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ABSTRACT: In nanopore sensing experiments, the properties of molecules
are probed by the variation of ionic currents flowing through the nanopore.
In this context, the electronic properties and the single-layer thickness of
graphene constitute a major advantage for molecule characterization. Here
we analyze the translocation pathway of the thioredoxin protein across a
graphene nanopore, and the related ionic currents, by integrating two
nonequilibrium molecular dynamics methods with a bioinformatic structural
analysis. To obtain a qualitative picture of the translocation process and to
identify salient features we performed unsupervised structural clustering on
translocation conformations. This allowed us to identify some specific and
robust translocation intermediates, characterized by significantly different
ionic current flows. We found that the ion current strictly anticorrelates with
the amount of pore occupancy by thioredoxin residues, providing a putative
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explanation of the multilevel current scenario observed in recently published translocation experiments.

B INTRODUCTION

In the past few years, a number of innovative protocols for
biomolecule analysis based on nanopores have been proposed
and developed.”™® In essence, the working principle of a
nanopore based sensing device is very simple. The nanopore
connects two chambers containing an electrolyte solution. A
voltage applied between the chambers induces the passage of
the ions from one chamber to the other resulting in an electric
current that depends on the electrolyte solution and on the
nanopore features. When a macromolecule translocates through
the pore, a change in the current is measured. The intensity and
the duration of the current alteration are determined not only
by the physicochemical properties of the portion of the
molecule inside the nanopore but also by the conformations it
assumes at the pore ends.” ® The crucial issue in this nanopore
sensing approach, also known as resistive pulse sensing, is the
capability to correlate the current signal with specific features of
the molecule. In the last couple of decades a typical application
of interest was DNA analysis” '® and, only recently, the
technique was applied to proteins and polypeptides. Remark-
able examples are the use of nanopores to discriminate between
multiple conformations of a peptide induced by specific
ligands>'* (an issue potentially relevant for addressing protein
misfolding associated with neurodegenerative diseases’), the
analysis of the effect of specific mutations on the unfolding
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transition'>'® and, very recently, the detection of post-
translational modifications.”

A crucial advance in the protein nanopore sensing occurred
in 2013 when two independent studies'”'® provided evidence
for the possibility to translocate protein molecules, paving the
way to strategies for controlling the translocation speed. In
particular, in Nivala et al.'” the translocation was carried out by
the action of the AAA+ unfoldase ClpX protein demonstrating
that molecular motors can reproducibly drive proteins through
nanopores at controlled speed. Rodriguez-Larrea and Bayley'®
showed how tagging the protein substrates with oligonucleo-
tides enables voltage-driven unidirectional movement through a
nanopore. In both experiments, the translocation is accom-
panied by a specific sequence of different current levels,
suggesting the presence of an underlying multistep dynamics.
Multistep translocation was also previously observed in coarse
grained simulations.’”™** However, the employment of such
reduced models did not provide access to the current levels.

Most of these studies were performed using the a-hemolysin
as a biological nanopore, although, recently, a number of other
biological pores have been proposed”* >’ Beside biological

Received: March 5, 2015
Revised:  April S, 2015
Published: April 13, 2015

DOI: 10.1021/acs.jpcb.5b02172
J. Phys. Chem. B 2015, 119, 5815-5823


pubs.acs.org/JPCB
http://dx.doi.org/10.1021/acs.jpcb.5b02172

The Journal of Physical Chemistry B

A CIs Graphene

B,
s

T,
B Ty
&

/é\p - /sheet \ B

B Ny Yy
BTy

)

) LEE
Py

SEERL NS

BRI P Pt

fEELLERE,  SRRREEENNY
B ey

ittt i
8- R,

£ 2
B
& ]

LTI
TRANS d=1.5nm

E: Computational approach

STEP | Translocation STEP Il
Non equilibrium MD. trajectories Structural analisys.
External force > Characterization of
induces translocation unfolding intermediates

C-Terminus

Multistep
current signal

Currents
associated to
translocation
intermidiates

Translocation STEP 11l
intermediates |Non equilibrium MD.

