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Summary. The transport of ions across single-molecule protein nanochannels is
important both in the biological context and in proposed nanotechnological applica-
tions. Here we discuss these systems from the perspective of non-equilibrium
physics, and in particular, whether the concepts underlying the physics of diffusive
and electrokinetic transport can be employed to predict and understand these
systems. [Contrib Sci 11(2): 181-188 (2015)]

*Correspondence:
Jordi Faraudo

Til-lers, s/n
Campus de la UAB

Tel. +34-935801853

© Douglas Zook. http://www.douglaszookphotography.com

E-mail: jfaraudo@icmab.es

A brief introduction to biological ion
channels

All living cells are immersed in a solution of salts and sepa-
rated from the external environment by the cell membrane.
To precisely regulate the entry and exit of ions and other mol-
ecules, cells are equipped with structures that control ion
passage bidirectionally. These remarkable nanostructures
are made up of proteins that make subtle use of the princi-
ples of non-equilibrium physics to achieve their essential
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functions. There are two different types of ion transport
across the cell membrane: active transport by ion pumps or
ion transporters requires energy input from the cell, whereas
passive transport across selective ion channels occurs with-
out the direct consumption of energy.

Active transport acts against the natural flow of ions. A
classical example is the sodium-potassium pump, discovered
in 1957 by Jens Christian Skou (Nobel Prize in Chemistry in
1997). This pump is responsible for maintaining a high con-
centration of K* ions and a relatively low concentration of Na*
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Fig. 1. Lateral view of the central region (the so-called selectivity filter) of the potassium channel (KSCA) of
Streptomyces lividans (Protein Data Bank accession code: 1BL8). (A) Cartoon view of the channel inserted
in the cell membrane (indicated by horizontal lines). There are three potassium ions (blue spheres) in the
channel, together with an oxygen atom from a hydration water molecule (red sphere), as found in the
structure obtained by X-ray. The red arrow indicates the transmembrane direction followed by the ions.
(B) Surface representation of the potassium channel using a 0.7A probe radius. The orientation and color
code are the same as in the left panel. To visualize the narrow permeation pathway available to ions, a cut
has been made near the permeation pathway, in a plane perpendicular to the observer’s view.

ions inside the cell. In each cycle, the pump transports two K*
from the exterior into the cell and releases three intracellular
Na* to the exterior. During this exchange, energy is supplied
by the hydrolysis of one ATP molecule. The pump is respon-
sible for maintaining a concentration gradient of sodium and
potassium ions across the cell membrane. This gradient is es-
sential for many biological functions and for establishing the
resting electrical potential of the cell membrane. Active
transport accounts for a substantial part of the energy bud-
get of animal cells, but a full understanding of the energetic
requirements of active transport remains elusive [18,19].

In passive transport, ions flow across ion channels by fol-
lowing the spontaneous flow dictated by gradients of con-
centration and electrostatic potential [17]. lon channels are
proteins embedded in the cell membrane; they form hydro-
philic channels connecting the extracellular and intracellular
environment. The importance of ion channels can be appre-
ciated by considering that a significant fraction of DNA-en-
coded proteins are ion channels, which is the reason for the
many diseases linked to their abnormal functioning (known
as channelopathies [14]). An important property of ion chan-
nels is their selectivity: only certain ions are transported
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across the channel. For example, only K* ions can significantly
cross potassium channels, a family of channels widely found
among organisms [16].

Figure 1 shows an example of the potassium channel KSCA
from Streptomyces lividans. This extremely narrow protein
channel allows the passage of ions in single file. Other ion
channels are less specific as they are selective for particular
kinds of ions, for example, cations or anions. This class of chan-
nels includes outer membrane bacterial porin F (OmpF) from
Escherichia coli (Fig. 2). OmpF is a relatively wide channel in
that it allows the simultaneous permeation of both cations
and anions (in hydrated form) as well as the entry of relatively
large molecules, such as antibiotics and polymers. In the case
of monovalent electrolyte solutions (KCl, NaCl, LiCl, CsCl) the
channel has slight cationic selectivity, i.e., the current from cat-
ions is larger than that from anions [1,2]. Interestingly, the
channel blocks the passage of multivalent cations (such as
Mg?* or La*), in which case the current is due only to anions
[3]. These two channels are representative of the narrow and
wide ionic channels that have been extensively studied, both
experimentally and theoretically. The basic transport concepts
emerging from these studies are the subject of this article.
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Fig. 2. Trimeric OmpF protein channel from Escherichia coli (Protein Data Bank accession code: 20MF). (A) Top view of a cartoon
representation of the trimeric protein channel. (B) Surface representation of one of the channels of the trimeric protein. The sizes

