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ABSTRACT: A striking feature of the 0-hemolysin channel—
a prime candidate for biotechnological applications—is the
dependence of its ionic conductance on the magnitude and
direction of the applied bias. Through a combination of lipid
bilayer single-channel recording and molecular dynamics
(MD) simulations, we characterized the current—voltage
relationship of O-hemolysin for all alkali chloride salts at
neutral pH. The rectification of the ionic current was found
to depend on the type of cations and increase from Li" to
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Cs™. Analysis of the MD trajectories yielded a simple quantitative model that related the ionic current to the electrostatic potential,
the concentration and effective mobility of ions in the channel. MD simulations reveal that the major contribution to the current
asymmetry and rectification properties originates from the cationic contribution to the current that is significantly reduced in a
cationic-dependent way when the membrane polarity is reversed. The variation of chloride current was found to be less important.
We report that the differential affinity of cations for the charged residues positioned at the channel’s end modulates the number of
ions inside the channel stem, thus affecting the current properties. Through direct comparison of simulation and experiment, this
study evaluates the accuracy of the MD method for prediction of the asymmetric, voltage-dependent conductances of a membrane

channel.

B INTRODUCTION

Transport of ions through nanometer-size pores is a process
ubiquitous in both biology and nanotechnology. In a biological cell,
the concentration of ions is maintained by membrane proteins that
either utilize chemical energy to actively transport ions across the
biological membranes or passively transport ions along the gradient
of the electrochemical potential." Despite its conceptual simplicity,
passive transport plays a major role in the biology of a living cell and
can be selective, unidirectional, and voltage or ligand gated—the
functionality furnished by specific ion—protein interactions.

Mimicking nature, synthetic nanoporous membranes have
been designed to exhibit size and charge exclusion for specific
molecules. Thus, nanopores in polymer2 or solid-state> mem-
branes have been fabricated to display diode-like behavior attri-
buted to surface charge effects.”® Proteinaceous® ® or synthe-
tic”” '* nanopores have been used as single molecule sensors that
detect the presence of a macromolecule as a transient reduction
of the ionic current flowing through the nanopore.'* By compar-
ing the residual ionic currents for the states associated with the
presence of macromolecules in the nanopores, several types of
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macromolecules could be discriminated.'>'® In general, the
nanopore current depends on the shape of the nanopore,'” "
the pH of the electrolyte,” the local distribution of surface
charges,u_24 denaturing condition” and the chemical nature of
the ions, which is the focus of this study. Understanding the effect
of ion type on the mechanism of transmembrane transport is of
general interest not only because of its biophysical relevance but
also for its potential utility in rational design of nanopore sensors.

A striking feature of many biological channels is their ability to
rectify (I(+V) # I(—V)) the ionic current. This effect has been
the subject of extensive experimental,20 theoretical,>® 3% and
computational®™ >* studies. More than 120 years ago, Nernst
and Planck provided a theoretical framework for describing the
effect of the electrostatic potential on ion transport. Further-
more, the Poisson equation allows the distribution of the elec-
trostatic potential to be computed self-consistently with the local
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Table 1. Parametrization of the Electric Circuit Model,
Equation 1, Used to Fit the Experimental I—V Curves”

cations 0, (mS/cm) I, (pA) V,(mV) G-. Gi.. (Gio)/(0p) (A)

Lit 742 28 1.6 067 080 1.1
Na*t 85.3 31 49 0.69 0.97 1.1
K" 108 24 40 075 115 1.0
Rb" 109 32 7.4 0.65 1.11 1.0
Cs" 109 23 5.9 0.63 106 0.97

G- = (1)/(R + r) and G.. = (1/R) are the values of the pore
conductance at large negative and positive voltages, respectively. Notice
that G_.. hardly depends on the ion type, whereas G.. scales with the
bulk conductivity.

ion concentration. This so-called Poisson—Nernst—Planck ap-
proach, however, does not take into account the chemical nature
of ions except for their mobility, as it considers ions as point
charges. Moreover, the distribution of charges in a biological
channel is often discrete and reflects the presence of charged
residues at the channel’s surface. Thus, the influence of a charged
residue on the ionic current may strongly depend on the exact
location of the residue in the pore. Accurate estimates of the
interactions between single ions and individual residues of the
channel are therefore critical for the development of quantitative
models of ionic transport. The validity of the mean-field approx-
imation in such cases has been called into question.*® In the case
of a-hemolysin, molecular dynamics (MD) simulations have
proven sufficiently accurate to reproduce the asymmetric cur-
rent—voltage dependence of KCI buffer.>> Brownian dynamics
simulations®>** and site-directed mutagenesis*® have identified
aspartate residues at the trans end of the channel as a major
determinant of the rate of K transport.

