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ABSTRACT: Nanopore probing of biological polymers has the potential to achieve single-molecule sequencing at low cost, high
throughput, portability, and minimal sample preparation and apparatus. In this article, we explore the possibility of discrimination
between neutral amino acid residues from the primary structure of 30 amino acids long, engineered peptides, through the analysis
of single-molecule ionic current fluctuations accompanying their slowed-down translocation across the wild type a-hemolysin (a-
HL) nanopore, and molecular dynamics simulations. We found that the transient presence inside the a-HL of alanine or
tryptophan residues from the primary sequence of engineered peptides results in distinct features of the ionic current fluctuation
pattern associated with the peptide reversibly blocking the nanopore. We propose that a-HL sensitivity to the molecular
exclusion at the most constricted region mediates ionic current blockade events correlated with the volumes that are occluded by
at least three alanine or tryptophan residues, and provides the specificity needed to discriminate between groups of neutral amino
acids. Further, we find that the pattern of current fluctuations depends on the orientation of the threaded amino acid residues,
suggestive of a conformational anisotropy of the ensemble of conformations of the peptide on the restricted nanopore region,

related to its relative axial orientation inside the nanopore.

B INTRODUCTION

One of the major advances in today’s nanotechnology stems
from the advent of nanopores, either protein-, solid state-, or
hybrid-based, which allowed unprecedented probing of
molecular interactions at the nanometer scale and submilli-
second time resolution.' > The working principle of the
approach uses a potential difference to drive the target ion or
molecular complex through the nanopore. As this occurs, a
corresponding volume of solvent gets displaced, the electrical
resistance of the nanopore most often increases, and this leads
to reversible changes in the ionic electrical current measured
across the nanopore. The statistical and volumetric analysis of
such blockade events is later used to infer information about
the physical and chemical properties of the studied analyte.
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An acclaimed nano(bio)technology application of biological
nanopores is represented by identification of each successive
nucleotide in a DNA or RNA strand, which catalyzed the
nascent technologies allowing the rapid and low-cost
sequencing applications for biomedical or other life sciences
research.*™ "’

A rich application of nanopore technology for proteomics is
to detect and conformationally analyze, and potentially
sequence, peptides or proteins. To date, however, nanopores
have proven remarkable successful mostly for the first two
objectives.'' ™" The results of all-atom molecular dynamics
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simulations regarding the feasibility of using graphene nano-
pores for protein sequencing have revealed that the nanopore
transport of the peptides produces stepwise modulations of the
nanopore ionic current, which were found correlated with the
type of amino acids present in the nanopore.”” The successful
protein sequencing is hampered by mainly two factors: (i)
unlike nucleic acid-based polymers, the rich variety of
topologies, namely, secondary, tertiary, and quaternary
structures of proteins, overcomplicates the interpretation of
the induced current blockade events across the nanopore in
unequivocal terms of primary structure details; (i) the
heterogeneous charge distribution on a protein poses
difficulties in controlling the protein dynamics alongside
electric field lines inside the nanopore. In addition, at least
two critical challenges are to be met by the nanopore
technology, before it can successfully be used in protein
sequencing. On one hand, there is a need to provide single
amino acid resolution. Note, for example, that the most
constricted region of one of the commonly used biological
nanopores (e.g, a-hemolysin from Staphylococcus aureus, a-
HL), located between Met-113 and Lys-147 and Glu-111, is
~0.6 nm in length and 1.4 nm in diameter,?"** setting a
theoretical spatial resolution of ~1.6 amino acids. As an
additional difficulty, previous studies regarding the ssDNA
trafficking across the Mycobacterium smegmatis porin A (MspA),
which has a thinner constriction domain (~0.5 nm) and a
smaller in diameter constriction domain (~1.2 nm) than the a-
HL,>* demonstrated that the length of DNA probed is actually
longer than the length of the pore’s constriction.”*** On the
other hand, another fundamental issue is to control the electro-
diffusive journey of a polymer (ssDNA, peptide, protein) past
the constriction region in the nanopore, to successfully
fingerprint individual monomers—induced blockade events
from the noisy background, and identify the primary structure
of the polymer. To address this last issue, various approaches
have been envisaged, exploiting the influence of physical and
chemical properties of the solvent on analyte transit across
nanopores, the interaction of analytes with specific antibodies,
using a pressure-voltage biased pore or entropic trapping of
biomolecules near nanopores, or altering the nanopore’s
physical properties and controlling its surface charge.”*™*

Despite all recognized drawbacks, the interest for nanopore-
based protein sequencing to achieve unparalleled sensitivity and
throughput remains central, as the existing methods commonly
employed for this task, namely, mass spectrometry and Edman
degradation, still pose critical challenges, despite their maturity
in use. Concisely, these methods are slow, consuming time,
resources, and reagents.35’36 By mitigating some of the
experimental challenges highlighted above, recent studies have
demonstrated that nanopores can be successfully used to
inspect the primary structure of a protein.””~*!

