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Abstract Temperature dependent ion conductance in
nanopores is measured in a wide range of electrolyte
concentrations and compared with molecular modeling.
Single outer membrane protein F (OmpF) channels from E.
coli are reconstituted into planar lipid bilayers. In qualita-
tive agreement with the experimental data, applied-field
molecular dynamics unraveled atomistic details of the ion
transport. Comparing the temperature dependence of the
channel conductance with that of the bulk conductivity in
the range from 0 to 90°C revealed that at low salt con-
centrations the transport is mainly driven along the pore
surface. Increasing the salt concentration saturates the
surface charge transport and induces ion transport in the
center of the nanopore. The confinement of the nanopore
then favors the formation of ion pairs. Stepping up the
temperature reduces the life time of the ion pairs and
increases the channel conductance more than expected
from the bulk behavior.

The exchange of ions and molecules between the interior
and exterior of biological cells is mainly controlled by
membrane proteins. One class of these membrane proteins
forms aqueous channels and regulates the permeation of
water soluble substances (Delcour 2003; Nikaido 2003).
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How nature controls these fluxes at the molecular level is
currently an active field of research. A typical example of
an aqueous nanochannel is the outer membrane protein F
(OmpF), a trimeric porin which is present in the outer
membrane of E. coli bacteria (Cowan et al. 1995) (Fig. 1).
OmpF was the first membrane protein with available
crystal structure and has been intensively investigated (see,
for example, Alcaraz et al. 2004; Roux et al. 2004). The
X-ray structure (Cowan et al. 1995) revealed that the shape
of each monomer is approximately an asymmetric hour-
glass nanochannel with a nonuniform charge distribution at
the surface. Each monomer forms a beta-barrel with eight
turns at the periplasmic side of the channel and eight loops
at the extracellular side. The L3 loop is particularly long
and folds inside giving rise to a constriction zone of about
6 A in diameter at about the middle of the lumen. The
interior position of the L3 loop results in the main steric
barrier and has a strong influence on the electrostatic
interactions inside the nanopore. The predominantly neg-
atively charge of the L3 loop contributes together with the
positively charge on the opposite facing beta barrel to the
formation of a strong transversal electric field. This electric
field is able to orient water molecules in the constriction
zone (Tieleman and Berendsen 1998) and to further
determine specific ion pathways along the nanopore sur-
face (Schirmer and Phale 1999; Phale et al. 2001; Im and
Roux 2002b; Miedema et al. 2007). Through the interac-
tion with the surface, the ions overcome the solvation
barrier in the nanopore (Sansom et al. 1996; Im and Roux
2002b). A still open question is: what happens when the
surface charge transport is saturated? As described, the
mesoscopic dimension and the complexity of the channel
render any exact model on the ion conductance difficult to
formulate and thus impossible to solve analytically or
numerically. Only approximative methods are presently
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Fig. 1 Backbone structure of the OmpF trimer. Figure created using
VMD (Humphrey et al. 1996)

available. A possible way to determine the qualitative
behavior of the ion conductance is by solving the Poisson-
Nernst-Planck equations with an appropriate charge dis-
tribution (Schuss et al. 2001). One step going towards
particle-based theories of ion conductance are Brownian
dynamics simulations (Schirmer and Phale 1999; Phale
et al. 2001; Roux et al. 2004).

Earlier molecular dynamics (MD) simulations of OmpF
have been performed (Tieleman and Berendsen 1998;
Suenaga et al. 1998; Robertson and Tieleman 2002; Im
and Roux 2002a, b; Danelon et al. 2003, 2006). Recent
advances in computing capacity allow for large scale
applied-field MD simulations and a direct calculation of the
ion conductance. The simulations give access to atomic
details of the transport mechanism through nanopores as
has been shown for o-hemolysin (Aksimentiev and
Schulten 2005) and MscS (Sotomayor et al. 2007). This
approach is by far the most computational expensive
method for calculating ion currents through a pore. How-
ever it yields novel information about the atomic details of
the problem. Still there are restrictions to this method such
as the non-polarizability and the temperature independence
of standard force fields. In this letter we combine experi-
mental data of OmpF conductance over a large scale of
temperature and salt concentrations with MD simulations
to get new insight into the ion transport mechanisms of
nanochannels.

Electrophysiology allows high accuracy measurements
of low ion currents generated by a transmembrane potential
across nanopores. A single OmpF nanopore is embedded
into an electric insulating lipid bilayer and connects two
electrolyte solutions. When a voltage is applied across the
lipid bilayer and implicitly across the nanopore a corre-
sponding ion current is detected. Lipid bilayers are formed
according to the method by Montal and Mueller (1972).
A few details in the procedure need to be modified
for a successful electrophysiology study on such a broad
temperature range. The bilayer chamber and the peltier
element used for temperature modification are previously
described (Kang et al. 2005; Jung et al. 2006). A pre-
painting solution of 1% squalene in pentane is used. The
lipid used has to remain in a single phase for an accurate
determination of the ion transport through the pore. DPhPC
(1,2-Diphytanoyl-sn-Glycero-3-Phosphatidylcholine) with
a phase transition at 120°C is used (Lindsey et al. 1979;
Kang et al. 2005). For keeping the pH constant at 7.5 over
the studied temperature interval the 10 mM potassium
phosphate buffer is suited (Kang et al. 2005). To improve
the stability of the bilayer for high temperatures a 50—
60 um hole in the teflon film is needed. Ag/Cl electrodes
were used and oil was added on the surface of the elec-
trolyte to prohibit evaporation.