of the protein and the narrow constriction zone are shown.

Molecular dynamics simulations of ion
channels

Molecular dynamics (MD) simulations consist of solving nu-
merically (using a computer) the Newtonian equations of
motion in a system made up of a large number of atoms, tak-
ing into account their mutual interactions and external ther-
modynamic constraints (such as the presence of a barostat or
a thermostat) and/or external fields (such as an applied elec-
tric field). In the case of ion channels, this technique is rele-
vant as long as the 3D structure of the channel and the atom-
ic details thereof are available. Due to the impressive advanc-
es in protein crystallography, atomistically resolved struc-
tures are available for a large number of channels (at the
time of this writing, the Protein Data Bank database has 3882
entries for ion channels). These can be investigated in MD
simulations, as a kind of computational microscope, to ob-
tain dynamic images of the respective systems and their
transport processes at the atomic level. Typical simulation
scales are of the order of 10° atoms, tens of nm, and hun-
dreds of ns [10]. These scales allow studies of ion-channel
interactions, ion kinetics, and calculations of the conductivity
properties of the channels. However, because these simula-
tions require huge amounts of computer power, they cannot
be employed to exhaustively analyze the behavior of a pro-
tein channel under different conditions (for example, differ-
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ent ion concentrations). Rather, these MD simulations are, at
least thus far, limited to investigating specific, fundamental
questions. More extensive calculations can then be per-
formed by combining the results of MD simulations with
theoretical approaches or by employing other simulations
that use less precise but also less computationally demand-
ing techniques, such as Brownian dynamic simulations [8].
The results of these MD simulations provide insights into the
physical mechanisms of ion transport across ion channels.

A minimal model of an ion channel

To gain a better understanding of the physical properties of
ion channels, it is instructive to consider a minimalistic model
(Fig. 3), in which the ion channel is modeled as a cylindrical
pore of known radius a through a low dielectric medium of
width L (the membrane). The low dielectric constant of the
membrane (g_2-3) presents a strong barrier to the passage
of electrical charges, so that ions are forced to cross through
the pores. In our simplified channel model, selectivity is
achieved primarily by the fixed charges anchored to the chan-
nel. These electric charges exert repulsive forces on ions of the
same sign, reducing their relative numbers inside the channel,
a property known as electrostatic exclusion. The opposite oc-
curs with charges of opposite sign, and their concentration in-

CONTRIBUTIONS to SCIENCE 11181188 (2015)



lon transport

1)
R o0V a® a® 0 .o
n . o g
A v a e -] ) I~
c Q 1Y :D °
o Yo e °
s0 ot NENENGEGE . s °
) © a8 %, 9 o
0 ¢8°% s e ® T Log
o ..° S o e ® L
v 9 v S e
e es o 88 nOa Y
° o8 © Heo'm ©°
=) g=° ) w Qcc.c
=] S =) g\f o
1Y
°s % oo ©
> H o~v
‘@ a¥ e
o ®
°
B {;3 3°€=°g§,° C
o o
=] ® °3° e
) " °
o S To o =
e :;
v
Low & 5 2%
ien ¢ Yo v @
concentratign on ¢ o> cconc ratlon
Low o o ‘:} s & ©ScHigh
— a
potential ¢ Bol potentlal
: °
30
s o o © 9 -
© 2 e
s © ®
o © °3° ) -
~ N
° CJ o 2
£
8

