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ABSTRACT: Nanopore sensing has emerged as a powerful technique for sin-
gle molecule detection, utilizing changes in ionic current to identify molecules
as they interact with a nanopore. The applied voltage driving this process also -

induces an electroosmotic flow (EOF). EOF can be employed to capture dif- O

ferent analytes independently of their charge and hence be used for protein

sensing and sequencing. In this study, we investigate the impact of divalent cat- ? . e

ions on EOF for biological nanopores (MspA, CytK, and their mutants) using ‘
molecular dynamics (MD) simulations and experiments. Our results reveal

that divalent cations induce a decrease in both ionic current and EOF magni-
tude with respect to K* in these cation-selective nanopores. This effect is
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caused by transient binding of divalent cations in the nanopore constriction, altering the effective surface charge of the nanopore
and consequently modifying the cation/anion selectivity and the EOF.

KEYWORDS: electroosmosis, biological nanopores, MspA, CytK, MgCl,, selectivity

Bl INTRODUCTION

Nanopore sensing is an established single-molecule technique
that is largely employed in DNA sequencing.' Extending this
approach to other molecules, such as proteins or sugars, is the
goal of an intense applied research area.”” One of the main
challenges is controlling the capture and translocation of mole-
cules in the pore. Indeed, capture rates control the throughput
of the sensor, with low capture rates limiting the usefulness of
the technology for the high-throughput needs of biochemical
analysis, while translocation control is crucial to get stable and
long signals and, consequently, it is fundamental to distinguish
the different molecules. Capture and translocation are ruled
by a complex interplay among different actions like electropho-
resis, electroosmosis, and dielectrophoresis.10 While for DNA
the main driving force is electrophoresis, for neutral (or not
homogeneously charged) classes of molecules like proteins,
alternative mechanisms are needed to enforce capture and
transport. In this respect, electroosmotic flow (EOF) has
emerged as a powerful approach for nanopore sensing applica-
tions, as it can drive molecules independently of their
charge.!'~"” Indeed, a general driving force such as EOF may
also improve detection efliciency in complex systems and sup-
port the development of nanopore platforms toward single-
molecule spatio-temporal omics."**?

In the last decade, several strategies have been proposed to
control EOF.*° The most common method involves increasing
the surface charge of the pore. Counterions accumulate close to
the fixed surface charges, and the external electric field
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funneling into the pore acts on this accumulation, resulting in
a force that drags the fluid. Hence, charge accumulation and
ion mobility strongly affect the capability to transfer momentum
toward the fluid. While monovalent cations have been exten-
sively employed and studied in biological nanopore sys-
tems,”'>* the impact of divalent cations such as Mg**
remains less explored. Divalent metal ions have been used in
MspA-based experiments involving engineered chelating or
coordinating sites at the pore constriction.”>™*”  Moreover,
asymmetric KCl/CaCl, buffers have been shown to enhance
and tune EOF in MspA-based nanopore sensing.*** To date,
only a few papers have addressed this phenomenon. Braha
et al.** showed that engineered binding sites within a protein
nanopore enable the detection of divalent cations, whose bind-
ing inside the pore produces measurable changes in the ionic
current. Bhamidimarri et al.*' reported that divalent ions alter
pore selectivity and electroosmotic flow for the ACymA biolog-
ical nanopore. However, a comprehensive description of how
divalent ions modulate the electrohydrodynamics in cation-
selective nanopores is still lacking. Understanding how divalent
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Figure 1. Electroosmotic flow (EOF) in MspA-WT and MspA-M2 in the presence of KCl and MgCl,. (a, c) Longitudinal section of wild-type MspA
and its M2 mutant. Positive and negative residues are represented in blue and red, respectively. The constriction region of MspA-WT is very nega-
tively charged due to the presence of three aspartate residues at positions 90, 91, and 93. The MspA-M2 mutant features a neutral constriction
(D90N, D9IN, D93N) and additional mutations (D134R, E139K, D118R) that confer a slightly positive charge to the lumen. (b, d) EOF for the
two pores at different applied voltages. In MspA-WT, for KCI, the EOF direction is consistent with expectations; for instance, at AV > 0, EOF is
positive, i.e., it has the same direction of the counterions. Conversely, for MgCl,, in yellow, EOF decreases drastically and, under some conditions,
reverses direction. Instead, for MspA-M2, the EOF is similar for both salts. Error bars represent the standard error of the mean obtained via block

averaging over 120 ns for each voltage.

