in nanotechnology has made it
feasible to develop sensitive nanoscale sensors suitable for such
applications.

2. RESULTS AND DISCUSSION
Our proposed device concept consists of multiple layers of
graphene nanopore (GNP) sensors that measure quantum
conductivity modulated by the electric fields of proteins.
Graphene is a flat monolayer of carbon atoms tightly packed
into a two-dimensional honeycomb lattice.17 Because of its
unique properties such as extraordinarily high electron mobility
and the stability resulting from the sp2 hybridization, graphene
has been regarded as a ground-breaking material for materials
science and condensed-matter physics.18 A GNP sensor is
created by drilling a little hole in the interior of a graphene
nanoribbon with zigzag edges (zGNR) in its width. The reason
for choosing zGNRs instead of graphene nanoribbons with
armchair edges is that zGNRs always remain metallic after the
creation of the nanopores.19 One distinctive feature of GNPs is
that the transverse conduction currents20,21 employed are
relatively larger than the tunneling currents utilized in nanogap-
based biosensors.22 This is practically important since
sufficiently large operating currents are essential for coping
with interference caused by instrument and environmental
noise. Single-layer GNP sensors20,21,23−26 have been proposed
as gas sensors, selective sieves for ions, and sensors for
nucleobase identification.
The proposed device concept, as depicted in Figure 1,

consists of multiple identical layers of GNP sensors. Because, as
demonstrated by both theoretical and experimental results,27,28

the currents of zGNRs and GNPs are mostly conducted around
the edges, we introduce a horizontal vacancy gap that splits a
GNP into two conduction units. With additional edges this
modified GNP structure, shown in the Supporting Information,
Figure S-1, has the potential of creating additional conduction
channels and, therefore, enlarging operating currents. The
number of layers is a design parameter and is largely
determined by the size of the target protein. Enough layers
are required to ensure the measurements at multiple layers
collectively enable the detection of a conformational change. In
the mean time, adequate interlayer spacing is required to
prevent interactions between the layers. Our simulation results,
shown in the Supporting Information, Figure S-2, reveal that
interlayer spacing of ≥8 Å is sufficient. Since in a real
biological/chemical environment the unsaturated carbon atoms

on ribbon- and pore-edges would tend to capture ions to satisfy
their dangling bonds, in our study they are passivated with
hydrogen atoms.29 Note that other forms such as nitrogen-
passivated30,31 or self-reconstructed32 GNPs can also be used.
As compared with biological and solid-state nanopores that

measure ensemble properties such as translocation duration
and blockade current,15,16 this proposed device concept allows
more detailed examination of the molecules being tested with
high spatial resolution, utilizing the one-atom-thickness feature
of GNP sensors. The sensing principle is that the characteristic
EP generated by protein molecules changes the electron charge
distribution around each of the pores and, thereby, modulates
the currents flowing across the GNP sensors. Since the EP is
closely associated with the geometries of the protein
constituent atoms, the current modulations at multiple
locations measured by the GNP sensors collectively serve as
a metric for protein conformational discrimination.
In our study, we use conformations of Angiotensin II

obtained through MD simulations, shown in Figure 2.
Angiotensin II is an octapeptide hormone derived from the
precursor molecule angiotensinogen, a serum globulin
produced constitutively and released into the circulation mainly
by the liver. It plays a central role in cardiovascular homeostasis
by acting as a vasoactive agonist and inducing contraction of
blood vessels. Angiotensin II has been shown to play important
roles in mediating hypertension, heart failure, cardiac
remodeling, diabetes, and the proliferative and inflammatory
responses to arterial injury.33

Our MD simulation process is as follows. First, amino acids
residuals of Angiotensin II, namely, Asp-Arg-Val-Tyr-Ile-His-
Pro-Phe, are input to the molecular building and visualizing
computer tool VMD34 to obtain initial conformers with
arbitrary folding states. An initial conformer is then solvated
in a 40 Å × 40 Å × 40 Å water box, creating a system of ∼5800
atoms. Finally, each system assembled with different initial
Angiotensin II conformers undergoes 5000-step energy
minimization followed by 5 ns equilibration to obtain low
energy configuration states. Since a protein molecule possesses