Here, we recorded ion current measurements fluctuations
across the wild type a-HL nanopore interacting with 30-amino-
acid-long engineered peptides, and demonstrate the proof-of-
concept enabling primary structure exploration of polypeptides,
via discrimination between selected neutral amino acid residues.

B MATERIALS AND METHODS

Electrophysiology. Lipid membrane bilayers were obtained from
1,2 diphytanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids,
US) dissolved in n-pentane (HPLC grade, Sigma—Aldrich, Germany)
using the Montal-Muller technique.* Briefly, the dissolved lipid
formed a stable solventless bilayer structure across an ~120 pm in

diameter orifice punctured on a 25-um-thick Teflon film (Goodfellow,
Malvern, MA), pretreated with 1:10 hexadecane/pentane (HPLC-
grade, Sigma-Aldrich, Germany), that separates the cis (grounded) and
trans chambers of the recording cell. All of the experiments were
performed at a room temperature of ~23 °C and both chambers of the
bilayer cell were filled with a 2 M KCl solution, buffered in 10 mM
HEPES at pH = 7. To achieve the insertion of a single nanopore
channel into the lipid bilayer, small volumes (~0.5—2 pL) of a-
hemolysin (a-HL) protein (Sigma-Aldrich, Germany) were added
from a monomeric stock solution made in 0.5 M KCl to the cis
compartment. Once a stable a-HL protein nanopore was inserted in a
supporting lipid membrane, the peptides denoted by Pel (Ac-(R),,—
(A)s—(E);,~NH,), Pe3 (Ac-(R);,—(W)s—(E);;—NH,), or PeS (Ac-
(R)1,—(A);—(W);—(E),,—NH,) (synthesized and purified by Scha-
fer-N ApS, (Copenhagen, Denmark)) were added in the trans chamber
of the bilayer cell at a bulk concentration of 20 #M from a 1 mM stock
solution made in distilled water. Ionic current fluctuations through the
nanopore, reflecting the unimolecular reversible interactions between
the peptides and the a-HL protein, were recorded at holding
potentials (AV) varying from +20 mV to +90 mV. The reversible
peptide—nanopore interactions were detected and amplified using an
Axopatch 200B (Molecular Devices, USA) instrument. Data
acquisition was performed with a NI PCI 6221, 16-bit acquisition
board (National Instruments, USA) at a sampling frequency of SO
kHz, and were low-pass filtered at a corner frequency (f.) of 10 kHz,
within the graphical programming environment LabVIEW 8.20
(National Instruments, USA). To protect the experimental setup
from electromagnetic and mechanic interference, the bilayer chamber
was housed in a Faraday cage (Warner Instruments, USA), and placed
on the top of a vibration-free platform (BenchMate 2210, Warner
Instruments, USA). Numerical analysis and data graphing were done
with the help of the Origin 6 (Origin Lab, USA) and pClamp 6.03
(Molecular Devices, USA) software. The statistical analysis on the
frequency and duration of the peptide-induced current fluctuations
through a single a-HL protein were analyzed within the statistics of
exponentially distributed events, as previously described.*> The current
values were derived from the amplitude histograms by fitting the
distributions to Gaussian functions. At least three independent
experiments were carried out in order to arrive at the numerical
estimates reported herein.