Fig. 3. A simple model of an ionic channel in equilibrium and in the presence
of concentration and electric potential gradients. (A) A low dielectric region
representing the cell membrane (gray area) is traversed by an aqueous pore
channelin equilibrium with an ionic solution. The ions in the solution region are
represented by blue (negative charge) and red (positive charge) spheres with a
charge sign. Some of the negative charges are anchored to the pore wall (blue
anchored spheres), causing ion selection inside the pore channel and thus
exclusion (co-ions) or favoring (counter-ions) of ions from the ionic solution,
according to their electric charge. This leads to a passive charge selectivity of
the channel. (B) Same as (A) but now in the presence of concentration and
electrostatic potential gradients. A concentration gradient through the system
creates a net flow of ions from the side with a higher concentration to the side
with a lower concentration (the light red arrow in the pore region). An electric
field that is axially applied through the system (light yellow arrow) causes the
positive and negative ions to move in opposite directions (green arrows).

side the channel increases (Fig. 3A). If this channel is placed in
contact with an electrolyte-containing aqueous solution (e.g.,
KCl), then in the equilibrium state the concentrations of anions
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and cations will be different (Fig. 3A). Due to the negative
charge of the channel, there will be an excess of K* ions over
ClI~ions in order to compensate for the fixed charge present in
the channel walls. Thus, a positively charged channel becomes
an anion-selective channel, and a negatively charged channel a
cation-selective channel. However, the effect of the wall charg-
es is only relevant at distances sufficiently small from the
charged wall and declines rapidly with distance.

The passive transport of ions can be induced by a concen-
tration gradient, an electrostatic potential difference, or both
(Fig. 3B). Cells are characterized by substantial concentration
gradients of ions, such as K*, Na*, and CI-, and membrane po-
tentials of the order of a few hundreds of mV are common. In
the laboratory, larger concentration and/or potential gradients
can be easily induced by the experimenter. From a physical
standpoint, passive transport through ion channels can be de-
scribed, in the continuum approach, as the movement of ion
species in response to the electrochemical potential gradient.
The concentration gradient induces an ion flux in the direction
of the low concentration, proportional to the concentration
gradient and to the diffusion coefficient D, as dictated by Fick’s
law of diffusive transport. The presence of an electrostatic po-
tential difference gives the ions a drift velocity in the same or
in the opposite direction of the electric field, depending on
whether the ion is positively or negatively charged and propor-
tional to the gradient of the electrostatic potential. Mathemat-
ically, the electrodiffusion of an ion species is described by the
Nernst-Planck equation

(Eq. 1):
dc Dze
5% = —V(DVe +A T cVi) (1)

where c is the local concentration of electrolyte, D is the
diffusion coefficient, e is the elementary charge, k, is the
Boltzman constant, T is the absolute temperature, and z is
the valence of the ion species. The Nernst-Planck equation
contains two terms: the first corresponds to diffusion and is
also known as the Fick equation, while the second describes
the motion of charged ions under the influence of electric
fields. Eq. (1), together with the Poisson equation (Eq. 2)

V(eVe)=—p (2)

describing the connection between the electrostatic potential
(#)andits sources, i.e., the electric charge density ( 2 ), forms
a closed system of equations known as the Poisson-Nernst-
Planck equations (PNP). The surface charge density o of the
channel walls also enters into the PNP equations as a bound-
ary condition. Before the advent of computers, the system de-
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scribed by the PNP equations was solved by applying various
simplifying approximations, such as the existence of a constant
electric field across the membrane (sometimes referred to as
the Goldman hypothesis); the important theoretical results
obtained in this way are still widely used today. One of the
most famous equations is that of Goldman-Hodgkin-Katz
(GHK), for the resting potential across a membrane [11]. The
advent of computers allowed the numerical resolution of the
differential equations comprising the PNP equations. Today, it
is possible to numerically solve the equations for a system such
as the one described in Fig. 3B using a standard personal com-
puter.