cations influence EOF in biological nanopores could provide
valuable insights for optimizing nanopore-based technologies,
especially for applications involving biomolecules that require
specific ionic conditions.***

In this study, using all-atom molecular dynamics (MD) sim-
ulations, supported by single-channel electrophysiology, we
investigate the electrohydrodynamic transport for divalent cat-
ion solutions flowing through several biological nanopores.
We started with a MgCl, solution due to its relevance for nano-
pore sensing applications (in particular for nucleic acids, as
Mg** is needed for the polymerase motor protein often used
to control translocation®*'), and then, we extend our inquiry
to Ca?*, Zn?*, and Mn>". The results on other divalent ions
are, on the one hand, relevant from a biophysical perspective
to show that the observed phenomena are robust and somehow
generalizable, and, on the other hand, possibly useful for specific
sensing applications, where Ca®* is used,””** and for future
applications of biological membranes for cation separation
(i.e, Mn is often present in lithium brines). We reveal that
the accumulation of divalent cations at the pore walls results
in an inversion of the ionic selectivity of the nanopore from cat-
ion- to anion-selective, with respect to control experiments with
KCL. This inversion is often associated with the reversal of EOF.
These findings highlight a possible non-invasive strategy to con-
trol electroosmotic flow: indeed, instead of modifying the pore
internal charge via mutagenesis, the flow intensity and direction
could be tuned by simply adjusting the electrolyte composition.

Bl RESULTS AND DISCUSSION
Mg?" Induces EOF and Selectivity Inversion for MspA

We measured, via MD simulations, the ionic current and elec-
troosmotic flow in wild-type MspA (MspA-WT) and its mutant
MspA-M2. MspA-WT features a cis opening of diameter
4.8 nm, while the constriction measures approximately
1.3 nm. The constriction region is highly negatively charged
due to the presence of aspartate residues (D90, D91, D93),
Figure la. In the MspA-M2 mutant, these negative charges are
replaced by asparagine (D9ON, D9IN, D93N),* neutralizing
the overall charge of the constriction, Figure 1c. We first studied
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the ion and water transport in two electrolyte solutions: 1 M
KCI and 0.33 M MgCl,. The choice of a lower concentration
for MgCl, was made to maintain the same ionic strength
I = %Z,—ciziz, where the summation is on the ionic species, c;
is the ionic concentration of the i-th species, and z; is its valence.
This choice was used as a nominal guideline to keep the ionic
strength, and hence the continuum Debye length, comparable
in the two electrolytes. In this sense, 1 M KCI and 0.33 M
MgCl, allow us to compare systems with similar nominal elec-
trostatic screening (at the continuum level) while focusing on
ion-specific effects beyond a simple continuum description.

Electroosmotic Flow. In MspA-WT with 1 M KCl, we
observe a strong EOF directed from the cis to the trans side
at negative voltages, Figure 1b. EOF follows the direction of
the applied electric field, as expected for cation-selective nano-
pores.'>!*19% In contrast, in 0.33 M MgCl,, MspA-WT shows
a marked reduction in EOF magnitude, with an inversion of the
EOF direction, so that now, for AV < 0, the flow is directed
from trans to cis. For comparison, in MspA-M2, where the con-
striction charge is neutralized, there is no significant difference
in EOF between KCl and MgCl,, Figure 1d. For both salts,
the EOF direction for AV < 0 is from trans to cis, in line with
the mild prevalence of exposed positive residues in the MspA-
M2 lumen. As expected, the EOF magnitude is reduced com-
pared to MspA-WT with KCl, as surface charges are known
to be most effective in modulating EOF when located within
the constriction.'*