Molecular Dynamics Simulation. All-atom Molecular Dynamics
(MD) simulations were performed using the NAMD software.** The
CHARMMS36 force field" was employed to model lipid, protein, and
TIP3P water molecules.*® NBFIX corrections were applied for ions.*”

Setup and Equilibration. The membrane—pore system has been
assembled using a protocol similar to previously presented ones.””***’
In brief, the system was assembled starting from the a-HL crystal
structure PDB_ID: 7AHL*' downloaded from the OPM database.*
The POPC membrane, the water molecules, and the ions for
neutralizing the system were added using VMD." Then, the system is
minimized and a 60 ps NVT simulation (time step 0.2 fs) was run with
external forces applied to water to avoid that water molecules enter the
membrane and pore. Lipid heads have been constrained to their initial
position by means of harmonic springs acting on the phosphorus
1 keal
mol A
NPT flexible cell, time step 1 fs) was performed to compact the
membrane. During this run the lipid heads were free to move. The
third, and last, equilibration step consists of a NPT constant area
simulation (2 ns, time step 2 fs) where all the atoms are unconstrained.
The resulting periodic box after the equilibration has the following
size: L, = 12.75 nm, L, = 12.71 nm, and L, = 18.00 nm, and the total
number of atoms is 302 000. Initial configurations of peptides are
generated by using the PEPFOLD server’> and then separately
equilibrated in a triperiodic water box. The box dimensions after a
constant area NPT equilibration (S ns, time step 2 fs) are L, = 4.83
nm, L, = 4.83 nm, and L, = 4.83 nm. Then, the two systems were
merged, ions (2 M KCl) were added using VMD, and a short NPT
equilibration is performed (2 ns, constant area NPT). The resulting

atoms (spring constant k = ). A second equilibration run (1 ns
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Figure 1. Schematic illustration of the approach to detect single peptides interaction with the a-HL nanopore. Once the nanopore is formed in a
supporting lipid membrane, the peptide (designated in panel a by Ac-(R);,—(X)—(E);,—NH,) is added to the trans chamber of the recording
apparatus. We used different sets of peptides, engineered to contain in the middle X" domain either six Ala, six Trp, or a combination of three Ala
and three Trp residues, flanked by the oppositely charged tails at neutral pH, each containing 12 Arg and Glu residues. Depending of the sign of the
applied transmembrane voltage on the trans side, the peptide is funneled to the lumen region of the nanopore with the Arg- (at positive potentials, as
shown here) or Glu-containing tail head on (at negative potentials). As shown in panel b, the main driving force for peptide capture by the nanopore

is the electric force acting on the Arg-containing tail of the peptide (EIP (Ry, tail)). This force is larger than the oppositely oriented electric force

—
acting on the Glu-containing tail ( Eyp (Ey, tail)), since the electric field is more intense in the immediate vicinity of the nanopore and inside it. In the
excerpted trace in panel b, it is illustrated that as the peptide interacts with the nanopore (“blocked a-HL”), reversible changes in the ionic current
through the open nanopore (“free @-HL”) ensue. In its metastable state, whereby the net result of electric forces acting oppositely at the peptide
termini is approximately nil (panel c), the middle section of the peptide is located near the a-HL'’s constriction region (see also text). Marked

distinctly are the lumen, constriction, and, respectively, vestibule domains of the nanopore.

box has dimensions L, = 12.75 nm, L, = 12.71 nm, and L, = 18.62 nm,
and the overall number of atom is ~303 000.

Dedicated steered molecular dynamics simulations were employed
to bring the peptides at the pore’s lumen entrance (trans side) and
then inside the nanopore. In particular, the peptide N-terminus (Arg
tail) was placed at ~1.5 nm from the a-HL'’s trans entrance and then
pulled inside the nanopore using a constant velocity Steered Molecular
Dynamics simulation.

lonic Flux Measurement. Nine representative configurations
along the translocation path have been selected. In the first three, the
constriction is occupied by Arg, in the second three by the central
residue (Ala or Trp), and in the last three by Glu. These configurations
have been used as initial conditions for nonequilibrium runs where 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,.>°

As usual for nonequilibrium all-atom MD simulations, to reduce the
statistical errors, the applied voltage is larger than the experimental
one; in particular, we used AV =1 V. The duration of production runs
spans from 75 to 120 ns. Snapshots are saved every 20 ps and average
currents are estimated as in ref 7 after discarding a ~40 ns transient.
During the production runs, the lipid heads were constrained via a

harmonic spring acting on the phosphorus atoms, spring constant k =
1 keal
mol A

B RESULTS AND DISCUSSION

In our simplified approach, to improve the readout of ion
current blockade signature of amino acids through volumetric
measurements in single-molecule electrophysiology experi-
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ments, we focused on residues with marked difference in
their physical size, namely, Ala (~100 A%) and Trp (~239 A®).

