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Abstract

An inexpensive, reliable method for protein sequencing is essential to unraveling the biological
mechanisms governing cellular behavior and disease. Current protein sequencing methods suffer
from limitations associated with the size of proteins that can be sequenced, the time, and the cost
of the sequencing procedures. Here, we report the results of all-atom molecular dynamics
simulations that investigated the feasibility of using graphene nanopores for protein sequencing.
We focus our study on the biologically significant phenylalanine-glycine repeat peptides (FG-
nups)—parts of the nuclear pore transport machinery. Surprisingly, we found FG-nups to behave
similarly to single stranded DNA: the peptides adhere to graphene and exhibit step-wise
translocation when subject to a transmembrane bias or a hydrostatic pressure gradient. Reducing
the peptide’s charge density or increasing the peptide’s hydrophobicity was found to decrease the
translocation speed. Yet, unidirectional and stepwise translocation driven by a transmembrane bias
was observed even when the ratio of charged to hydrophobic amino acids was as low as 1:8. The
nanopore transport of the peptides was found to produce stepwise modulations of the nanopore
ionic current correlated with the type of amino acids present in the nanopore, suggesting that
protein sequencing by measuring ionic current blockades may be possible.
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1. Introduction

Starting with the pioneering study of RNA translocation through a-hemolysin [1],
nanopores in biological and synthetic membranes have been used to detect and characterize
a variety of analytes at the single-molecule level [2—4]. In a typical measurement, a thin
membrane containing a single nanopore separates an ionic solution into two compartments.
A trans-membrane bias is applied to capture and transport analytes from one side of the
membrane to the other through the nanopore. The presence of analyte molecules in the
nanopore disrupts the flow of ions through the nanopore; the duration, amplitude and
frequency of the ionic current disruptions report on the presence, chemical structure and
concentration of the analytes. More recently, nanopores have shown promise not only for
detection, but also for sequencing of DNA molecules [5-7]. Experiments have demonstrated
that each type of DNA nucleotide produces a characteristic modulation of the ionic current
[8-11]. With the help of a DNA processing enzyme [12-14] and a signal deconvolution
algorithm [15], MspA, a biological nanopore, has been used to determine the nucleotide
sequence of a natural DNA polymer [16].

There is much excitement surrounding the possibility of applying the nanopore method to
sequence proteins. Results of several experimental studies have already shown the utility of
nanopores for single-molecule detection and characterization of proteins [17-33]. The
proteins can either be driven through a wide nanopore (wider than the proteins) by electric
field and the solvent flow, or stripped off of a DNA molecule by a narrower pore [34]. The
nanopore detection principle has been used to identify proteins [17, 23, 27] including single
amino acids [35], and distinct conformational states of the same protein [17, 23, 31, 36].
Nanopores have also been used to characterize the binding of proteins to DNA [20, 21, 24,
25]. A biological nanopore has been combined with a protein processing enzyme to unfold
proteins while pushing them through a nanopore [30], suggesting the possibility of
developing a protein sequencing system analogous to the one used in DNA sequencing.

Synthetic materials, such as silicon nitride membranes, have robust mechanical properties
[37], a broad range of pore sizes [38, 39], and better scalability of production that is needed
to create multiplexed devices. However, conventional solid-state membranes are too thick to
detect single amino acids [40], which are only 1 nm in size. The development of 2D
materials, offers a solution to this spatial imprecision [41]. A particularly attractive material
is graphene [42]—an atom-thick layer of carbon—that is both robust enough to withstand
changes in environmental conditions and thin enough to potentially distinguish neighboring
nucleotides or amino acids. Nanopores in graphene membranes have already been used to
experimentally detect the translocation of double- and single-stranded DNA [43-50];
additionally, modeling work suggests possible uses for DNA sequencing [51-55].

In this study, we employ all-atom molecular dynamics (MD) simulations to explore the
feasibility of protein sequencing using graphene nanopores. Our simulations characterize the
behavior of unfolded proteins in contact with a graphene membrane and the process of
nanopore translocation driven by either a transmembrane bias or a hydrostatic pressure
difference. By measuring nanopore ionic current at different stages of the translocation
process, we assess the feasibility of determining the amino-acid composition of the peptides

Adv Funct Mater. Author manuscript; available in PMC 2017 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilson et al. Page 3

via ionic current recording. The results of our simulations suggest that protein sequencing
using graphene nanopores may be possible.

