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Chloride anions permeate the bacterial NanC porin in physiological processes. Here we present a
DFT-based QM/MM study of this porin in the presence of these anions. Comparison is made with
classical MD simulations on the same system. In both QM/MM and classical approaches, the an-
ions are almost entirely solvated by water molecules. However, the average water–Cl− distance is
significantly larger in the first approach. Polarization effects of protein groups close to Cl− an-
ion are sizeable. These effects might modulate the anion-protein electrostatic interactions, which
in turn play a central role for selectivity mechanisms of the channel. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4901111]

I. INTRODUCTION

Porins are beta-barrel shaped, bacterial membrane pro-
teins, usually with high content of water molecules. The
permeation of physiological anions such as Cl− is a physi-
ologically relevant process.1 It may involve exchange of wa-
ter molecules in the coordination shell of the anions as well
as replacement of some water molecules with some charged
residues of porins and the reverse. Specifically, CHARMM22
force field-based2, 3 simulations of the OmpF porin have
shown that contributions from water molecules and protein
atoms to the solvation of the anions vary in a complemen-
tary fashion across the porin in order to keep the total sol-
vation of Cl− approximately constant, namely 6–7 atoms.4

This is similar to that in bulk solution, where chloride an-
ions have been suggested to be surrounded on average by 7.2
water molecules.4 Similarly, in the N-acetylneuraminic acid-
inducible channel (NanC) porin, AMBER99SB-ILDN-based
simulations5 have suggested that the average number of water
molecules in the solvation shell of Cl− anions varies along the
pore between 6 and 7 depending on the protein environment.

Here we re-examine the solvation properties of Cl− an-
ion in one of the investigated porins, the NanC porin, by us-
ing hybrid Car-Parrinello quantum mechanics/molecular me-
chanics (QM/MM) simulations. The starting configurations
correspond to anion permeation free energy minima as ob-
tained from previous classical free energy umbrella sampling
calculations.6 In our QM/MM simulations, the anion and the
protein residues surrounding the anion at the different free
energy minima positions are treated at the quantum chemical
level with density functional theory (DFT), whilst the rest of
the protein and the solvent are described by the same empiri-
cal force field as that of Ref. 6. Thus, the main difference be-
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tween this approach and the previous classical molecular dy-
namics (MD) simulation is given by the QM description of the
chlorine binding sites. This hybrid method has been widely
used to study ion permeation in ion channels7–9 as well as in a
variety of solutes in water, describing water molecules at the
classical MM level (see Refs. 10–12 and references therein for
a review). The solvation properties of Cl− anion as obtained
from QM/MM simulations are compared with those obtained
from empirical force field-based simulations. Polarization ef-
fects, which might play a crucial role for ion permeation in
channels,7–9 have been analyzed.

II. METHODS

The setup of the system has been described in our previ-
ous publication.6 Briefly, the starting structure was based on
an X-ray structure of the NanC channel at 1.8 Å resolution
(PDB code 2WJR)13 with the missing loop L2 added using
MODELLER.14 The porin was embedded in a membrane
consisting of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC)15, 16 lipids and surrounded by a water box. Bulk
water molecules were substituted by ions to generate a
neutral 1.5 M electrolyte solution. The full simulation system
consists of the protein monomer embedded in a membrane
layer of 254 DOPC molecules with ∼16 000 water molecules
and about 1000 ions.

From our previous anion permeation free energy cal-
culations based on classical all-atoms umbrella sampling
simulations,6 we identify three configurations corresponding
to two local and the global free energy minima called w67,
w79, and w101 in Ref. 6 and Figure 1. They are located in the
transmembrane region (TMR) of the porin with z ≈ 4.6, 5.2,
and 6.3 nm, respectively, along the longitudinal axis z of the
pore. In these configurations Cl− forms interactions mostly
with water molecules, along with some positively charged
or polar inner pore residues. Specifically, umbrella sampling
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FIG. 1. (Center) Cl−permeation in the fully solvated NanC porin embedded
in a DOPC bilayed. The chloride anions are colored in green. The K+ cations,
present in the simulations, are colored in magenta. The residues in the three
binding sites’ of the Cl− anions6 are colored in yellow, orange, and red. (Side
panels) w67, w79, and w101 represent close ups of three anion binding sites6

(brown rods). (Colored rods) Correspondent structures from the QM/MM cal-
culations. The water molecules coordinating the anions are shown as well.
The left panel at the bottom shows typical distorted octahedral coordination
polyhedra of Cl− (green) extracted from the QM/MM snapshots.

simulations suggest that in w67 the anions are mostly stabi-
lized by residues K91, R72, and R105, in w79 by residues
Q147, R105, R129, and R107, and in w101 by R85, K111,
and H78. In our QM/MM simulations all of the key residues
of each free energy minimum along with the respective an-
ions and some other close residues were treated at the QM
level (see Figure 1), while the rest of the system is described
at the MM level.