The peptides were engineered such that the primary
sequence section harboring the residues to be distinguished
between (Ala, Trp, and a combination between the two,
dubbed by X’, Figure 1) were flanked by segments of
oppositely charged amino acids (Figure 1). By using this
nonconventional approach, the applied transmembrane poten-
tial enhances the polypeptide capture rate by the a-HL
nanopore, and simultaneously increases the peptide’s residence
time in the nanopore.”*™°

Figure 2 demonstrates that by increasing the applied
potential magnitude, both the capture rate of the peptides
used herein (quantified as the inverse of the average 7, values)
and their average residence time inside the nanopore (7.g)
increase correspondingly.

As we show in Supporting Information Figure S1, the
statistical distributions of interevents (z,) and blockade-event
(7o) durations of data displayed in Figure 2, calculated at a
given transmembrane potential, were found to be exponential.
Furthermore, owing to the oppositely charged termini of the
peptides used, the induced current blockades were observed at
both positive and negative applied potentials, with the peptide
added to the trans side alone (see Figure S2). This is suggestive
of a chain of events during which, depending on its sign, the
electric field near the nanopore opening stemming from the
transmembrane potential (+ or — AV) orients the polypeptide
to enter the pore entrance with the Arg or Glu tail head on, and
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Figure 2. Selected traces displaying the reversible blockades of the ion current through an open a-HL pore due to interactions with the peptides.
Addition of either peptide construct (Pel Ac-(R),,—(A)s—(E);;—NH,, panel a; Pe3 Ac-(R),,—(W)s—(E),,—NH,, panel b; or PeS Ac-(R),,—(A);—
(W);—(E) ,—NH,, panel c) to the trans side of the membrane at a bulk concentration of 20 uM, in an electrolyte containing 2 M KCl, 10 mM
HEPES, pH = 7, leads to nanopore blockades, seen as downward events from the current measured across the free a-HL. As the applied potential
increases from AV = +40 mV (panels a, b, and c) to +80 mV (panels e, f, and g), the average duration of the blockade events (7.¢) increases, whereas
the average of time intervals measured in between successive peptide capture events by the nanopore (z,,) decreases. The representative zoomed-in
segments in panels d—f illustrate the ionic current fluctuations through the a-HL during a metastable capture of the corresponding peptides (see
text). In panels g, h, and i are shown the applied potential dependence of average values of the inter-event time intervals (7,,; “free a-HL”) and the
blockade-event durations (7.5 “blocked a-HL”), for the three sets of peptides used. The average capture times were fit to a single exponential (z,, =
A e™2V/A%0) and the corresponding parameters were as follows: A = 1.98 + 0.54 s, AV, = 19.51 + 2.39 mV (Pel); A = 45.55 + 11.79 s, AV, = 17.22
+ 1.7 mV (Pe3); and A = 11.95 + 2.65 s, AV, = 15 + 0.96 mV (PeS).

facilitates its capture by the nanopore’s f-barrel. Considering
the negatively charged lumen entrance at neutral pH (bare
charge of ~ —7 le7|, the peptide association at the lumen
entrance is augmented via electrostatic attractive interactions
when the positively charged Arg moiety moves toward the
nanopore,” so that the subsequent experiments were focused
for the case of positively applied transmembrane potentials.

A useful strategy used herein was built around the fact that,
once inside the nanopore, the oppositely charged peptide gets
trapped in the free-energy minimum. This metastable state,
which is reflected by the peptide dwelling longer inside the a-
HL as AV increases (Figure 2, panels g—i), is determined by a
configuration in which the peptide gets positioned symmetri-
cally relative to the middle (constriction) region of the
nanopore,54 implying that the number of oppositely charged
amino acids reaching to the a-HL’s lumen and vestibule
domains, respectively, and the values of the oppositely oriented
electrostatic forces acting on the ends of the peptide are largely
similar.

The existence of the metastable state is due to the
combination of the nonhomogeneous electrical field associated
with the presence of the nanopore and the strong dipole of the
molecule.””*® The applied potential induces a nonhomoge-
neous electrical field that is more intense inside the nanopore.