2. Results and discussion

2.1. Unfolded peptides adhere to graphene

To model the behavior of unfolded proteins in proximity to a graphene nanopore, we
constructed several all-atoms systems each containing a 48 residue unfolded peptide chain, a
three-layer graphene membrane, and 1 M KCI solution. Each system featured a 2.2 nm
diameter nanopore; the unfolded peptides were initially threaded through the nanopore,
Figure 1a. One of the systems contained a 48 amino acid fragment of the a-hemolysin
protein. Three additional systems were built by mutating the amino acids of the a-hemolysin
fragment into FG-Nup repeat peptides of the prescribed amino acid sequence. For this set of
simulations, we chose negatively charged (-12¢, (FDFG)152), positively charged (+12¢,
(FKFG)1») and electrically neutral (Oe, (FGFG)15) peptides. Hereafter we denote the charge
of a proton with e and the amino acid content of the peptides with the one letter code. Water
and ions were added so that the concentration of the solution was 1 M KCI. Upon assembly,
the systems were minimized and equilibrated; the details of the simulation protocols are
provided in the Materials and Methods; Table S1, and Table S2, and Table S3 provide the
complete list of performed simulations.

During a 120 ns equilibration simulation (without an applied electric field), the (FKFG)12
peptide was seen to collapse from an initially extended conformation onto the graphene
surface within 30 ns, Figure 1a; three other peptides, the a-hemolysin fragment, (FGFG)15,
and (FDFG)15, behaved similarly. Thus, we found that both naturally occurring and designer
peptides adhere to the surface of graphene in a manner similar to that of single-stranded
DNA (ssDNA) [53, 54]. The degree of adsorption was comparable among the random-
sequence (a-hemolysin fragment) and repeat-sequence peptides and did not appreciably
depend on the charge of the peptides. Once adsorbed, the peptides continued to move along
the surface of the graphene membrane, performing a 2D diffusion reminiscent of the
behavior of ssDNA [53, 54]. To quantitatively assess the degree of adhesion, we plot in
Figure 1b the number of adsorbed amino acids for the four peptides as a function of
simulation time. After initial collapse, all four peptides adhere even more tightly to the
membrane through the remainder of the equilibration. The hydrophobic residues were most
completely adsorbed to the surface of the graphene, with ~ 75% of phenylalanine residues
adsorbed. Only ~ 25% of the charged residues were found adsorbed to graphene at the end
of the equilibration runs; the number of adsorbed glycines was about half of their total
number.

2.2. Electrophoretic transport of charged peptides is stepwise

To determine the character of the electrophoretic motion of our FG-Nup peptides through a
graphene nanopore, we carried out MD simulations of the peptide/graphene nanopore
systems under an applied electric field [56] using, as initial conditions, the microscopic
conformations obtained at the end of the equilibration simulations. Figure 2a shows a
representative conformation of the (FDFD)1, system during an applied electric field
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simulation. In this particular peptide, the negatively charged aspartic acid chains are
interspersed with phenylalanine aromatic rings, resembling the charged backbone-
hydrophobic base repeat structure of sSDNA.

Subject to a 500 mV transmembrane bias, the negatively charged peptide chain was
observed to move against the electric field without losing the adhesion contact with the
graphene membrane. The translocation process consisted of short, quick steps interspersed
between long (in relation to the duration of the steps) stationary periods, Figure 2b. Similar
behavior was observed in two replicate simulations of the same system, Figure 2b;
Supplementary Movie 1 illustrates one such simulation trajectory. Although not every
residue of the peptide was charged and the charge was localized at the ends of the flexible
side chains, the translocation rate of the (FDFD)4, peptide was surprisingly similar to that of
ssDNA observed in our previous studies at the same conditions [53, 54].

Such a stepwise motion of peptide chains is of interest to protein sequencing applications of
graphene nanopores. By pausing in one position for a longer time, a longer ionic current
measurement can be gathered, thus allowing better identification of the contents of the pore.
Furthermore, predictable pausing of nanopore translocation can be useful in deducing the
peptide sequence from the ionic current data [15]. Indeed, in the three independent
simulations of the same (FDFD)1, peptide, the peptides’ translocation was frequently
observed to halt after the same number of amino acids traveled through the nanopore, Figure
2b.

