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ABSTRACT: Despite success in probing chemical reactions
and dynamics of macromolecules on submillisecond time and
nanometer length scales, a major impasse faced by nanopore
technology is the need to cheaply and controllably modulate
macromolecule capture and trafficking across the nanopore.
We demonstrate herein that tunable charge separation
engineered at the both ends of a macromolecule very
efficiently modulates the dynamics of macromolecules capture
and traffic through a nanometer-size pore. In the proof-of-
principle approach, we employed a 36 amino acids long
peptide containing at the N- and C-termini uniform patches of
glutamic acids and arginines, flanking a central segment of asparagines, and we studied its capture by the α-hemolysin (α-HL)
and the mean residence time inside the pore in the presence of a pH gradient across the protein. We propose a solution to
effectively control the dynamics of peptide interaction with the nanopore, with both association and dissociation reaction rates of
peptide-α-HL interactions spanning orders of magnitude depending upon solution acidity on the peptide addition side and the
transmembrane electric potential, while preserving the amplitude of the blockade current signature.

KEYWORDS: protein nanopore, nanoscale peptide trafficking, single-molecule electrophysiology, lipid bilayer interfaces, biotechnology,
control of peptide dynamics

■ INTRODUCTION
The transport of proteins or peptides into or across membranes
is an essential step for about 50% of the cellular proteins,1 so
that revealing molecular, mechanistic insights into the
mechanisms governing the polymer translocation received
particular attention in the past years. Arguably, one of the most
pressing issues is to understand the biophysical rules that
govern the electric field-mediated translocations of peptides
through nanopores, by considering the contribution of
nonspecific nanopore-polymer interactions.
Synthetic or native nanopores have been endowed in the past

two decades with the remarkable ability to probe the transport
of various polymer chains at unimolecular level, and this started
back in 1996, when the first paper about the possible usefulness
of nanopores to DNA probing was published.2 In principle, the
operating principles of the nanopore-based single-molecule
technique are elementary simple: the single macromolecule
capture, entry and subsequent translocations through a free-
standing, voltage-biased nanopore, depend upon the phys-
icochemical and topological features of the analyte. The
concentration, identity and other microscopic features of the

analyte (e.g., diffusion coefficient, volume, charge, etc.) are
inferred from the analysis of the stochastic current blockade
events caused by the trafficked analyte across the nanopore.3−6

Riding on the current sophistication of electrophysiology
technology dedicated to single-molecule detection, either
protein- or solid state-based nanopores have emerged as
powerful tools for investigation of various chemistries.7−11

They were also successfully employed for RNA and DNA
detection and analysis,2,12−16 peptides17−25 or proteins
detection and analysis.26−29

A wide number of theoretical and computational approaches
have been applied to rationalize the analyte capture and
translocation30−33 and to investigate the macromolecule
conformation responsible of current alteration at atomic
scale.34−38

In this context, it is worth mentioning one of the recently
introduced, cheap, and easy-to-use devices built around
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nanopore technology developed by Oxford Nanopore Tech-
nologies (Oxford, UK), MinION, able to reconstruct the
nucleotide sequence by quantifying the current fluctuations
created when nucleotide strands interact with a protein
nanopore during translocation.39

To improve the measurement of pico-ampere steps in ion
current associated with the transient presence of various
molecular moieties within the nanopore, various methods to
optimally slow down and control translocation across the
nanopore were devised. Among the simplest and less invasive,
one could mention altering the temperature, viscosity and salt
concentration of the electrolyte,40,41 the transmembrane
potential,42,43 controlling the balance between the electrostatic
and electro-osmotic forces,22,44,45 employing a pressure-voltage
biased pore,46 or using Li+ as counterions in the salt solution.47

Recently, we achieved the simultaneous enhanced sensing
throughput and retarded peptide motion across a wild-type α-
HL nanopore, by exploiting the electric interaction with the
transmembrane potential of neutral homopeptides whose
termini were tagged with uniform patches of basic and acid
amino acid segments.48

In previous reports, authors have demonstrated that
electrostatic interactions between the sodium poly-
(styrenesulfonate) and the α-HL, significantly affects the
polymer capture rate and translocation through the protein
pore when studied in the presence of various pH and salt
gradients.33,49

While a complex interplay of fluid dynamics, electrostatic and
steric effects govern the peptide-α-HL pore dynamics, we
employed herein a 36 amino acids long peptide containing at
the N- and C-termini patches of glutamic acids and arginines
flanking a central segment of asparagines, to examine the role of
the electrostatic contribution to peptides entry to the α-HL,
and subsequent trafficking across the nanopore. The parameter
used to controllably alter the magnitude of peptide−α-HL
interactions was the net charge on the peptide and nanopore,
which was varied by exposing a single membrane-immobilized
α-HL protein to electrolyte-containing peptides at various
acidic pH values, maintained asymmetrical across the nanopore.