14454

Outside the nanopore, molecules align their dipoles along the
field lines converging into the nanopore. As the molecule enters
the nanopore, it experiences a gradually increasing importing
force, due to the larger electrical field. When the other charged
tail also engages the nanopore, an opposite couple of forces
acting on the two tails sets in, and the analyte becomes stably
trapped approximatively in the middle of the nanopore, where
the two forces balance. From this equilibrium position, further
movements of the polypeptide toward the cis or trans side
(panel d) result in a net electrical force that tend to drive the
peptide back to the equilibrium position, ie, a “nanopore
tweezer” effect appears.

The trapping mechanism of the peptide by the nanopore can
be conveniently described in terms of free energy profiles. As a
first approximation, the free-energy associated with the peptide
translocation can be expressed as the sum of two independent
terms, G, due to the applied voltage, and G, associated with
entropic penalty of the confinement into the pore.*® For
symmetric systems, both G, and G, are symmetric and,
consequently, the free-energy minimum corresponds to a
conformation with the central region of the translocating
peptide near the nanopore’s center. The a-HL nanopore is
asymmetric; hence both G, and G, contributions are
asymmetric as well, and consequently, the metastable
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equilibrium point of the trapped peptide can get shifted toward
the a-HL’s vestibule or f-barrel. Electrical potential maps
reported previously,”” suggest that for a peptide configuration
like the one reported in Figure 4, panel a, the force acting on
the negative residues should be larger than the one acting on
the positive ones. Hence, the peptide should move toward the
nanopore’s f-barrel. On the other hand, since the a-HL’s
vestibule is larger than the S-barrel, the entropic contribution
G, is asymmetric, and it is expected to move the equilibrium
point toward the vestibule, as the peptide passage from the
vestibule to the f-barrel comes at an entropic cost. Hence,
although a definitive answer is not available, we expect that the
free-energy minimum corresponding to a peptide as engineered
herein, trapped inside the a-HL, is correlated with the central
residues of the peptide present at the a-HL’s constriction
region.

Thus, from geometric considerations, and refereeing to a
metastable peptide inside the a-HL, the nanopore’s constriction
region is largely populated by the peptide’s middle domain
residues (section ‘X’ in the primary structure, Figure 1), which
become the dominant contribution to the ensuing current
blockade amplitude changes. The a-HL—peptide interactions at
the nanopore’s smallest nanovolume increase the sensitivity of
the targeted amino acid readout, based on volumetric
measurements through single-molecule electrophysiology.

To set a lower limit on the spatial resolution discrimination
of these amino acids, and knowing that the ~0.6 nm in length
a-HL'’s constriction region may harbor ~1.6 amino acids at a
time (vide supra), we considered that a residue from the middle
region of a peptide occluding transiently the a-HL'’s
constriction domain, as well as the adjacent ones flanking the
constriction, most likely alter the recorded ionic current
throu§}1 the convolving effects of thermal position fluctua-
tions.” Thus, we hypothesized that the distribution of current
amplitude fluctuations associated with the movement of the
metastable peptide inside the nanopore is correlated with the
volumes of at least three residues located in the peptide’s
middle section, presented successively on the a-HL’s
constriction region.

In this line of argument, the prolonged transit of the peptide
across the nanopore, associated with its metastable state,
provided an ideal opportunity to fingerprint the distinct set of
amino acids from its central region as they occlude the
nanopore’s most constricted region, through exploring the
nature of peptide-induced conductance fluctuations of the a-
HL (Figure 2, panels d—f, zoomed-in traces in insets, and
Figure 3).

As shown in Figure 3, the current block through the
nanopore induced by a residing peptide, displays randomly
occurring fluctuations between distinct blockade substates,
marked as represented (#, $, and &). We hypothesized (vide
supra) that such events are most likely consistent with the
reversible motion of the middle region of the peptide through
the constriction domain of the nanopore, under the stalling
electric force exerted at the ends of the peptide. In this scenario,
each blockade fluctuation reflects a group of ~3 amino acids
(either Ala or Trp, for the case of Pel or Pe3, respectively),
occluding the nanovolume of the @-HL’s constriction region.

