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ABSTRACT: It is desirable that nanopores that are components of biosensors
are gated, i.e., capable of controllable switching between closed (impermeable)
and open (permeable) states. A central hydrophobic barrier within a nanopore
may act as a voltage-dependent gate via electrowetting, i.e., changes in
nanopore surface wettability by application of an electric field. We use
“computational electrophysiology” simulations to demonstrate and character-
ize electrowetting of a biomimetic nanopore containing a hydrophobic gate.
We show that a hydrophobic gate in a model f-barrel nanopore can be
functionally opened by electrowetting at voltages that do not electroporate
lipid bilayers. During the process of electrowetting, voltage-induced alignment
of water dipoles occurs within the hydrophobic gate region of the nanopore,
with water entry preceding permeation of ions through the opened nanopore.
When the ionic imbalance that generates a transbilayer potential is dissipated,
water is expelled from the hydrophobic gate and the nanopore recloses. The
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open nanopore formed by electrowetting of a “featureless” ff-barrel is anionic selective due to the transmembrane dipole
potential resulting from binding of Na" ions to the headgroup regions of the surrounding lipid bilayer. Thus, hydrophobic
barriers can provide voltage-dependent gates in designed biomimetic nanopores. This extends our understanding of
hydrophobic gating in synthetic and biological nanopores, providing a framework for the design of functional nanopores

with tailored gating functionality.
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anopores in membranes' have considerable potential

| \ | as biosensors,”” in applications ranging from water

desalination* to DNA sequencing.s’é Nanopores may

be formed from a range of materials, both biological (proteins,7

peptides,”” DNA'>'") and nonbiological (eg., carbon nano-

tubes'” and track etched nanopores'®). For such systems to be

fully exploited, nanopores need to be gated, ie., capable of

controllable switching between functionally closed (imperme-
able) and open (permeable) states.

A promising design of a potential gate in a nanopore is the
presence of a hydrophobic barrier within the pore.'* Such a
region may be sterically unoccluded but of sufficient local
hydrophobicity to “dewet”, i.e., to exclude water molecules and
hence prevent permeation of both water molecules and ions."
Such a hydrophobic region in a nanopore has been the subject
of some interest and has been variously referred to as a
hydrophobic gate,'® barrier,'” vapor lock,'®'® or simply a
hydrophobic region leading to local dewetting of a pore. The
properties of such hydrophobic barriers in nanopores and their

=28 and in biological

nanopores formed by carbon nanotubes,*®
pores.'®*?7*! However, rather less attention has been paid to
how such gates may be switched between closed and open
states in a controlled fashion, even though this is of central
importance in the design of functional nanopores for a number
of applications.

Electrowetting, whereby surface wettability is controlled by
application of an electric field,*” is an attractive possibility for
controlled opening of a gate formed by a hydrophobic region of
a nanopore.”” Electrowetting has been demonstrated in
simulation studies of simple model nanopores®”** and of
carbon nanotubes.””** It has also been observed experimentally
in, for example, nanopores in polymer" or silicon nitride
membranes that have chemically derivatized hydrophobic
linings.*® Simulation studies have also suggested that electro-
wetting may occur in some protein channels,®’ eg. MscS* and
TWIK-1"" channels.
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From these studies it has been concluded that electrowetting
of nanopores may be attributed to the orientation of the water
dipoles in response to an electric field, leading to a change in
water density in the hydrophobic regions of the nanopores and
hence a wetting event.”>*>® It has been suggested that this is
thermodynamically favorable for a range of nanopore diameters
but may be kinetically realistic only in small-diameter
nanopores.”® Simulations of pores formed by carbon nano-
tubes”” revealed that a two-state model of water dipole
orientation in the nanotube describes electrowetting of the
pore. Simple models of hydrophobic nanopores between two
reservoirs containing an unequal number of cations have been
shown to undergo electrowetting, with the nanopore-confined
water undergoing strong electroconstriction.”” The electric field
strength that initiates water permeation was sensitive to the
length and radius of the pore. For a model nanopore-like region
between two disks of butylated graphene, application of an
electric field enhanced uptake of both water and ions into the
confined region.”