To determine how the rate of the peptide transport depends on the applied bias, we repeated
our simulations of the (FDFD)1, peptide at 1V, Figure 2c. In comparison to the 500 mV
simulations, the translocation rate increased by a factor of 10, while the translocation
kinetics maintained its stepwise character but exhibited larger, on average, translocation
steps. An even more dramatic effect of the transmembrane voltage was observed in the case
of the (FGDG)1> peptide, which contained only one negatively charged amino acid in every
four amino acids of the peptides: the translocation rate increased by a factor of 80, Figure
2¢. Thus, the rate of the electrophoretic transport of adsorbed peptides exponentially
depends on the applied voltage, increasing by at least an order of magnitude with a twofold
increase in the bias. The exponential dependence of the translocation rate on the bias could
be explained by considering each translocation step as a barrier crossing event associated
with unbinding of the hydrophobic group from the graphene membrane—a required step for
peptide translocation. Extrapolating to 100 mV bias, one could expect the translocation
pauses to last at least hundreds of microseconds, and the translocation step length to
approach the spacing between the consecutive charges of the peptide.

2.3. Sequence-dependent translocation rate

To determine the effect of the membrane thickness on the peptides’ translocation rate, we
created four additional systems containing a carbon membrane made of either one, two,
three, or five layers; each membrane had a (DGG);g peptide threaded through a 2.2 nm-
diameter nanopore, Figure 3a. When a 500 mV bias was applied, the (DGG)4¢ peptide
moved through the single- or double-layer graphene nanopores 6 and 4 times faster than
through the three-layer membrane, respectively, Figure 3b,c. Further increasing the
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membrane thickness (to five layers) did not considerably change the peptide translocation
rate, which could be expected as the total force experienced by a charged polymer in a solid-
state nanopore does not depend on the membrane thickness as long as the membrane
thickness is considerably greater than the spacing between the consecutive charges of the
polymer. The faster peptide translocations through thinner graphene membranes could be
explained by the absence of friction forces associated with binding of the peptide’s amino
acids to the nanopore surface. The opposite trend was observed for ssDNA: the nanopore
transport through a single layer graphene membrane was slower than through the double or
triple layer membranes [53]. Thus, electric field-driven transport of a membrane-adsorbed
charged biopolymer sensitively depends on the distance between its charged and
hydrophobic groups.

To systematically investigate the dependence of the peptides’ translocation rate on the
peptide’s charge density, we built six additional single-layer graphene systems containing a
poly-glycine peptide chain with aspartic acid side chains introduced every second, third,
fourth, fifth, sixth and ninth amino acid, Figure 3d. Each system was equilibrated for over 16
ns, followed by three independent simulations under an applied electric field corresponding
to a 500 mV transmembrane bias. The resulting peptide translocation traces, Figure 3e,
indicate a pronounced dependence of the translocation rate on the peptide charge density. As
expected, more densely charged peptides moved faster through the nanopore, Figure 3f. The
higher peptide charge density makes it more likely for the charged part of the polymer to
wander into the nanopore where it experiences the electrophoretic pull of the transmembrane
bias driving the translocation.

The diffusive component of the translocation mechanism is negligible for the systems where
the distance between the charges along the peptide is less than or comparable to the effective
nanopore length (such as our (DGDG)15 and (DGG)4¢ Systems), which was estimated to be
approximately 1 nm for single layer graphene [46].

The diffusive motion, however, can facilitate unidirectional transport of rather sparsely
charged peptides. Thus, the (DGGGGGGGG), peptide was observed to move
unidirectionally through the pore in the direction prescribed by the transmembrane bias,
Figure 3e (bottom). In this system, the charged tip of the aspartic acid side chain would
eventually approach the nanopore by diffusion and be pulled through the nanopore by the
electric field. Supplementary Movie 2 illustrates the translocation process. Thus, even a
sparsely charged peptide could be unidirectionally driven through a graphene nanopore as
long as the peptide’s side chains carry charges of the same sign.