■ EXPERIMENTAL SECTION
Peptide Synthesis. The peptides used herein (Figure 1) are

termed CP2a (Ac − (E)12 − (N)12 − (R)12 − NH2), were synthesized
by the solid phase method using Fmoc (9-fluorenyl-methoxycarbonyl)
chemistry. Their specific length was chosen to ensure that a
completely unfolded linear peptide can fit inside the ∼10 nm thick
α-HL pore (vide infra). The synthesis protocol, extraction,
purification, and molecular mass determination were done as described
in detail previously.48

Electrophysiology. Planar lipid membranes were obtained
employing the Montal−Muller method19 using 1,2-diphytanoyl-sn-
glycero-phosphocholine (Avanti Polar Lipids, Alabaster, AL) dissolved
in n-pentane (HPLC-grade, Sigma-Aldrich, Germany). The dissolved
lipid formed stable solventless bilayers across a ∼120 μm in diameter
orifice punctured on a 25 μm-thick Teflon film (Goodfellow, Malvern,
MA), pretreated with 1:10 hexadecane/pentane (HPLC-grade, Sigma-
Aldrich, Germany), that separated the cis (grounded) and trans
chambers of the recording cell. When the experiments were performed
in symmetrical conditions, the electrolyte used in both chambers
contained 2 M KCl buffered in 10 mM HEPES, at pH = 7.3. For the
experiments undertaken in asymmetrical conditions, the electrolyte
used in the trans recording chamber contained 2 M KCl buffered in 5
mM MES at pH = 3.73 or 3.17, and that in the grounded cis chamber
contained 2 M KCl buffered in 10 mM HEPES at pH = 7.3M. All
reagents used were of molecular biology purity. A single α-hemolysin

protein pore (α-HL) (Sigma-Aldrich, Germany) was inserted in the
lipid bilayer by adding ∼0.5−2 μL from a monomeric stock solution
made in 0.5 M KCl, to the grounded, cis chamber, under continuous
stirring for about 5−10 min. The peptide was introduced in trans
chamber at a bulk concentration of 20 μM from a 1 mM stock solution
made in distilled water, and the ion current fluctuations across the α-
HL pore reflecting unimolecular reversible interactions between
peptides and the α-HL protein were recorded in the voltage-clamp
mode with an Axopatch 200B (Molecular Devices, Sunnyvale, CA)
amplifier. All experiments were carried out at room temperature of
∼23 °C. Data acquisition was performed with a NI PCI 6221, 16-bit
acquisition board (National Instruments, Austin, TX) at a sampling
frequency of 50 kHz, within LabVIEW 8.20 (National Instruments,
Austin, TX). The amplified electric signals were low-pass filtered at a
corner frequency ( fc) of 10 kHz. Numerical analysis and data
representations were done with the help of the Origin 6 (OriginLab,
Northampton, MA) and pClamp 6.03 (Axon Instruments, Union City,
CA) software. The statistical analysis on the relative blockage
amplitudes induced by peptides on the electric current through a
single α-HL protein, as well as the frequency and duration of the
peptides-induced current blockades were analyzed within the statistics
of exponentially distributed events, as previously described.19,22

Theoretical Model. The theoretical model employed in this paper
is based on the toy-model we used in our previous work,48 here briefly
recalled for reader’s convenience. We consider only single-file motion,
that is, only linear configurations (no hairpin) are allowed inside the
pore. Consequently the pore has room for a maximum of 26 residues,
roughly corresponding to the pore length L = 100 Å divided by the
peptide bond length d0 = 3.8 Å. Following,31,50 we indicate as Ntrans
and Ncis the number of residues at the trans and cis side of the pore,
and we used Q = Ncis − Ntrans as progress variable to describe the
translocation. In particular, Q = −36 corresponds to the initial state
(Ncis = 0 and Ntrans = 36) while Q = 36 (Ncis = 36 and Ntrans = 0)
corresponds to a complete translocation. A rough estimation of the
shape of the free-energy G(Q) can be obtained considering G(Q) as
the sum of two independent terms: a configurationally contribution,
Gc(Q), and a contribution due to the external electric field, Ge(Q). For
the configurationally contribution, as a first approximation, we assume
the following form Gc(Q) = −g (Ncis (Q) + Ntrans (Q)), where g is a
constant with the dimension of an energy.30,48

