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Introduction

Thermodynamic arguments assure that free energy transduc-
tion cannot be obtained from equilibrium fluctuations.®
However, a net flux of energy could appear when external oscil-
lating fields couple to internal conformational fluctuations
contributing to the maintenance of a non-equilibrium state."™
This constitutes a general design principle for implementing
engineering applications® like separation processes and energy
conversion.®® Living cells provide an ideal environment for
fluctuation-driven energy transfer.” For instance, significant
transient changes in voltage (~100 mV) are found in the vicin-
ity of protein ion channels undergoing transitions between
different states.’ Specifically, ratchet mechanisms observed in
biochannels are based on the fact that for one voltage polarity
the force required to move the ions through the pore is smaller
than that under the opposite polarity. Thus, when the electric
voltage across the membrane fluctuates with a zero mean, a
net flow of ions (the so-called stochastic pumping) can be
observed.>'**

Previous studies showed that OmpF porin, a non-specific
wide channel found in the outer membrane of Escherichia coli
(E. coli),">'® may perform as a molecular ratchet using diverse
mechanisms. For instance, the addition of small amounts of
multivalent cations (i.e. lanthanum) changes the internal elec-
tric potential of the channel yielding reversible current rectifi-
cation."'” In contrast, non-reversible current asymmetry was
obtained using site-directed mutations in the selectivity filter
of the protein.'® In this case, no change in the external solu-
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gradient under conditions similar to that met in vivo, namely moderate pH gradients and asymmetrically
charged lipid membranes. We find that depending on the direction of the concentration gradient the
channel can pump either cations or anions from the diluted side to the concentrated one. We discuss the
possible relevance of this phenomenon for the pH homeostasis of bacterial cells.

tions is needed but the large number of mutations required
jeopardizes the appropriate folding of the protein into a func-
tional channel. Alternatively, solution acidity can act as an
external modulator so that by the selective titration of the
protein residues'® the pore conductive properties can be tuned
at will, from almost ohmic conduction to a bipolar diode
resembling the solid state p-n junctions.'®' Unfortunately,
the extreme pH conditions (for instance pHg;s = 3/pHyans = 12)
required to obtain substantial rectification put into question
not only its physiological relevance® but also the potential use
of such a nanofluidic diode in technological applications."®

In the present study we investigate how rectifying conduc-
tive channels can be achieved under conditions more similar
to that met in vivo. To this end, only moderate pH gradients
are considered and asymmetrically charged lipid bilayers are
used to mimic the effects of acidic stress on the membrane
properties. Former approaches stressed that enzymes can
capture and transmit free energy from oscillating electric
fields, as in the case of active transport of Rb* by using the
Na®, K*-ATPase.” We show that zero-average electric potentials
similar to those actually measured in E. coli** can be used to
obtain electrical pumping of ions against an external concen-
tration gradient without the need for countertransport of other
charged species, as depicted in Fig. 1.

Although this possibility was already explored theoretically
in a series of seminal papers by Astumian and coworkers,"* we
present here the experimental realization of the concept in
diverse experiments performed at the single protein level as
opposed to studies concerning assemblies of many bio-
molecules in solution.>® The novelty of the present approach
lies in the nature of both the voltage oscillations and the
mechanism of pumping. We consider different kinds of
colored noise (noise signal whose power spectrum is not flat)
including the biologically relevant™** Lorentzian one (random
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Fig. 1 Acidic stress has potential to trigger electrical pumping of ions (represented as a yellow arrow) through wide channels in the presence of

zero-average colored noise.

telegraph noise) as opposed to square or sinusoidal waves
used in previous studies."'* Additionally, we show that the
uphill transport of ions obtained in an OmpF channel under
acidic stress is directional. Depending on which side of the
membrane is placed the diluted solution, the system is able to
pump either cations or anions against their concentration gra-
dient. We discuss the potential implications of this phenom-
enon in the regulatory mechanisms of bacterial cells against
acidic stress.

Experimental

Wild-type OmpF, kindly provided by Dr S. Bezrukov (NIH,
Bethesda, USA), was isolated and purified from an E. coli
culture. Planar membranes were formed by the apposition of
monolayers across orifices with diameters of 70-100 pm on a
15 pm-thick Teflon partition using diphytanoyl phosphatidyl-
choline (DPhPC) or diphytanoyl phosphatidylserine (DPhPS).
The orifices were pre-treated with a 1% solution of hexadecane
in pentane. An electric potential was applied using Ag/AgCl
electrodes in 2 M KCl, 1.5% agarose bridges assembled within
standard 250 ml pipette tips. The potential was defined as
positive when it was higher on the side of the protein addition
(the cis side of the membrane chamber), whereas the trans
side was set to ground. An Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA) in the voltage-clamp mode was used
to measure the current and applied potential. Except otherwise
noticed, the signal was digitalized at 50 kHz sampling fre-
quency after 10 kHz 8-pole in-line Bessel filtering. The
chamber and the head stage were isolated from external noise
sources with a double metal screen (Amuneal Manufacturing
Corp., Philadelphia, PA). The pH was adjusted by adding HCI
or KOH and controlled during the experiments with a
GLP22 pH meter (Crison). Except where noted, measurements