2.4. Sequence-dependent translocation rate

To determine the effect of specific amino acids on the translocation rate, we simulated
electric field translocation of several peptide variants through a three-layer graphene
nanopore. Similar to our previous findings, Figure 2¢ and Figure 3d, reducing the charge
density of the peptides from two charged residues per every four amino acids (as in
(FDFD)15) to one charged residue per every four amino acids (as in (FDFG)1,) reduced the
translocation rate by a factor of ten, Figure 4a. Replacing the negatively charged aspartic
acid side chain with a positively charged lysine side chain (producing (FKFK)12 and
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(FKFG)15) reversed the direction of the peptide translocation without substantially altering
the average translocation rate or its dependence on the peptide charge density, Figure 4a.
Thus, the rate of a peptide’s translocation appears to be controlled by the interaction of
hydrophobic phenylalanine side chain with graphene. Indeed, replacing all aspartate residues
in (FDFG)1, with glutamate (E) residues, which have the same negative charge as aspartate
but has a one-carbon longer side chain, did not change the peptide’s translocation rate,
Figure 4b. In contrast, replacing all lysine residues in (FKFG);, with arginines (R)
considerably retarded the translocation process, Supplementary Figure Sla. The latter result
could be expected because, in addition to carrying a positive charge, arginine side chains are
known to engage in hydrophobic interactions [57, 58], which, in our simulations,
strengthened adhesion of the peptide to graphene, slowing the translocation process.

To directly evaluate the effect of phenylalanine stacking on the translocation rate, we
replaced all phenylalanines in (FDFD)1, with glycines. The resulting (GDGD)1, peptide was
observed to translocate ~1.5 times faster than (FDFD), at the same transmembrane bias,
Figure 4c. A stronger effect was observed in the case of more sparsely charge peptides: the
translocation of (FDFG)q2 (Figure 4b) was approximately 10 times slower than that of
(FGDG)12 (Figure 2c) at the same transmembrane bias (1 V). Replacing a glycine residue
with a bulkier and polar glutamine residue (Q) in either (FDFG)12 (see Supplementary
Figure S1b) or in (FKFG)1, (compare panels a and d of Figure 6) was observed to
considerably reduce the translocation velocity.

Despite its overall net charge of —4e, the 48-residue fragment of a-hemolysin did not exhibit
unidirectional translocation during a microsecond simulation under a 1 V transmembrane
bias, Figure 4d. The lack of translocation is explained by clustering of opposite charges
within the fragment, rendering the overall charge of the peptide fragment residing within a
nanopore neutral. A similar outcome (no translocation at a 1 V bias) was recorded for
neutral peptides (FGFG)12 and (FKDG)1,, Supplementary Figure S2a,b show the respective
translocation traces. Although the three peptides did not move unidirectionally in the applied
field, they were observed to undergo small amplitude (< 1 amino acid) stochastic
displacements at the nanosecond time scale, interspersed with occasional larger amplitude
(1-2 amino acids) displacements through the nanopore.

2.5. Water flow-directed nanopore transport of uncharged peptides

We have demonstrated that charged peptides can be driven through a graphene nanopore by
a transmembrane voltage. However, uncharged or sparsely charged peptides containing side
chains of opposite charge did not move under electric field substantially or unidirectionally.
In the next set of simulations, we explored the possibility of using a drag force from a water
flow to unidirectionally transport peptides regardless of their charge. In experiment, such
water flow can be produced by applying a gradient of hydrostatic pressure across the
membrane [59]. In our simulation, the water flow was produced by applying a small force to
the oxygen atom in each water molecule [60]. Figure 5a provides a schematic illustration of
our simulation protocol.

To examine the possibility of using water flow to move peptides through a graphene
nanopore, we created and equilibrated two systems, each containing a 3-layer graphene
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membrane, 1M KCI solution and one of either (FGFG)1, or (FQFQ)12 peptide. The systems
were simulated by applying the same constant force, directed normal to the membrane, to
every water molecule in the system, producing a net water flow through the nanopore. Three
values of water flow-generating forces were explored: 0.005 pN (Figure 5b,e), 0.05 pN
(Figure 5¢,g) and 0.12 pN (Figure 5d,g); the average velocity of the resulting water flow in
the nanopore varied from 0.23 nm/ns for the smallest applied force up to 7.17 nm/ns for the
largest force. For the same applied force value, water was found to flow faster through the
nanopore blocked by the (FGFG)12 peptide than through the nanopore blocked by the
(FQFQ)12 peptide because of the smaller excluded volume of the former.