For the electric field contribution, Ge(Q), we consider the work
done by the external electric field E acting inside the pore parallel to
the pore axis and directed from trans to cis side.48 In this study, the
new ingredient is given by the dependence on the pH of the peptide
N-terminus segment charge. Indicating the trans entry as x = 0 and the
cis entry as x = L, and denoting by xt the axial coordinate of the pore
below which the peptide charge is affected by the trans pH, we assume
that the pH inside the pore assumes the trans side value for x < xt and
the cis side one for x > xt. Consequently, the N-terminus residues with
x < xt has a reduced charge of 0.33 for pH 3.73 and 0.091 for pH =
3.17 (vide infra). Details are reported in Supporting Information. The
result reported in this paper are obtained for xt = 0.25 L. The
qualitative picture is not affected by the specific choice for xt in the
range xt = [0.1−0.3] corresponding to the trans portion of the β-barrel
(see Supporting Information, Figure S1).

■ RESULTS

To investigate the modulatory effects exerted by electrostatic
forces upon the peptide−α-HL pore interactions, a 2-fold
strategy was used: (1) the implication of a peptide able to span
the α-HL pore along its entire length, so that while residing
inside the pore, the glutamic acids and arginines-containing
segments from the peptide’s N- and C-termini (Figure 1) most
likely face the electrolytes in contact to α-HL’s trans or cis
openings, depending upon the peptide orientation within the α-
HL, and (2) the use of a pH gradient across the α-HL pore, as
to controllably alter the charged state of the α-HL’s β-barrel
entry and peptide’s moieties bathed in the electrolyte in contact
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with the α-HL’s β-barrel, while keeping the charge on the
protein constriction region and vestibule largely invariant.
In doing so, we generated a biophysical model providing a

simplified control over pore-biopolymer interactions, by
creating conditions whereby only the electrostatic interactions
between the trans side exposed protein’s β-barrel and either the
N- or C-terminus of the peptide segment were modulated
controllably via trans-pH changes.
To enter the pore from the trans-side, a peptide interacts first

with the 7-fold symmetric ring from the α-HL’s β-barrel mouth,
composed of 14 aspartic acids (D127 and D128) and 7 lysines
(K131) from the seven protein monomers. Depending on the

pH of the trans buffer, the net charge of this region on the α-
HL (qring) changes from ∼ −7.3 (pH ∼ 7.3) to ∼0 (pH ∼ 3.7),
and ∼ +6 (pH ∼ 3.17),33 while the charge on the N-terminus
of the trans-added peptide, changes from qN ∼ −12 (pH ∼ 7.3)
to qN ∼ −4 (pH ∼ 3.7) and qN ∼ −1 (pH ∼ 3.1). (http://
www . b i o s y n . c om / P e p t i d e P r o p e r t y C a l c u l a t o r /
PeptidePropertyCalculator.aspx).
The average diameters of the peptide’s ends estimated with

the Swiss-PdbViewer were ∼13.2 Å at the glutamic acids-
containing N-terminus and ∼18 Å at the arginines-containing
C-terminus, while the actual diameter of the α-HL’s β-barrel is
∼20 Å. At 2 M KCl solution, the Debye length is κ−1 ∼ 1.9 Å,
which is comparable to the diameter difference between the
peptide’s N- or C-terminus and pore’s β-barrel. With these in
mind, and considering the conformational fluctuations of the
peptide accompanying its random coil−stretch transition as it
enters the pore mouth to enable the eventual single-file
trafficking across the pore, one cannot dismiss the manifes-
tations of electrostatic interactions taking place between the
peptide and the α-HL’s β-barrel. Thus, significant changes in
the magnitude of the electrostatic forces manifested between
the peptide and the pore ring are expected to occur vs pH, as
well as depending on whether the capture of the peptide by the
pore takes place on either the N- or C-terminus, all of which
should alter distinctly the frequency and duration of peptide-
induced blockade events.
Early work has shown that alterations of the pH modifies the

electrostatic nature of the α-HL pore, and the peptide or ionic
passages through the protein were demonstrated to be
controlled by the surface charges of the β-barrel, through
changing the solution pH on the trans side of the pore.22,24,48,51

Data presented in Figure 2 show that the increase of the trans
buffer acidity causes a lower propensity of peptide−pore

Figure 1. The primary sequence of the CP2a peptide. Separately, there
are displayed the putative charged state of peptide’s N- and C-termini
in (a) neutral (pH = 7.3), and acidic electrolytes (pH = (b) 3.73 and
(c) 3.17).