—) Applied extenal
> electrical field

—>

Figure 1. System overview. (A) Translocation of thioredoxin (Trx) from cis to trans compartment through the graphene nanopore. (B) The
graphene sheet lies on the Oxy plane (d = diameter 1.5 nm). (C) Ribbon representation of Trx three-dimensional structure. The protein is colored
according to its secondary structure (helices in magenta, f-strands in yellow and 3(10) helix in blue) and the C-terminus is highlighted by a red
sphere. (D) Trx topological diagram' showing the label system used in the text. The color code is the same as in panel (C). For each secondary
structure element, the first and the last residue are reported. (E) Flowchart of the computational approach.

nanopores, solid state nanopores are extremely promising as
leading technologies for biosensing.*® In particular graphene
appears to be a promising material for nanopore fabrica-
tion.>' 7> Recently, it was shown that Si atoms can stabilize
nanopore edges avoiding the pore self-healing process often
observed for H-passivated pores.** The single atom thickness of
graphene should result in a higher signal-to-noise ratio, as the
current would mainly depend on the translocating residue and,
to a lesser extent, on the neighboring ones. The ion
conductance of graphene nanopore and their possible
application for macromolecule characterization has been
investigated through numerical simulation employing different
approaches®~*' However, these studies are limited to nucleic-
acids.

In this paper, we employ a computational approach, mainly
based on all-atom molecular dynamics (MD) simulations, to
analyze the translocation pathway of thioredoxin (the same
protein employed in Rodriguez-Larrea and Bayley'®) through a
graphene nanopore. Our computational study clearly shows
that the thioredoxin traslocates in a multistep process where it
gets stuck in the pore in specific and reproducible
conformations, hereafter dubbed translocation intermediates
or stalls. Different current levels are observed for the different
translocation intermediates and strong correlation between
electric current and pore occupancy indicates that the steric
hindrance is the main responsible for the observed different
current levels.

B RESULTS AND DISCUSSION

In the present study, we illustrate the results from molecular
dynamics simulations of the Thioredoxin (Trx) protein
translocation through a graphene nanopore of diameter d =
1.5 nm. Trx is a 108 amino acid protein (PDB accession code:
2TRX") consisting of a central five-strand fB-sheet (1—/35)
and three long helices (A, B, D) (Figure 1). Two of these
helices connect strands of the f-sheet: helix A, between 1 and
A2, and helix B between 2 and f3. Strands f4 and f3S are
connected by a short f-bulge loop. Strands f3 and p4 are

connected by a long loop containing a 3(10) helical element
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(helix C). The f-sheet is the core of the molecule and it is
surrounded on either side by hydrophobic residues. The
graphene sheet lies on the Oxy plane and the protein, pulled
from its C-terminus, translocates from the z > 0 emispace (cis
side) to the z < 0 emispace (trans side); see Figure 1A. The
overall strategy, summarized in Figure 1E, relies on the
combination of three different MD simulation protocols
integrated with a structural bioinformatic analysis and it is
organized as follows. The first step employs constant velocity
(cvSMD) and constant force (cfSMD) simulations to explore
the translocation pathway. In the second step, representative
conformations of the translocation intermediates are extracted
from the MD trajectories using structural clustering. We finally
calculate current levels associated with the intermediates via
dedicated nonequilibrium MD runs (step III).