Experimentally, transmembrane electric fields may be
generated by an ionic imbalance across a lipid bilayer. In
simulations this may be modeled either via imposing a constant
electric field along the bilayer normal® or by explicitly
simulating the imbalance in ion concentrations across the
membrane.*” The relationship between the two approaches has
been explored, suggesting that they are similar in their effects
on structural properties of a bilayer membrane.”' The ionic
imbalance approach, which has been referred to as “computa-
tional electrophysiology” (CE),”* permits one to simulate
directly electrowetting of nanopores induced by a gradient in
ionic concentrations, thus closely mimicking experiments. Here
we use CE to demonstrate and characterize electrowetting of a
biomimetic nanopore containing a hydrophobic gate, showing
that this permits controllable and reversible voltage gating of a
nanopore in a lipid bilayer membrane.

RESULTS AND DISCUSSION

Model Protein Nanopores with a Hydrophobic
Barrier. Our model protein nanopores were derived from
those designed in a previous study,* consisting of a membrane
spanning a f-barrel with a central hydrophobic barrier formed
by rings of leucine side chains. On the basis of previous
simulations of wetting/dewetting within a nanopore due to a
central hydrophobic barrier,** we selected two f-barrels formed
by either 14 f-strands with three rings of hydrophobic (leucine;
L) side chains (f14L3; Figure 1A) or 16 f-strands with five
rings of hydrophobic side chains ($16LS). Both of these f-
barrels form membrane-spanning nanopores, with a minimum
central pore radius of ca. 5.5 and 6.5 A for $14L3 and S16LS,
respectively. In each case simulations in the absence of a
transbilayer potential indicate that the pore is dewetted in the
vicinity of the central hydrophobic ring, thus rendering the pore
impermeable (i.e., “closed”) to either water or ions. Therefore,
both pores are suitable for investigating whether voltage-
induced wetting would result in “opening” of a central
hydrophobic gate.

Electrowetting of the 14L3 Nanopore. Two methods
were initially explored to simulate potential electrowetting of
the B14L3 nanopore: application of a constant electric field
across the simulation box™ and computational electrophysiol-
ogy."” The two methods have been demonstrated to be similar
in terms of the fall in electrostatic potential across the lipid
bilayer.* However, the CE method provides a more direct
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Figure 1. (A) Model nanopores with a central hydrophobic barrier
to ion and water permeation. Both are transmembrane f-barrels:
1413 has a barrel formed by 14 f-strands with three rings (in
blue) of leucine residues forming the hydrophobic barrier; f16LS
has 16 f-strands and five rings of leucine residues forming the
barrier. In each case the pore is shown “cut open” with the protein
backbone in gray and the lumen-facing residues shown in space-
filling representation (pink = hydrophilic side chains, blue =
leucine side chains). The pore lining surface (calculated using
HOLE®) is shown in green. (B) Setup of double-bilayer system
used in the computational electrophysiology simulations. Each
bilayer shows the lipids (gray/red) and the inserted nanopore
(green or pink). The two compartments « and f have differing ion
concentrations (red = Na*; blue = CI”) to create a transmembrane
voltage difference AV = V(a) — V(f) (see text and SI Figure S1 for
further details). Water molecules are omitted for clarity.

simulation of experimental measurements on nanopores in that
the transbilayer electric field is maintained by an asymmetric
distribution of anions and cations (Figure 1B).** Consequently,
it is more straightforward to define the transmembrane
potential difference for the CE method (see SI Figure S1).
We will therefore focus largely on simulations using the CE
method.

Both methods revealed two states of the pore: a “closed”
state with a dewetted central region was observed in the
absence of and at low transbilayer voltages (e.g, AV = 0.3 V),
whereas an “open” state with a continuous water-filled pore was
observed at higher (AV > 1 V) voltages (Figure 2 and SI Figure
S2A).

As mentioned above, in the CE an ionic imbalance is
imposed and maintained (see Methods) to create a transbilayer
voltage across each of the two membranes in the simulation
system (Figure 1B). Thus, in these initial simulations an ion
swap of 18 cations (yielding 1187 Na* ions in the a region and
1205 Na" ions in the S region with 1196 chloride ions in each
region; Figure 1B) generated a transbilayer voltage difference of
AV = 1.2 V across each bilayer (see Methods and SI Figure
S1AB for details of the measurement of the transbilayer AV)
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B14L3; AV=1.2V

Figure 2. Water entry into the #14L3 pore at AV = 1.2 V. The water
molecules are shown as cyan (oxygen) and white (hydrogen)
spheres; the protein is shown as a molecular surface (sliced open to
show the interior of the pore). Ions and lipid molecules are omitted
for clarity. The pore is shown at time 0.30 ns (dewetted), 0.31 ns
(water molecules having entered to form a “wire”), and 0.32 ns
(fully wetted).