Figure 2. Representative single-pore current recordings reflecting the pH-dependent peptide interaction with the α-HL pore immobilized in a lipid
membrane at positive potentials. All traces were recorded with the trans-added CP2a peptide (20 μM) at ΔV = +90 mV, in symmetrically added
buffer in the cis and trans chambers containing (a) 2 M KCl, 10 mM HEPES at pH = 7.3 or asymmetrically added buffer (b) 5 mM MES, pH =
3.73(trans)/10 mM HEPES, pH = 7.3(cis) and (c) 5 mM MES, pH = 3.17(trans)/10 mM HEPES, pH = 7.3(cis). The reversible peptide-induced
blockade events are seen as downward, randomly distributed spikes from the “open” to the “blocked” pore. Scatter plots shown below panels a−c
display the interevents (τon-characteristic of the “open” substate) and blockade (τoff-characteristic of the “closed” substate) dwell times vs relative
blockade amplitude of events (ΔIblock = Iblocked − Iopen), with the distinct blockade substates encircled. In the scatter plot below panel a, no events
with dwell times beyond ∼0.5 s were seen. In this case and for the sake of comparison, the scale was extended to up to ∼200 s in order to display an
axis similar to those in the scatter plots associated with panels b and c.
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interactions at positively applied potentials, seen as a decrease
on the frequency of blockade events. By contrast, when the
peptide−pore interactions were studied at negative potentials,
an opposite tendency was seen, namely, an increase of the
peptide−pore interactions frequency as the trans-pH was
lowered (Figure 3).
The dissociation times characterizing the reversible α-HL

conductance blockades by the CP2a peptide, were also found
pH-dependent. At positive potentials applied across the α-HL,
trans-acidic buffers led to a significant increase of the residence
time of a single peptide inside the α-HL pore (Figure 2), while
the opposite was measured at negative transmembrane
potentials (Figure 3). The subsequent statistical analysis
revealed the monoexponential decay-like distributions of
interevents and blockade-events durations of peptide-induced
α-HL blockades (Supporting Information Figures S2 and S3),
which led to the estimation of pH- and voltage-dependence of
the association (rateon) and dissociation (rateoff) rates of the
CP2a peptide−α-HL interactions. The result of these
evaluations is shown in Figure 4, demonstrating that the
trans-pH controls very effectively the simultaneous enhance-
ment of the peptide capture rate by the α-HL, and peptide
residence time within the protein pore, at increasingly either
positive or negative transmembrane potentials.
At all pH values of the trans-added buffer tested herein, the

relative current blockade ΔIblock (ΔIblock= Iblocked − Iopen)
measured versus the transmembrane potential (ΔV) scaled
linear with the applied voltage (Figure 5). As we indicated
previously,48 this constitutes proof of the fact that a pore-
residing peptide is not being stretched under the influence of
the electric field inside the pore, meaning that putative, distinct
conformations of peptide inside the pore manifesting at various
holding potentials which would alter peptide-pore interactions,
cannot account for the difference in rateon and rateoff reported
in Figure 4.

This observation also justifies the employment of simple
model invoked to describing the dynamics of peptide trafficking
through α-HL, where the peptide is viewed as an unstructured
polymer chain that moves into the pore in “single-file”
conformation with no possibility of forming folding inter-
mediates, regardless of the applied voltage (vide infra).
However, it is noticeable that the extent of peptide-induced
current blockade through the open α-HL pore increases at low
pH values (Figure 5), and this indicates that salt ionic passages
through a peptide-occupied pore is controlled by the net
charges on the pore ring and the peptide.

Figure 3. Typical current traces reflecting the pH-dependent peptide interaction with the α-HL pore at negative potentials. In these representative
single-pore recordings, the trans-added CP2a peptides (20 μM) interacted with a single α-HL protein at ΔV = −90 mV, when both the cis and trans
chambers contained (a) 2 M KCl, 10 mM HEPES at pH = 7.3 or in the presence of asymmetrically added buffer (b) 5 mM MES, pH = 3.73(trans)/
10 mM HEPES, pH = 7.3(cis) and (c) 5 mM MES, pH = 3.17(trans)/10 mM HEPES, pH = 7.3(cis). The reversible, peptide-induced blockade
events are seen as upwardly oriented spikes. Scatter plots of individual, peptide-α-HL reversible interactions are displayed below panels a−c. They
quantify the interevents (τon-characteristic of the “open” substate) and blockade (τoff-characteristic of the “closed” substate) dwell times vs relative
blockade amplitude of events (ΔIblock) recorded at various trans pH values. As in Figure 2, the distinct encircled peaks fingerprint the open pore
amplitude and current drop events induced by the peptide−α-HL interactions.

