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We show experimentally and theoretically that significant currents can be obtained with a

biological ion channel, the OmpF porin of Escherichia coli, using zero-average potentials as

driving forces. The channel rectifying properties can be used to pump potassium ions against an

external concentration gradient under asymmetric pH conditions. The results are discussed in terms

of the ionic selectivity and rectification ratio of the channel. The physical concepts involved

may be applied to separation processes with synthetic nanopores and to bioelectrical phenomena.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816748]

Ratchet systems have the ability of rectifying unbiased

fluctuations into directed transport.1–3 Both synthetic and bi-

ological nanochannels may show non-zero electrical currents

driven by zero-average time dependent forces.4–7 The elec-

trical rectification is on the basis of the observed phenom-

ena4,5,8,9 and the potential applications concern separation

processes and energy conversion.10–12 Electrical rectification

and ratchet phenomena can also be of relevance for signal

averaging of weak electric fields and cell plasticity because

ion channels, together with ion pumps and gap junction com-

plexes, play a crucial role in cell communication and

control.13–16 In this Letter, we present measurements and

model calculations of the rectifying properties of a biological

ion channel (the outer membrane protein F, OmpF, a porin

expressed in Escherichia coli bacteria17). We consider the

pH-controlled net current induced by zero-average oscillat-

ing potentials and the electrical pumping of potassium ions

against an external concentration gradient, a phenomenon

previously reported in synthetic nanopores.4,5 We show that

the complex interplay between the current rectification and

the channel ionic selectivity is crucial for understanding

the uphill transport of ions. The results are of relevance for

the mechanisms regulating the transport through ion

channels,17–19 for electric signal transduction in cell cycle

and embryogenesis,14,16 and for building ionic circuits in the

emerging field of nanofluidics.6,20–25

The set-up used in the experiments is shown schemati-

cally in Fig. 1. A single OmpF ion channel is reconstituted

on a planar lipid bilayer and communicates the two halves of

a conductivity cell filled with KCl solutions of concentra-

tions ccis (side of protein addition) and ctrans. pHcis and

pHtrans denote the corresponding pH values. A detailed

description of the reconstitution procedure can be found else-

where.17,26 The electric potential V is positive when it is

higher at the trans side of the membrane cell. An Axopatch

200B amplifier (Molecular Devices, Sunnyvale, CA) in the

voltage-clamp mode is used for measuring both V and the

electric current (I) through the channel. I is positive when it

flows from solution trans to solution cis in Fig. 1.

The OmpF porin contains both basic (positive) and

acidic (negative) residues,27 and thus, the net charge of the

channel depends on the ionization state of the protein resi-

dues. The ionic selectivity of the channel (preference for cat-

ions or anions) depends on many factors (electrolyte type

and concentration, lipid charge, etc.) being the solution pH

FIG. 1. Scheme of the experimental set-up. A single OmpF porin is reconsti-

tuted on a planar lipid bilayer and communicates two KCl solutions of con-

centrations ccis and ctrans, with pHcis¼ 3 and pHtrans¼ 12. The I-V curves are

measured with Ag|AgCl electrodes. The asymmetric pH conditions lead to a

non-homogeneous fixed charge distribution in the porin that shows rectify-

ing characteristics in the current-voltage (I-V) curves.
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the most significant one.26 At low pH, the channel is posi-