through the simulation box. Under this potential, conduction
breaks were noted in the simulation from dry nonconductive to
water-and ion-conducting pores, akin to the higher voltage
breaks seen with the constant electric field. This resulted in
rapid wetting of the nanopore (Figure 2), which was
maintained throughout the 50 ns duration of the simulation.
Electrowetting Precedes lon Permeation. We inves-
tigated in more detail the onset of electrowetting in the AV =
1.2 V CE simulation of the 14L3 nanopore by tracking the
individual trajectories of water molecules and of ions within the
transbilayer pore (Figure 3). It can be seen that the initial
wetting event is due to water entry into the hydrophobic central
region of the pore (the same is also seen in the constant field
simulations; data not shown). Following wetting of the pore
(within less than a nanosecond of the start of the simulation
with an applied AV; Figure 3) ions enter the pore and multiple
ion conduction events occur over the course of the simulation.
We wished to test the robustness of this result to the force field
and water model used. We therefore repeated this simulation
(which used the GROMOS 43a1**** force field and the three-
site. SPC water model),* instead using the OPLS UA force
field"”” and the four-site TIP4P*® water model. The results
obtained with OPLS UA and TIP4P were very similar to those
for the GROMOS 43al and SPC simulations, namely, that
wetting of the $14L3 nanopore was observed within the first
0.5 ns of the simulation (see SI Figure S3). It therefore seems
the key observation is robust to changes in the force field
parameters and the water model employed. Our simulation
have been performed with a bulk ionic concentration of 1 M;
this is quite typical for experimental studies of nanopore gating
(see, e.g., ref 7). However, it has recently been shown®' for a
hydrophobic gate in a biological ion channel that the free
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energy landscape for water permeation (and in particular the
barrier height to permeation presented by a hydrophobic gate)
does not change substantially when the bulk ionic concen-
tration is changed from 1.0 M to 0.15 M.

Water entry in response to an applied voltage into the
hydrophobic regions of simplified models of pores”** and
carbon nanotubes”” has been studied previously, although most
such studies employed the constant field method rather than a
potential difference generated by asymmetric ion distributions.
We therefore wished to verify that a similar mechanism of
electrowetting occurred in our model protein nanopores.

Water dipole alignment within the electrowetted S14L3
nanopore was compared with that within a f14L1 nanopore,
which wets in the absence of an applied voltage (Figure 4). The
P14L1 pore has just a single ring of leucine residues and
therefore is fully wetted in the absence of an applied voltage
difference across the membrane, as described in a previous
paper™ (in which B14L1 is referred to as N = 14, STNLNTS).
It can be seen that the water dipoles are highly aligned in the
center of the $14L3 nanopore by the transbilayer electric field,
in agreement with a number of other pore studies.”>”” In
contrast, in the absence of a transbilayer voltage difference in
the $14L1 nanopore, water molecules only partially oriented in
the region of the lipid headgroup dipoles. Locally oriented
water molecules have been seen in a number of simulations of
biological pores, eg., for bacterial porins,49 and within the
aquaporins,”””" but not generally in the context of electro-
wetting (but see ref 29). Thus, the transbilayer voltage induces
the formation of a locally oriented water wire in the center of
the nanopore (see the inset in Figure 4), which in turn leads to
water and ion permeation through the “open” pore.

Reversibility of Electrowetting. A decrease in voltage
below the threshold value of wetting has been shown to expel
water from hydrophobic solid-state nanopores™ and in
simulations of electrowetted simplified nanopores”® and carbon
nanotubes.”” To explore this for the electrowetted B14L3
nanopore, the final configuration of the AV = 1.2 V simulation
system was taken, and the CE simulation protocol “switched
off’ such that as ions moved through the open pore, the
transbilayer voltage difference dissipated. After a number of ion
conduction events (Figure S5) both of the pores in the
simulation system dewetted, preventing further permeation.
Measuring the electric field along the bilayer normal after both
pores had closed revealed that the transbilayer voltage had
dropped to AV = 0.2 V. Of course, once the pores had closed,
this could not return to AV = 0V, as ions were unable to cross
the membranes. Detailed inspection of the ion and water
trajectories suggested that once the pore has dewetted, no
further transient permeation events occur over the duration (50
ns) of the simulation. This is consistent with earlier studies,
which have indicated that while dewetting of hydrophobic
nanopores may be thermodynamically favorable, it is predicted
to be feasible kinetically only in nanopores with diameters of
less than a few nanometers.”