Constant Velocity Translocation (cvSMD). The protein
is imported into the pore at a constant velocity through a spring
that applies a force F to the C-terminus (see Methods). As
shown in Figure 2, the force F is plotted against the coordinate
zc of the a-carbon of the terminal residue (Caypg). The
importing force remains quite constant up to zc = 160 A
During this stage (zc € (0,160) A), ending with the
translocation of residue 57, the pore is occupied only by a
single translocating residue and the process occurs as a smooth
single-residue passage of consecutive amino-acids; see Figure
2b for a representative snapshot. After that, the increase of F
(z¢ ~ 200 A) is accompanied by a qualitative change in the
translocation dynamics. During this second stage, the trans-
location is hindered by a partial clogging of the pore not only
by the translocating residue, but also by those natively
belonging to the strand 2, see Figure 2c for a representative
snapshot. The presence of different force peaks indicates a not
uniform translocation where a series of structural rearrange-
ments occurs. The largest peak corresponds to the
conformation reported in Figure 2d, where three amino acids
block the pore and the hairpin, temporarily formed by residues
from Ala22 to Trp28 is going to cross the pore. Once the
hairpin is translocated (z¢ ~ 300 A) no more peaks are present
and the single-residue passage already observed in the early
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Figure 2. Constant velocity steered molecular dynamics (cvSMD)
results. (a) The force F applied to the protein C-terminus is plotted
versus the position of the pulled atom zc. The vertical shaded red line
marks the position of the graphene sheet at z¢ = 0. The horizontal blue
dashed lines correspond to the selected values of the force at which we
run the cfSMD simulations (F; = 1100 pN and F, = 550 pN). Protein
conformations explored under the force peaks (black vertical lines in
(a) are shown in panels (b)—(d) (upper panels, side view; lower
panels, top view).

translocation, sets-in again. Accordingly, the resulting force F
recovers the same initial intensity.

Constant Force Translocation (cfSMD). To further
characterize the translocation intermediates, we performed a
set of constant force steered MD simulations (cfSMD) where a
constant importing force F, is applied to Ca,ps. We selected
two forces F; and F,, where F, is the intermediate value in the
force—extension curve reported in Figure 2 and F, = F/2 is the
typical force associated with the single-residue transport regime.
Hereafter, we report on the simulations performed at F, = F,
while the details of the lower-force experiment (F,) can be
found in the Supporting Information.

We performed six independent runs with a time window T,
= 40 ns. In five runs out of six, the protein successfully
translocates (Figure 3a,b and Supporting Information Figure
S1a, ¢, and d), while in the remaining case the translocation did
not complete in the allotted time window (0, T,,) (Figure S1b).
We define the progress variable as the index of the latest
translocated amino acid N,,. The time course of N, is shown in
Figure 3a and b for two cases. The presence of multiple stall
points is clearly visible. Notably, the stalls are conserved among
all the simulations (see Figure S1) and involve values of N, in
the range 30—60, again indicating these events to be associated
with the formation of specific and robust translocation
intermediates. To support this scenario, we performed an
unsupervised structural clustering of the Trx conformations
over the six translocations. Protein conformations were
clustered based on their global structure similarity using the
GDT-TS score (see Methods). The silhouette criterion is
adopted to select the number of clusters leading to the best
separation. This analysis identified 11 clusters, labeled by
roman numerals from I to XI, and sorted according to the N,
value of the representative element of the cluster (the medoid).
Since the protein is pulled from the C-terminus, cluster I
corresponds to the highest N, = 105, while cluster XI to the
lowest one, N, = 3. A summary of the clustering results is
reported in Table 1. As it can be appreciated in Figure 3a and b,
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Figure 3. Constant force Steered Molecular Dynamics (cfSMD) results. (a,b) Time evolution of N, for two cfSMD translocations at F). Different
translocation stalls are visible and marked by horizontal dashed lines. Upper color bars, corresponding to different protein conformations, are colored
according to their cluster membership. (c—f) Traslocation region of Trx for the cluster representatives II, VIII, IX, X. They correspond to major
translocation intermediates. Black lines on the graphene sheet indicate the pore size.
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Table 1. Cluster Features and Electric Current?