Clear, distinct steps can be seen in the translocation trace of the (FGFG)1, peptide under the
2.85 nm/ns flow condition, Figure 5c, with three 1-residue steps, two 2-residue steps, and
one 4-residue step occurring within the first 250 ns of the simulation; Supplementary Movie
3 illustrates this simulation trajectory. The duration of the translocation pauses between the
stops range from 7 to 71 ns. At a higher flow rate, 7.17 nm/ns, the peptide transport occurs
considerably faster: 24 residues pass through the nanopore within 50 ns, Figure 5g. The
translocation of the (FQFQ)1» peptide occurs considerably slower: only five residues pass
through the nanopore under the 2.11 nm/ns flow conditions in almost 700 ns, Figure 5g.
However, at 5.66 nm/ns, 24 residues pass through the nanopore in 426 ns; the permeation
trace features a long pause of over 200 ns, Figure 5g, and has a clear stepwise character. At
the lowest water flow conditions, neither (FGFG)1» nor (FQFQ)12 peptide was seen to move
unidirectionally through the nanopore, Figure 5b,e. Thus, the rate of flow-induced peptide
transport through graphene nanopores sensitively depends on the magnitude of the flow.

Overall, the results of the above simulations suggest the possibility of using water flow to
unidirectionally transport neutral peptides through a graphene nanopore. Water flow in the
range of 0.25 nm/ns was reported experimentally by Majumder and associates [61] through
carbon nanotubes subjected to a 1 bar hydrostatic pressure. While our simulations did not
show peptide translocations at that flow rate, Figure 5b,e, this is likely the consequence of
the simulation time scales. Thus, reading the amino acid sequence of a neutral peptide may
be possible by using a hydrostatic pressure gradient [59, 62] to produce stepwise
translocation of the peptide through the nanopore and a transmembrane bias to produce ionic
current that reports on the amino acid content of the peptide fragment confined to the
nanopore.

2.6. lonic current reports on the type of amino-acid confined to the nanopore

We have used MD trajectories of the (FKFG)12 and (FKFQ);» systems to evaluate the
feasibility of protein sequencing by measuring the ionic current passing through the pore.
The permeation trace of the (FKFG)q, peptide, Figure 6a, has several well-defined
translocation pauses that last long enough for the nanopore ionic current to reach a well-
defined value. Figure 6b characterizes the changes in the nanopore ionic current during the
250 ns simulation of the (FKFG)1, peptide translocation. Coincidentally with the steps in the
translocation trace, the nanopore ionic current is seen to change, most dramatically, between
the first and second pauses with the ionic current increasing by 30%, and between the third
and fourth steps, with the ionic current decreasing by 30%. The length of the peptide
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fragment confined within the nanopore as well as the amino acid sequence of the fragment
varied from one translocation step to the other, Figure 6a. The highest blockade current was
recorded for the three-amino acid FKF fragment at step 2 (orange), and the lowest when a 8-
amino acid fragment FGFKFGFK blocked the nanopore at step 5 (yellow). Although it is
natural to assume that a greater number of amino acids in the nanopore produces a deeper
current blockade, the opposite is also possible. For example, when comparing the ionic
currents in the first (black) and the third (blue) translocation pauses (Figure 6a,b), addition
of a phenylalanine residue appears to increase the blockade current. Furthermore, the same
peptide fragment (FGFKFGFK) can produce two distinct ionic current levels (compare
pauses 4 and 5 in Figure 6a) because of a conformational change. The permeation trace of
the (FKFQ)1» peptide, Figure 6d, also features several prominent pauses in the translocation
process. The first (black) and fourth (green) translocation pauses bring to the nanopore
different FKF amino acid fragments of the (FKFQ)1» peptide. Encouragingly, the average
blockade currents in the first and the third pauses are close to one another: 5.7 nA and 6.0
nA, respectively, Figure 6e. Such good agreement of the currents is perhaps a result of the
two peptide fragments adopting a similar conformation in the nanopore: the peptides appear
to be hugging the nanopore’s edge, Figure 6f. Furthermore, a similar magnitude blockade
current (5.5 nA) was also observed in the simulations of the (FKFG);, peptide when an FKF
fragment of that peptide was localized within the nanopore (Figure 6b, second translocation
pause).

All of the above suggest that stepwise translocation of an unfolded peptide through a
graphene nanopore can produce an ionic current signature that carries information about the
amino acid sequence of the peptide. What confounds the possibility of determining the
position of amino acids solely from the ionic current is the uncontrolled accumulation
(jamming) of the amino acids within the nanopore. This could perhaps be ameliorated by
some form of peptide stretching [49] to keep the number of amino acids in the pore low and
constant.