It may not be excluded that the ionic current fluctuations
illustrated in Figure 3 do not reflect entirely the interactions of
central (Ala or Trp) residues from the peptides with the a-HL’s
constriction region, but contain contributions from the
peptide’s termini-located, Arg or Glu residues—a-HL inter-
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Figure 3. Detecting amino acids in a peptide from ion current
fluctuations across the nanopore. Representative current recordings
through a single a-HL pore showing the transient pore blockades by a
trapped Pel peptide (Ac-(R);,—(A)s—(E);,—NH,) (panel a), Pe3
peptide (Ac-(R);,—(W)s—(E),;,—NH,) (panel b), or Pe$ peptide (Ac-
(R);,—(A);—(W);—(E),,—NH,) (panel c), added in the trans side at a
bulk concentration of 20 M, in an electrolyte containing 2 M KCI, 10
mM HEPES, pH = 7, and an applied transmembrane potential AV =
+70 mV. Due to the oppositely oriented electric forces acting at the
termini of the peptide while it resides inside the nanopore, the peptide
kinetics inside the pore slowed down sufficiently enough, so that the
distinct blockade events induced by peptide movement along the
constriction region of the nanopore are visible. Adjacent to each trace,
which shows zoomed-in fluctuation of the ion current measured across
the nanopore while a peptide resides inside (corresponding to the
“blocked a-HL” state), is the all-points histogram, showing the
amplitude distribution of the sub-blockade events distinct from the
fully blocked substate (#), marked distinctly with ‘& and ‘$’,
respectively.

actions, occurring as the peptide exits the nanopore through
either the trans or cis side. Although entirely possible, the
probability of catching such events in action is in fact very low,
especially at the temporal resolution used herein, due to the
speed of a translocating peptide through the nanopore. We
reiterate that the metastability of the peptide trapped inside the
a-HL pore is determined by the net values of the electrostatic
forces acting oppositely on both ends of the polypeptide, which
should be close to zero (vide supra). In a scenario where during
its passage across the nanopore, either the N- and C-terminus
of the peptide reaches the a-HL’s constriction region, the
charged residues from the peptide along the nanopore’s axial
direction become unevenly distributed, i.e, a net difference
between the number of positive and negative residues inside the
nanopore ensues. The result is that the electric forces acting at
the termini of the nanopore-trapped peptide no longer
resemble a tug of war, failing to stabilize the peptide inside
the pore sufficiently, as to enable the accurate reading of
peptide termini-a-HL constriction region interactions. In
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Table 1. Main Parameters Characterizing the Blockade Amplitude and Duration of Sub-State Events Elicited by a Metastable
Pel Ac-(R);,—(A)¢—(E);,—NH, or Pe3 Ac-(R),,—(W)s—(E),—NH, Peptide, Transiently Trapped Inside the a-HL Nanopore

Pel AC'(R)lz_(A)s_(E)lz_NHz Pe3 AC'(R)IZ_(W)G_(E)IZ_NHZ
Alyoa/Topen 0.83 + 6 X 107 (&) 0.95 + 6 X 107 (#) 093 + 4 x 107 ($) 0.98 + 9.1 X 107* (#)
T 24 X 107 + 04 X 107* s (&) 0.008 + 32 X 107™*s (#) 0.003 + 2.4 X 107* s ($) 0.007 + 7.7 X 10™* s (#)

d)

L Arg tail m—
100% central residue —m
Glu tail me—
90% |
® i
B 809
T 80% |
[5}
o
o 70% |
) I
50%
Pe4 Pej

Figure 4. Molecular dynamics simulation. (a) The system is constituted by the a-HL nanopore embedded in a lipid bilayer, the peptide, water, and
ions (2 M KCl). The a-HL’s constriction (Glu 111, Met 113, and Lys 147) is highlighted in green, while the peptide residues are colored according
to their charge, i.e., the negative Glu tail is in red, the positive Arg tail is in blue, while the middle neutral domain (Ala of Trp) is in white. The
peptide is imported in the pore from the barrel (trans) side with the positive Arg tail directed toward the vestibule (cis) entrance of the pore.
Different configurations along the peptide translocation path have been selected and used as initial conditions for nonequilibrium runs where an
electrical field E is applied along the pore axis pointing from the trans to the cis side. Panels a, b, and c refer to Pel peptide. In panel a, the middle
domain is in the pore constriction, while panels b and ¢ show configurations where the constriction is occupied by one of the two charged tails. Panel
d reports the mean current blockades resulting from nonequilibrium runs for both Pel and Pe3. The blue, gray, and red boxes refer to conditions
where the constriction is occupied by the positive tail, the middle domain, and the negative tail, respectively. Snapshots of the constriction region
(green) when occupied by Ala or Trp are shown in panels e and f. The gray surfaces inside the constriction delimit the regions occupied by the
peptide residues in a typical nonequilibrium run. It is apparent that Trp almost completely fills the pore constriction.

