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ABSTRACT: A quantitative description of ionophore-mediated ion transport is important in
understanding ionophore activity in biological systems and developing ionophore applications.
Herein, we describe the direct measurement of the electrical current resulting from K transport
mediated by individual valinomycin (val) ionophores. Step fluctuations in current measured across
a 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) bilayer suspended over a ~400 nm
radius glass nanopore result from dynamic partitioning of va/ between the bilayer and torus region,
effectively increasing or decreasing the total number of val present in the membrane. In our studies,
approximately 30 val are present in the membrane on average with a val entering or leaving the
bilayer approximately every 50 seconds, allowing measurement of changes in electrical current
associated with individual val. The single-molecule val(K") transport current at 0.1 V applied
potential is (1.3 £0.6)x101> A, consistent with estimates of the transport kinetics based on large
val ensembles. This methodology for analyzing single ionophore transport is general and can be

applied to other carrier-type ionophores.
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Valinomycin (val) is a well-known K" transporter,' and an effective antibiotic agent.**

Val was isolated by Brockmann and Schmidt-Kastner in 1955,7 and later identified as an antibiotic
against Mycobacterium tuberculosis.® Additional applications of val include its use in studies of
K" uptake by cellular mitochondria,!*? and probing the bacterial phosphorylation mechanism.’ Va/
has been widely used for decades as a model in studying ion-carrier transport across bilayers and
in preparation of K* ion-selective membranes.!® ! Recent investigations of val as a potent antiviral

agent against coronaviruses have been reviewed.% !2

Val is well-established as a carrier-type ionophore.!*3! It comprises a 12-membered
cyclodepsipeptide with a hydrophobic exterior and hydrophilic interior (Figure 1), enabling the
binding and transport of alkali metal cations across lipid membranes.® 131531 Va/ is one example
of many carrier-type ionophores (e.g., monensin, nigericin, and enniatin B)!* 2’ capable of
transporting individual ions across lipid bilayer structures including cell membranes.?> 2° The
unidirectional bilayer transport of K™ by val across bilayers under the influence of an applied
voltage results in a measured electrical current,?!> >33 similar to membrane ion channels such as

34.35 and gramicidin.!” 3¢ However, unlike ion channels, which span the bilayer and

a-hemolysin
transport ions sufficiently fast to allow single-channel electrical characterization, ion-carriers bind
and transport one ion at a time across the bilayer.'® % 222435 Jon channels transport multiple ions
at once, whereas ion-carriers only transport one ion at a time.?? Characterizing the ion transport
properties of carrier-type ionophores is challenging due to the low rate of ion transport, resulting
in low electrical currents.'® Reports to date of carrier-type ionophore kinetics rely on ensemble
measurements of ion transport rather than single-molecule studies. ' !4 23 30-32,37

One such ensemble-type analysis of a carrier ionophore, performed by Stark and

coworkers, detailed the effects of temperature, cation species, and phospholipid chain length on



val faciliated K+ transport across bilayers, resulting in the transport model shown in Figure 1.'%2%
30,37 Steady state and pulsed current measurements revealed four steps associated with one val
transport cycle: (/) K binding to val to form the val/(K") complex; (if) transport of val/(K") under
the influence of an electric field (~10° V/cm); (iii) release of K*; and (iv) diffusion of val back
across the bilayer. The binding of K* to val (step (i)) and transport of the ion (ii) were found to be
dependent on Vapp, as described by the expression k = k’exp(VappF/2RT), where k° is the binding or
transport rate under zero applied bias, F'is Faraday’s constant, R is the gas constant, and 7 is the
temperature.>* In a 0.5 M KCl solution, the rate of va/(K") unbinding (step (iii)) and the diffusion
of the un-complexed val back across the membrane (step (iv)) were reported to be the rate-limiting

steps.'