Figure 1. Schematic view of the proposed device concept consisting of
multiple identical layers of GNP sensors. The number of GNP layers is
chosen to be 3 with interlayer spacing 10 Å. The geometries of the
GNP sensors can be found in the Supporting Information, Figure S-1.
The GNP sensors are positioned in the xy planes with the middle layer
located at z = 0. Also shown is an Angiotensin II molecule placed
inside the device with geometrical center coinciding with that of the
middle layer. The left and right sides of each GNP are to be connected
to electrodes and currents flow horizontally in the y direction across
the device.
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a molecular dipole moment resulting from nonuniform
distributions of positive and negative charges on constituent
atoms, during the energy minimization and equilibration
process a mild electrical field of 0.2 kcal/(mol Å e) across
the system in the −z direction is applied to orientate the
protein conformations along the z axis. The final geometries of
Angiotensin II reached by the simulated systems are used as our
test conformations. The MD simulation package NAMD35 with
CHARMM2736 force field is utilized in the simulations, where
the system temperature is set to be 300 K, time step 1 fs and
geometries sampled every picosecond. Two acquired con-
formations of Angiotensin II are shown in Figure 2. Note that
we are not intending to conduct a comprehensive study of
folding/unfolding processes of Angiotensin II. The purpose
here is to obtain different conformations and, in our subsequent
study, show marked differences in their EP profiles and
demonstrate the feasibility of discriminating between them with
our proposed device concept.
The two conformations shown in Figure 2 are similar in

shape and size, measuring ∼1.3 nm in diameter and ∼2.5 nm in
length along the z direction. Figure 3 shows the electrostatic
difference potential (ΔVH) of Angiotensin II in these
conformations, evaluated at cross sections z = 10 Å, 0 and
−10 Å, where z = 0 corresponds to the geometrical center of
the conformations. The quantity ΔVH describes the electro-
static potential landscape that causes changes in the electron
charge distribution compared to the neutral system, i.e., the
case when the atoms are just put together but no interactions
between them is turned on,37 and thus describes the induced
electric field. For this computation and subsequent GNP
quantum transport study, we employ the density functional
based tight binding (DFTB) method.38,39 The DFTB formal-
ism is an approximate method based on a second-order
expansion of the Kohn−Sham total energy in density-functional
theory (DFT) with respect to charge density fluctuations. It
expresses the transmission in terms of nonequilibrium Greens
function and computes conductance using the Landauer
formula. In DFTB only small numbers of empirical parameters
are used and they are consistently obtained from DFT
calculations. It has been shown that DFTB, especially its self-
consistent charge extension (SCC-DFTB) holds nearly the
same accuracy as DFT, but at much lower computational costs,
allowing investigation of the electronic structure of large

systems.40 DFTB schemes have been successfully used in a
wide range of applications, from molecular compounds, to
systems in solid state. The SCC-DFTB implementation of the
commercial package Atomistix ToolKit (ATK) from Quantum-
Wise41 is utilized in our study.
As can be seen in Figure 3, the EP critically depends on the

geometries of the constituent atoms. This is understandable
since EP is the result of interactions among electric charges of
these atoms. Both conformations show lower EP values toward
the top end (i.e., around z = 10 Å) and higher EP values toward
the bottom end (i.e., around z = −10 Å), due to the positively
charged N- and C- terminals located near the two ends,
respectively. The Supporting Information, Figure S-3, depicts
the isosurfaces of these EP profiles. There, it can be seen that it
is possible for different conformations to exhibit similar EP at a
particular location. However, even for conformations with small
difference in shape and size as shown in Figure 2, the EP

Figure 2. Conformations of Angiotensin II obtained through MD
simulations. The carbon, hydrogen, oxygen and nitrogen atoms are
colored silver, green, red and blue, respectively. The backbones are
further displayed in ribbon representations. The left and right
conformations will be referred to as C1 and C2, respectively.