Figure 4. The voltage- and trans pH-dependence of the CP2a-α-HL
interaction kinetics. The inverse of average time values corresponding
to the interevent blockage intervals (τon) and various peptide-induced
blockage levels (τoff) from Figures 2 and 3, provided quantitative
estimations of the association (rateon) and dissociation (rateoff)
reaction rates characterizing the CP2a−α-HL reversible interactions.48

The statistical analysis of such data collected over a wide range of the
applied transmembrane potential (ΔV), yielded the voltage-depend-
ence of the (a) association (rateon) and (b) dissociation (rateoff) rates
during conditions when the pH in the recording chamber was kept
symmetrical (■, pH = 7.3(trans)/pH = 7.3(cis)) or asymmetrical (●,
pH = 3.73(trans)/pH = 7.3(cis); and ▲, pH = 3.17(trans) /pH =
7.3(cis)).
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■ DISCUSSION

As we did previously,48 we tackled the voltage-dependence of a
peptide association (rateon) and the dissociation (rateoff) rates
(Figure 4) measured at neutral pH maintained symmetrically
across the α-HL protein, by employing a simplified model
which we imported herein, vide infrawhere we assumed a
negligible contribution from the electro-osmotic flow through
the pore or the effect of the fluid flow outside the pore. This is
justified by the lack of secondary structure of peptide confined
inside the pore, or some specific folding mediated by
adequately spaced amino acids with turn-forming propensity,22

which would make it more prone to such behavior. In short,
depending upon the sign of the applied potential (ΔV), the N-
and C-termini charge separation on the CP2a peptide helps the
molecule rotate and orient itself along the electric field lines
pointing toward the pore trans opening, either with the positive
tail (at positive ΔV) or negative moiety (at negative ΔV). In

the close vicinity of the nanopore, a net dielectrophoretic force
acts on the peptide causing the reversible peptide capture by
the α-HL, and an increase of the applied voltage (ΔV)
irrespective of its sign, causes the electric force acting of the
peptide to also increase, hence making capture more probable.
Subsequent to peptide entry into the nanopore, the electric
force acting at the two oppositely charged peptide termini and
the stochastic movement of the peptide resemble a tug of war
able to stabilize the peptide inside the pore at increasing
transmembrane potentials.48

In the light of the findings embodied by Figure 4a, a first
compelling question is why trans-acidic pH values make the
peptide less likely to enter the protein’s β-barrel at positive ΔV,
while the exact opposite happens at negative ΔV? In concise
terms, such results stem from simple electrostatics. Namely, at a
positively applied voltage, the trans-added peptides are driven
toward the nanopore with the C-terminus head-on (vide infra),

Figure 5. pH-dependence of CP2a peptide-induced blockade amplitude of ion current through an open α-HL. The amplitude of pore-blockade
events induced by a peptide trapped inside the α-HL pore (ΔIblock = Iblocked − Iopen) showed a linear dependence vs ΔV when the pH in the recording
chambers was kept (a) symmetrical (pH = 7.3(trans)/pH = 7.3(cis)), or asymmetrical ((b) pH = 3.73(trans)/pH = 7.3(cis)) and (c) pH =
3.17(trans)/pH = 7.3(cis)). Over the range of the ΔV and pH values used herein, the percentage of the modulus of relative current blockade ((Iblocked
− Iopen)/Iopen) induced by the pore-residing CP2a peptide was calculated at (a) ΔI % block = 93.5 ± 0.2, (b) ΔI % block = 98.6 ± 0.14, and (c) ΔI %
block = 97.1 ± 0.21.

Figure 6. Sketchy representations of the CP2a peptide−α-HL interactions, with either positive or negative transmembrane potentials (ΔV) driving
the trans-added peptide into the pore. Schematically, we show a single α-HL protein inserted into a lipid bilayer clamped to transmembrane
potential, and trans-added peptides whose side termini charges are denoted by qN (N-terminus) and qC (C-terminus). Depending of the trans pH,
the net charge of the trans-exposed peptide N-terminus (qN) and α-HL’s pore mouth (qring) changes accordingly. Due to its length, the peptide spans
the entire length of the protein pore, so that (a−c) its N- and C-termini are exposed in the vicinity of trans and cis solutions at +ΔV, while (d−f) the
opposite occurs at −ΔV. Consequently, the charged state of the N terminus of nanopore-captured peptide is prone to vary with the pH drop on the
trans-added electrolyte, only when positive ΔV were used to capture the peptide (see also text).
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so that the positive charges of the peptide’s C-terminus moiety
face the negative charges of the α-HL’s ring. Increasing trans-
solution acidity neutralizes these negative charges on the
protein’s β-barrel entry, reducing the peptide-channel attractive
interaction. On the contrary, at a negatively applied voltage the
trans-added peptides are driven toward the nanopore with
negatively charged N-terminus head-on (vide infra), and
encounter the negative charges of the α-HL’s ring. Therefore,
increasing trans-solution acidity neutralizes negative charges in
both the peptide’s N-terminus moiety and the α-HL’s ring,
reducing the mutual repulsion and making the peptide more
likely to enter the pore.
To also provide a comprehensive interpretation the pH-