ID N, iy I [nA]
I 105 8.78
I 56 23/25 7.28
I 51 25/26 5.75
v ) 22/23 541
% 49 21/25 223
VI 49 21/26 1.17
VII 48 25/26 643
VIII 47 21/24 221
X 44 25/26 8.51
X 31 21/25 11.85
XI 3 9.94
0 15.87

“For each of the 11 clusters, we report: the index N, of the latest
translocated amino-acid of the representative conformation of the
cluster (the medoid), the indexes i, of those residues, other than N,
that occupy the pore, and the electric current I generated by a 5 V
applied potential. The last row O refers to the open pore case. The
current averages are all significantly different with the exception of few

cases, for example, the pair V and VIII; see Figure S7.

the distribution of structural clusters along the translocation
curve nicely reflects the sequence of the translocation steps.
The only exception is provided by cluster IV, whose members
are almost evenly distributed along the curve.

Analysis of the Translocation Pathway. Here we
provide a full description of the major events observed during
the translocation process. For the sake of clarity, we selected as
a reference the simulation reported in Figure 3a.

The first part of the translocation curve shows as Trx rapidly
moves away from the native state, forming an elbow which
tightly separates the translocation starting point (cluster I, N, =
105) from the second translocation phase (cluster II, N, = 56),
where a first stall occurs. During the first stage, t € (0,1) ns, the
pore is only occupied by the translocating residue and the C-
terminal portion of the protein smoothly translocates (N,
decreases almost linearly, from N, = 108 to N, = 56). From
a structural point of view, this early stage of the translocation
pathway is characterized by the unfolding of the C-terminal a-
helix D and the disruption of the h-bond network between the
two antiparallel f-strands, S and $4. The loss of interactions
between the C-terminal f-strands contributes to the destabi-
lization of the core five-stranded f-sheet, having a huge effect
on the whole protein fold. Indeed, when the first stall occurs
(N, = 56, cluster II), the protein has already lost its native
shape. The translocation of AlaS6 causes its parent strand 3 to
lose the hydrogen bonding pattern with 2 (residue range
Ala22-Trp28), which becomes unstructured as well. The only
intact secondary structure elements are the helices A and B
(residue ranges Phel2-AsplS and Gly33-Glu48 respectively).
These are connected by a long unstructured region, from Vall6
to Cys32, which originally constituted 2 and the coil region
linking 2 with helix A. This region adopts a hairpin-like
structure which lies on the entrance of the pore.

These early events constitute the major transition, in terms of
secondary structure content and native contacts, during the
whole translocation process, showing a conserved trend among
the different simulations. The same behavior is also observed in
the cvSMD (see Figure 2). The hairpin formation is followed
by a slow down of the translocation process. Here, as it can be
seen in Figure 3a, the translocation curve is characterized by a
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long plateau, where the untranslocated protein region under-
goes local structural rearrangements leading to consecutive
translocation bottlenecks. These are associated with distinct
structural clusters (in the case at hand, cluster II N, = 56,
cluster VIII N, = 47, cluster IX N,, = 44, and cluster X N, = 31).
In all these cases, the pore is occupied not only by the
translocating residue (i.e., AlaS6, Asp47, Asp44, Trp31) but
also by residues in the range Gly21-Asp26, see Table 1 column
i,, and Figure 3 panels ¢, d, e and f. During the first stall (NP =
56, Cluster II), these residues begin to form the hairpin
structure and partially cross the pore. The next stall (cluster
VIII, N, = 47) is reached after a major structural rearrangement
on the pore Cis side. In particular, a reorientation between the
two a-helices A and B and the local unfolding of the C-terminal
segment of helix B, hosting the translocation residue Asp47, are
observed (Figure S2). The translocation of helix B drags the
hairpin into the pore in a kinked conformation, occluding it
(see Figure 3d and Figure S2). The hairpin conformation
persists until helix B entirely translocates, however the kink is
less pronounced while the region corresponding to helix B loses
its secondary structure (cluster IX, N, = 44, and Figure 3e).
The last stall observed occurs when helix B is pulled away and
the unfolding of the hairpin takes place (cluster X, N, = 31).
This is followed by a jump in the translocation curve, due to the
joined translocation of residues from Trp31 to Val2S.