lonic Current and Selectivity. The EOF measurements
reported in Figure 1 show that the presence of divalent cations
in negatively charged pores results in both the reduction and
the inversion of EOF. To gain more insights, we analyzed the
ionic currents. For MspA-WT, the total ionic current in
0.33 M MgCl, is smaller than that in 1 M KCl, Figure 2a,c.
While the current in the KCl system is dominated by the cation
contribution, the cation current in the MgCl, system is negligi-
ble; essentially no net transport of Mg** is observed in MspA-
WT. The presence of Mg>" inverts the pore selectivity from the
expected cation selectivity (due to the negative charges exposed
in the constriction of MspA-WT) to anion selectivity. This
inversion aligns with the EOF reversal shown in Figure 1.
Furthermore, although 0.33 M MgCl, and 1 M KCI have the
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Figure 2. Tonic currents and charge distribution in MspA-WT for 1 M KCl and 0.33 M MgCl,. Total, cationic, and anionic currents in the presence
of 1 MKCI (a) and 0.33 M MgCl, (c). For MgCl,, the cationic current is negligible, while the anionic contribution dominates the total current. Error
bars represent the standard error of the mean obtained via block averaging over 120 ns for each voltage. (b, d) Charge density maps at equilibrium,
AV = 0, showing the distribution of cations (blue) and anions (red) within the lumen of MspA-WT. Despite the two electrolyte solutions having the
same Ap, as calculated from the Poisson—Nernst—Planck theoretical model, Note S1, the accumulation of cations in the negatively charged constric-
tion differs between the two salts, with much thinner cation clouds for Mg** than for K*. For MgCl,, an accumulation of anions is also observed in

the constriction.
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Figure 3. Normalized nanopore conductance. Bars represent MD and
electrophysiological measurements for the conductance G of the pore
divided by the conductivity (o) of the electrolyte solution.
Experimental data refer to AV = +100 mV, and MD simulations refer
to AV = +125 mV (same dataset of Figures 1 and 2). Data are shown
for MspA-WT (a, b) and MspA-M2 (¢, d), with positive (left) and neg-
ative (right) applied voltages. A strong reduction of conductance is
observed for divalent ions in MspA-WT. Experimental -V curves are
reported in Figure S3.
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same Debye length (Ap), a qualitative difference in the cation
distribution within the constriction is evident, Figure 2b,d. In
the KCl system, cations accumulate within the negatively
charged constriction of MspA-WT, reducing the available space
for anions. For MgCl,, cations also accumulate in the constric-
tion; however, they form a thinner cloud compared to KCl, and
an accumulation of CI” can be observed. In essence, with
MgCl,, MspA-WT acts as an anion-selective pore with a strong
accumulation of anions in its constriction, resulting in anion
selectivity and an EOF directed accordingly. For comparison,
the results for MspA-M2 are reported in Figure S1, showing
no inversion of EOF as the constriction is neutral. The overall
conclusions are also confirmed by simulations carried out with
different force fields,*>*° see Figure S2.

Electrophysiology experiments were conducted to support
the MD simulation results. EOF cannot be directly measured
from experiments,47 and, moreover, a quantitative agreement
is not expected even for ionic currents, as discrepancies in the
conductivity of the electrolyte solution are present.*>*>*%
Consequently, our experimental approach is aimed at validating
the strong reduction of ionic current for MgCl,. We experimen-
tally measured the pore conductance G = I/AV for both pore
mutants and both salts at AV = +100 mV. To decouple the
pore transport properties from the bulk solution conductivity
6, we analyzed the normalized conductance G/, Figure 3.
For MspA-WT (Figure 3ab), a drastic reduction in G/c is
observed when switching from KCI to MgCl,, at both positive
and negative voltages. This drop indicates that the pore conduc-
tivity decreases disproportionately with respect to the bulk con-
ductivity. This finding corroborates the picture emerging from

https://doi.org/10.1021/acsami.6c06920
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MD simulations: the divalent cations are trapped at the nega-
tively charged constriction, strongly reducing the portion of
the pore available for the passage of the electrolyte solution.
Conversely, this effect is mitigated in the MspA-M2 mutant
(Figure 3c,d), confirming that the strong blocking effect is
driven by the constriction charge. This is also confirmed by con-
trol simulations for the MspA-M2-R118D nanopores, where the
negative charge is placed not in the constriction but in a wider
section, see Figure SS.