dependent dissociation rates (rateoff) reported in Figure 4b, we
supplement the above-mentioned mechanistic description with
the following hypotheses: (1) The charged state of the α-HL’s
trans opening (qring) varies vs trans pH as indicated before,33

and represented in Figure 6. (2) The charged state of the α-
HL’s constriction and vestibule regions remains invariant vs pH
changes imposed in the trans side. This is mainly because the α-
HL is anionic selective, its selectivity gets augmented at more
acidic pH values,22 so that entry of protons into the pore does
not make a sizable difference in terms of altering the
protonation state of the constriction- or vestibule-located
residues, at least within the relative short durations of the
experiments. (3) At positively applied potentials, the trans-
added peptides are driven toward the nanopore with the C-
terminus head-on (Figure 6a−c). Once it gets temporarily
trapped inside the α-HL and due to the peptide length, the N-
terminus part of the peptide remains exposed to the trans side
of the membrane (Figure 6a−c), so its protonation state and
net charge will change depending upon the trans-pH, as
depicted in Figure 1. (4) At negatively applied potentials and all
pH tested, the trans-added peptides are driven toward the
nanopore with negatively charged N-terminus head-on (Figure
6d−f). Due to geometric considerations, a peptide trapped
inside the α-HL at negative ΔV, is capable of reaching the cis
side of the membrane with its N-terminus moiety, and its
protonation state would resemble that encountered at neutral
pH (i.e., the pH of the cis side), thus becoming unaffected by
the trans acidic pH (Figure 6d−f).
With these in mind, we provide below an interpretation the

pH-dependent, association (rateon) and dissociation (rateoff)
rates reported in Figure 4, for both positive and negative
potentials.
Trans pH- and Transmembrane Potential Depend-

ence of CP2a Peptide-α-HL Association Rates. For the
experimental assembly presented herein, the trans pH acts in
two different ways. On the one hand it alters the protein’s ring
charge (qring), and in particular the trans entry of the α-HL
changes its charged state from net negative at neutral pH, to
almost zero at pH = 3.73 and net positive at pH = 3.17. On the
other hand, the trans pH induces a charge asymmetry on the
peptide chain, which goes from overall neutral at pH 7.3 (N-
terminus charge qN ∼ −12, C-terminus charge qC ∼ +12, Figure
1a) to strongly asymmetrical at pH = 3.73, where qN ∼ −4 and
qC ∼ +12 (Figure 1b) and pH = 3.17, where qN ∼ −1 and qC ∼
+12 (Figure 1c).
These two effects play an opposite role in the pH

dependency of the peptide association rate to the α-HL pore
(rateon). That is, as pH decreases, the peptide becomes more
positively charged, hence at positive ΔV the small but non
negligible electrical field (E) on the trans side vicinity of the α-

HL would facilitate peptides entry into the α-HL pore. Hence,
decreasing the trans pH, would entail an increase of the rateon.
At the same time, however, the pH-dependent ring charge on
the protein affects rateon in the opposite way. As evidenced
above, qring changes from net negative at pH = 7.3 to net
positive at pH = 3.17, thus constituting an electrostatic barrier
for the peptides which are driven with the positive C-terminus
tail toward the pore by positive ΔV , at such acidic pH values
(Figure 6a−c). The experimental data indicate that this latter
effect is dominant, leading to a corresponding decrease in the
peptide association rate to the nanopore with a decrease in the
trans pH (Figure 4a).
Trans-negative potentials drive the peptides toward the