In this manuscript, we investigate the molecular origin of the
dependence of the current rectification on the chemical nature of
cations. By means of lipid bilayer single-channel recording, we
characterize the voltage-dependent conductance of at-hemolysin
for all cations from the alkali series: (Li", Na*, K™, Rb", Cs™).
First, we experimentally show that the conductance of o-
hemolysin is modified in a nontrivial way when the type of
cations is changed. In particular, we find the rectifying properties
of the channel to depend on the cation type. Next, we show that
MD simulations of the channel conductance are in quantitative
agreement with our experimental data. Finally, quantitative
analysis of the MD trajectories reveals the molecular origin of
the cation-type-dependent rectification of the ionic current: the
depletion of mobile cations in the channel’s stem caused by
interactions with charged residues of the pore.

B MATERIAL AND METHODS

Experiment. Alkali chloride powders were purchased anhy-
drous from Sigma and dried under vacuum overnight before
dilution. Salt buffers (1 M) were prepared in 100 mM tris at pH
7.4. The solution conductivities were measured at 24 °C. The
measured conductivities were in agreement with the values found
in the literature and are listed in Table 1.

To measure the I—V curves of a single -hemolysin pore
under symmetric buffer conditions, we used a classical setup
described previously.*' DPPC lipids (Avanti Lipids) were used to
form a suspended bilayer. The ionic current and the applied
voltage were measured synchronously using AxoPatch 200B

and a National Instrument acquisition board. Single pores
spontaneously inserted into the lipid bilayer at a rate that did
not noticeably depend on the buffer. The pore stability typically
exceeded one hour with no gating or large fluctuations of the
current at 120 mV. By convention, the pore vestibule (cis side)
was grounded, and the stem side (trans side) held at a fixed
potential. All experiments were performed under symmetric salt
conditions. A symmetric triangle wave with an amplitude of
180 mV and a frequency of 1 Hz was applied to measure the [—V
curves . The measured current had two components: the current
determined by the resistance of the pore and the capacitive
current caused by charging of the lipid membrane with a rate of
0.72 Vs~ ':i.= C(dV)/(dt). The latter component was removed
by averaging I—V curves measured during charging and discharg-
ing of the membrane. Adjustments smaller than 1 pA were
necessary to ensure the ionic current is null at a zero bias
voltage.

All I=V curves measured using the same pore were perfectly
reproducible, at least over a period of 30 min. A typical variation
in the I=V curves between measurements performed using 54
different pores was 7.5%. We attribute such variability in the
current to small variations in the structure of the self-assembled
o-hemolysin heptamer, although the effect of buffer evaporation
could not be fully excluded. Normalizing the I—V curves with the
current value obtained at any positive voltage bias reduced the
variation to £0.95%. All experimental I—V curves reported in
this study were obtained by averaging the data over 10—20 pores
causing a statistical uncertainty in the current values of 2%.

Simulation. All MD simulations were performed using
NAMD,* periodic boundary conditions, the particle mesh
Ewald summation method for long-range electrostatics,™ and
multiple time stepping.*>** Local interactions were calculated
every step, and full electrostatic evaluations were performed
every 3 time steps. The van der Waals forces were evaluated using
a cutoff of 8 A and a switching distance of 7 A.** Bonds and angles
in water molecules were kept rigid using SETTLE,*® while all
other covalent bonds with hydrogen were kept rigid using
RATTLE,*” which allowed for a time step of 2 fs. The standard
CHARMM?27 parameters™ were used to describe lipid, protein,
and water along with the CHARMM-compatible parameter set
for the entire series of alkali ions.*’

The all-atom models of o-hemolysin suspended in a lipid
bilayer membrane were built as described previously.® The
atomic coordinates of the protein were obtained from the Protein
Data Bank (entry 7AHL).*® After adding missing atoms and
residues, the structure was embedded in a patch of pre-equili-
brated DPPC lipid bilayer. The protein—lipid complex was then
solvated in a rectangular volume of ~59000 pre-equilibrated
TIP3P water molecules.”! The alkali (Li*, Na™, K, Rb™, Cs™)
and chloride ions were added at random positions corresponding
to a concentration of 1 M with additional charges to neutralize
the system. The total system consisted of about 289 000 atoms
and measured 13.2 X 13.4 X 15.6 nm”>. Three mutant pores were
constructed, with Aspl127, Aspl128 or Aspl27, Aspl28, and
Lys131 residues neutralized by applying corresponding proton-
ation/deprotonation patches. Following 2000-step minimiza-
tion, the systems were equilibrated in the NpT (constant
number of particles, pressure, and temperature) ensemble using
Nosé—Hoover Langevin piston pressure control®” for 2 ns. In all
simulations, the temperature was maintained at 295 K using a
Langevin thermostat with a damping constant of 1.0 ps~ " applied
to the heavy atoms of the lipid membrane.
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Figure 1. (A) I—V curves of a-hemolysin for the five alkali chloride
solutions: Li" (solid squares), Na™ (empty circles), K™ (solid triangles),
Rb™ (solid circles), Cs* (). Fits of the data to the electrical circuit
model, eq 1, which is schematically shown in the inset, are plotted as
continuous color lines. At positive voltages, the highest current is
obtained for potassium and the lowest for lithium electrolytes. At
negative voltages, the currents are almost independent of the ion type.
(B) The ionic current normalized by its value at 180 mV. The five curves
overlap in the positive voltage region due to their linear shape. In
the nigative voltage region, the current asymmetry increases from Li"
to Cs™.