2 | Nanoscale, 2016, 00, 1-7

were done at T = (23 + 1.5) °C. The reversal potential was
measured as the potential needed to achieve zero current
when several channels were inserted into the bilayer. It was
corrected with the liquid junction potential calculated from
Henderson’s equation, as described in detail elsewhere.>

Results and discussion

E. coli can survive inside the stomach under considerable
external acidic stress (pH 2-3),”°>® while the cytoplasmic pH
can remain close to pH = 7 by means of diverse internal regu-
latory mechanisms.>*** We explore this issue by considering
different pH arrangements that will be henceforth represented
as pHg||PHerans: To mimic the effects of acidic stress on the
membrane surface charge, we consider that negatively charged
lipids are present in the trans monolayer kept at pH = 7
whereas the cis monolayer facing an acidic solution is made of
neutral lipids (note that at low pH the lipid polar heads should
be protonated).”* We focus exclusively on the effect of charge
aiming to reduce a particularly complex system - the outer
membrane of E. coli is a heterogeneous mixture of lipopoly-
saccharides and phospholipids®® - into a simple one that
could be understood in terms of electrostatic interactions.

Fig. 2a shows the current-voltage (I-V) curves of the bac-
terial porin OmpF in the 3||7 configuration for different lipid
mixtures. Rectification ratios (r = |I_y/Ly|) of the corres-
ponding curves are shown in Fig. 2b. When both monolayers
are made of DPhPC only slight rectification appears (r ~ 2 for
V =150 mV). In contrast, when the monolayer facing the side
of pH = 7 is prepared from DPhPS, the rectification ratio
increases up to 14 for V = 150 mV. This suggests that negative
charges in the lipid monolayer facing the trans side help to
create a diode-like structure responsible for the observed
current rectification,'® similarly to the case of syringomycin E

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Current—voltage (/-V) curves of the OmpF channel in the 3||7

configuration for two different lipid mixtures at 25 mM KCL. (b) Rectifica-
tion ratio (r = |/_y/l,y|) dependence on the applied voltage for the same
conditions. (c) /I-V curve in the reversed configuration pH 7 DPhPS||pH 3
DPhPC at 25 mM KCL. The inset compares this /-V curve (with inverted
ground) with that of pH 3 DPhPC||pH 7 DPhPS.

channels.” In fact, the current-voltage curves shown in Fig. 2a
can be compared with the characteristic equations of semi-
conductor p/n diodes.** The diode current I4 as a function of
applied voltage V can be written as follows:*’

)] o

where e, kg and T have their standard meaning and 7 is an ide-
ality factor accounting for the recombination enhancement by
defects that typically ranges between 1 and 2. Fitting eqn (1) to
data in Fig. 2a yields n ~ 2.4 for the whole curve and n ~ 1.9
for |V| < 100 mV (ESIf). Such high values of n probably arise

This journal is © The Royal Society of Chemistry 2016

Paper

from non-uniformities in the distribution of fixed charges®*
showing in any case that our protein diode is far from being
an ideal junction (n = 1).

One could wonder whether the rectification mechanism
depicted above requires a specific channel orientation in-
compatible with that found in vivo, given the fact that the actual
direction of insertion of OmpF when reconstituted in vitro into
planar bilayers is still unclear.*® Control experiments indicate
that in the protocol employed here the protein inserts almost
always (>95%) in a particular orientation,"”*” whichever it is.
Fig. 2¢ shows the I-V curves of OmpF in the reverse configur-
ation to that shown in Fig. 2a, this is to say 7||3 for DPhPS||
DPhPC membranes. Rectification appears just in the opposite
direction to the 3||7, now the current being higher under posi-
tive applied voltages. The inset shows the superposition of the
absolute values of the current in both configurations (7||3 and
3]|7), which are not identical but pretty similar suggesting that
orientation of the channel is not a critical issue.

Similarly to most ion channels and nanopores, an
OmpF channel is not ideally selective,’®*” so that both cations
and anions contribute to the overall current.”"** To probe how
the ionic selectivity depends on solution acidity and the elec-
trolyte concentration we calculated the permeability ratio
(P_/P,)** from the measured reversal potential (potential
needed to achieve zero current) in experiments with gradients
of both pH and salt concentration, as shown in Fig. 3.