Real channels are more complex than the simple illustra-
tion provided in Fig. 3 (compare, for example, Fig. 3 with Figs.
1 and 2). Nonetheless, Egs. (1) and (2) can be solved such that
they include all the structural information of the protein in its
full three dimensions, without a substantial increase in the
computational cost. However, there are other simplifications
present in the PNP equations that have prompted the search
for fixes for some of the resulting shortcomings. Among these
fixes are the inclusion of the finite size of the ions [15], as steric
effects (although there already are generalizations to incorpo-
rate correlations between ions), and improved numerical algo-
rithms based on finite element, finite volume, etc. [6]. The
continuum approach, implicit in Egs. (1) and (2), assumes that
the system under study is much larger than the typical distance
between its elementary constituents, that is, the atoms, ions,
and molecules forming the system, and thus can be described
mathematically by fields. This approach, however, may be a bit
harsh, given that ion channels have dimensions in the nano-
meter scale, which is only an order of magnitude greater than
the size of many atomic species.

The question is how this complexity affects the validity of
the basic physical principles and to what extent it is relevant
for the prediction of transport. This is discussed in the follow-
ing sections, using results from the PNP equations and from
MD simulations.

The physics of transport in wide ion
channels

OmpF provides a useful model of a wide ion channel (Fig. 2).
Like other wide channels it has a net charge (at pH 7, the
charge of an OmpF pore is about —11e), due to the complex
arrangement of the local positive and negative charges from
amino acids. Some of these charges are located at the sur-
face while others are buried inside the protein but still influ-
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ence the ions. In these channels, the electrostatic exclusion
mechanism described schematically in Fig. 3A is operative.
For example, computer simulations [10,13] have shown that
in the presence of 1 M KCl the inner aspect of the OmpF
channel has an average of 7 CI~ anions and 11.8 K* cations
(Table 1). In other words, outside the channel, there is one K*
cation for each Cl~ anion but inside the channel there is an
average of 1.68 cations (K*) for each CI~ion. Under an applied
voltage, the contribution of K* to the current is larger than
that of CI, but the ratio is 1.4, which is smaller than expected
based on the channel population. This is due to a greater re-
duction of the K* mobility inside the channel.

The concept that the excess of cations inside the channel
is due to electrostatic compensation of the protein charge
(charge neutralization) can be further tested by considering
mutants of this protein channel. In the OmpF-CC mutant, two
negatively charged amino acids (one aspartic and one glutam-
ic acid) present inside the channel are replaced by two neutral
cysteine amino acids. In the OmpF-RR mutant, these two neg-
atively charged amino acids are replaced by positively charged
arginines. Therefore, the protein charge changes by +2e in
OmpF-CC and by +4e in OmpF-RR (vs. the wild type OmpF
channel). Our simulations [10] indicate that the charge due to
ions inside the mutant channels changes to compensate for
these alterations and maintain electroneutrality (Table 1). In-
side the OmpF-CC channel, there is an increase of CI~ and a
reduction of K* ions to compensate for the increase of +2e of
the channel. In OmpF-RR, the increase of +4e is compensated
by a concomitant increase in the CI- population inside the
channel (Table 1). Interestingly, for both mutants the current
attributable to K* is extremely low and almost all ion transport
is due to CI~ (with a flux of CI~ similar to that observed for the
wild type). In addition to their effect on the total charge
(which determines the population of ions), the small changes
in the channel wall that are caused by these mutations also
strongly impact the mobility of the K* ions inside the channel,
which is severely reduced. This effect illustrates that the sim-
ple relation between the static and dynamic case (compare
Fig. 3a and Fig. 3b) is lost in a protein channel. A further illus-
tration of these complexities of ionic channels is seen in the
behavior of the channels in response to multivalent cations. In
the presence of 1 M MgCl,, there is again an excess of cations
over anions inside the channel. In bulk solution, there is one
Mg?* cation for each two CI~ anions, whereas inside the chan-
nel there are 1.44 Mg?* cations for each two CI~ anions. How-
ever, because these Mg?* cations are tightly bound to certain
anionic amino acids, their mobility is extremely low and al-
most all the current is due to anions [3].
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Table 1. Charge balance inside the OmpF ion channel as computed by molecular dynamics simulations (data from
[10]). Qc is the total charge of a (monomer) channel at neutral pH. The charge balance is the difference in charge
between the mutant proteins and the wild type (AQc) and their corresponding difference in ionic charge inside the
channel (AQions). All charges are given in units of the elementary charge e