All production simulations were carried out in the NVT (con-
stant number of particles, volume, and temperature) ensemble,
with an external electric field applied pegpendicular to the lipid
layer. In contrast to our previous work,™ all C, atoms of the
protein were harmonically restrained to their X-ray coordinates
using the spring constant of 695 pN/nm, which was necessary to
prevent sporadic structure deterioration. All five systems (LiCl,
NaCl, KCI, RbCl, and CsCl) were simulated at a 4600 mV
transmembrane bias. Additional simulations were performed at
£1.2 Vand +180 mV for the LiCl, NaCl, and KCl systems only.
The typical duration of our MD trajectories varied between 20
and 30 ns for 600 mV and 1.2 V bias simulations and was at least
100 ns at 180 mV . The ionic currents were calculated as
described previously.*®

B RESULTS

First, we present measurements of I—V curves of @t-hemolysin
for 1 M alkali chloride solutions between —180 and +-180 mV. The
voltage dependence of the pore conductance and of the current
rectification is characterized for each alkali chloride buffer. Follow-
ing that, we show that all-atom MD simulations can reproduce the
results of the measurements and analyze the MD trajectories to
determine the molecular origin of the current rectification.

Experiment. Figure 1 displays the I—V curves of 0-hemoly-
sin for all 1 M alkali chloride solutions at pH 7.4. All the curves
are asymmetric with respect to the applied voltage, and the
conductances are of the order of 1 nS. Notice that this value is a
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Figure 2. Experimental voltage-dependent conductance of a-hemoly-
sin Gpore = 1/V (A) and the asymmetry factor (I..)/(I-) (B) measured
using 1 M solution of Li" (solid squares), Na™ (empty circles), K*
(solid triangles), Rb" (solid circles), and Cs™* (+) chloride.

factor S to 10 smaller than the conductance of a cylinder 1.8 nm
in diameter and S nm in length filled with bulk electrolyte. In the
following, we provide more detailed analysis of the pore con-
ductivities and current rectification.

Pore Conductance. We define the conductance, Gyox, as the
ratio of the ionic current, , to the applied voltage, V: Gpore = I/V.
To properly characterize the voltage dependence of the pore
conductance, especially in the V~0 regime, we fit our data to the
electrical model schematically shown in the inset of Figure 1. The
model consists of a diode with a leak resistance r in series with
another resistance R. The diode characteristic is taken as I =
Io(exp(U/V,) — 1). This electrical analogy corresponds to a
situation where the access energy barrier for an ion to move
through the pore is of the order of kT, producing partial recti-
fication of the current. Although this model is not without
physical grounds, we use it here primarily to analyze and discuss
the results of our measurements. Our experimental I—V curves
were fitted by solving the following implicit equation

Vo VoR 0
TR r+r[TPUTY,

As shown in Figure 1, this expression perfectly fits our
experimental data. The parameters of the fit are listed in Table 1.

The measured conductances are displayed in Figure 2(A) as a
function of the applied voltage V for all alkali cations. The
conductance of a-hemolysin is voltage dependent and increases
continuously from —180 to +180 mV. The conductance satu-
rates in the limit of large positive and negative voltages. Using our
model, we can determine the conductance at a large positive
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voltage as G .. = 1/R and at a large negative voltage as G_., =
(1)/(R+r) for each cation type.

Previous experimental studies of a-hemolysin in KCl solutions
of various concentrations have shown that the pore conductance
scales as the conductivity of the bulk electrolyte.”® A naive
expectation would then be that the pore conductances GPOKE(V)
scale or at least rank in the lyotropic order Li" < Na* < K" <Rb™"
< Cs". Instead we find that the pore conductances rank as Li*
< Na* < Cs" < Rb" < K" for a constant ionic strength.
Figure 2(A) illustrates this effect: the pore conductance cannot
be scaled with the buffer conductivity oy, over the entire range of
voltages. However, the conductance extrapolated to a large posi-
tive voltage G.. scales within 10% error with 0y, (see Table 1). Ata
large negative voltage, the conductance G_.. is almost indepen-
dent of the cation type. In this limit, we can hypothesize that the
current is mainly carried by the common Cl  anions, whereas at
positive voltages the cations significantly contribute to the total
current. This hypothesis is further supported by our MD simula-
tions (see next sections). Our measurements are consistent with
previous reports of mild anion selectivity of 0-hemolysin at neutral
pH>* and with the existence of an energy barrier controlling ion
transport at small transmembrane biases.*

Current Rectification. We define the current asymmetry
factor o as (I,)/(I-), where I, and I_ are the absolute values
of the current at positive and negative voltages. Figure 2(B)
shows that o decreases from (R + r)/(R) at large voltages to 1 in
the limit V~0. For the Li" electrolyte, the asymmetry factor is
below 1.1, whereas it can rise to 1.4 for the Cs* electrolyte. The
current rectification hence follows the lyotropic order. As a crude
argument to explain this observation, we can build on our
hypothesis regarding the change in the constitution of the ionic
current at positive and negative voltages. In the case of LiCl, the
current is almost symmetric, and thus the cations are expected to
carry a minor fraction of the current. In contrast, the higher
rectification degree for the Cs" ions would indicate that in this
case the cation contributes significantly to the current at a
positive bias. Our MD simulations provide support to this
interpretation and detail the mechanism of the selective cation
transport at the atomic level.