Mixed Salt Solution. To investigate whether the EOF and
selectivity inversion due to Mg>* persist in the presence of com-
peting monovalent cations, we conducted simulations with a
mixed solution containing 0.25 M KCl and 0.25 M MgCl,, main-
taining a total ionic strength of I, = 1 M. EOF in this mixed solu-
tion was similar both in magnitude and direction to the 0.33 M
MgCl, one, Figure 4a. Analysis of individual ionic currents
revealed a voltage-dependent asymmetry. At —125 mV, K* cur-
rent was minimal, while Mg2+ and CI” currents were higher. At
+125 mV, both cation currents were reduced, whereas CI™ cur-
rent increased substantially, Figure 4b. The equilibrium charge
density maps in the mixed salt solution display a very similar pro-
file to the one observed for 0.33 M MgCl,, with both Mg>* and
CI' accumulating in the constriction region of MspA-WT, see
Figure 4c. In contrast, K remains almost uniformly distributed
along the pore, resulting in asymmetric distribution of the differ-
ent cation species. Taken together, these results indicate that
Mg”** preferentially binds the negative constriction with respect
to K* and, consequently, suggest that the EOF and the selectivity
of a pristine cation-selective nanopore are mainly dominated by
the divalent ions. We also preliminarily explored the role of diva-
lent ion concentrations in the mixed salt solution. The data show
that decreasing the concentration of divalent salt (while keeping
the KCl concentration constant) smoothed the selectivity and
EOF modulation, see Figure S6.

Mg?" Binds the MspA-WT Constriction

A possible interpretation of the data reported up to now is that
Mg?* ions, by virtue of their higher charge, may bind more sta-
bly to the constriction of MspA-WT, where three rings of aspar-
tic acids are present. This binding would, de facto, invert the
effective surface charge and, consequently, result in an inversion
of the system’s cation/anion selectivity. This explanation aligns

with previous findings reported for the ACymA pore.*!
Furthermore, the cation density maps in Figure 2 indicate that
the localized accumulation of Mg** is more pronounced than
that of K*. This is in contrast with what is expected from ideal
electrokinetic theories. Indeed, given that both solutions main-
tain the same ionic strength, the Debye length remains con-
stant; hence, the ionic clouds should exhibit the same spatial
extent. However, Figure 2 shows a more sharply peaked accu-
mulation of Mg2+, suggesting a deviation from the ideal
behavior.

To assess this effect quantitatively, we evaluated the ion res-
idence time within the constriction region. The representative
trajectories for Mg>* (Figure Sa) and K* (Figure Sb) show a
longer occupancy of Mg>* compared with the brief transit of
K*. The average residence times within the constriction are sig-
nificantly higher for Mg** across all applied voltages, confirm-
ing a stronger interaction of Mg>" with the negative surface
charges, Figure Sc.

lonic Currents and EOF for CytK Mutants

We extended the analysis to the CytK-2E4D mutant nano-
pore.'® The simulations confirm the scenario that emerged from
the analysis of MspA. As expected, a pore exposing negative
charges in the lumen is highly selective for cations in 1 M
KCl, Figure 6a. The equilibrium charge density map clearly
illustrates the accumulation of K™ cations along the negatively
charged walls of the pore, Figure 6b. However, in the presence
of 0.33 M MgCl,, the total ionic current is strongly reduced and
the pore exhibits slight anion selectivity, Figure 6d. This shift is
driven by the strong interaction of divalent Mg>* ions with the
negative lumen. In essence, this behavior mirrors the mecha-
nism observed in MspA, but the spatial distribution of the ions
differs due to pore geometry. While MspA features a short and
narrower constriction where CI” accumulates throughout the
entire constriction, CytK-2E4D possesses an elongated, nega-
tively charged p-barrel. In CytK-2E4D, the CI”™ accumulation
is distributed along the barrel with a peak in its lower portion,
where a double ring of negative residues (D128, E139) induces
a more intense accumulation of Mg2+, Figure 6e. As a result of
this localized accumulation and the partial adhesion of Mg>*,
the overall ionic currents are strongly diminished. This directly
translates to a reduced EOF compared to the KCl case
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Figure 4. Electroosmotic flow and ionic current in mixed salt solutions. (a) EOF measured in three ionic conditions: 1 M KCl, 0.33 M MgCl,, and a
mixed salt solution (0.25 M KCI + 0.25 M MgCl,), at applied voltages of 125 mV. The EOF in the mixed salt solution exhibits behavior similar to
that observed in 0.33 M MgCl, distinct from the 1 M KCI condition. (b) Total ionic current and individual species contributions (K*, Mg**, and
CI") in the mixed salt solution at +125 mV. At —125 mV, K" current is minimal, while Mg2+ and CI” currents are higher, with CI” current slightly
exceeding that of Mg**. At +125 mV, K* and Mg*" currents are both reduced, while CI™ current is substantially elevated. (c) Equilibrium charge
density distributions for K, Mg>*, and Cl” in MspA. Mg>* and CI” show strong accumulation in the constriction region, whereas K* remains uni-
formly distributed. Error bars represent the standard error of the mean calculated via block averaging.