tively charged and selective to anions, whereas at high pH,

the channel is negatively charged and selective to cati-

ons.26,28 For pH values close to neutrality, the channel exhib-

its a slight selectivity to cations. We have shown previously

that not only the ion selectivity but also the I-V characteris-

tics of OmpF depend strongly on the pH of the external solu-

tions.17,18 Under symmetrical conditions (pHcis¼ pHtrans),

the experiments show linear, ohmic I-V curves. Asymmetric

configurations (pHcis 6¼ pHtrans) lead to nonlinear, rectifying

I-V curves.17 In particular, for pHcis¼ 3 and pHtrans¼ 12

(Fig. 1), the channel side facing the left solution is positively

charged, while the opposite side has a negative fixed

charge.17,18 This asymmetric structure constitutes a nanoflui-

dic diode similar to solid state p-n junctions and bipolar

membranes.29

In order to promote the uphill transport of Kþ ions, we

apply a zero-average time dependent potential to the OmpF

channel in the configuration of Fig. 1. Fig. 2 describes the

principles of the proposed mechanism. The concentration of

the solutions in the experiment are ccis¼ 0.10 M and

ctrans¼ 0.05 M. Because of ccis 6¼ ctrans, the ions flow from

the concentrated solution towards the diluted one giving rise

to an electrical net current without any applied voltage. The

electric potential difference needed to obtain a zero current

(the so called reversal potential, Vrev) is positive in this case,

meaning that the channel exhibits a certain preference for

cations.18 The DC I-V characteristics of the channel meas-

ured under these pH and KCl configurations (left panel of

Fig. 2(a)) shows rectification, with a high conductance state

for V> 0 and a low conductance state for V< 0.17

The right panel of Fig. 2(a) shows the theoretical predic-

tions of a Poisson-Nernst-Planck (PNP) model based on the

three-dimensional structure of the OmpF porin (Protein Data

Bank id. code: 2OMF) obtained from X-ray analysis.27 The

fixed charge distribution is obtained from the 3D structure and

free solution ionic diffusion coefficients are used.30 The model

calculations show the total current (green) and the individual

currents carried by each ion (Kþ in red and Cl� in blue).

Positive values of IK and negative values of ICl correspond,

respectively, to uphill transport of the respective ion. As the

input driving force, we use square-wave potentials V(t) of

zero time average (Fig. 2(b)) and amplitude Vmax. The output

is the electric current I(t) passing through the channel (Fig.

2(c)). Because the period of the applied voltage wave (�0.5 s)

is much longer than the characteristic time for axial diffusion

in the channel s¼ L2/Di � 10�7–10�6 s (L � 5 nm is the

length of the channel and Di � 10�9–10�8 m2/s is the ionic

diffusion coefficient), the output current is slave of the input

signal.7 The maximum and minimum values of I(t) at a given

signal amplitude Vmax correspond to those measured in the

DC I-V curve at V¼Vmax and V¼ –Vmax, respectively. We

assume that, for the square input signal used here, the average

current hIi can be written as follows:31

hIi ¼ IðVmaxÞ þ Ið�VmaxÞ
2

¼ jIð�VmaxÞj
ðr � 1Þ

2
; (1)

where r � jIðVmaxÞ=Ið�VmaxÞj is the current ratio of the

channel at V¼Vmax. Fig. 2(c) shows the dependence of the

output current on the amplitude of the input signal. For Vmax

< Vrev, both I(Vmax) and I(–Vmax) are negative, and then hIi
is also negative. For signal amplitudes Vmax slightly larger

than Vrev, the channel responds with I(Vmax) > 0, but the am-

plitude of the driving force still cannot achieve hIi> 0

because jI(Vmax)j< jI(–Vmax)j. Eq. (1) reveals that the input

amplitude V0 needed to obtain hIi> 0 is that corresponding

to r> 1 in the I-V curve where jI(Vmax)j> jI(–Vmax)j. Current

rectification and non-linearity of the I-V curves are necessary

to obtain an uphill transport. However, we should find out

whether this condition is sufficient or other requirements

must be accomplished to pump ions against the external con-

centration gradient.

In the case of a perfect, ideally cation-selective pore

(impermeable to anions), positive values of the average out-

put current result in a net uphill transport of Kþ.4 However,

the OmpF channel is only partially selective to cations,26,28

as it is the case of most ion channel and nanopores. The fact

that both cations and anions contribute to the overall current

in a proportion which could change considerably with the

applied voltage has not been addressed previously. In the

right panel of Fig. 2(a), we obtain I< 0 for V¼ 0 because the

negative current IK is larger than the positive ICl, being

FIG. 2. Mechanism of pumping of Kþ ions against an external concentration

gradient. (a) The DC I-V characteristics of the OmpF channel, measured

under the pH and KCl configurations indicated in the left panel, show rectifi-

cation. The theoretical predictions of a PNP model based on the three-

dimensional structure of the channel (right panel) give the current carried by

each ion. The input voltage signal used as driving force (b) has zero time av-

erage and amplitude Vmax. The average value hIi of the output current (c)