The characteristic time, 7, required for one val molecule to transport individual K* across
the membrane is estimated from the first-order rate constants of the rate-limiting steps (i.e., val(K")

unbinding and the diffusion of the un-complexed val),

7= (2.4x10* sy 1+ (1.5x10% s71)! (1)

yielding, 7=1.1x10"*s. Thus, on average, one va/ transports ~10% K across the bilayer per second,
corresponding to an electrical current on the order of Ai =1.5x10"° A (1.5 fA), where Ai is the

fundamental descriptor of ionophore transport efficiency.
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Figure 1. The transport model and rate constants of val-mediated K" transport across a lipid bilayer. Val =
O. The rates of steps (i) and (if) were calculated using k = k"exp(VappF/2RT) with k° values reported in ref.
37 and Vypp= 0.1 V (see Table S1). Bias-independent rate constants for steps (iif) and (iv) are reported in

ref. 37. Figure is not drawn to scale.
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For comparison, ionic currents associated with membrane ion channels (e.g. gramicidin
hemolysin)** ¥ are 10 to 10* times larger (100 fA—10 pA), and are readily quantified. However,
the small current estimated for val carrier transport approaches the shot noise limit of electrical
current measurements, theoretically equal to £100 e /Az (in the absence of a baseline current),
where At is the time over which the current is measured.*® Thus, a Az = 1 s measurement of the

anticipated current due to val transport of K* (1.5 fA) corresponds to ~10,000 ¢, well above the

theoretical limit of quantification.*8

Herein, we report measurements of the electrical current resulting from individual val
transport of K™ across a DPhPC bilayer membrane. Low noise-level current measurements are
achieved through the use of highly stable bilayers (18 hr lifetime, Figures S1-S2) suspended across
a ~400 nm radius orifice of a conical nanopore in a glass membrane, Figure 2.>3° Our strategy to

measure the current associated with an individual val is based on the small area of the bilayer



(~5%x10” cm?), which limits the number of val within the active transport area, thus providing a
means to conduct electrical measurements on a small population of va/ (~30 molecules). Dynamic
partitioning of val between the bilayer and the torus region containing excess lipid and solvent
(decane) allows observation of step changes in electrical current associated with an individual

val.14’ 40

Bulk solution K*

Pressure
Figure 2. Schematic of a lipid bilayer formed over a glass nanopore support with val (e) present in the lipid
phase. An applied voltage drives K* transport across the bilayer (see Figure 1). A pressure of 20 mmHg is
applied from the interior of the nanopore to join the two lipid leaflets.*’ The torus region at the
circumference of the membrane contains excess lipid, solvent, and val.*’ Val partitions between the bilayer
area and the torus region changing the number of val within the bilayer. The electrical current is proportional

to the number of val in the bilayer at any instant.'* Figure is not drawn to scale.

RESULTS AND DISCUSSION

Spontaneous Val Membrane Insertion and Ion Transport Selectivity. Lipid bilayers suspended
across the nanopore orifice (Figure 2) were prepared by depositing a lipid solution consisting of
DPhPC  lipid and decane onto a glass nanopore  silanized with  3-
cyanopropyldimetyhlchlorosilane.*> To form the bilayer, a 0.05 pL aliquot of the lipid solution
was gently placed on top of the electrolyte solution exterior to the nanopore. The electrolyte
solution level was then raised and lowered with respect to the nanopore to deposit two suspended

lipid leaflets, separated by decane, across the nanopore orifice. A pressure of 20 mmHg was



applied and maintained inside the nanopore to join the leaflets, forming a bilayer.>> A 0.1 V bias
was applied across the membrane using two Ag/AgCl electrodes (one inside the nanopore and one
external in the bulk solution), and the i-# trace recorded for ~2 hours to establish a baseline current
in the buffered electrolyte (in the absence of val). Bilayer baseline currents measured using glass
nanopores were stable for extended periods of time (18 hr, Figure S1). All data were recorded at a
5 kHz acquisition rate using a 1 kHz low-pass filter (LPF). Post data collection, data were
resampled at 2 Hz and filtered with a 1 Hz LPF. The electrical noise of the measurement post-
filtering was on the order of 1 fA. The i-¢ traces are intentionally presented without correction for
the instrumental baseline current, which is significant and difficult to offset when working at fA
current levels. As discussed below, baseline currents influence the limit of quantification of

currents associated with individual val.