previous work with similar peptide constructs, and by using peptide (Pel) (compare Al o0 the most pronounced
either a salt’* or pH gradient,” we demonstrated that the Topen
unbalance of electric forces acting at the peptide termini while blockade events #’ of both peptides, and the shallower ones (‘$’
it resides inside the nanopore vigorously catalyzes the peptide or ‘&, for the situation of Pe3 or Pel, respectively). The
exit from the nanopore, rendering events as those described in analysis of these fluctuation patterns also reveal that the
Figure 3 largely invisible. duration of the shallower substate events (‘$’-Pe3 or ‘&’-Pel) is
To facilitate comparison between Pel and Pe3, the larger for the case of the Trp-containing peptide (Pe3).
distribution of the blockades seen when a specific peptide To interpret these amplitude fluctuations, we remind that the
interacted with the nanopore was assessed in terms of relative constriction regic))n of the a-HL (~0.6 nm in length anc}X ;\11.4
Al _ nm in diameter) has an estimated volume of ~924 A’ In
pore current blockade ( Lpen where Alijou = Tocked = Lopen accord with the assertions mentioned above, we posit that the
Ijjockeq 18 evaluated for either blockade substate ‘#, ‘$’, or ‘&, # substate reflects the instance when a group of approximately
and I, represents the ionic current measured through the free three amino acids from the X’ domain of the peptides is being
a-HL), and the average duration of the events (7), respectively, harbored transiently inside this narrowest volume. This is
corresponding to the blockade substates ‘#, ‘$’, or ‘& (Table supported by the experimental observation that, due to the
1). larger volume of Trp than Ala, the relative blockade amplitude
As seen, the transient presence of the Ala- (Pel) or Trp- of the “#” substate is correspondingly larger for the Trp-
containing peptide (Pe3) inside the nanopore resulted in containing peptide (Pe3), as compared to the Ala-containing
clearly distinct features of the fluctuation pattern associated peptide (Pel) (Table 1). Further than this, the reversible
with the peptide reversibly blocking the nanopore. Interest- alterations seen in the amplitude of the ‘# blockade substate
ingly, the substates associated with the blockade events induced may reflect a convolving effect caused the partial exit from the
by the Pe3 peptide, containing the bulkier Trp, are more constriction region of the nanopore of a group of approximately
pronounced than those seen in the case of the Ala-containing three amino acids from the X’ domain of the peptide, followed
14456 DOI: 10.1021/acs.langmuir.7b03163
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by the re-entry of another such group. In other words, the
substates ‘$° (Pe3) and ‘&’ (Pel), respectively, reflect
occupancy states of the nanopore while the constriction region
contains a lesser number of amino acids as compared to the ‘#
substate. This is supported the fact that the relative blockade
amplitude of the ‘$’ substate, corresponding to the Trp-
containing peptide (Pe3), is slightly larger than that of the ‘&’
substate, calculated for the Ala-containing peptide (Pel) (Table
1).

To prove our hypothesis that the system presented here is
capable of discrimination between groups of three distinct
amino acids, from fluctuations in a single blockade event, we
studied the interaction of another peptide construct (PeS) (Ac-
(R);,—(A);—(W);—(E),;,—NH,) with the nanopore. It is quite
interesting that the analysis of the ionic current fluctuation
patterns indicated three resolvable, distinct peaks, which for the
deep (#) and, respectively, shallower events (‘$’ and ‘&’)

showed relative blockade amplitudes (% (#) =094 + 1 x

open
1073, % ($) = 0.89 + 3 X 107° and 2l (&) = 0.84 + 2 X
open pen

107%), close to those measured in the case of Pe3 and Pel alone
(see Table 1). This interesting observation was interpreted as
putative evidence of our system to distinguish between groups
of distinct amino acids, each containing either three Ala or Trp
residues. Thus, it was reasoned that a-HL nanopore sensitivity
to the molecular volume at the constriction region mainly
would promote the specificity necessary to discriminate
between amino acids residues based solely on their volume.

To further interpret the experimentally observed current
blockades in term of specific conformations of the peptide
inside the nanopore, we performed all-atom Molecular
Dynamics (MD) simulations for Pel and Pe3 peptides. The
membrane—pore system, sketched in Figure 4, panel a, has
been assembled and equilibrated using protocols similar to
previously presented ones,””***” also described in the Materials
and Methods and Supporting Information.