Number of ions inside the channel

Charge balance

Qc (oy K* AQc AQions
OmpF (wild type) -11 7.0+0.1 11.8+0.1 - -
CC mutant -9 7.73+£0.03 11.0+0.5 +2 -1.5+0.7
RR mutant -7 10.13+0.03 11.5+0.5 +4 -3.4+0.7

Another complexity of ion channels, which is missing in the
simple picture provided in Fig. 3, is that not only the total
charge of the channel matters for electrostatic exclusion but
also the fact that the walls of the channel have patches or re-
gions of opposite charge. This charge distribution creates well-
defined regions in which cations or anions are excluded. For
example, in computer simulations of OmpF, [10,13], K* and CI-
ions are distributed inside the channel, occupying well-defined
regions guided by the charge distribution: cations are located
near walls with anionic amino acids and anions near walls with
cationic amino acids (Fig. 4). Recently, these highly local elec-
trostatic exclusion effects have been observed experimentally
using anomalous X-ray diffraction [9].

Another interesting aspect that can be explored by com-
puter simulations is the nature of the motion of ions inside
the protein channel. As noted above, the basic electrodif-

fusion theory described in the previous section assumes
that ion transport can be described by the superposition of
a diffusive motion (characterized by the diffusion coeffi-
cient D) and an electrostatic drift resulting from the ap-
plied voltage difference. However, given the complex inter-
actions between ions and channel walls, the motion of at-
oms is likely to be more complicated. For example, how do
we know that the diffusion coefficient D of a given ion in-
side the channel is equal to the diffusion coefficient mea-
sured for this same ion in a simple electrolyte solution?
This question has been addressed in many studies, whose
results suggest that the diffusion coefficient inside the
channel is lower than the diffusion coefficient of the same
ion in bulk electrolyte solutions. Our own simulations indi-
cate that, inside the OmpF channel, the diffusion coeffi-
cients of K* and CI~ ions are substantially lower than their
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Fig. 4. Different regions occupied by ions inside the OmpF channel (shown as a light blue cage) according to molecular dynamics simulations
[10]. (A) region occupied by Cl-ions (shown in orange); (B) region occupied by K* cations (shown in gray). The charged amino acids (positive
Arg and negative Glu) responsible for the ionic distribution (shown in van der Waals representation) are indicated by arrows.
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bulk values [5] (by a factor of about 4 in the wider regions
of the channel and by a factor of about 10 in the constric-
tion located in the center of the channel). In addition, we
were able to show that the drift of the ions in the direction
of the applied voltage is strongly influenced by an addition-
al force, due to changes in the geometry of the channel.
This is an entropic effect, predicted by non-equilibrium
thermodynamics [20], in which ions are dragged toward
regions with larger cross-sectional areas.

These atomic-level studies can be complemented by ex-
amining several macroscopic aspects. For example, the
transport of ions under an applied voltage is usually ohmic
in ionic channels, which means that the current intensity
(7) and the applied voltage difference ( AV ) follow Ohm’s
law: AV =Ix R, where R is the resistance. In general, it is
customary in this type of application to report the conduc-
tance, G =1/R . The conductance of a channel for a given
concentration of electrolyte solution can be calculated. For
example, using MD simulations, after the application of an
external voltage the flow of ions can be counted to deter-
mine both the stationary current | and the conductance G
[10]. These simulations yield reasonably accurate results.
For example, in the presence of 1 M KCl, simulations predict
[10] a conductance of 2.7 nanoSiemens (nS), in agreement
with experimental results.