41948

https://doi.org/10.1021/acsami.6c06920
ACS Appl. Mater. Interfaces 2026, 18, 41945-41954

920z isnbny 90 uo Jdsn IZNIY 14 KA IANLS 1™©3Aa AINN Aq 4pd "d0z690 -920Z We /.¥2.2T99 /SY6TY /0E /8T /4pd -8 |0 | 11e /30 wee /6 1o "soe "sqnd //:d 13y wWo 1§ papeo |uwod


https://pubs.acs.org/doi/suppl/10.1021/acsami.6c06920/suppl_file/am6c06920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c06920/suppl_file/am6c06920_si_001.pdf
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c06920

ACS Applied Materials & Interfaces www.acsami.org Research Article

b) c) - K+
- Mg+

=
n

=
o

Mean duration (ns)
o
o

MspA-WT | 5ns

-250 -125 0 125 250
Voltage (mV)
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is transiently trapped in this region. (b) Representative trajectory for a K™ ion, which translocates through the constriction without observable trap-
ping events. (c) Mean residence duration of K* and Mg*" within the constriction as a function of applied voltage (corresponding ion counts are
reported in Figure S9). In contrast to the rapid translocation of K+, Mg*" ions show longer residence times. Error bars represent the standard error
of the mean.
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Figure 6. Ionic currents, EOF, and charge distribution in CytK-2E4D for 1 M KCl and 0.33 M MgCl,. Total, cationic, and anionic currents in the
presence of 1 M KCI (a) and 0.33 M MgCl, (d). Error bars represent the standard error of the mean obtained via block averaging. (b, e) Charge
density maps at equilibrium, AV = 0, showing the distribution of cations (blue) and anions (red) within the lumen of CytK-2E4D. (c) EOF.
(f) Bars represent MD and electrophysiological (EXP) measurements for the conductance G of the CytK-2E4D pore divided by the conductivity
o of the electrolyte solution (see Figure S3 for experimental I-V curves). (g) Mean residence duration of K* and Mg”* within the constriction as
a function of applied voltage. In contrast to the rapid translocation of K*, Mg** ions show longer residence times. Error bars represent the standard
error of the mean.

(Figure 6¢) and a reduction of conductance, yielding results in Other Divalent lons
agreement with experimental electrophysiological measure-
ments, Figure 6f. This strong adhesion is further confirmed by
the extended residence times of Mg2+ within the constriction,
Figure 6g. The MD findings are corroborated experimentally
by reversal potential measurements showing that, despite
CytK-2E4D having fixed negative charges, with MgCl,, the sys-
tem is anion-selective, see Figure S4. As a further test, we
explored the effect of the number of charges in the CytK f-
barrel using MD simulations of a simplified system in which
the vestibule is not modeled. The results indicate that the pres-
ence of only a single or a double ring of fixed negative charges
yields no effect on selectivity and EOF, Figure S7.