nanopore mouth with the negatively charged N-terminus head-
on (Figure 6d−f). Given that the net negative charge on the N-
terminus segment decreases with the drop in the trans-pH, and
so does the magnitude of the electrophoretic force which
imports the peptide to the pore entry, the expectation would be
that the peptide capture rate decreases with the pH drop.
Paradoxically, the opposite occurs, as the data shown in Figure
4a demonstrates. By following a similar line of reasoning as
above, we posit that when the α-HL is held at negative ΔV ,
increasingly acidic trans buffers lower both the qN as well as
qring, and so electrostatic attractions of incoming peptides to the
pore mouth will manifest below pH = 3.73 (Figure 6d−f).
Consequently, the climbing potential barrier for peptide entry
inside the porewhich involves among others the entropy
penalty for orienting the peptide chain and its interactions with
polarization-induced charges at the water-membrane inter-
facegets lowered. Thus, the overall the free energy barrier for
peptide entry to the pore is decreased when the trans-pH is
lowered, making the peptide entry into the β-barrel more
probable. Within such a simplified rationale, however, one
would expect that the rateon of peptide−α-HL interactions
would be larger at a trans pH = 3.17 than that at trans pH =
3.73, and this is in contrast with our findings (Figure 4a). The
nonmonotonic behavior of CP2a rateon vs trans pH measured at
negative ΔV is still under investigation in our laboratories. So
far, it indicates the nontrivial interplay between the qN − qring
electrostatic interactions and peptide-transmembrane electrical
field interactions, in setting the propensity of peptide capture
rate by the α-HL pore.

Trans pH- and Transmembrane Potential Depend-
ence of CP2a Peptide-α-HL Dissociation Rates. To
rationalize the dynamics of the CP2a peptide across the α-
HL pore, at distinct trans pH values and applied trans-
membrane potentials (ΔV), we note that at positive ΔV, a
pore-captured peptide still exposes its N-terminal in the close
vicinity of the membrane trans side, so that increasingly acidic
trans buffers would increase the peptide’s N-terminal moiety
electrostatic attraction to the increasingly positive charged β-
barrel mouth of the α-HL (Figure 6, panels a, b and c). While at
pH = 7.3 the interaction between a α-HL-captured peptide and
the pore itself is repulsive (qring = −7 and qN = −12) (Figure 6,
panel a), by lowering the trans pH below 3.73, such interactions
become attractive (Figure 6, panel c), thus making the peptide
harder to leave the protein’s β-barrel. Hence, on the sole basis
of ring charge, the peptide dissociation rate should decrease
with a drop in trans pH. In light of our experiments however,
this prediction is only partially met, since according to the
rationale presented above, the decrease in rateoff vs pH at
positively applied potentials should be more prevalent at pH
3.17 than pH 3.73, which is not the case (see Figure 4, panel b).
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To explain this, we need to take into account the pH-
dependent charge asymmetry buildup on the peptide. To start
with, note that the charged residues from the N- and C-termini
of a pore-trapped peptide experience additional electrical forces
from the interaction with the transmembrane potential. The
metastability of the peptide trapped inside the α-HL pore is
crucially determined by the electrostatic forces acting on the
both ends of the peptide, which must be equal in absolute
values and act oppositely in order to enable lower values for the
peptide dissociation rate from the pore.48 In our case, at +ΔV,
lower trans pH values lead to an unbalance of the net charge
present of the pore-captured peptide termini (see Figure 6,
panels b and c), so that the peptide would sense asymmetrical
forces acting oppositely onto its C- and N-termini from the
transmembrane electric field. This phenomenon is expected to
be more prevalent at pH = 3.17 (N-terminus charge (qN) ∼ −1,
C-terminus charge (qC) ∼ +12) as compared to pH = 3.73 (N-
terminus charge ∼ −4, C-terminus charge ∼ +12). As a result,
at a trans pH = 3.17 and positively applied potentials, the trans
to cis oriented, net electric force, acting on the poreconfined
peptide, is larger than that which manifests under otherwise
similar conditions, but a trans pH = 3.73.
We conjecture that at +ΔV, the more destabilizing, net

electric force acting of the poreconfined peptide at a trans pH =
3.1 as compared to pH = 3.7, may decompensate the stabilizing
effect mediated by the augmented electrostatic interactions
between the peptide’s N-terminal and the pore’s trans opening,
which tend to be more prevalent at pH = 3.17 than pH = 3.7
(vide supra). Consequently, at +ΔV the α-HL trapped peptide

would become more prone to exiting the pore when the trans
pH equals 3.17 than 3.73.
This qualitative explanation can be also formalized using a

simple toy-model we already employed48 where the free-energy
profile of the peptide translocation is calculated. Figure 7, panel
a reports the schematic representation of the theoretical toy-
model. The pore is assumed to be cylindrical, the peptide is
linear and the electrical field acts only on the residues inside the
pore. The charge of the N-terminus residues is assumed to
depend on the position of the residue in the pore. In particular,
the charge is reduced in the trans region, i.e. when pH is lower
(see the Experimental Section). Figure 7, panels b and c report
the free energy profile as a function of the collective variable Q
(Q = −36 means that the whole chain in on the trans side,
while Q = 36 corresponds to the peptide completely
translocated) for the case trans pH = 7.3 and trans pH = 3.7.
As expected, the zero force state is shifted toward the cis side
(see also in Figure 7, panel d). Moreover, the escape barrier, i.e.
the difference between the free-energy minimum and the
maximum at the trans side, is lower (Figure 7, panel e).
In summary, at positive ΔV, the α-HL trapped peptide would

become more prone to exiting the pore when the trans pH
decreases. In direct connection to this interpretation, it must be
remarked that previously we tested the crucial role played by
un-balanced electric forces acting on the N- and C-terminal of a
pore-residing peptide on its dissociation rate from the pore, by
devising working conditions whereby such forces were altered
distinctly by imposing a salt concentration gradient across the
α-HL pore, while maintaining the charged state of the peptide
invariant.48 For the case of negative applied transmembrane