The last step of the process is characterized by the single-
residue translocation of the N-terminal region of the protein.
Here, as observed in the first stage, the translocation curve
rapidly drops. A similar scenario is observed for the other five
simulations. In all cases, the translocation bottlenecks are
associated with the rearrangement of the untranslocated protein
region, originally constituting the strand 3, on the Cis side and
close to the pore entrance, with a partial or full clogging of the
pore itself.

The same analysis has been carried out for the three
independent simulations at lower force, F, = F, = 550 pN. All
the details concerning these simulations, and the clusters found,
are reported in the Supporting Information. Despite that none
of the runs result in complete protein translocation in the
defined time window [0, T,], also in these cases the
translocation curves are characterized by a faster single-residue
translocation phase followed by a long plateau where different
structural intermediates are formed. In particular, we found $
clusters, the medoids of which have N, = 105, §9, 54, 49, and
45 (see Table S2). These values are very similar to the ones
obtained at F,. Moreover, in two of them (III, and IV,), the
pore is occupied not only by the translocating residue, but also
by residues originally belonging to 32, an occurrence already
discussed for F,.

We finally computed the pairwise structure similarity among
medoids from F, and F, simulations. The result is reported in
Figure 4. The structure similarity between medoids III,, IV,,
and V, (case F, with medoids in the range from II to IX (case
F,) is a further indication that our strategy is effectively able to
identify translocation intermediates and that these are
reproducible even through different simulation protocols.

Current Measurement. The structures of the 11
representative translocation intermediates (cluster medoids)
are taken as initial configurations for non equilibrium
simulations where an electric field perpendicular to the
graphene layer is applied, corresponding to a voltage AV = §
V. We selected AV = S V, representing a trade-off between the
computational requirement of having a low noise and the need
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Figure 4. Similarity among cluster medoids of F; and F,. The color
scale represents the GDT-TS ranging from 0 to 100 (the higher the
values, the higher the similarity among the structures).

of working in the ohmic regime (see Figure $6). The mean
electrostatic potential in the system is reported in Figure S8.
The potential maps show that most of the potential drop is
localized across the membrane (in agreement with ref 37) and
that the protein does substantially alter the potential across the
membrane.

The induced ionic current I is measured for each
independent run. The average current values are reported in
Table 1. The data clearly show that (i) the protein translocation
results in a strong decrease of I with respect to the open pore
condition, and, more importantly, (i) the different trans-
location intermediates are associated with distinct current
levels. Figure S illustrates, using as reference case the already
discussed traslocation of Figure 3a, the correspondence
between the stalls and the average current levels associated
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Figure S. Translocation pathway and current levels. The top panel
shows the same plot as in Figure 3a. The bottom panel reports the
average current values I measured in the applied-voltage simulations
performed on the representative translocation intermediates. The
length of each current plateaux is arbitrarily taken equal to the duration
of the corresponding stall. For the sake of clarity, we reassigned
conformations not belonging to most represented clusters (I, II, VIII,
IX, X, XI) to the neighbor ones.
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with the translocation intermediates. In the first steps of the
translocation, the pore is only occupied by the translocating
residue and the currents are in the range 6—9 nA (clusters I and
II). In a second stage, the hairpin Ala22-Trp28 clogs the pore
and a strong decrease in the current is observed (~2 nA, cluster
VIII). Finally, as soon as the hairpin leaves the pore, the single-
residue traslocation regimes is recovered. Moreover, the current
(~10 nA) is slightly larger that the values at the beginning of
the translocation (cluster I and II) as there are no partially
folded regions able to hinder the ion flux.