As a final test, we explored other divalent ions to understand
whether the results were limited to the specific properties of
Mg**, or if the reduction/inversion of the selectivity and EOF
is a general effect of divalent cations in pores exposing negative
charges. Results for Ca®>*, Zn®>*, and Mn>* are reported in
Figure 7. The overall behavior is confirmed. Specifically, for
MspA, an inversion of selectivity and EOF is consistently
observed across the different salts. For CytK-2E4D, as with
Mg**, the currents are very low, especially in the case of
Ca?*, whose charge density maps show a different accumulation
pattern. These findings indicate that for other divalent ions as
well, the large negative surface charge of the pore barrel binds
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Figure 7. EOF and selectivity for other divalent ions. (a) Total, cationic, and anionic currents for MspA for 0.33 M solution of CaCl,, ZnCl,, and
MnCL, Error bars represent the standard error of the mean obtained via block averaging. The corresponding EOF is in panel (b) while the charge
density maps at equilibrium, AV = 0, are in panel (c). (d—f) Same data for CytK.

the divalent ions strongly enough to reduce the mobility of both
ions and water, see Figure S8.

B CONCLUSIONS

Molecular dynamics simulations and single-channel electro-
physiology demonstrate that the presence of divalent cations
fundamentally alters the electrohydrodynamic transport in bio-
logical nanopores featuring negatively charged constrictions
(MspA-WT and CytK-2E4D). Compared to monovalent ions,
divalent cations induce a severe reduction in overall jonic con-
ductance and EOF magnitude. Furthermore, divalent cations
invert both the ionic selectivity from cation- to anion-selective
and the direction of the EOF. Analysis of ion dynamics reveals
that this inversion is driven by the extended residence time of
divalent cations within the negatively charged constriction
zones. This strong transient binding alters the effective surface
charge of the lumen, locally creating an anion-selective environ-
ment and promoting CI” accumulation, which, in some cases,
may result in an inversion of the EOF direction. This mecha-
nism is validated by the absence of EOF inversion in the control
simulation with the charge-neutralized mutant (MspA-M2) and
by the dominant effect of Mg** observed under mixed-salt con-
ditions. Experimental conductance measurements corroborate
the computational data, confirming a disproportionate current
drop, likely driven by the electrostatic interaction at the con-
striction. Testing different cations yielded the same overall
behavior. These findings suggest that the EOF intensity and
direction can be modulated by adjusting the electrolyte valency
and composition, providing a practical alternative to the tar-
geted mutagenesis of the nanopore lumen. Consequently, tun-
ing the electrolyte formulation offers a variable to control
electrohydrodynamic transport, which could prove useful for
influencing the capture and translocation of biomolecules in
nanopore experiments.

H METHODS
General MD Methods

All MD simulations were performed using NAMD 2.14.*° The
methods are similar to those reported in ref 50, which were
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inspired by Aksimentiev et al.>> The CHARMM36°' force field
with CUFIX corrections,*” periodic boundary conditions, and
the particle mesh Ewald (PME) method with a 1.0 A spaced
grid for long-range electrostatic interactions were employed.**
van der Waals energies were calculated using a 12 A cutoff with
a switching distance of 10 A. The integration timestep was 1 fs
in equilibration runs and 2 fs in all non-equilibrium simulations.
A Langevin thermostat was used for all the simulations, while a
Nosé—Hoover Langevin piston pressure control was used for
constant pressure equilibrations (NPT ensemble).>* The scal-
ing parameter was set to 1.0 for CHARMM36-based simula-
tions and 0.833333 for Amber-based®> simulations.

MD System Setup

Atomic coordinates of MspA were taken from an X-ray crystal
structure in the Protein Data Bank, PDB_ID: 1UUN>® down-
loaded from the OPM database.”” Arginine 96 was mutated to
alanine in order to restore the WT sequence. This structure
was oriented to align the symmetry axis of the protein with
the z axis. A POPC bilayer was generated with the VMD>® plu-
gin Membrane Builder and was oriented parallel to the x—y
plane. The protein was embedded into the membrane and lipids
overlapping with the pore or located inside the channel were
removed. The protein-membrane complex was solvated in a
TIP3P water box (140 A X 140 A X 190 A) in which ions were
added depending on the system conditions simulated. The final
system contains ~333k atoms. The MspA mutants, M2 and
M2-R118D, were obtained starting from the wild-type struc-
ture. Point mutations were performed using VMD Mutate plu-
gin on each MspA chain recursively. The CytK-2E4D structure
was taken from Sauciuc et al.'® For Amber-ff14SB*” and Amber-
ff19SB®° simulations (with TIP3P®" and OPC®” water, respec-
tively), additional steps were necessary to produce a prmtop file
and to convert the CHARMM36-formatted pdb file into an
Amber-formatted pdb file (see ref 45). For the Mn* force field,
we employed the parameters included in the CHARMM sup-
plemental datasets.®®