3. Conclusion

The interaction of proteins with graphene has been the subject of several computational [55,
63] and experimental [28] studies. Both simulation and experiment have found folded
proteins to adsorb to graphene, leading to their partial denaturing or unfolding. The adhesive
interactions of protein and graphene are often regarded as detrimental to achieving the goal
of protein sequencing and several approaches have been proposed to minimize such adhesive
interactions [28, 47, 55].

In agreement with previous studies, we find unfolded peptides to adhere to graphene in our
MD simulations. We also find, however, that such adhesion makes transport of peptides
through graphene nanopore stepwise. Peptide chains that contain a mixture of neutral and
charged residues of the same sign could be driven unidirectionally through the nanopore by
a transmembrane bias, akin to nanopore translocation of DNA. Neutral peptides or peptides
containing oppositely charged residues could be unidirectionally driven through nanopores
by a drag force of solvent flow, which, in experiment, can be produced by a hydrostatic
pressure difference or electroosmosis. The rate of peptide transport in both cases sensitively
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depends on the magnitude of the driving force, suggesting that slow stepwise translocations
can be produced at moderate driving forces. In the case of an arbitrary protein, the adhesion-
assisted stepwise nanopore transport may be realized by combining chemical denaturing
with highly acidic or highly basic pH conditions that can render protein residues to have
electrical charge of the same sign without affecting hydrophobic adhesion of unfolded
protein to graphene.

With regard to the possibility of amino acid sequence detection, the results of our simulation
indicate potential feasibility of the ionic current measurement to report the amino acid
content of the peptide fragment confined to the nanopore. The practical realization of the
method will require, however, that the number of amino acid residues confined to the
nanopore is maintained at a low, constant number throughout the translocation process.
Stretching peptide chains by either solvent flow [59], local heating [64] or hydrophobic
adhesion [49] may accomplish that without affecting the stepwise character of the
translocation process.

4. Materials and Methods

4.1 MD simulations

4.2 All-atom

All MD simulations were performed using NAMD [65], a 2 fs integration timestep and
periodic boundary conditions. Multiple time stepping was used to calculate local interactions
every time step and full electrostatics every three time steps. SETTLE [66] and RATTLE
[67] algorithms were applied to covalent bonds that involved hydrogen atoms in water and
protein, respectively. The CHARMMZ3G6 force field [68] was used for proteins, graphene,
water and ions, with type CA atoms used for graphene [53, 68], and custom NBFIX
corrections for ions [69]. The particle mesh Ewald algorithm [70] was used to evaluate long-
range electrostatic interactions over a 0.1 nm-spaced grid. Van der Waals interactions were
evaluated using a smooth 7-8 A cutoff. The temperature was maintained at 295 K using a
Lowe-Anderson thermostat [71] with a cutoff radius of 2.7 A and the Lowe-Anderson
collision rate of 50 psL.

models of graphene systems

An all-atom model of a three-layer graphene membrane was generated using VMD’s [72]
Inorganic Builder plugin [73]. A circular nanopore was created by removing all atoms
satisfying the condition xZ + yZ < R where xand yare the coordinates of the atoms and ~
is the target radius of the pore, which in this study was 11 A. The graphene membrane was
then solvated using VMD’s Solvate plugin. The initial model of a protein chain was created
by extracting a 48-residue protein fragment from a-hemolysin [74], residue 92 to 130. Three
other protein structures, (FGFG)12, (FDFG)15 and (FKFG)12 were obtained from that chain
by mutating amino acids according to the prescribed sequence. The protein chains were then
combined with the solvated graphene nanopore model such that the chains were threaded
through the nanopore. Overlapping solvent molecules were removed from the system, and
each system was then ionized and neutralized to 1 M KCI using the Autoionize plugin in
VMD. Each final system was a hexagonal prism, ~ 49 A inner radius and 130 A height, and
contained approximately 112,000 atoms.
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Upon assembly, each system was minimized for 10,000 steps, applying harmonic restraints
of 1 (kcal/mol-A2?) to each atom of the protein. The systems were then each equilibrated for
over 100 ns applying a Nosé-Hoover Langevin piston in the zdirection only to keep the
pressure and temperature constant at 1 atm and 295 K, respectively. During the equilibration
simulations, one residue of the protein located in the middle of the nanopore was
harmonically restrained. In all simulations, each atom of the graphene membrane was
restrained to its initial coordinates using a 10 (kcal/mol-A2) harmonic spring. All other
peptide systems were created via side chain replacement using the final frames of the
equilibration trajectories, see Supplementary Table 1.