increases with Vmax. At high enough Vmax values (rectification ratio r> 1 in

the I-V curve), hIi becomes positive. In the case of an ideally cation-

selective pore, hIi> 0 gives a net uphill transport of Kþ ions from the dilute

solution to the concentrated one. Since the OmpF channel is weakly selec-

tive, the transport of Cl- ions across the channel is significant and the condi-

tion hIi> 0 is not sufficient for the uphill transport of Kþ ions.
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downhill both fluxes. For V � Vrev (zero current), the fluxes

are still downhill but now IK � ICl. However, for V � VNernst,

IK¼ 0 and the electric current is exclusively carried by Cl–

ions. When V>VNernst the channel displays uphill transport

of cations and downhill transport of anions. For negative vol-

tages, we have a different scenario because the transport of

cations is always downhill and the transport of anions is

reversed to uphill conditions only when V < �VNernst. This

means that hIi reflects a complicated balance between the

uphill transport of Kþ for V> 0 and the downhill Kþ trans-

port for V< 0, in which the rectification properties of the I-V
curve become essential and the contribution of Cl� is not

trivial.

Fig. 3 illustrates the effect of the concentration gradient

on the I-V curves together with the theoretical predictions of

the PNP model under the same conditions (Fig. 3(a)). The

model describes adequately how the electrical current

increases with the ratio ccis/ctrans for the different voltage

polarities. Fig. 3(b) shows the change of hIi with Vmax under

the same conditions as in Fig. 2 (ccis¼ 0.10 M and

ctrans¼ 0.05 M). The upper panel shows the experimental

curve and the lower panel the theoretical calculations for the

total current as well as the individual currents carried by

each ion. The model results emphasize that, in a weak

selective channel like OmpF, the condition hIi> 0 is not suf-

ficient to assure the pumping of potassium ions against the

external concentration gradient. Due to the considerable

transport of Cl� ions, the condition r> 1 in Eq. (1) results

inadequate to characterize the uphill transport. The asym-

metric conduction is required but the channel discrimination

between cations and anions is also important. This discrimi-

nation is strongly dependent on the screening of the channel

charges exerted by the electrolyte, as it is shown in Fig. 3(c).

The experimental (upper panel) and theoretical (middle

panel) hIi vs Vmax curves are shown for different concentra-

tion gradients. The larger the concentration ratio, the higher

the value of Vmax needed to achieve hIi> 0, what shows that

concentrated solutions screen the channel charges, thus

decreasing the channel selectivity and the ability to rectify

the current. This is clearly seen in the lower panel of Fig.

3(c), which shows the average Kþ current as a function of

Vmax. The voltage needed to produce the uphill transport of

Kþ ions is significantly higher than the value deduced from

the condition hIi> 0.

In conclusion, the experiments of Figs. 2 and 3 suggest

that the OmpF porin under asymmetric pH conditions can be

used to pump potassium ions against an external concentra-

tion gradient. These experimental findings are similar to

FIG. 3. Influence of the external concentration gradient on the pumping effect. (a) Experimental I-V curves (upper panel) and theoretical predictions of the

PNP model under the conditions indicated (lower panel). (b) Experimental curve of hIi vs Vmax (upper panel) and theoretical predictions for hIi and the average

of the individual currents carried by the Kþ and Cl� ions (lower panel) in the case ccis¼ 0.10 M and ctrans¼ 0.05 M. The model shows that the contribution of

the Cl� ions to the average total current is even higher than that of the Kþ ions and thus the condition r > 1 is not appropriate to characterize the uphill trans-

port. (c) Experimental (upper panel) and theoretical (middle panel) plots of hIi vs Vmax for different concentration gradients. The contribution of the Kþ ions to

hIi is shown in the lower panel. Because of the weak selectivity to Kþ ions exhibited by the channel, hIi> 0 is not a sufficient condition for the uphill transport

of these ions to occur, especially for high concentration gradients.
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those obtained previously in synthetic nanopores and empha-

size that the interaction between mobile carriers and fixed

charges plays a central role in transport processes in meso-

scopic channels. However, we have shown here that the

deviations from ideal selectivity make the condition hIi > 0

necessary but not sufficient to assure the pumping of ions. A

detailed analysis of the rectification properties and the chan-

nel discrimination between ions has proved necessary to ra-

tionalize this complex transport phenomenon. pH and

electrolyte concentration gradients are central to cell biophy-

sics14,16,17,19 and the results obtained suggest also some basic

mechanisms for uphill transport and signal transduction

through biological ion channels.
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