Equilibration

The whole process that will be described is valid for all the sys-
tems simulated. The energy of the system was initially

https://doi.org/10.1021/acsami.6c06920
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minimized for 5000 steps. The system was equilibrated in
3 steps with a constant pressure run (NPT) at P = 1 atm and
T = 300 K. A first equilibration of 600 ps was performed to
let the lipid tails and the electrolyte to relax. The temperature
was increased from 0 to 300 K in 130 ps, and the ratio between
the x and y axes was kept constant. External forces were applied
to keep the water molecules out of the membrane, while the C,,
values were fixed and lipid heads were constrained with har-
monic springs K, = 1 kcal/(mol A”) only along the z axis. A
second equilibration run of 500 ps was performed, where the
C, values were fixed and the lipid heads were harmonically con-
strained only to their x—y position with the same spring con-
stant. The last equilibration step consisted of a 2 ns run,
where all atoms were unconstrained and no external force was
applied. At the end of the equilibration, the dimensions of the
box were 126-128 A X 126-128 A X 204-197 A (since inde-
pendent equilibration was run for the different systems, the final
size of the box may slightly change).

lonic Currents from MD

The non-equilibrium runs were performed at constant particle
number, volume, and temperature (NVT). All simulations were
conducted for 40 ns. For each sample, a uniform and constant
external electric field E = (0, 0, E,) was applied perpendicularly
to the membrane. A total of 5 different voltages were applied: 0,
+0.125, and +0.25 V. The average ionic current in the interval
[t, t + At] was computed as follows:

- A:ingl @lzi(t+ At)z(0) (1)

I(t)

where ¢; and z; are the charge and the z-coordinate of atom i,
respectively. Ionic currents were computed by restricting the
sum to the atoms of the corresponding type. The mean current
is obtained with a block average of I(t), where each block corre-
sponds to 1.66 ns, after discarding the first 10 ns of the simula-
tion. The EOF is measured in a similar way, computing the
summation over the fluid atoms and using the mass instead of
the charge in eq 1.

lon and Water Density Fields from MD

Following a procedure presented in previous works'“*"% of

our group, the box was initially divided into cubic cells with a
side length of 1 A. The average density for water, cations, and
anions in each cell was calculated using the “Volmap” plug-in
of VMD.*® The 3D density fields were then transformed from
the Cartesian coordinate system to a cylindrical coordinate sys-
tem with respect to the nanopore axis. Finally, averaging over
the angular coordinates allowed us to get the (r, z) maps repre-
sented in the manuscript.

Estimation of the Residence Time from MD

Analyses were performed on 30 ns production trajectories, with
atomic coordinates sampled every 20 ps. A region of interest
(Rol) was defined along the principal symmetry axis (z-axis)
to encompass the constriction zones and primary binding sites.
The Rol boundaries were set from z =5 A to z = —15 A for the
MspA pore and from z = 35 A to z =—15 A for the CytK-2E4D
pore. A residence event was defined as a continuous sequence
of simulation frames during which an ion’s z-coordinate
remained within the Rol. Multiple transits by the same ion,
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characterized by exiting and subsequently re-entering the
region, were treated as independent events. The duration of
each event was calculated as the time elapsed between the ion’s
entry into and exit from the Rol.

Experimental Measurements

Chemicals: DPhPC was purchased from Avanti Polar Lipids.
n-Hexadecane (99%) was purchased from Acros Organics.
Pentane (99%) was purchased from ThermoFisher Scientific.
Potassium chloride, Tris-HCI, and magnesium chloride were
purchased from Roth.