Figure 3. Electrostatic difference potential of Angiotensin II in the two
conformations (C1 and C2) shown in Figure 2. Examined at different
cross sections along the z direction, with z = 0 corresponding to the
geometrical center. (a) C1 at z = 10 Å; (b) C2 at z = 10 Å; (c) C1 at z
= 0; (d) C2 at z = 0; (e) C1 at z = −10 Å; (f) C2 at z = −10 Å.
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profiles examined at multiple cross-sections collectively
constitute a signature unique to each conformation, as
demonstrated in Figure 3.
We now evaluate how Angiotensin II molecules in different

conformations modulate conductivity with our proposed device
concept, where each of the GNP layer is constructed by first
drilling a pore of diameter 1.8 nm in the center of a zGNR with
14 zigzag chains (∼2.8 nm in width), and then splitting in the
middle with a 2.5 Å vacancy gap. The geometries of the GNP
after passivation and energy minimization can be found in the
Supporting Information, Figure S-1. The number of GNP
layers is chosen to be 3 with interlayer spacing 10 Å. The GNP
sensors are positioned in the xy planes with the middle layer
located at z = 0. The Angiotensin II molecule is placed inside
the device with geometrical center coinciding with that of the
middle layer, as shown in Figure 1. Prior to conductivity
calculation, the geometries of the system are optimized by
relaxing the atom coordinates so that the forces on individual
atoms are minimized to be smaller than 0.05 eV/Å. The self-
consistent DFTB basis set CP2K as implemented in the ATK
package41 is used and simulation parameters are set as follows:
temperature 300 K, energy mesh cutoff 10 hartree, max
interaction range 10 Å and k-point sampling (1, 1, 100). The
Angiotensin II modulated zero-bias quantum conductance (in
units of G0 = 2e2/h = 7.75 × 10−5 Ω−1) of the GNP sensors are
shown in Figure 4, where each conductance is the average over
four orientations (rotating along the z axis by 0°, 90°, 180°, and
270°, respectively) of each Angiotensin II conformation.

As shown in Figure 4, the conductance of each empty GNP
sensor (i.e., without the presence of Angiotensin II) is 0.513G0.
Referring to the EP of Angiotensin II examined at various cross
sections shown in Figure 3, one can see that the positively
charged N-terminal (lower EP values) reduces the conductivity,
whereas the negatively charged C-terminal (higher EP values)
enhances the GNP conductivity. This is supported by the
Supporting Information, Figure S-4, where the difference
between the electrostatic difference potential at the GNP
located near the N-terminal (i.e., at z = 10 Å) and that at the
GNP located near the C-terminals (i.e., at z = −10 Å) is
obvious. In other words, the introduction of Angiotensin II can

either boost or hinder the original electric current in the GNP
sensors, depending on how the electron charge densities
around the measurement locations are modulated. More
importantly, Figure 4 reveals that the measured GNP
conductance spectra, that is, the conductance obtained at
multiple locations, are distinctive for different conformations.
Most notably, the middle layer GNP sensor has conductance
0.549G0 and 0.495G0 for conformations C1 and C2,
respectively, leading to a conductance difference of 0.054G0.
This can be understood by comparing the difference between
the C1-induced electrostat ic difference potent ia l
ΔVH_C1(shown in the Supporting Information, Figure S-5a)
and C2-induced electrostatic difference potential ΔVH_C2
(shown in the Supporting Information, Figure S-5b), as
depicted in the Supporting Information, Figure S-6. This
conformation-induced conductance difference corresponds to
∼0.42 μA current difference under a moderate bias voltage of
0.1 V. This significant difference in current would be readily
detectable even under strong interference caused by thermal
vibrations and instrument noise.

3. CONCLUSION
We have proposed a new device concept consisting of multiple
layers of GNP sensors for the detection of protein conforma-
tional changes. Each layer measures the effect of protein-
produced electric field on quantum conductance at a certain
location. Because of the distinctiveness of EP profiles associated
with each protein conformation, the currents flowing across the
GNP sensors constitute a signature characteristic to each
conformation, enabling reliable discrimination between protein
conformations.
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