Simulation. The simulated I—V curves of 0-hemolysin for 1
M LiCl, NaCl, and KCl electrolytes are displayed in Figure 3(A).
The inset shows the experimental I—V curves in the range
of —180 to +180 mV. The lines in Figure 3(A) show extrapolation
of the experimental I—V curves to [—1.2 V, +1.2 V] interval
using eq 1 and parameters from Table 1. The currents at negative
voltages appear to be almost independent of the cation type in
both experiment and simulations. At positive biases, the simu-
lated currents increase as the electrolyte changes from LiCl to
NaCl and to KCI. Figure 3(B) shows the same data scaled by the
current value at +1.2 V. The I—=V curve of KCI exhibits the
greatest asymmetry, while that of LiCl appears symmetric.
Despite some minor quantitative discrepancies, the simulated
and measured I—V curves appear to be in good agreement.

Figure 4 provides a quantitative assessment of the accuracy of
our MD method. The simulated and measured conductivities of
1 M bulk electrolytes are plotted in Figure 4(A). The simulated
bulk conductivities differ from experimental values by a factor 1.1
to 1.8, depending on the type of the electrolyte. Note that the use
of rigid water model increases the conductivity of KCl at 1 M if
compared to that reported in previous studies.”>> Figure 4(B)
displays the asymmetry factor computed using the above
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Figure 3. (A) Simulated I—V curves of a-hemolysin for 1 M solutions
of LiCl (solid squares), NaCl (empty circles), and KCl (solid
triangles). Experimental curves measured in the [—180 mV, +180
mV] range are plotted in the inset. The continuous lines in both the
inset and the main panel are obtained by extrapolating the experi-
mental values over the simulation voltage range using eq 1 and the
best fit parameters listed in Table 1. (B) Same data scaled by the value
of the current at 1.2 V.

conductance values. The simulated asymmetry factor is in a
good qualitative agreement with experiment; however, the
quantitative agreement of unscaled values is rather poor due to
overestimation of KCI, RbCl, and CsCl conductances.

Figure 4 (C),(D) shows the simulated conductances at 600
mV bias. As experimentally observed, they rank as Gp;c; < Gnacl
< Gga ~ Grpal & Gesa for the positive voltage and hardly
depend on cation types for the negative voltage. Scaling the
simulated conductance with the ratio of measured and simulated
bulk conductivities significantly improves agreement between
simulation and experiment at +-600 mV and, to a lesser degree,
at —600 mV. Thus, the overestimation of the pore conductance
in the MD simulations is related to the systematic overestimation
of the bulk conductivity, which is the intrinsic property of the
MD force field. However, as the relative contribution of cations
and anions to the total ionic current depends on the magnitude
and polarity of the transmembrane bias,”® scaling the [—V curve
with a single factor cannot be expected to yield good quantitative
agreement in the entire voltage range. Despite all these short-
comings, our simulations reproduce the experimental observa-
tions at a semiquantitative level, indicating that the physics of
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Figure 4. Quantitative comparison of experimental and simulated
conductances of the five alkali electrolytes. (A) Simulated (squares)
and measured (circles) conductivities of 1 M bulk electrolytes. (B) The
asymmetry factor, (I,)/(I_), predicted from MD simulations at 600
mV (solid squares), measured in experiment at +150 mV (solid circles),
and extrapolated to £600 mV (open circles). (C) The conductance of
o-hemolysin obtained from MD simulations at +600 mV (solid
squares) and corrected by the ratio of experimental and simulated bulk
conductivities (empty squares), measured in experiment at +150 mV
(solid circles), and extrapolated to +600 mV (empty circles). (D) The
conductance of 0-hemolysin at negative biases. The symbols have the
same meaning as in (C).

interactions that cause cation type-dependent rectification of the
ionic current are correctly captured by our MD approach.

B ANALYSIS AND DISCUSSION

In the previous section, we have shown that our MD simula-
tions could reproduce the experimental observations with semi-
quantitative accuracy. As the position of every atom in the
simulation system is known at every simulation time step, it is
possible to determine the molecular mechanism of the current
rectification phenomena by analyzing the MD trajectories.