Protein Expression and Purification

The nanopores were expressed and purified according to estab-
lished published protocols for MspA-WT,** MspA-M2,'* and
CytK-2E4D.'® The sequences of the nanopores used in this
study are as follows:

MspA-WT:

MGLDNELSLVDGQDRTLTVQQWDTFLNGVFPLDRN
RLTREWFHSGRAKYIVAGPGADEFEGTLELGYQIGFPWS
LGVGINFSYTTPNILIDDGDITAPPFGLNSVITPNLEFPGVS
ISADLGNGPGIQEVATESVDVSGAEGGVAVSNAHGTVTG
AAGGVLLRPFARLIASTGDSVTTYGEPWNMNGSAGSAW
SHPQFEK

MspA-M2:

MGLDNELSLVDGQDRTLTVQQWDTFLNGVFPLDRN
RLTREWFHSGRAKYIVAGPGADEFEGTLELGYQIGFPWS
LGVGINFSYTTPNILINNGNITAPPFGLNSVITPNLEPGVS
ISARLGNGPGIQEVATFSVRVSGAKGGVAVSNAHGTVTG
AAGGVLLRPFARLIASTGDSVITYGEPWNMNGSAGSAW
SHPQFEK

CytK-2E4D:

MAQTTSQVVTDIGQNAKTHTSYNTFNNEQADNMT
MSLKVTFIDDPSADKQIAVINTTGSFMKANPTLSDAPVD
GYPIPGASVTLRYPSQYDIAMNLQDNTSRFFHVAPTNAV
EETTVTSSVSYQLGGSIDASVTPSGPSGESGATGDVTWSD
DVSYDQTSYKTNLIDQTNKHVKWNVFFNGYNNQNWG
IYTRDSYHALYGNQLEMYSRTYPHETDARGNLVPMNDL
PTLTNSGFSPGMIAVVISEKDTEQSSIQVAYTKHADDYTL
RPGFTFGTGNWVGNNIKDVDQKTEFNKSFVLDWKNKKL
VEKKGSAHHHHHH

Single-Channel Recording Experiments

Single-channel measurements in a planar lipid bilayer setup
were performed using a custom-designed chamber consisting
of two compartments separated by a 25 pm thick Teflon mem-
brane with an aperture of approximately 100 pm, as previously
described by Maglia et al.%> A droplet of n-hexadecane dissolved
in n-pentane (4% v/v) was applied to the Teflon membrane.
Subsequently, 450 pL of buffer solution was added to each com-
partment, followed by the addition of two droplets of DPhPC
solution (S mg/mL in n-pentane). Ag/AgCl electrodes were
then connected to each compartment, with the cis compart-
ment grounded.®® After the formation of the lipid bilayer, a
nanopore solution was added, and a single nanopore was iso-
lated. Measurements were performed using an Axopatch 200B
amplifier and an Axon Digidata 1550B digitizer (Molecular
Devices), with data acquired using Clampex 11.1 software.
Current—voltage (I-V) curves were recorded over a voltage
range from —100 to +100 mV in S mV increments (sampling
rate: 10 kHz; low-pass filtered at 2 kHz using a Bessel filter).

https://doi.org/10.1021/acsami.6c06920
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Buffers used: (i) 1 M KCl, 10 mM Tris-HC, pH 7.4 (ii) 0.33 M
MgCl,, 10 mM Tris-HCI, pH 7.4.

Reversal Potential Experiments

Single-nanopore recordings were performed under symmetric
electrolyte conditions using a buffer containing 2 M MgCl,
and 10 mM Tris-HCI, pH 7.0. After isolation of a single nano-
pore, the pipette offset was adjusted to 0 pA at 0 mV applied
bias. Current—voltage curves were obtained by recording the
ionic current between —100 and +100 mV in 5 mV increments
using a sampling rate of 10 kHz and a 2 kHz Bessel filter.

The MgCl, concentration in the trans compartment was then
reduced to 0.5 M by perfusion with a buffer containing 0.5 M
MgCl, and 10 mM Tris-HCI], pH 7.0. A second current—voltage
curve was recorded under asymmetric electrolyte conditions
using the same acquisition protocol.

The reversal potential was determined from this second cur-
rent—voltage curve. For each condition, current—voltage mea-
surements were performed in triplicate. The current values
recorded between —100 and +100 mV were fitted by linear
regression using Excel, and the voltage corresponding to zero
current was calculated from the fitted equation. This voltage
was defined as the reversal potential, V, and used to solve the
Goldman—Hodgkin—Katz (GHK) equation modified for diva-
lent ions, see Note S2.
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