Figure 7. Sketch of the toy model for positive applied potential. Only the charge asymmetry effect is considered. The charge of the residues
belonging to the negative tail is reduced when the residue is at the trans-entry, whereas when a residue moves toward the cis side, the standard charge
is recovered (panel a). Panels b and c report the free-energy profiles for the symmetrical (pH = 7.3(trans)/pH = 7.3(cis)) or asymmetrical (pH =
3.73(trans)/pH = 7.3(cis) case. It is apparent that the zero-force state is shifted toward the cis side. In panel d, a cartoon representation of the peptide
inside the pore with the configurations of the zero force state, with the pore exposed to symmetric and asymmetric pH, is shown. Panel e reports the
escape barrier as a function of the electrical field for different trans pH. For the sake of completeness, results for negative potentials are reported in
the Supporting Information, Figure S4.
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potentials, the conciliation of experimental data with the
theoretical paradigm presented above is easier to reach, since
the peptide charge asymmetry vs trans pH becomes less
relevant. That is, as a peptide gets trapped inside the pore, its
N-terminal segment will reach to the cis chamber (pH = 7.3)
and consequently the net charge changes to a value of qN ∼
−12 encountered around neutral pH (Figure 6, panels d, e and
f). We propose that for a peptide captured inside the α-HL
pore that at −ΔV, trans pH values will alter the peptide
dynamics inside the pore solely by tuning the electrostatic
interactions manifested between the trans pH-dependent pore’s
mouth (qring) and the C-terminal of the poretrapped peptide
(qC), which become less attractive when more acidic as
compared to neutral pH. Thus, electrostatic interactions
manifested between the pore’s mouth and peptide’s C-terminus
would more likely facilitate peptide passage at trans pH 3.17
than at pH 3.73. As shown in Figure 4, panel b, this prediction
is nicely met by the experimental data, which demonstrate that
the peptide passage rate across the pore (rateoff) gets
augmented in the presence of trans acidic electrolytes and
−ΔV.

■ CONCLUDING REMARKS AND FUTURE
PROSPECTS

In this study, we set up an experimental biophysical model
providing a simplified control over α-HL−peptide interactions.
The main ingredient was the use of neutral homopeptides
containing oppositely charged amino acid patches at the N- and
C-termini, able to span a single α-HL protein immobilized on a
lipid membrane. This study complements previous efforts from
our groups regarding the elucidation of pH- and ionic strength-
induced modulations of inter-residues electrostatic interactions,
on the dynamics of histidine-containing peptides interacting
with the α-HL protein.24

The main finding of this study is that by changing the pH of
the solution in contact to the α-HL’s β-barrel opening from
neutral to more acidic values, one is able to modulate the
electrostatic interactions between the protein’s mouth and
either the N- or C-terminus end of the peptide. This is
indicative of an effective method of controlling single peptide
interaction with and passage through nanopore, preserving at
the same time the signal blockade amplitudes.
The major advantages of the presented approach, which can

be easily extended to other biological polymers, are (1) the
asymmetric charge distribution at the peptide N- and C-
termini, helps the peptide rotate and orient itself as to facilitate
its capture and subsequent threading inside the α-HL pore
irrespective of the transmembrane potential sign, and (2) the
pH-adjustable charge distribution on the peptide and nanopore
allow the convenient, electrostatic tuning of peptide capture by
the nanopore and its subsequent dynamics inside the nanopore.
By creating conditions whereby during the same experiment,

peptide entry into the nanopore can be set from the sign of the
applied transmembrane potential to occur with either N- or C-
terminus end head-on, an additional control of electrostatic
interactions between the pH-dependent, charged peptide
moieties and the nanopore can be achieved. This approach
provides essential benefits to the requirements of optimal time
and signal resolution, controllable solely by pH and trans-
membrane potentials and combined with mutagenesis design
strategies to rationally alter the electrostatic landscape along the
nanopore walls,52 it may be useful for the task of polymer
sequencing.
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