Voltage Dependence of Electrowetting. Simulations
were conducted with different transbilayer voltages for the
B14L3 nanopore, using both the CE (Figure 6A) and constant
field (SI Figure S2B) methods. Both methods revealed a clear
relationship between the transbilayer voltage difference and the
wetting of the nanopore with a threshold voltage (measured as
the voltage difference yielding half-maximal wetting of the
nanopore) of AV, = 1.0 V. (This is the estimate from the CE
simulations; the constant field simulations yielded a slightly
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Figure 3. Trajectories for water molecules and ions entering the #14L3 pore at AV = 1.2 V. (A) Plot of the z position of a water molecule (pale
blue) or ion (red = Na*; blue = CI”) as a function of simulation time. The dashed horizontal lines indicate the average z position of the
phosphate atoms of the lipid headgroups. The white region until 0.3 ns indicates the initial dewetted region within the central hydrophobic
barrier formed by three rings of leucine residues. (B) Zoomed-in view of the first 0.5 ns of the trajectory shown in A.
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Figure 4. Water molecule dipolar alignment within the f14L3 pore
at AV = 1.2 V (blue) and for a control pore, f14L1 (pink), which
has just a single ring of leucine residues and which is fully wetted in
the absence of an applied voltage difference across the membrane.
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lower value of AV, 5 = 0.8 V. In part the discrepancy is related
to the difficulty of exactly defining the transbilayer voltage drop
in the constant field simulations; see SI Figure S1.) At the lower
voltages (AV ca. 0.8 V) the onset of electrowetting seems to
take longer.

The number of ion permeation events observed as a function
of the transbilayer voltage may be used to estimate the
conductance of the #14L3 nanopore, yielding an estimate of
460 (+220) pS (in 1 M NaCl; see SI Table S5 for the
individual conductance values estimated at different transbilayer
voltages). This may be compared with the experimental value
of 1200 pS for the OmpG pore (in 1 M KCIl), which is also
formed by a 14-stranded pJ-barrel, albeit with a somewhat
higher pore radius due to the absence of a hydrophobic gate.”
Comparison of the number of permeation events for sodium
and chloride ions indicates that the $14L3 nanopore is anion
selective, even though there are no charged side chains present
in the lining of the pore. This may be due to the penetration of
sodium ions into the headgroup region of the bilayer (which
has been observed in other simulations*), which in turn results
in the interior of the bilayer having a potential of ca. +0.8 V
relative to the adjacent aqueous solution irrespective of the
transbilayer voltage (see SI Figure S1A).

Electrowetting Does Not Occur for the #16L5 Nano-
pore. The CE method was also used to explore possible
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Figure 5. Trajectories for water molecules and ions from a
simulation of the #14L3 pore, which starts with AV = 1.2 V, but in
which the voltage difference across the membrane is allowed to
dissipate over the first few ns of the simulation. The upper and
lower panels refer to the upper and lower bilayers as shown in
Figure 1B. The color code is as in Figure 3.

electrowetting of the #16LS nanopore, which although wider
(radius ca. 6.5 A) has a more extensive hydrophobic gate. In
this case, application of transbilayer voltages up to AV > 2.5V
did not result in electrowetting of the central pore (Figure 6B).
Although electrowetting did not occur at the higher voltages, a
degree of voltage-induced pore deformation occurred, and also
electroporation of the lipid bilayer took place, as has been seen
in a number of simulation studies (e.g, refs 54 and S55). For
reference, for the $14L3 pore at the highest voltage differences
studied (AV = 1.2 V), although occasional voltage-induced
distortion of the nanopore leading to its “collapse” of the
nanopore (SI Figure S4) occurred (as has been seen in some
porins®), electroporation of the lipid bilayer was not seen.