In Fig. 2 typical ion currents for a single trimeric OmpF
channel in 1 M (molar) KCl are shown for a transmem-
brane voltage of 50 mV and different temperatures. As
expected for bulk ion solution, increasing the temperature
from O to 90°C increases the channel conductance. It is
interesting to note that OmpF shows voltage dependent
channel closure. The higher the voltage, the more gating
occurs. Rising temperature enhances gating.

In order to understand the behavior of the ions inside the
nanopore we analyze the temperature dependence of the
nanopore conductance respectively the bulk conductivity
at four different salt concentrations. In Fig. 3a, b the
temperature dependent bulk conductivity and channel
conductance are shown. The experimental errors are within
the size of the symbols. A linear increase of both quantities
with the temperature in the range of 0 to 90°C can be
observed. However, the rates of increase for the bulk
conductivity and for the nanopore conductance are differ-
ent. Therefore the underlying mechanisms for ion transport
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Fig. 3 Conductivity of the electrolyte and conductance of the OmpF
nanopore as a function of temperature for KCI concentration varying
from 0.1 to 1.5 M. Experimental results (50 mV applied across the
membrane) are shown in the left column, results of the MD simulation
(1 V applied across the membrane) in the right column. The top row
shows the conductivity of the electrolyte, the second row the
conductance of the OmpF trimer, the third row the ratio of OmpF
conductance and bulk conductivity and the lowest row the same
quantity but normalized at 23°C. The dashed lines in panel H
represent linear fits

need to be further investigated. To make the differences
between bulk and nanopore ion transport more visible, we
plot in Fig. 3c the ratio of pore conductance and bulk
conductivity versus temperature. The ratio is largest for
0.1 M KClI while the values for the 0.5 M concentration are
much smaller. Going to even higher salt concentrations
does change the ratio of conductance over conductivity
only slightly. On the other hand increasing the temperature
leads to an increase in the ratio conductance over con-
ductivity as observed in Fig. 3c. In Fig. 3d the ratio of
OmpF conductance and bulk conductivity is normalized at

23°C. The normalized ratio increases per 90°C by about
20% for a 0.1 M KCI and by about 30% for a 1.5 M KCl
solution.

In the following we are going to describe the MD
simulations and their results. The calculations were all
performed using NAMD?2 (Phillips et al. 2005) using the
CHARMM?27 (MacKerell et al. 1998) force field with the
TIP3P water model (Jorgensen et al. 1983). The electro-
statics is calculated using the partial-mesh Ewald method.
First the system is equilibrated in a NPT setup and then,
using a NVT ensemble, an electric field is applied in
z direction. For the calculation of the ion current in the
electrolyte and through the pore we used the method by
Aksimentiev and Schulten (2005) given in (1), i.e., the
current is determined using a discretized version of the
z components of the velocity of all ions with charge g;
(Aksimentiev and Schulten 2005)

N . — .
1) =3 g AN ZH ) (1

2 =1

In the current study a Ar of 10 ps for evaluating this
expression is sufficient. Using this method instead of
counting the ions passing through a surface decreases the
standard deviation (for one trajectory) by 2-3 orders of
magnitude. The current is determined from single trajec-
tories of roughly 10 ns length. A sampling over several
trajectories and/or longer trajectories is certainly desirable
but computationally extremely expensive. Therefore it is
also not possible to give reliable error estimations. Espe-
cially for smaller voltages and/or concentrations the error
becomes certainly not negligible.