Production simulations under applied electric field were performed at constant volume, with
the dimensions specified by the average dimensions of the system during equilibration.
Harmonic restraints of 10 kcal/mol-A2 were applied only to the atoms of the graphene
membrane holding them to their initial positions; all restraints were removed from the
proteins. The electric field strength was set to £= -V/L, where Vis the target
transmembrane bias and L is the length of the simulation cell in the zdirection [56]. In the
simulations of flow-induced peptide translocation, the water flow was produced by applying
a constant force on each water molecule present in the system [60].

The number of translocated amino acids A/, was calculated by counting the number of
amino acids on the upper (cis) side of the membrane at each recorded microscopic state of
the MD trajectory. If an amino acid had partially crossed the plane, the fraction of heavy
atoms in the backbone of the protein above the plane was added to A, The permeation rate
was calculated as the slope of A, over time. When A/, did not change more than 1 residue
over several nanoseconds when block averaged to 200 ps blocks, that section was deemed a
pause in the trajectory.

Instantaneous ionic currents were calculated by summing up ion displacements (of ions
within 1 nm of the graphene membrane) between consecutive frames of an MD trajectory
and dividing by the time between frames [56]. The time series were then block-averaged to 1
ns blocks to decrease noise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Equilibrium conformations of unfolded proteins threaded through a nanopore in a three-

layer graphene membrane. (a) Equilibration simulation of the (FKFG)4, peptide. The
sequence of snapshots illustrates the microscopic conformations of the peptide during the
equilibration simulation. Graphene is shown as a gray transparent molecular surface The
protein is shown using the licorice representation, with phenylalanine shown in magenta,
lysine shown in teal, and glycine shown in white. At the beginning of the simulation, the
protein is threaded through the nanopore and extended away from the membrane. The
protein collapses onto the membrane in less than 30 ns and remains in contact with the
membrane, diffusing along the membrane’s surface. (b) The number of amino acids adhered
to the graphene membrane. Here, an amino acid is considered adhered to the membrane if its
center of mass is located within 7 A of the nearest carbon layer of the membrane, and it is
not within the nanopore. Data are shown for a 48 residue fragment of a-hemolysin,
negatively charged (FDFG)19, neutral (FGFG);5, and positive charged (FKFG);2 FG-Nups
repeats. Each data point in this plot indicates a 200 ps block average of data sampled every
18-ps.
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Figure2.
Electric field-driven transport of charged peptides. (a) An illustration of a typical simulation

system. Atoms of the graphene membrane are shown as gray spheres; a
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membrane is removed to reveal the nanopore. The (FDFD)4, peptide chain is shown using
the molecular bonds representation, F and D amino acids are shown in cyan and red,
respectively. The electrolyte solution is shown as a semitransparent surface, potassium and
chloride ions are shown as yellow and light blue spheres, respectively; only one in ten ions is
shown for clarity. A uniform electric field (red arrow) is applied normal to the membrane,
producing a transmembrane bias of a desired magnitude [56]. (b) Representative permeation
traces of the (FDFD),, peptide driven by a 500 mV membrane bias. The permeation is
characterized by counting the number of amino acids transported through the mid-plane of
the membrane in the direction opposite to that of the applied electric field. The spacing
between the dashed lines corresponds to two residues, which is the smallest repeat unit of
the (FDFD)1 peptide. (c) Permeation traces of the (FDFD)1, and (FGDG)12 peptides at 500
mV (top) and 1 V (bottom) biases. The alternate coloring of the traces indicate data from
independent simulations that were combined to produce a total permeation trace.
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Figure 3.
Influence of graphene thickness and peptide charge density on translocation rate of glycine—

aspartate repeat peptides. (a) Atomic representations of graphene nanopores in one-, two-,
three- and five-layer graphene membranes. (b) Electric field-driven translocation of a
(DGG)15 peptide through a 2.2-nm-diameter nanopore in one-, two-, three- and five-layer
graphene membranes. Three independent simulations were performed for each membrane
thickness; the transmembrane bias was 500 mV. (c) The average rate of (DGG)1¢
translocation versus the membrane thickness. The average translocation rate was computed
by splitting the corresponding MD trajectories into 1 ns blocks, finding the average
translocation rate for each block and averaging over the blocks. The error bars represent the
standard error of the translocation rate among the 1 ns blocks. (d) Typical conformations of
(DG ), peptides threaded through a 2.2-nm-diameter nanopore in a single layer graphene
membrane. The ratio of glycine to aspartate residues, /m, increases from 1:1 (top), to 8:1
(bottom). The quotient of 48 divided by (m+1) is n; the sequence of the 1:5 and 1.8 systems
contains a terminal DGG fragment. (e) Permeation traces of (DG ;) , peptides. Three
independent simulations were performed for each glycine-to-aspartate ratio; the
transmembrane bias was 500 mV in each simulation. (f) The average permeation rate of the
(DG ), peptide. The average translocation rate was computed using the method described in
the caption to panel c.
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Figure 4.
The effect of amino acid content on electrophoretic transport of peptides through a graphene