Prior to measurements of the K current associated with a single val, we first established
that our nanopore/bilayer system yielded results in agreement with literature data detailing val/(K")
transport across 0.1-3 mm diameter bilayer membranes.!* Figure 3 shows experimental i-¢ traces
recorded in buffered electrolyte solutions containing 0.5 M RbCl, KCl, or NaCl, prior to and
following the addition of val to the electrolyte. In agreement with prior reports, va/ spontaneously
inserts into the membrane when introduced at a concentration of 10 to 107 M to the exterior
electrolyte solution at Vapp = 0.1 V, as indicated by an immediate increase in current across the
bilayer (Figure S3, Table S2).!*4%% The increase in current shown in Figure 3A, B, and C result
from val facilitating transport of Rb*, K*, or Na" across the membrane. After ~2 hr, the electrical
current approaches an apparent steady state value, iss, that is dependent upon the cation species and

the initial concentration of val. As Figure 3 indicates, we find that iss(Rb") > iss(K") >> iss(Na"), in



agreement with prior reports.** 4> No increase in current was observed when val was introduced

into a solution containing 0.1 M KClOs4 electrolyte.

A |ReCl B 10)kc

&; ; < 08 L 015

S 2] Valaddition ; & g/Val addition; 2010

= = ] S

o § 0.4 i Bo.os

5 1 ; S 3

O Pl o 10203045 © 02 Y 0.905" 40 20 30 40 50
) e . : o mels 0.0 i : : Tmes)

0 4000 8000 12000 16000 20000 8000 10000 12000 14000 16000 18000
Time (s) Time (s)

C 121 Nacland KCI D 081¢cio,

=10 iti —~ 06 "

< val addition KCl addition < Val addition

= 08 = 04

c c

S 06 I g 02 {

= / p=]

3 04 ~~’_4“__"__-___"_4___ﬁr,____.‘/ O 00
2 — . : : : . 02l . : : ,

7000 9000 11000 13000 15000 17000 8000 10000 12000 14000 16000
Time (s) Time (s)

Figure 3. i-¢ traces of val-mediated ion transport in (A) 0.5 M RbCl, (B) 0.5 M KCI, (C) 0.5 M NaCl, and
(D) 0.1 M KClOy4 solutions. Trials were initiated at # = 0 s in their respective electrolyte solutions containing
10 mM phosphate buffer (PB), pH 7.4 at Vapp= 0.1 V. After a baseline current was measured, the external
solution was exchanged with the same electrolyte solution containing, in addition, 1.5x10° M val (A, B, D)
or 5.0x107 M val (C) (indicated by “Val addition”). The red line (—) in (A) and (B) and insets show the
numerical fits of eq (3) (vide infra), which describes the rate of val insertion into the membrane, to the first
50 seconds of the i-¢ trace following val/ addition. Following the addition of va/ in trace (C), 100 pL of the
NaCl/val solution was removed from the bulk solution at ~15,000 s and replaced by 100 pL of 0.5 M KCI
(indicated by “KCl addition™). In (D), no significant current increase is observed in the KCIO4 solution after

addition of val. Nanopore radii = 358 nm (A—C) and 468 nm (D).

The steady-state current obtained ~2 hr after the introduction of val results from the
depletion of val in the bulk solution, a consequence of its adsorption onto the polycarbonate (PC)
surface comprising the experimental cell (See experiments presented in the Supporting

Information detailing va/ adsorption onto PC, Figures S4—S5, and Table S3). The adsorption onto



the PC surface is irreversible on the timescale of our experiments and occurs in parallel with val
entering the bilayer, resulting in the concentration of val in the 300 uL. PC cell decreasing to
negligible values within ~2 hr. After reaching iss, the electrical current remains constant over the
course of the experiment (measured up to ~8 hr), including experiments in which the existing val
solution is replaced by the buffer electrolyte solution (Figure S6). These results suggest that val is
irreversibly adsorbed into the membrane lipid phase and torus region. As shown below, the
adsorption of val onto PC surfaces is an important advantage in our investigations, limiting the

number of val that are active in transporting cations.