Let us first examine how the currents carried by cationic and
anionic species are affected by a reversal of the transmembrane
bias. Figure 5 shows the fraction of the total current carried by
cations for the following three electrolytes: LiCl, NaCl, and KCIL
At negative biases, the current of cations is considerably smaller
than that of CI . Furthermore, the cation current does not
appear to depend on the magnitude of the bias. Li" has the
smallest fractional current (<10%), whereas the fractional cur-
rents of Na™ and K™ are about 14 and 27%, respectively. Thus, at
negative biases, the current is carried mostly by Cl, which is
consistent with the experimental I—V curve, Figure 1(A), that
shows that the current at negative biases does not depend on the
cation type. At positive biases, the fractional current of cations

KCl

Ication/Itotal 1

bias (V)

Figure 5. Fraction of the total ionic current through a-hemolysin
carried by cations in the case of LiCl (solid squares), NaCl (empty
circles), and KCI (solid triangles).

increases with the bias in the case of NaCl and KCI, but not LiCl.
Table S1 in the Supporting Information which lists the chloride
and the cationic currents of the five systems at 0.6 V reveals that
the chloride current decreases slightly when the bias is reversed.
However, this variation is not significant compared to the change
in the cationic current. Hence, the asymmetry of the I—V curves
appears to be closely related to the change in the current of
cations upon reversal of the transmembrane bias. Below we
determine which properties of the channel and the electrolytes
produce this effect.

Simple Quantitative Model of lon Conductance. In a
steady state, the average ionic current is constant everywhere
in the pore. We chose to focus our analysis on a nearly cylindrical
region 36 A in length positioned between the trans entrance of
the stem and the constriction of the stem-vestibule juncture (see
Figure 6(A)). This region is further referred to as the stem region.

lon Mobility. 1t is quite reasonable to expect that the mobility
of an ion changes as it enters the pore of 0-hemolysin from the
bulk. To estimate this effect, we performed a set of MD simu-
lations that characterized the mobility of ions in the bulk
electrolytes and in the stem region. Table 2 lists the bulk mobility
of the ions yf,i ™ evaluated from its definition v, = yf,i ™E, where v, is
the velocity of an ion with respect to the solvent and E is the electric
field. The simulated bulk mobilities are within 5—17% of the
experimental values 4, ¥ and follow the expected lyotropic order.

The same method could, in principle, be used to obtain the
position-dependent mobility inside the 0-hemolysin pore. How-
ever, the inhomogeneous distribution of the electrostatic field
and the small number of charge carriers make this approach
impractical due to large statistical errors. Therefore, to assess the
effect of the pore on the ion mobility, we carried out two sets of
simulations, in which the same ions were dragged through the
pore of O-hemolysin and through bulk electrolyte under a
constant force of 69.47 pN and no external electric field applied.

To obtain good quantitative assessment of the average velocity
of the dragged ions in the stem of -hemolysin, the constant
force simulations were performed 16 times for each ion type
(eight times in each direction) with the ion initially located
outside the boundaries of the stem region. In the limit of low ion
concentration, the mobility of an ion can be evaluated from these
simulations as i = F/vq where F is the applied force; g is the
charge of the ion; and v is its average velocity. However, as this
approach does not take into account the hydrodynamic effects
arising from correlated motion of ions in high-concentration
electrolytes, a more accurate estimate is ptf,grez ptiimvpore/ Vbulky
where we assumed that the ratio of ion velocities in the pore and
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Figure 6. Average electrostatic potential in the pore of 0-hemolysin at
-+600 (A) and —600 (B) mV transmembrane bias in MD simulations of
o-hemolysin at 1 M LiCl (solid squares), NaCl (empty circles), KCI
(solid triangles), RbCl (solid circles), and CsCl (+). The black vertical
lines define the stem region (between —11 and 25 A) that we considered
in our quantitative analysis. The vertical dashed and solid lines define the
volume of the trans end. (C) The average number of ions in the stem
region of o-hemolysin defined by the vertical black lines in panels (a)
and (b). The solid and open squares indicate the average number of
cations at +600 and —600 mV, respectively. The solid and open circles
show the same data for CI . Lines are guides to the eyes. The data for
LiCl, NaCl, and KCI simulations at £180 mV are shown in Figure S1 in
the Supporting Information.

Table 2. Measured (u;*) and Simulated (#5™) Ion
Mobilities in 1 M Bulk Electrolytes”

sim eff

cations up® My Vpore/ Vulk Hpore
Lit 4.01 3.45 0.30 1.03
Nat 5.19 429 0.38 1.63
K" 7.62 7.66 0.56 429
Rb" 7.92 8.32 0.43 3.59
Cs* 8 8.98 0.47 425
cl- 7.32 0.47 3.44

* Vpore/ Vpulk is the ratio of ion velocities in the stem of 0t-hemolysin and in
the bulk when the ion is subject to the same mechamcal force. /tpore =
U Vpore/ Voull- The mobilities are expressed in 10~ Sm2sivo

in the bulk, v,ore/Vbulw i the same when the ion is driven by a
constant electric field or a constant mechanical force. Table 2 lists
computed effective ion mobilities, ,u;f(fre, which are 2- to 3-fold
less than the ion mobilities in the bulk.