Customarily, ionic selectivity is not reversed when inverting
the direction of the concentration gradient.*® This is the situ-
ation that we find in the 2||7 configuration. However, for
values of pH,; between 2.4 and 3 we find a different scenario.
The influx of cations is preferred when c.;s > Cians but this is
overturned when ¢y s < Cpans, the outflux of anions being
favored. The fact that c s # Cians yields different screening on
each channel mouth changes the conductive properties of the
channel. Fig. 4 shows the I-V curves and rectification ratios for
the 2.7||7 configuration under the conditions as shown in
Fig. 3. The shape of the I-V curves is similar in both salt gradi-
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Fig. 3 Dependence of OmpF selectivity, presented as the permeability
ratio (P_/P,), with pH of the cis side. The lipids used were DPhPC at the
cis side and DPhPS at the trans side. The pH at the trans side was always
7 and the pH at the cis side was varied between 3 and 2.
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DPhPS configuration for two reversed salt concentration ratios. Inset:
Zoom highlighting the negative reversal potentials (RP) obtained. (b)
Rectification ratio (r = |/_y/I,v|) dependence on the applied voltage for
the same conditions.

Nanoscale

ents (Fig. 4a), with slightly higher currents for negative applied
voltages. This means that the current rectification (Fig. 4b) is
modulated by the concentration gradient employed so that the
rectification ratios are considerably lower than those in the
case of symmetrical 25 mM solutions (Fig. 2b).

To probe the transport of ions using colored noise, we
apply different kinds of zero mean fluctuating potentials to the
OmpF channel for the pH 2.7||7 configuration and concen-
tration gradient 25||250 mM. Random telegraph noise (RTN)
is used to simulate biologically-relevant signals as those gener-
ated by the time-dependent oscillation of chemical reactions®
or the current and voltage fluctuations in cells due to the sto-
chastic opening and closing of channels in the membrane.*®
Fig. 5 shows single-channel current traces showing the
response to a RTN signal (red lines) with Gaussian-distributed
voltages and different characteristic lifetimes. Interestingly,
the output signal is slave of the input one. This indicates that
the characteristic response time of the system is much shorter
than the period of the signals considered here (typically in the
range of milliseconds)®" so that the average current obtained
for the whole signal does not depend on the pulse lifetime.

In addition to RTN with Gaussian-distributed amplitudes,
we probed the response of the system to a RTN with constant
amplitude, and a random noise (RN) (Fig. 6). RN simulates
thermal noise, also known as Johnson or Nyquist noise, origi-
nated from dissipative sources of fluctuations and expected
from any conductor.>*

100 T=5ms | 100
50 i .
. a 50 o
< Lo c
o
£ 5 --50 T
— =190 L 100~
-150
. . . - -150
0 50 100 150 200

I (pA)

0 500 1000 1500 2000
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50 50 —
= >
3 o E
= . --50 T
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T T T T
0 2000 4000 6000 8000 10000
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Fig. 5 Single-channel current traces (black lines) showing the response to a RTN signal (red lines) with Gaussian-distributed voltages (¢ = 100 mV)
and different characteristic lifetimes (5 ms, top panel; 50 ms, middle panel; 500 ms, bottom panel). Traces are shown at the originally measured
sampling frequency (50 kHz) except for the trace at the bottom panel, which is displayed at a 5 kHz sampling frequency. Experimental conditions:

KCl 25 mM pH 2.7 DPhPC cis||250 mM pH 7 DPhPS trans.
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Fig. 6 Single-channel current traces (black lines/dots) showing the response to different types of input voltage signals (grey lines/dots), together
with the corresponding calculated average current (/). (a) RTN with constant voltage (V = 20, 50, 70, and 100 mV) and 50 ms lifetime. (b) RTN with
Gaussian-distributed voltages (¢ = 20, 50, and 70 mV) and 50 ms lifetime. (c) RN with different maximum voltages (V,.x = 20, 100, and 150 mV) and
10 ms period. Traces have been filtered at 1 kHz using a digital 8-pole Bessel filter, except for the trace in (c), which is displayed at the recorded 100
Hz sampling frequency without further filtering. Experimental conditions: KCl 25 mM pH 2.7 DPhPC cis||250 mM pH 7 DPhPS trans.