Figure 3C demonstrates the enhanced ion selectivity of val for K™ over Na', as expected
based on the ~10° greater binding constant of val to K* relative to Na** 4648 A bilayer baseline
current was first obtained in 0.5 M NaCl, followed by introduction of va/ into the bulk solution.
Val spontaneously inserts into the membrane transporting Na*, as indicated by the establishment
of iss =100 fA, relative to bilayer baseline. A 100 pL aliquot of the 0.5 M NaCl/va/ solution was
removed from the experimental cell and replaced with a 100 puL aliquot of 0.5 M KCI. The current
increased immediately upon the introduction of K, approaching a new iss value of ~800 fA. We
attribute this increase to the higher binding efficiency of val to K at the electrolyte/bilayer

interface (step (i) in Figure 1) relative to Na".

Previous literature has reported that when val is dissolved in the lipid phase prior to
membrane formation, the val(K") transport current is larger in the presence of ClO4™ relative to CI
3233499 We reproduced the current enhancement of val(K”) in the presence of ClO4 when val is
pre-dissolved in the lipid phase (Figures S7—S9). The results of Figure 3D, however, suggest that

the presence of ClO4 in the bulk electrolyte solution prevents the spontaneous insertion of val/



from the bulk solution into the bilayer. We speculate Cl1O4” may block va/ from inserting into the

bilayer due to ClO4 affiliating with the zwitterionic DPhPC phospholipid head-groups.>®->?

The Electrical Current Associated with Individual Val Tonophores. Having established that
our nanopore system yields val-mediated transport behavior in agreement with prior reports, we
next addressed the possibility of measuring the electrical current associated with an individual val
ionophore. Based on the estimated current associated with one val transporting K™ (Ai = 1.5 fA),
the number of val associated with iss can be estimated as Nv = iss/1.5 fA. For example, from the
data obtained in 0.5 M KCI solution containing 1.5x10 M val, Figure 3B, iss = 700 fA and Ny =
470 val. This value of Nv suggests the possibility of measuring changes in the current, Ai,
associated with a single val resulting from small statistical fluctuations in Ny. We find that iss, and
thus My, can be further reduced by an order of magnitude by decreasing the initial concentration of
val in the electrolyte solution. Figure 4A shows a i-f trace recorded in 0.5 M KCl before and after
introducing 2.0x10® M val, resulting in an current increase that reaches iss = 40 fA (as measured
from the baseline) after ~2,500 s, corresponding to ~30 val in the membrane. Figure 4B shows an

i-t trace recorded in the same conditions as Figure 4A, but in the absence of val.
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Figure 4. Val(K") transport v.s. bilayer baseline. (A) i-¢ trace of val(K") transport using 2.0x10® M val. (B)
i-t trace of a lipid bilayer without val. Trials each began in 0.5 M KCl and 10 mM PB, pH 7.4 at V= 0.1
V. After the baseline measurement was stable in (A), a complete solution exchange was performed to
introduce val by replacing the original electrolyte solution with the same electrolyte solution containing

2.0x10™® M val. Nanopore radii = 358 nm (A) and 468 nm (B).

Exchange of val between the bilayer and torus region, as initially proposed by Stark and
coworkers to explain their observed dependence of val facilitated current on the radius of the
bilayer, is expected to lead to small time-dependent fluctuations in the number of active val in the
bilayer.'* Ideally, when a single val enters or leaves the membrane, there is a corresponding step
increase or decrease in the current due to a change in the small number of ionophores. Inspection
of an expanded 400 s region of the i-¢ trace, Figure 5A, indeed shows step-like features that are
partially obscured by electronic noise. However, similar features are not observed in i~z traces prior
to the addition of val, Figure 5C, or in additional control experiments where val is absent, which
indicates the current steps result from val/ mediated ion transport and not experimental noise. A
step identification program (SIP) was written (see Supporting Information, Figures S10, S16, and
Table S4) to identify current steps in the i- traces and quantify the magnitude of the step change,
Ai, resulting from val partitioning between the bilayer and torus region. Briefly, the steps are
identified based on the slope, £Mrange (pA/s), of N data points to distinguish between regions of
constant current from regions when the current changes due to a val entering or leaving the bilayer.
Regions of the data with similar current averages are grouped together based on a tolerance range,

T (%).