Distribution of the Electrostatic Potential. Figure 6(A),(B)
plots the average electrostatic potential inside the central pore of
o- hemolysm at £600 mV computed using the method described
elsewhere.®® For all five electrolytes, the electrostatic profiles at
the same voltage bias appear to be almost identical, with a mild
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Figure 7. Test of the quantitative model of ion conductance. The
simulated ionic currents are shown as filled and open squares at +600
(A) and —600 (B) mV bias, respectively. Also shown are the values of
the ionic current computed from eq 2 using the simulated ion mobilities
in bulk electrolytes (circles) and the effective ion mobility estimated
from constant force pulling simulations (diamonds). The ion mo-
bilities are listed in Table 2. The data for LiCl, NaCl, and KCI
simulations at £180 mV are shown in Figure S3 in the Supporting
Information.

energy barrier near the pore constriction and an almost linear
drop in the stem region that we chose for our analysis. However,
the slope of the linear drop and hence the effective driving force
applied to the ions was found to depend on the polarity of
the bias: —11.5 £ 0.4 pN/e at +-600 mV and 14.9 & 0.4 pN/e

—600 mV. Similar distributions of the electrostatic potential
are observed at =180 mV (Figure S1, Supporting Information).
Note that the asymmetry of the electric field cannot explain the
current rectification since the field is larger at negative voltages
when the observed currents are smaller. Thus, the current
asymmetry should stem from the asymmetry of the concentra-
tion of charge carriers.

lon Concentration. The variation of the ion concentration
along the pore axis at 600 mV is characterized in Figure S2 in
the Supporting Information. Figure 6 c plots the average number
of anions and cations within the stem region chosen for our
analysis. Whereas the number of ions in an equivalent volume of
1 M bulk electrolyte is about 6.5, the number of ions in the stem
region is considerably smaller and depends on both the polarity
of the bias and the type of the electrolyte. At the positive bias, the
number of cations varies between 3 and 4 depending on the ion
type, whereas at the negative bias, it is about 1 or smaller. The
number of chloride ions also depends on the polarity of the bias
and the electrolyte type but to a smaller degree. At the positive
bias, the number of cations is in slight excess over the number of
chloride ions, and hence the stem region carries a small positive
charge. The situation is reversed at the negative bias, as the
chloride ions outnumber cations. Similar occupancy of the stem
was observed in our simulations of LiCl, NaCl, and KCl at 2180
mV, which are characterized in Figure Slc in the Supporting
Information. The above observations are consistent with the data
presented in Figure S that show that the current at negative biases
is primarily carried by Cl ions.

Quantitative Model. Taking into account a linear drop of the
electrostatic potential in the volume of interest (the stem region)
and a nearly constant ion concentration (Figure S2, Supporting
Information) that we further approximate by introducing the
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Figure 8. (A) Average transit time of cations through the stem of a-hemolysin (solid black squares) compared with the average binding time of cations
to residues Asp127 (solid green circles) and Asp128 (empty red squares) in MD simulations at +600 mV bias. (B) The effective charge of the trans end
of the stem at +600 mV (solid circles) and —600 mV (empty circles). The nominal charge of the channel (—7¢) is partially neutralized by transient
binding of ions (see text). The data for LiCl, NaCl, and KCl simulations at =180 mV are shown in Figure S4 in the Supporting Information.

average number of ions in that volume, N;, the ionic current I can
be computed as

e AV
I=s LNy, T (2)
where e refers to the electric charge, i to the ion types, and AV to
the potential drop across the region of interest which is of length
L. Figure 7 compares the predictions of the above model to the
ionic currents observed in our simulations at #=600 mV bias.
Using the bulk mobility of the ionic species 4y, eq 2 over-
estimates the simulated currents by more than 2-fold. However,
re}f)flacing the bulk mobility with the effective mobility in the pore
Upore (see above) produces results that are in excellent agreement
with the simulation data. Good agreement of the above model
with the simulation data was also observed in our simulations of
LiCl, NaCl, and KCI at 180 mV, which are characterized in
Figure S3 in the Supporting Information.

Having established that the above model quantitatively describes
our simulation data, we can now conclude that the variation in the
number of ions observed upon a reversal of the transmembrane
bias and its dependence on the type of the electrolyte produce
the cation-type dependent rectification of the ionic current.
We investigate below how this ion number variation comes
about from the microscopic structure of the channel.

Molecular Origin of the Cation Type-Specific Current Re-
ctification. Using Brownian dynamics and Poisson—Nernst—
Planck modeling, Noskov and Roux have already investigated the
microscopic origin of the current rectification in o-hemolysin,
demonstrating the critical role of charged residues at the trans
entrance of the pore (Asp127, Asp128, and Lys131).** In particular,
they found that the net negative charge (—7e) of the trans end of the
pore is the single dominant factor that determines the asymmetric
shape of the I—V curve in the case of the KCl electrolyte.

Building on these results, we hypothesized that the cation
type-dependent asymmetry of the I—V curves originates from a
different ability of cations to screen the negative charge of the
pore. To estimate this effect, we evaluated the average number of
cations bound to residues Asp127 and Asp128 and the average
duration of the cation binding.