CONCLUSIONS

We have demonstrated, using realistic simulation of transbilayer
voltages via computational electrophysiology, that hydrophobic
gates in model fB-barrel nanopores can be functionally opened
by electrowetting at voltages that do not electroporate lipid
bilayers (Figure 7). We show that electrowetting occurs due to
voltage-induced alignment of water dipoles within the hydro-
phobic gate region of the nanopores and that water entry
occurs prior to entry of ions into the opened nanopore. If the
ionic concentration gradient generating the transbilayer
potential is allowed to dissipate, the electrowetting is reversed,
water is expelled, and the nanopore reverts to a dewettted,
functionally closed state. The dependence of functional
“openness”, measured as the time-averaged degree of electro-
wetting, as a function of AV is sigmoidal. The electrowetting
can be “tuned” via the radius of the pore and the extent of the
hydrophobic gate. Thus, for a more extensive hydrophobic gate
within a given pore electrowetting does not occur before
voltages that lead to the onset of electroporation of a lipid
bilayer. The functionally open channel formed by electro-
wetting of a “featureless” f-barrel nanopore is anionic selective
due to the transmembrane dipole potential caused by binding
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Figure 6. (A) Electrowetting of the #14L3 pore as a function of
transmembrane voltage. Electrowetting is monitored via the
number of waters within the leucine region of the pore. The data
are fitted as a sigmoid function with AV, 5 = 1.0 V. Error bars are
calculated from standard error of the mean from water count within
the pore. Two points for a given value of AV correspond to the
“upper” and “lower” pore of the two bilayer system. A single point
indicates only one stable conductive pore was present in the
simulation (see text for details). (B) Computational simulations of
the B16LS pore as a function of voltage. The gray region indicates
voltages that resulted in breakdown of the DPPC bilayer.

Figure 7. Schematic representation of electrowetting of a hydro-
phobic barrier to yield a voltage-gated nanopore. Pale blue
electrolyte solution; yellow = lipid bilayer membrane; gray =
nanopore; deep blue = hydrophobic gate; white = dewetted region
within the hydrophobic gate.

of Na" jons to the headgroup regions of the surrounding lipid
molecules.

There are a number of forward-looking implications of this
work. It is clear that hydrophobic barriers can provide voltage-
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dependent gates in designed biomimetic nanopores and that
these gates can be “tuned” to provide a specified threshold
voltage for pore gating. Furthermore, one might anticipate that
the onset of electrowetting (observed on a subnanosecond time
scale) of a nanopore would occur more quickly than, for
example, a conformational change linked to gating of a protein
nanopore or ion channel on a submillisecond time scale.
However, it is clear that further studies are required to
characterize the interplay between pores, bilayer lipids, and ion
selectivity that is observed even for relatively simple nanopore
systems. This work has extended our understanding of
hydrophobic gating in a number of synthetic and biological
nanopores and provides a framework for the design of
functional nanopores with tailored gating functionality.

METHODS

Models and Simulation Systems. The $14L3 and f16LS model
pores were modeled based on idealized p-barrel pores®” using
MODELLER®® 9v9 as described in a previous paper.”> Thus, the
P14L3 model in the current study corresponds to the N = 14, HG,
STLLLTS model of the previous study. A single model pore was
embedded in a lipid bilayer containing ~400 DPPC molecules and
solvated with ~44 000 water molecules along with Na" and CI” ions to
a final ionic strength of 1 M. This system was duplicated for the CE
simulations (see SI Figure S1B) to yield two membrane systems with
two copies of the protein, ~800 DPPC lipids and ~88 000 waters.

Computational Electrophysiology. The double-membrane
system was set up as shown in Figure 1B and SI Figure SIB. This
was used to generate an initial ionic imbalance, which was maintained
by an ion replacement protocol as described by ref 42. The potential
difference across the membrane was determined from the electrostatic
potential along the z axis (i.e., normal to the bilayers; Figure 2), which
in turn was obtained by integrating twice the charge density along z.

MD Simulations. Simulations were performed using GROMACS
(www.gromacs.org) version 4.6.5° with the GROMOS96 43al force
field.**** Long-range electrostatic interactions were treated with the
Particle Mesh Ewald method®>®" with a short-range cutoff of 1 nm and
a Fourier spacing of 0.12 nm. The SPC model was used for water.***>
Simulations were performed in the NPT ensemble with the
temperature being maintained at 310 K with a v-rescale thermostat®
and a coupling constant of 7 = 0.1 ps. Pressure was maintained semi-
isotropically using the Parrinello—Rahman algorithrn64 at 1 bar
coupled at 7p = 1 ps. The time step for integration was 2 fs with
bonds constrained using the LINCS algorithm.*> Simulations were run
for 100 ns using constant electric field and 50 ns for CE. Simulation
results were analyzed using GROMACS, MDAnalysis,”* and locally
written code. Molecular visualization used VMD.®” Pore radius profiles
were estimated using HOLE.®®
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