The i-t traces generated by the SIP are shown in Figure 5A and 5C, overlaid on the

experimental data. Figure 5B and 5D are histograms of Ai values, corresponding to the full 7.8

10



hour-long i-¢ traces recorded in the presence and absence of val shown in Figure 4. The bimodal
histogram in Figure 5B corresponds to val partitioning between the membrane and torus region,
with the two peaks centered at Ai = +1.3 £0.6 fA. The bimodal and symmetric distribution of +Ai
is expected, since iss is constant. SIP analysis of an independent experiment yields Ai = +1.2 £0.5

fA (Figure S13).

A-

A 15 Val steady state B75 43A 131A
£-20 |

= it Ak 1l ‘-“”H“‘ i 'V‘N i |”“.“y. H L f | I= 0

5 =25 i I"‘“ TN ! ‘ 1 ‘h‘u ‘p‘ Mlﬂv”p i “l‘\‘h m“r i “‘I‘l“ 8

S 0 m‘n'wl'{”"‘lﬂ ©25

3 -30

-35 0-
13375 13450 13525 13600 13675 13750 6 4 2 0 2 4 6
Time (s) Current (fA)
2_75 Lipid bilayer (no val) D75
<
< <50
: 3
= ©25
@)
. . . . . [0} S
14550 14625 14700 14775 14850 6 -4 -2 0 2 4 6
Time (s) Current (fA)

Figure 5. The SIP analysis of the current response in the presence ((A) and (B)) and absence ((C) and (D))
of val. The val iss corresponds to an average of ~30 val molecules present in the membrane. (A) and (C)
show a representative 400 s section of the i-¢ traces from Figure 4. The red line (—) corresponds to the SIP
analysis trace (additional examples shown in Figures S11-S12). The analysis was completed on 7.8 hours
of data shown in Figure 4A (5,000—33,000 s) and 4B (0-28,000 s). Histogram (B) corresponds to 583 events
where Ai = +1.3 +0.6 fA identified by the SIP. SIP parameters are: N = 10, Mruge = +1.8x10™ pA/s, T =

4.16%.

We estimate that va/ partition events occur every ~50 s, (Figure S14), which is comparable
to an estimate from the bandwidth of a power spectral density of the current noise in the presence

of val (Figure S15). During the 50 s lifetime of a val/ molecule in the bilayer, it would be responsible
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for passing an average electrical charge of ~410,000 e. As previously discussed, shot noise
represents a fundamental limit that defines the minimum current required to quantify an event.
However, all electrical measurements have an additional non-zero background current, which
contributes to the shot noise. From Figure 5A, the 1.3 fA current steps are measured on a
background current of ~25 fA, yielding a theoretical limit of quantification of 3,900 e /At (see
Supporting Information). The measured electrical charge of ~410,000 e~ observed during the
measurement time, At = 50 s, is thus ~100x larger than the minimum required to accurately

quantify the current associated with one val.

To assess the accuracy of the SIP analysis, we created a simulated i-# trace comprising
idealized current steps of Ai = £1.3 fA (Figure 6). These simulated steps were added to an
experimental i-¢ trace of a bilayer baseline (no val) acquired at 5 kHz with a 1 kHz LPF (Figure
6A—-B). The sum of the experimental baseline and simulated current steps were then resampled at
2 Hz with a 1 Hz LPF (Figure 6C). The SIP analysis was applied to this synthetic data to assess
how well it identified current steps and quantified values of Ai. We found that the SIP successfully
identified all simulated current steps, (Figure 6D), and yielded Ai values (1.3 +0.2 fA) in agreement
with expected values (1.3 fA). Thus, the larger variation observed in the experimental Ai values
(1.3 £0.6 fA) likely reflects real differences in the current carried by individual val. The slow SIP
transition times of ~20 s between va/ partition events are artifacts of the SIP analysis, as is evident
by differences in the slope between the transitions in the SIP traces shown in Figure 6D-F. To
further assess the SIP accuracy, two different regions of the experimental bilayer baseline were
added to the idealized £1.3 fA current steps, and re-analyzed as before to yield Aig) = 1.2 £0.1 fA
and Air) = 1.2 £0.1 fA (Figure 6E-F). Additionally, the effect of data sampling frequency was

considered by comparing Ai values obtained from SIP analysis of simulated data sampled at 2 Hz