After equilibration, the peptide is located at the pore trans
entrance. Dedicated steered molecular dynamics simulations
were employed to induce the peptide translocation. Nine
representative configurations along the translocation path have
been selected for each peptide. In the first three, the
constriction is occupied by Arg (Figure 4, panel b), in the
second three by the middle domain (Ala or Trp, Figure 4, panel
a), and in the last three by Glu (Figure 4, panel c). These
configurations have been used as initial conditions for
nonequilibrium runs where a homogeneous and constant
electric field E, acting along the z direction is applied. This is
equivalent to the application of a constant voltage AV = E,L,.>
As usual for nonequilibrium all-atom MD simulations, to
reduce the statistical errors, the applied voltage is larger than
the experimental one; in particular, we used AV =1 V. In
addition, we run a simulation without peptide to measure the
open pore current. Mean current blockades are reported in
Figure 4, panel d. For the case where the a-HL’s constriction is
occupied by the peptide’s middle neutral domain (gray bars),
the Pe3 peptide results in a significantly deeper blockade (0.91
+ 0.015) with respect to the Pel peptide (0.85 & 0.020). This
phenomenon can be simply explained in terms of the different
steric hindrance exerted by Trp and Ala at the nanopore’s
constriction region, as apparent in the Figure 4, panels e and f,
where typical snapshots of the a-HL'’s constriction occupied by
either Ala and Trp resides are shown. The size difference

between Ala and Trp affects also the ionic current through the
nanopore, even when the constriction is being occupied by the
positive arginine tail of the peptide (see blue bars in Figure 4,
panel d). In such a scenario, the peptide’s middle central
domain is located in the a-HL’s f-barrel, as evidenced in Figure
4, panel b, for Pel and Figure S3, panel d, for Pe3. Instead,
when the nanopore’s constriction region is populated by the
peptide’s Glu negative tail, the ionic current blockade is much
smaller. This can be ascribed to the fact that when Glu residues
reside in the constriction region of the nanopore, the a-HL'’s -
barrel is only partially occupied, resulting in a shallower
blockage.

The presented approach has yet another untapped potential,
namely, to drive the peptide with either the N- or C-terminal
part inside the nanopore during the same experiment, by simply
switching the sign of the applied potential (Figure S2). By
exploiting this possibility, we found that a peptide entering the
nanopore with the Glu-containing tail head, in otherwise similar
experimental conditions as above except for the sign of the
applied potential, gave rise to a pattern of current fluctuations
strongly dependent on the orientation of the threaded amino
acid residues (Figure S4). This is suggestive of a conformational
anisotropy of the ensemble of conformations of the peptide on
the restricted nanopore region, depending on its relative axial
orientation to the nanopore, and we plan to investigate the
molecular basis of this asymmetry and applications for amino
acid discrimination further. A similar phenomenon has already
been reported for the ssDNA translocation through the a-HL
nanopore.”” Related to this, in another study, it was also
suggested that distribution of blockade events entailed by the
passage of a peptide through a nanopore may also depend
strongly on the configuration of the molecular termini of the
peptide (N- or C-terminus) relative to the nanopore.”” At this
moment, a clear explanation of data shown in Figure S$4 is
further complicated by the fact that a metastable peptide
trapped inside the a-HL’s at negative AV’s exposes its Arg
residues to the nanopore’s lumen. Consequently, this may
render the volumetric difference readout between Ala and Trp
residues blocking the constriction region “hidden”, by the large
resistance contribution of the Arg tail in the lumen. Although
we lack a strong proof of this, the indirect hint from our MD
simulations shows that when the lumen and the constriction are
fully occupied by large residues such as Arg and Trp, we have a
similar current blockade (Figure 4, panel d).

It remains an open question regarding a solution enabling
unidirectional, slowed down movement across the nanopore of
a denaturated, heterogeneously charged polypeptide, enabling
the unequivocal statistical description of the translocation
process at the constriction region of the nanopore and
discrimination of all individual residues. This technique may
become, however, a stepping stone for more refined approaches
to probe the structure of specific peptide domains containing
patches of neutral residues, pinpoint existing mutations or
physicochemical alterations of neutral amino acid patches, or
specific post-translational modifications. It may provide a
sensitive approach to discriminate among overall neutral
amino acid enantiomers on a specific peptide domain.
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