For our analysis, we defined an ion as being bound if it resided
within a cutoff distance from the same residue in the two con-
secutive frames of the MD trajectory (sampled every 10 ps). The
cutoffvalues used in our analysis varied between 2.5 A for Li " and
3.5 A for Cs" and were extracted from a pair correlation analysis
of the cations and the carboxylate group of residues Asp127 and
Asp128. Having identified all the ion-residue pairs, we evaluated
the lifetime of each pair and from these data computed the
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average ion binding time. The same MD trajectories were used to
determine a typical time required for an ion to transit the stem of
the pore, the average transit time.

Figure 8(A) compares the average binding time with the
average transit time for all five cation types. The binding time
of Li" ions by far exceeds the binding time of all other cations and
is considerably longer than the typical ion transit time. For K,
Rb", and Cs™, the binding time is smaller than the transit time,
and for Na™ ions, the two time scales are comparable. A similar
analysis of CI binding to Lys131 revealed that the number of
bound CI " is nearly zero for all electrolyte types.

To quantitatively assess the influence of jon binding on the
effective charge of the a-hemolysin pore, we computed the
average number of ions that remained bound to the trans end of
the pore longer than a typical ion transit time, which at 600 mV
is about 100 ps. Figure 8(B) plots the effective charge of the
trans end of the stem after taking into account the ion binding. In
the case of LiCl, the trans entrance of the stem is electrically
neutral because of Li" binding to Asp127 and Aps128. For NaCl,
the effective charge of the trans end varies between —4 and —See,
whereas for KCI, RbCl, and CsC], the ion binding has very little
effect on the pore charge. The simulations performed at 180
mV reveal a similar dependence (Figure S4, Supporting In-
formation). Thus, binding of Li* to the charged residues of the
stem should have an effect similar to pore neutralization by
mutation, a prediction that we test in the next section.

Further analysis of the MD trajectories brings more insight
into the molecular mechanism of the current rectification.
Figure 9(A) shows that the current of cations increases in the
order LiCl < NaCl < KCI ~ RbCl ~ CsCl at a bias of 600 mV.
This corresponds to a similar variation of the number of ions in
the stem at the same bias (Figure 6(C)). The current of Cl~
varies considerably less in different electrolytes at the same bias.
The dependence of the I—V curve on the electrolyte type may
therefore be attributed to the variation of the cationic current in
the forward (V > 0) direction. Since cations enter the stem
segment at a positive bias from the trans entrance, the number of
cations at the trans entrance should depend on the electrolyte

e.

Indeed, Figure 9(B) shows that the number of mobile ions at
the trans end of the channel (defined as the difference between
the total number of ions and the number of ions bound to the
pore) depends on the type of the electrolyte. Note that the
number of cations and anions in the trans entrance (Figure 9(B))
is almost invariant upon reversal of the bias which is in sharp
contrast to the number of ions (particularly cations) in the stem
(Figure 6(C)).
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Figure 9. (A) Cationic (squares) and Cl™ (circles) currents recorded in the MD simulations of the wild-type 0-hemolysin at +-600 (solid symbols) and
—600 mV (empty symbols) bias for the five electrolytes. (B) The average number of mobile cations (squares) and Cl™~ (circles) at +600 mV (solid
symbols) and —600 mV (empty symbols) in the volume of the trans end of the pore defined in Figure 6(A). The number of mobile ions is defined as the
difference between the total number of ions and the number of ions bound to the pore in the given region. Lines are guides to the eyes.

Table 3. MD Simulations of the Wild-Type and Mutant Variants of a-Hemolysin

current (nA) (+0.6 V bias) current (nA) (—0.6 V bias) asymmetry factor
electrolyte protein Icae I Iro Icae I Iror I,/1-
KCl WT 0.43 0.53 0.96 +0.05 —0.11 —0.34 —0.45+£0.07 2.1+04
N 0.27 0.48 0.75+0.05 —0.24 —0.60 —0.84+£0.05 09+0.1
Aspl27P 0.19 0.64 0.83 +0.05 —0.21 —0.78 —0.99 £ 0.05 0.8+0.1
Asp128P 0.31 0.49 0.8+ 0.06 —0.18 —0.48 —0.66 £ 0.0S 12402
LiCl WT 0.04 0.40 0.44 £ 0.05 —0.04 —0.38 —0.42+£0.04 1.04+0.2
N 0.09 0.39 0.48 +0.05 —0.005 —0.57 —0.575+£0.05 0.8+0.12
Effect of Point Mutations. To test our conclusions, we 5 T T T T T T
investigated the influence of the point mutations on the ion wd -_(A) KCl (®) LiCl ]
conductance of 0-hemolysin using our all-atom MD method. & .
Due to the large computational expense of the MD simulations, B3 ]
we limited our study to the case of KCl and LiCl and the follow- 3 ) B m Cations (+600 mV)
ing three modifications, (i) protonation of Asp127 (Asp127P), 1 ° ((_*660%0“’1"\)’)) l
(ii) protonation of Asp128 (Asp128P), and (iii) simultaneous Z1- : -
protonation of Aspl28 and Aspl28 and deprotonation of 0 [ | ) | | ) Catons (600 m\ll) 1

Lys131, that we refer to as the neutral triple mutant (N). These
particular modifications were chosen because they all neutralize
the charge of the trans end of the stem and minimally distort the
geometry of the channel.