12



(Figure 6D) and at 10 Hz (Figure 6G). No significant effect of the sampling rate on step
identification or Ai was observed (Figure 6H). The SIP analysis of the experimental i- traces were

also found to be independent of sampling rate (Figure S12). These assessments indicate that the

SIP is reliable in quantifying experimental Ai values.
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Figure 6. Assessment of the SIP using a simulated data set comprising ideal £1.3 fA steps. (A)

Experimentally obtained i-¢ trace of a bilayer sampled at 5 kHz with a 1 kHz LPF. (B) Simulated £1.3 fA

current steps (—). (C) The sum of the baseline current (from (A)) and simulated current steps (from (B))

and resampled at 2 Hz with a 1 Hz LPF. (D) Simulated data (from (C)) analyzed with the SIP to yield the

red trace (—) with Aiipy = 1.3 £0.2 fA. The simulated i-¢ trace with added 1.3 fA current steps (—) is plotted

in (C) and the SIP-identified current steps (—) are compared in (D). (E and F) An identical analysis was

performed using different sections of the experimental i-f trace, yielding Aig) = 1.2 £0.1 fA and Aig = 1.2

+0.1 fA. (G) The same simulated data shown in (C) but sampled at 10 Hz. (H) Comparison of the SIP
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analysis from (D) at a 2 Hz sampling rate (—) with (G) at a 10 Hz sampling rate (--+). SIP parameters are:

Np-p) = 10 and Ne) = 50, Mrange =+1.8x10* pA/S, T=4.16%.

Kinetics of Val Insertion into the Bilayer Membrane. Measurement of Ai allows the rate
constant of va/ entering the bilayer membrane from the electrolyte, &z, to be estimated from the i-

¢ responses shown in Figure 3. At short times, the rate of insertion (val/s) is given by:

R = CvANnkit (2)

where Cv is the concentration of val in the bulk supporting electrolyte, 4 is the area of the
bilayer, Na is Avogadro’s number, and 4t is the rate of val insertion into the membrane. Since
each molecule contributes a current of Ai = 1.3 fA to the observed current, the i-¢ trace at short

times is described by:

i(f) = AiCyANAkit 3)

All parameters in eq (3) except ks are previously measured (AiCvA4) or a constant (Na). Values of
ke were estimated by fitting eq (3) to the first 50 s of the experimental i-¢ traces after the addition
of val, with this assumption that Cv does not change significantly due to adsorption on the PC
cell walls during this initial time. We measured r to be between 5.6x10” and 8.7x10°® cm/s for
K" insertion based on 10 trials in 0.5 M KCI (Figure 3, Figure S3, and Table S2), and 1.9x10®

for Rb* insertion based on one trial (Figure 3, Figure S3, Table S2).

CONCLUSIONS

In conclusion, we have directly measured the electrical current associated with an
individual val ionophore transporting K™ across a suspended lipid bilayer. The current associated

with an individual ionophore, A, is the fundamental descriptor of ionophore transport efficiency
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and is thus important in understanding the activity of ionophores when employed as antibiotic or
antiviral agents. Each molecule of val was found to be responsible for 1.3 £0.6 fA of K* transport
at Vapp = 0.1 V, which, theoretically, is ~100x larger that the smallest current that can be quantified,
assuming that the electrical noise arises from the discrete nature of electric charge. Such sensitive
electrical methods using nanopore methods should be readily extended to other carrier-type

ionophores of interest.