Fig. 6a and b show RTN (exponentially-distributed lifetime)
with constant and Gaussian-distributed amplitudes, respec-
tively, and Fig. 6¢c shows RN. The current traces are presented
together with the corresponding calculated average current (I).
In contrast to its non-dependence on the pulse lifetime, the
average current is absolutely dictated by the potential ampli-
tude distribution. Smallest values correspond to RN whereas
largest ones correspond to RTN with constant voltage. Hence,
when using RN, the average current changes from positive to
negative (a necessary condition to obtain ion pumping)*" at
Vimax ~ 70 mV, while a 50 mV amplitude is enough to reverse
the sign when a RTN with constant voltage is applied.

This journal is © The Royal Society of Chemistry 2016

In the case of RTN with Gaussian-distributed amplitudes,
significant negative average currents are obtained when ¢ >
50 mV. Because approximately 30% of the voltage values in
this distribution are higher than o, the actual average potential
applied in this case to obtain negative (/) is much higher than
for RTN with constant amplitude.

Next, we wish to know if oscillating signals could lead to
directional uphill transport. To this end, we analyze the
response of the system to a RTN with constant amplitude
under two opposite KCI concentration ratios in the pH 2.7||7
configuration, as shown in Fig. 7. In both cases the average
current changes from positive to negative values with
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Fig. 7 Single-channel current traces showing the response to a RTN signal (r = 50 ms) with constant voltage together with the corresponding cal-
culated average current (/), for two concentration ratios: r = 0.1 (KCl 25/250 mM) and r = 10 (KCl 250/25 mM). Traces were filtered at 1 kHz using a
digital 8-pole Bessel filter. Experimental conditions: pH 2.7 DPhPC cis||pH 7 DPhPS trans.

increasing Viax, meaning different things in each case. Thus,
when the diluted solution is in the trans side the channel is
selective to cations (see Fig. 3) so that (/) < 0 means that
cations could be transported from trans to cis against their
external concentration gradient. In contrast, when the diluted
solution is in the cis side the channel is selective to anions
(see Fig. 3) and then (I) < 0 could imply the uphill transport of
anions (see Fig. 3) from cis to trans against their external con-
centration gradient (see ref. 21 for extended discussion).

These results may have interesting implications for pH
homeostasis in bacterial cells. It is known that E. coli cannot
maintain internal pH two units over the external one.>* So,
when bacterial cells are subjected to extreme acid stress there
should be an influx of protons which decreases the peri-
plasmic pH inhibiting the metabolic activity and triggering the
acid resistance mechanisms like antiport exchange associated
with decarboxylase activity.>>*®*” Interestingly, it has been
reported that E. coli outer membrane porins (OMPs) like
OmpF contribute to the acid stress response by controlling the
proton influx in several ways, either decreasing gradually the
pore conductance by the selective titration of certain residues*®
or by promoting the binding of polyphosphate or cadaverine
causing the channel block.**">" However, it is unclear whether
protons use membrane channels as the principal permeation
pathway or they just cross damaged lipid bilayers.>* Given that
the maintenance of proton gradients is essential to perform
work such as rotating flagella or generating ATP**°*°? it seems
unlikely that such a delicate function could be performed
exclusively by using passive filters like defects or holes in
membranes. It is more plausible that proton transport requires
that membrane pores could act as externally activated valves
allowing fine-tune permeation mechanisms. In this sense, it is
tempting to speculate that the above reported directional
selectivity of OmpF (or other similar mechanisms) may play a
role promoting or impeding the transport of particular
charged species, either passively downhill or uphill taking

6 | Nanoscale, 2016, 00, 1-7

advantage of the fluctuating electric potentials characteristic
of living cells. Appealingly, the fact that non-equilibrium fluc-
tuations can cause a protein to cycle through several confor-
mations would explain the high efficiencies observed for some
biological energy-transduction processes.’*

Conclusions

We use electrochemical rectification of the OmpF channel
current as a ratchet mechanism to obtain uphill transport of
ions with the only aid of fluctuating electric potentials similar
to those found in living cells. We find that depending on the
direction of the concentration gradient the channel can pump
either cations or anions from the diluted side to the concen-
trated one. Our results provide new insights into the pH
homeostasis in bacterial cells and also offer interesting clues
for the understanding of active transport. Acid resistance
mechanisms occurring in the inner membrane involve remark-
able fluctuations of the transmembrane potential and require
the influx and outflux of diverse substances catalyzed by
amino acid antiporters and chloride transports. We hypoth-
esize that OMPs could participate in the equilibration process
of ion imbalances occurring in the periplasm and the extra-
cellular media by allowing a variety of permeation mechanisms
that could not be accomplished by membrane holes or defects.
OMPs could not only discriminate the passive diffusive trans-
port but also benefit from transmembrane potential fluctu-
ations to operate like directional ion pumps.
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