The phenomenological picture described above suggests that
the different current levels have to be ascribed to the steric
occlusion of the ion permeation pathway through the
nanopore. To further investigate this hypothesis, we defined
the pore occupancy as the average number of non-hydrogen
protein atoms within 0.7 nm from the center of the pore. We
measured the average pore occupancy for each independent
run, and found that it strikingly anticorrelates with the average
current values (Pearson’s product-moment correlation r
—0.98, p-value = 3.14 X 1075; see Figure 6). Notably, the same

16w
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F2 L]
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< E. m
= 8 = E
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4 °
N
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Figure 6. Correlation between current and pore occupancy. Average
current I is reported as a function of the average pore occupancy n for
F, (red squares) and F, (blue circles) medoids. The black triangle at
zero pore occupancy marks the open-pore value (O in Table 1). The
dashed line corresponds to a linear fit (I = —0.16n + 15.01).

relationship also holds for the F, case. These results indicate
that the main cause of the observed current drops AI is the
steric hindrance, and are consistent with recent experimental
findings on translocation through a-hemolysin channels.*’

It is worth to mention that the observed currents do not
trivially anticorrelate with the number of amino acids clogging
the pore in the medoid conformation (third column of Table
1). Indeed, cluster X, despite the massive occupation of the
pore by the Ala22-Trp28 loop, shows a large current, similar to
the one measured in single-residue passage medoids I and XI. A
closer inspection of the actual MD trajectory shows that the
Ala22-Trp28 loop soon unravels and then translocates
recovering the single-residue pore occupation with the
corresponding high current level.

Comparison with Experiments. The picture emerging by
our simulations can be qualitatively compared with recent
experimental results of the Bayley group.”'® These authors
studied the translocation of thioredoxyn through an a-
hemolysyn (@HL) pore. @HL is a mushroom-shaped pore of
length ~100 A. Its interior is constituted of two main regions:
the vestibule and the f-barrel. The vestibule has a maximum
diameter of ~4S5 A while the f-barrel, embedded in the lipid
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membrane, has a cylindrical shape with a diameter of ~20 A.
The two regions are connected by a constriction that constitute
the pore narrowest section®* the radius of which is ~15 A, that
is, similar to our graphene pore.** The shape, the ion
permeability and the conductance of a-HL***® where quite
different from a single layer pore, such as graphene,
nevertheless we expect that some of the configurations
observed in the constriction, can be similar to the one observed
in our graphene pore.

In refs 4 and 18, the transport was driven by an
oligonucleotide covalently bonded to the C-terminus of Trx.
They observed three distinct current levels. The first one (step
2 in refs 4, 18, and 47) is associated with the oligonucleotide
passage and, consequently, no comparison is possible with our
simulations. The second level (step 3 in refs 4, 18, and 47) was
shown by the authors to correspond to a folded portion of the
protein blocked at the pore mouth, while the C-terminal
segment occupies the pore, presumably, in a single file
conformation. Interestingly, the authors provided convincing
evidence to assert that this first stall is associated with the
presence at the pore mouth of the loop containing Ile60. Our
results support this interpretation. Indeed, in the simulations,
the first stalls occur always at N, € (55—60), that is, few
residues before the translocation of f3. In addition, our
simulations show that, after the passage of 3, helices A and B
are the only conserved secondary structure elements, and
hence, the protein is mostly unfolded. The translocation is
ruled, no more by native structure topology, but by the relative
position of unstructured loops and, in particular, by the
hindering due to the Ala22-Trp28 segment. This is in
agreement with experimental findings showing how the last
observed current level (step 4 in refs 4, 18, and 47), associated
with the passage of the last 40—50 N-terminal residues, is not
altered by addition of denaturating agents since it involves
already unfolded elements. This step is characterized by a very
low current.

Our results allow to speculate on the molecular origin of this
strong current drop. The section of our graphene pore is of the
same size as the narrowest section of aHL. We measured very
low currents when the pore is occupied not only by the
translocation residues but also by a portion of the hairpin
structure formed by residues natively belonging to 2 (Ala22-
Trp28). A putative explanation of the low current observed in
refs 4, 18, and 47 is that, after the passage of the region Val55-
Ile60, the Trx core completely unfolds and the molecule
penetrates into the aHL vestibule. At this point, we argue that
what happens in our simulations is similar to what happens in
the aHL narrower section. More specifically, the region Ala22-
Trp28 partially engages the narrowest section of aHL that,
hence, is occupied by more than one residue (as for clusters V,
VI, and VIII). This high pore occupancy is associated with a
strong decrease in the current that lasts until the complete
passage of Ala22-Trp28 region (transition from cluster X to XI
in our case). Once this region has crossed the narrowest aHL
section, the translocation rapidly proceeds until the channel
becomes completely free.