METHODS

Chemicals and Materials. All chemicals were purchased from Sigma-Aldrich and used as
received unless otherwise specified. Val was purchased as a lyophilized powder from Focus
Biomolecules (Plymouth Meeting, PA) and suspended in MeOH and stored at -20°C. MeOH was
evaporated and val was re-suspended in 16.5 pL of 200 proof EtOH. The val-EtOH solution was
then diluted with 4.98 mL of the electrolyte solution to achieve a 0.33% EtOH solution by volume.
EtOH is necessary to improve val solubility in aqueous solutions. The addition of EtOH to the
system did not impact bilayer stability (Figure S2). All solutions were prepared using H2O purified
with a Thermo Scientific Barnstead Smart2Pure water system (resistivity > 18 MQ cm).
Electrolyte solutions containing 0.5 M KCI, 0.5 M NacCl, 0.5 M RbCl, or 0.1 M KClO4 buffered
with 10 mM phosphate buffer, pH 7.2, were filtered using a sterile 0.22 um Millipore filter. The
phospholipid 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was obtained from Avanti
Polar Lipids (Alabaster, AL) and diluted with decane to a concentration of 10 mg/mL. Quartz
nanopore supports were obtained from Electronic BioSciences (Salt Lake City, Utah). Nanopores
were chemically modified with 2% (v/v) 3-cyanopropyldimetyhlchlorosilane in dry acetonitrile.*>

39 A nanopore radius between 200-500 nm is ideal for this application as the small surface area of
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the formed membranes limits the number of inserted val, but are large enough to where the lipid

leaflets can be joined with external pressure.

Ion Transport Recordings. The current-time (i-f) measurements were performed using a low
noise Nanopatch system (Electronic BioSciences, Salt Lake City, Utah). The current was sampled
at 5 kHz and filtered using an 8-pole Bessel low-pass filter at 1 kHz. Lipid bilayers were formed
by gently adding a 0.05 pL aliquot of the lipid solution to the surface of the bulk supporting
electrolyte, followed by raising and lowering the solution level with respect to the stationary
nanopore to deposit two lipid leaflets across the nanopore opening.’ *° Once the lipid was
deposited across the nanopore, the two lipid leaflets were joined by applying and maintaining a
pressure of 20 mmHg from the interior of the nanopore using a gas-tight syringe.>>3* 41 A 0.1 V
bias was applied across two Ag/AgCl electrodes on either side of the lipid bilayer to drive the val-
mediated ion transport from the bulk solution into the interior of the glass nanopore membrane.
The resistance of the formed bilayers was recorded to assess its stability. Only membranes with a
resistance of ~ 1 TQ were used in the presented studies, indicating minimal leakage current through
the bilayer. To introduce va/ to the experimental cell, complete solution exchanges were performed
by replacing the original electrolyte solution with the electrolyte/val solution. The flow-cell design
of the experimental cell allowed us to flow 1 mL of the new solution through the 300 uL
experimental cell, effectively replacing all of the original electrolyte solution. The temperature
was controlled by a custom PID thermoelectric cooler (CUI Inc., CP20151) and a thermocouple

residing in the external reservoir. All experiments were performed at 23°C.

Data Analysis. Post data collection, the i-t traces were filtered using a 3-pole Butterworth low-

pass filter at 1 Hz and resampled at 2 Hz. A step identification program (SIP) was used to quantify
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Ai. The current steps are identified in the step analysis based on the slope, £Miange (pA/s), of N
number of data points to determine where the current is constant and when it is changing due to a
val partition event. Regions of the data with similar current averages are grouped together based
on a tolerance range, =T (%). A complete description of the SIP can be found in Figures S10, S16,
and at the end of this SI in the ‘Step Identification Program Source Code’ section. The variability

in the reported Ai value is the standard deviation of the measurement.
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SUPPORTING INFORMATION AVAILABLE

Calculations of val rate constants within lipid bilayers; studies assessing lipid bilayer stability;

additional examples of val membrane insertion kinetics; studies of val adsorption onto

polycarbonate materials; lifetimes of va/ in the lipid bilayer; studies detailing val pre-dissolved in

the lipid phase prior to membrane formation; step identification program (SIP) description and

source code; additional examples of the SIP analysis; evaluation of the frequency of val partition

events; and calculations of the shot noise limit of quantification in the presence of a baseline.
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Current (fA)

Time (s)

For Table of Contents Only

21