In the first step we calculate the temperature dependence
of the conductivity in 0.5 M and 1.0 M KCI solutions. The
size of the system is a cube of approximately 40 A side
length. The results are shown in Fig. 3e. Also for the ion
transport through the OmpF trimer all-atom MD simula-
tions are performed. From the crystal structure 20MF
(Cowan et al. 1995) a trimer is formed and embedded into a
POPE (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphoetha-
nolamine) membrane. First we used 112,035 atoms (side
length of hexagon in x—y direction 69 A and in z direction
75 A) for the 1 M KCI solution and later on reduced the
membrane patch leading to only 85,200 atoms (side length
of hexagon in x—y direction 65 A and in z direction 83 A).
The simulations with these different system sizes resulted
in very similar results (within statistical errors). Therefore
we used the smaller system size for 0.5 M KCI. The 1.0
(0.5) M KClI solution contained 388 (164) potassium and
358 (134) chlorine ions. Details of these simulations will be
given elsewhere. The calculations are done with a time step
of 1 fs since hydrogen bond restrictions lead to changes in
the conductivity of up to 20%. The simulation time is
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roughly 10 ns per data point. As seen in Fig. 3f the
agreement of the temperature dependence of the simulated
and measured nanopore conductance is not perfect but
reasonable. One has to clearly state that the experiments
have been performed using a trans-membrane voltage of
50 mV and the calculations a voltage of 1 V. First tests
(data not shown) indicate that the current—voltage charac-
teristics is roughly linear for the experiments (in the range
of —150 mV to +150 mV) and the simulations (in the
range of —1 V to +1 V) at 0.5 M and 1 M KCI salt con-
centrations. Reducing the applied voltage (or the salt
concentration) by a certain factor in the simulations leads
to an increase of computing time by about the same factor
shown in Fig. 3g is the theoretical result for the ratio of
OmpF conductance to bulk conductivity. Compared to the
experimental data the absolute values are smaller. But as
observed during the experiments, the MD data show small
differences between 0.5 and 1 M salt concentration. In
Fig. 3h the normalized ratios of conductance and conduc-
tivity are shown. The agreement with experiment is only
qualitative in the sense that the normalized ratio increases
faster for higher salt concentrations than for smaller ones.

For most results shown the agreement between the
experimental and theoretical results is reasonable though
the normalized ratios conductance over conductivity cer-
tainly indicate the need for improvement beyond standard
MD simulations. Nevertheless, this degree of agreement
allows us to conclude on atomic details of the ion transport
in nanopores. The ion binding to certain residues within the
channel, has no clear dependence on temperature although
at low temperatures there seems to be a prolonged binding
time. The number of ions inside the channel is basically
temperature independent as can be seen in Fig. 5. As our
and previous simulations (Schirmer and Phale 1999; Im
and Roux 2002b) show, positive and negative ions have
distinct pathways on the surface of the constriction zone,
i.e., the two ion types are separated. For low ion concen-
trations, such as 0.1 M KCl, mainly potassium ions are in
the channel and these are close to the channel surfaces and
none in the middle of the channel whereas for 1 M KCI the
surface transport is saturated and the still distinct ion
densities are extended towards the center of the channel.
This enlarges the possibility for ion pair formation.

Due to the confinement the ion pairing may influence
the conductance. The atomistic details of the MD simula-
tions allow to investigate this further. Ions of opposite
charge being at distances below 4.1 A are counted as pairs.
To quantify their concentration inside the channel a region
of around 12 A length in the constriction zone was ana-
lyzed. Figure 4a, ¢ shows the increase in ion pairs for
increasing ion concentrations. At 0.5 M the number of
pairs in the channel is about the same than in the bulk
whereas at 1 M KCl their concentration roughly doubles in
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Fig. 4 Fraction of paired ions (fop row) and life time of the ion pairs
(lower row) for 0.5 M (left column) and 1.0 M KCI solutions (right
column) from the MD simulations
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Fig. 5 Temperature dependence of the number of ions in the OmpF
channel. The lines show linear fits of the individual temperature data
points

the bulk and triples in the channel. The number of ion pairs
seems to be rather temperature independent (see Fig. 4a, c)
whereas, the lifetime decreases with increasing temperature
as shown in Fig. 4b, d. We may hypothesize inasmuch this
effect may contribute to the channel conductance. Con-
finement promotes ion pair formation, which in turn has an
effect on ion channel conductance. At concentrations of
0.5 M or less the number of ion pairs in the channel is the
same than in the bulk and no effect on conductance is
expected. However, at higher ion concentrations more ions
are trapped in pairs inside the channel than in the bulk. The
life-time of the pairs decreases with increasing temperature
and this will lead to faster transport of ions with a different
temperature dependence in the channel than in the bulk. A
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more quantitative analysis of this contribution to channel
conductance may be introduced into basic models of ion
transport.

In conclusion, the combination of experiment with
modeling gives access to atomic details of the ion trans-
port. The temperature study allows to understand and
specifically vary various aspects of ion transport. Meso-
scopic channels in the range of about 1 nm in diameter
show a qualitative similar behavior to the bulk for high salt
concentrations and start to deviate from the bulk behavior
at low salt concentrations. It was shown that the relative
increase in conductance with temperature is larger in the
pore than in bulk. Using applied-field MD we were able to
show that there is an enhanced number of ion pairs in the
channel with decreasing lifetime at higher temperatures.
From this atomic detail it was proposed that this higher
probability of breaking and making ion pairs at larger
temperatures does lead to an increase in charge carriers
which in turn leads to an increase in conductance. Both
surface conductance and ion pairing contribute to ion
transport and are modulated by the structure of the meso-
scopic channel. This study shows that one needs to look at
atomic level to understand differences in bulk and channel
conductance. It opens certainly a large field of investiga-
tions for natural and artificial pores and their design to
fulfill certain properties.
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