Other quantities of interest for these channels are more
difficult to predict from MD simulations, but they can be pre-
dicted with the help of PNP equations. A particularly impor-
tant example is the reversal potential (RP), which is defined
experimentally as follows. In a channel under a concentration
gradient, the flow of ions will behave according to Fick’s law.
The RP is defined as the (external) electrostatic potential dif-
ference that has to be applied to counteract the effect of this
concentration gradient and to obtain a net current of zero.
This is difficult to determine directly from simulations, be-
cause it requires the maintenance of a concentration gradi-
ent (which is difficult in simulations) and the testing of differ-
ent voltages to find the RP. However, this is an example of a
quantity that can be obtained as a combination of results
from MD simulations and a 3D version of the PNP equations
that accounts for the detailed channel geometry. From the
MD simulations, the binding sites of ions can be determined
and suitable values for the diffusion coefficients of ions inside
the channel proposed. This information can be entered into a
PNP calculation. Figure 5 provides an example of this type of
calculation, made for the OmpF channel in the presence of
KCl. There is excellent agreement with the experimental re-
sults.
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Fig. 5. Reversal potential of the OmpF channel at neutral pH (pH = 7) at
different “trans” (extracellular) side KCI concentrations. The concentration
on the “cis” (intracellular; negative z coordinates in the Protein Data Bank
coordinates) side is maintained to yield a ccis/ctrans ratio of 0.2. The blue
line shows the experimental data and the orange points the theoretical data
obtained through numerical solutions of the 3D PNP equations [Egs. (1) and
(2) in the text]. The full 3D structure, obtained from the Protein Data Bank
(code: 20MF) was used as input.

The physics of transport in narrow
channels

As in the case of wide channels, the basic concepts describ-
ing the mechanism of ion transport through narrow chan-
nels, such as the potassium channel shown in Fig. 2, need
further refinement. lons cross the channel of very narrow
pores in single file, with fewer ions occupying the narrower
part of the channel, which acts as a selectivity filter. The
transport mechanism in these narrow channels combines the
presence of binding sites (due to strong, attractive, and high-
ly specific ion-channel interactions) and ion-ion repulsion.
For example, in the case of the KcsA K* channel of Fig. 1, con-
duction proceeds as follows [4]: Inside the channel, there are
five specific sites for K* ions. The channel has two states, one
with two K* ions inside the selectivity filter of the channel and
another with three K* ions (this latter state is shown in Fig. 1).
In the state with two K* ions, the outer K* ion is adsorbed in a
deep free energy well near the exit, where it is trapped. As a
new ion enters the channel, the three ions became located as
shown in Fig. 1 and the strong repulsion of the two other K*
ions forces the outer K* ion to leave the channel. Interest-
ingly, without the two other K* ions, this outer K* can remain
adsorbed indefinitely. Inside the selectivity filter, the K* ions
are hydrated by a single water molecule (Fig. 1) and full hy-
dration is recovered at the more exterior site. During this
very rapid (about 10% ions/s) vacancy transport, the flexibility
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of the protein plays a substantial role, as a rigid protein is un-
able to correctly accommodate the unsolvated K* ions and
their transitions between adjacent states.

Mechanisms similar to that of the potassium channel
have been determined for other channels, where transport
proceeds single file and involves strong ion-channel affinity
and ion-ion repulsion. For example, in the transport of CI-
ions through the CmCLC transporter, a chloride ion channel
[7], a single CI~ ion has a strong affinity for a binding site at
the central region of the channel and thus remains adsorbed.
The entrance of a second Cl~ induces both a strong repulsion
to the previously adsorbed CI-ion and the deprotonation of a
particular amino acid. The released proton is transported to
the exterior of the cell and the two CI~ ions are transported
toward the interior.

Conclusions

Biophysical studies of transport in ion channels have pushed
the concepts of nonequilibrium physics to their limits in de-
scribing transport processes. In these systems, gradients are
extremely large (a 100-mV drop along a 4-nm-thick mem-
brane results in an electric field of 2.5 x 107 V/m) and trans-
port processes occur in extremely narrow regions (such as
the narrow constriction zone of OmpF, which is < 1 nm
across). Nonetheless, approaches based on diffusion coeffi-
cients and classical electrodiffusion theory are still useful.
They are complemented by novel techniques such as MD
simulations with atomistic resolution, which have also re-
vealed the limits of applicability of non-equilibrium physics.
Using these physical techniques will aid biologists in elucidat-
ing the relation between the structural details of the proteins
and their biophysical mechanisms of operation, the struc-
ture-function relationship. A
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