Bl CONCLUSION

This work reports a computational study on the translocation
pathway of thioredoxin across a graphene nanopore and the
associated ion currents in a voltage driven condition. Recent
. 18,47 : :
experiments have revealed that a multilevel current signal
associated with the thioredoxin transport in a biological
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nanopore can be interpreted as a defined sequence of steps
in the translocation pathway. Our results clearly show that even
the traslocation of thioredoxin across a graphene nanopore is a
multistep process, where the protein gets stuck in specific
conformations, a feature that is robust and reproducible.

We characterized the thierodoxin multistep dynamics in
terms of translocation intermediates. The analysis can be
sketched as a pipeline where in the first stage, nonequilibrium
MD simulations are employed to explore the complete
phenomenology of the translocation. The second stage
amounts to a structural clustering applied to the sampled
conformations in order to identify the common structural
features to be associated with the stalling. This analysis
produces 11 clusters for the high forcing case and S clusters
for the low forcing case. Finally the representative intermediate
of each cluster is taken as an initial condition for dedicated
nonequilibrium simulation where an applied voltage induces a
ionic current flowing through the pore.

We found that the amount of current blockage is strikingly
proportional to the steric hindrance of the chain portion
engaging the pore Figure 6. Moreover the stalls and the related
current drops originate from the pore clogging by the residue
belonging to native f2-strand (residue 22—28) the unfolding of
which is triggered by the passage of strand 3 (residue 53—59).
This finding remarkably matches the interpretation of the
multistep current pattern of Rodriguez-Larrea and Bayley"” for
the thioredoxin translocation across an a-hemolysin channel.
The authors indeed, suggest that one of the intermediates
occurs soon after the passage of the first ~50 C-terminal
residues, corresponding to the beginning of the A3 trans-
location. In our system the major current drops are associated
with conformations where the pore is occupied not only by the
translocating residue but also by a small hairpin-like motif from
the 2 belonging residues. Moderate current drops are instead
measured when the thioredoxin migrates in the single-residue
transport regime.

Our study shows the potentiality of graphene pores as
sensitive tools to determine the volume of the molecule portion
engaging the pore. This suggests possible applications to the
analysis of protein sequences as well as to the single-residue
detection of post translational modifications characterized by
alteration of the residue volume.

B METHODS

All the simulation (~0.5 us) were been performed using
NAMD,* while VMD*” was employed for system preparation
and analysis.

Graphene Pore Simulation, System Preparation. A
graphene sheet of 6 X 6 cells (1500 atoms) was created using
the nanotube builder utilities of the VMD software.*” The sheet
lies in the Oxy plane and its dimensions are L, = 61.3 A and L,
= 63.8 A. The nanopore is obtained by deleting all the carbon
atoms in a circle of radius r, = 7 A centered in the middle point
of the graphene sheet, corresponding to 54 removed atoms.
The psf file for the graphene sheet topology is obtained using
the topotools package while the parameters for carbon atoms of
graphene were those of type CA in the CHARMM force field.*’
The thioredoxin structure was taken from PDB file 2TRX.* In
particular, chain A was translated and rotated in order to have
the Car of the C-terminal residue (alanine 108) in the position
1= (%, ¥ 50) A, where x_and y, are the center of the pore.

Missing atoms were added with the VMD psfgen package. In
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order to allow a single file translocation, the two cysteines,
CYS32 and CYS35, are modeled as free cysteines, that is, no
disulfide bond (note that in the'® experiment the two cysteines
have been mutated to serines). Water molecules and K* and
CI” ions corresponding to a 2 M salt concentration were added
with solvate and ionize VMD packages, respectively. The
resulting system consists of 172076 atoms. The system is
equilibrated with an NPT protocols (T = 310 K, P = 1 atm,
during which the Ca of the C-terminus (Cayog) and the two
external layers of graphene sheet (dark atoms in Figure 1B)
were kept fixed. During the equilibration (S ns is total), only
the z box dimension L, is allowed to vary, reaching a stationary
value of L, = 426.8 A, enough to accommodate the elongated
protein.