Table 3 lists the currents obtained from the MD simulations of
the mutant structures at 2600 mV bias. Only the triple mutant
was simulated with LiCl. In the case of KCI, the simulations have
showed that neutralization of the charges at the trans entrance of
the pore significantly reduces the cation current at the positive
bias and enhances the Cl™ current at the negative bias, with little
effect on the Cl  current at the positive bias and cation current at
the negative bias. At the molecular level, the above changes in the
pore current can be explained by the attractive (cations) and
repulsive (Cl7) electrostatic forces between the ions and the
negatively charged trans end of the wild-type (WT) pore. The
asymmetry factor 0t decreases from 2.1 of the WT pore to 1.2 for
Asp128P, 0.8 for Asp127P, and 0.9 for the N mutants in the case
of KCI. Thus, neutralizing the trans end of the channel removes
or even slightly reverses the asymmetry of the I—V dependence,
which is consistent with the results of BD simulations.** The
influence of the mutations is much less dramatic in the case of
LiCl, with the asymmetry factor changing from 0.95 for WT to
0.83 for the N mutant. The modest rectification that remains
after neutralization of the trans end of the channel can be
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WT Asp128P Asp127P N WT N

Figure 10. Number of cations (squares) and anions (circles) in the
stem of the pore at +600 mV (solid symbols) and —600 mV (empty
symbols) observed in the MD simulations of wild-type and mutant
variants of a-hemolysin (see text) with (A) KCl and (B) LiCl electro-
lytes. Lines are guides to the eyes.

attributed to the asymmetric distribution of the char%ed residues
near the constriction of the stem-vestibule juncture.**

The data presented in Table 3 show that neutralization of the
trans end of the stem does not alter the anion selectivity of the
channel: the mutant pores exhibit a larger CI” than cation
currents, particularly at negative biases. This is consistent with
the results of the BD simulations,®* which have identified the
interaction of the ions with the constriction of the channel at the
juncture of the stem and the vestibule as the cause of anion
selectivity. The low current of cations, particularly at negative
biases, can be associated with the sharp increase of the electro-
static potential in the constriction of the channel (Figure 6 and
Figure S1, Supporting Information).

We have used the results of these simulations to verify our
conclusion that the dominant effect of having the net charge at
the trans end of the stem is modulation of the number of ions in
the stem. Figure 10 displays the average number of jons in the
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stem of the WT and mutant channels. In the case of KCl, the
variation in the number of cations in the stem upon a reversal of
the transmembrane bias is less dramatic when the trans end of the
stem is neutralized. Furthermore, a clear correlation between the
asymmetry factor, Table 3, and the change in the number of
potassium ions in the stem, Figure 10, is apparent. The change in
the number of chloride ions shows the same trend, reversing the
sign for Aspl27P and N mutants. In the case of LiCl, the
mutations cause a rather modest change in the average number
of ions in the stem. Thus, our simulations of the mutant pores
have shown a clear interdependence between the charge of the
trans end of the stem, the number of ions in the stem, and the
ionic current. Removal of the excess negative charge from the
trans end of the WT pore was observed to increase the number of
Cl  ions entering the stem from the trans side at a negative bias
and reduce the number of cations entering the stem from the
trans side at a positive bias.

Bl CONCLUSIONS

In this study, we experimentally characterized the rectification
properties of 0-hemolysin channels for all alkali buffers at 1 M.
Using all-atom MD simulations, we could semiquantitatively
reproduce the channel conductances and rectification degree for
all alkali salts. We characterized the effective mobility of the alkali
ions in the pore, the local electrostatic potential, and the local ion
concentration. We demonstrated that cation-dependent rectifi-
cation of the ionic current originates from a change in the cation
concentration in the stem region of -hemolysin. The latter
arises from the different ability of cations to screen the charged
residues of the pore (high screening for Li" and low screening for
Cs™). To our knowledge, this work is the first quantitative test of
the new molecular force field*” for the entire alkali series in the
context of ion transport through narrow channels. Despite some
quantitative discrepancies, we found the results of our MD
simulations to be in good agreement with the results of the
measurements, enabling subsequent studies of the effects of alkali
salts on nanopore transport of biomolecules.

In the context of nanopore experiments, this study is the first
step toward enhancing the discriminative power of nanopore
sensors by fine-tuning physical properties of the electrolyte. For
instance, the O-hemolysin nanopore has been the subject of
vigorous research in DNA sequencing applications. Most ex-
periments have used KCl as the electrolyte for historical reasons.
On the basis of our observations that the cationic current is
strongly influenced by the interaction of the ions with the pore,
we may conjecture that there would also be a variation in the
manner in which the cations interact with different molecules
placed in the pore which could be exploited for different
applications. Future studies will determine how different elec-
trolytes can be used to improve the detection capability of
nanopore Sensors.
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