nanopore. (a) The effect of the peptide charge. The number of residues translocated through
a 2.2-nm-diameter nanopore in a three-layer graphene membrane is plotted versus
simulation time. Just like in all other figures of this article, a positive number of translocated
residues indicates translocation in the direction opposite to that of the applied electric field.
Positively charged strands, (FKFK)1, and (FKFG)1, (green and magenta), move with the
electric field, and negatively charged strands (FDFD)1» and (FDFG)4, (orange and blue),
move against the electric field. All translocation traces reported in this figure were obtained
under a 1 V transmembrane bias. (b) The effect of aspartic acid (blue)/glutamic acid
(orange) substitution. (c) The effect of hydrophobic amino acids on the translocation rate of
a charged peptide. The peptide containing glycine (GDGD)1, (blue) moves 1.5 times faster
through the nanopore than the peptide containing phenylalanine (FDFD)1, (orange) (d) The
translocation of a 48-residue fragment of a-hemolysin. Supplementary Table S1 lists the
amino acid sequence of the fragment; the RNSIDTKE part of the fragment is threaded
through the nanopore. In all panels, traces of alternating colors indicate data from
independent simulations.
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Figure5.

Water flow-driven translocation of uncharged peptides through a nanopore. (a) Illustration of
a simulation setup. Atoms of the graphene membrane are shown as gray spheres, the peptide
chain, (FGFG)1y, is shown in a licorice representation, with the phenylalanine (F) shown in

pink, and glycine (G) shown in green. The semitransparent surface illustrates the volume of

electrolyte solution in a unit simulation cell. A small number of water molecules are
explicitly shown as spheres (oxygen in red and hydrogen in white). A flow of water through
the nanopore is instilled by applying a small force to all water molecules in the system (blue
arrows). (b—g) Flow-induced translocation of peptide chains through a graphene nanopore.

The top/bottom panels characterize translocation of (FGFG)1,/(FGFG)12 peptides,
respectively. The water velocity within the nanopore volume was 0.29 (b), 2.85 (c), 7.17 (d),

0.23 (e), 2.11 (), and 5.66 (g) nm/ns.
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Figure®6.
lonic current blockades produced by peptide translocation through a graphene nanopore. ()

The permeation trace of the (FKFG)1, peptide. The number of amino acids passing through
the midplane of the graphene membrane is plotted versus simulation time; positive values
indicate translocation in the direction of the applied electric field. The colored horizontal
lines highlight individual permeation steps and indicate the parts of the trajectory used for
the ionic current calculations. The sequence of amino acids confined to the nanopore at a
particular translocation pause is indicated by a rectangle of matching color overlaid with the
nucleotide sequence of the peptide. (b) The ionic current passing through a graphene
nanopore as the (FKFG)1, peptide translocates through the nanopore. The current was
sampled at 18 ps intervals and block averaged in 1 ns blocks. The average value of the ionic
current for each translocation pause is indicated by a horizontal line; the color and the length
of the line matches that from the permeation trace (panel a). (c) Snapshots illustrating the
typical conformations of the (FKFG)12 peptide during the second, third, and fourth
translocation pauses highlighted in orange, blue, and green, respectively, in panels a and b.
Phenylalanine is shown in grey, lysine is shown in blue, and glycine is shown in green. The
top and bottom rows show the side and top views of the same molecular conformation. (d-f)
Same as in panels a—c but for the (FKFQ)1» peptide. In panel f, the snapshots illustrate the
peptide conformation corresponding to the first (black), third (blue), and fourth (green)
translocation pauses; phenylalanine is shown in grey, lysine is shown in blue, and glutamine
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is shown in green. All simulations reported in this figure were carried out undera 1V
transmembrane bias and a 2.2-nm-diameter nanopore in a three-layer graphene membrane.
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