Graphene Pore Translocation. In constant velocity
steered molecular dynamics simulation (cvSMD), the Cag is
pulled through the pore by an external force the potential of
which reads U = 1/2k(rc,,, — 1o, — v 1)* with k = 7 keal
mol~'/A% #i = (0, 0,—1), v = 0.025 A/ps, and 1, being the
position of Ca,og at the end of the equilibration. With the given
v, an 18 ns simulation is sufficient for a complete translocation.
During the cvSMD run, a configuration with the translocation
protein at the pore mouth (z¢, , = —0.4 A) was selected to be

used as initial configuration of an equilibrium NVT run where
Caygg was kept fixed. Random configurations were extracted
from this simulation to be used as independent initial states for
constant forcing runs (cfSMD), where a force F = (0, 0,—F,) is
applied to Caygs. The cfSMD simulations were stopped when
the protein completely translocates or after 40 ns.

Identification of Representative Translocation Inter-
mediates. Structural superpositions were performed using the
LGA package with default parameters (—3 —sda —d:0.5).>" As a
measurement of the distance between two configurations, we
employed the Global Distance Test.>> The Global Distance
Test (GDT) analysis was performed in order to identify the set
of residues that could fit under different values of distance
cutoff. The GDT Total Score (GDT-TS) was calculated as
follows: GDT-TS;; = (P, + P, + P, + Pg)/4 where S; and §; are
two structures under comparison and P, is the percentage of
residues within a distance d, d = 1, 2, 4, 8 A after structure
superposition. The GDT-TS value ranges from 0 to 100. The
higher the score, the higher the similarity between the
structures. GDT-TS has been shown to provide a good
estimate of global structure similarity>* and the main benefits of
using the GDT-TS over other metrics, such as the RMSD, is
that it is less sensitive to local structural deviations. Pairwise
GDT-TS scores have been calculated over the MD trajectory
conformations in an all-versus-all comparison, and used to build
a dissimilarity matrix D = (di,]-) = 100 — GDT-TS;; The
computed matrix D has been used as input for an unsupervised
partitional based clustering algorithm (PAM, Partitioning
Around Medoids>® implemented in the R package) with a
number of clusters ranging from k = 2 to 20. The silhouette
analysis was performed to select the k value leading to the best
cluster separations.54

Current Measurement. A homogeneous and constant
electric field E = (0, 0, E,) acting along the z direction is
applied. This is equivalent to the application of a constant
voltage AV = E,L,.>> Although the typical voltage applied in
translocation experiments is usually lower than 1 V, in order to
have a well-defined signal we decided to operate at a higher
voltage. We selected AV = 5 V, representing a trade-off
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between the computational requirement of having a low noise
and the need of working in the ohmic region (see Figure S6).
Currents traces were calculated as block averages over 20 ps
over 4 ns simulation. Their averages were computed cutting out
the first 1 ns transient. Statistical analysis of the current traces
have been compared using the ¢ test (null hypothesis of equal
means) with a multiple testing correction for the p-values
(Bonferroni correction®®). Pore occupancy # is calculated as the
average number of massive (non-hydrogen) protein atoms in a
sphere of radius 7 A centered in the pore center. Also for this
observable, the first 1 ns is excluded from the averaging.
Remarkably, despite the large instantaneous fluctuation on the
picosecond scale, all the observed differences among the
clusters result to be statistically significant with the exception of
few pairs (see Figure S7).

B ASSOCIATED CONTENT

© Supporting Information

Additional data for constant force SMD for the case F; (N, (t)
plot and medoids conformation), complete data for case F,, and
current—voltage curve for open pore case. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.jpcb.5b02172.
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