The three systems were subjected to hybrid
Car−Parrinello17 QM/MM simulations.18, 19 These sim-
ulations divided the systems into two parts, a “QM part”
and a “MM part.” The QM parts comprise 88, 73, and 37
atoms for w67, w79, and w101, respectively (Figure 1).
This part was treated by DFT, with the BLYP recipe for the
exchange−correlation functional.20, 21 The wave function was
expanded in a plane-wave basis set up to an energy cutoff
of 90 Ry. Only the valence electrons were treated explicitly,
while the core electrons were described using norm-
conserving pseudopotentials of the Martins−Troullier type.22

The boundaries of the QM part were only chosen in between
C-C bonds. An adapted monovalent carbon pseudopotential
was employed to saturate the dangling bonds in between the
QM and MM regions.23 Isolated system conditions were im-
posed in the QM part by employing the Martyna-Tuckerman
scheme.24 An empirical van der Waals correction25 provided
an inexpensive yet fairly reliable description of London dis-
persion interactions. The MM part was described by the same
force fields employed in previous classical MD simulations,6

namely the AMBER99SB-ILDN,5 the TIP3P26 model and
the parameters by Joung and Cheatham27 for the protein
frame, water molecules, and counterions, respectively. The
QM and MM parts were coupled using the fully Hamilto-
nian hierarchical approach.19 In particular, the electrostatic
interactions between the QM and MM parts were explicitly
computed for all the classical atoms within a distance of 5.3 Å
from any QM atom using a modified Coulomb potential to

prevent electron spill-out.19 For distances between 5.3 Å and
10.6 Å, the electrostatic interactions were calculated using the
D-RESP charge scheme,28 while above a distance of 10.6 Å
a multipole expansion scheme was employed.19 A fictitious
electron mass of 600 au and a time step of ∼0.12 fs were used.

Two thousand steps of annealing were performed to
relax the initial structures selected from the previous MD
simulations.6 Then, the systems were heated up to 310 K by
increasing the temperature with a rate of ∼10 K every 100
steps. Finally, 10 ps-long QM/MM simulations were carried
out in an NVT ensemble with constant temperature conditions
achieved by using the Nosé-Hoover chain thermostat.29–31

The CPMD program combined with the classical MD GRO-
MOS96 code,32 through the interface developed by Rothlis-
berger’s group19 was employed for the QM/MM simulations.

In order to estimate the polarization effects induced by
the anions, we calculated the so-called Wannier Function
Centers (WFCs)33, 34 for the QM part at 0 ps (corresponding
to the initial configuration as obtained from classical MD sim-
ulations) and at 5 ps along the QM/MM trajectory, with and
without the chloride anions.

Classical MD trajectories of 2 ns, whose MD simu-
lation set-up has been described in detail in Ref. 6, are
used for comparison with QM/MM approaches. Briefly, the
AMBER99SB-ILDN force field5 for NanC, the GAFF-based
force field35 for DOPC lipids, the TIP3P26 model for water
and the parameters by Joung and Cheatham27 for the Cl−

and K+ ions were used. Periodic boundary conditions were
applied and the particle-mesh Ewald (PME) scheme36 was
employed to include long-range interactions with a Fourier
spacing of 0.1 nm. The cutoff for the real space part of PME
and for the van der Waals interactions was set to 1.2 nm.
Constant temperature (310 K) and pressure (1 atm) conditions
were achieved by coupling the system with a Nosé-Hoover
thermostat29, 30 and the semi-isotropic Rahman-Parrinello
barostat,37 respectively.

The coordination number of Cl− anions at each bind-
ing position is calculated by integrating the radial distribution
function of the pair Cl−-H from zero to the first minimum.
The comparison with the coordination number obtained by
integrating within the same limits the radial distribution func-
tion of the pair Cl−-Hwater allows one to discriminate whether
the coordination shell is composed only of water molecules
or of other ligands as well. The average distance between the
anion and the hydrogen atoms is obtained from the position
of the first maximum of the corresponding radial distribution
functions.

The occupancy of the species in the solvation shell of
the anion along the trajectories has been calculated using the
Hbonds plugin of VMD.38

III. RESULTS AND DISCUSSION

A. Binding sites

The location of Cl− in the binding site w67 is similar to
that obtained by umbrella sampling calculations: The anion
position along the pore axis (z-coordinate in Figure 2) fluc-
tuates around a constant value compatible with the chloride
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FIG. 2. Positions of the Cl− anions along the z-axis of the pore (see
Fig. 1) during the QM/MM simulations in the w67, w79, and w101 bind-
ing sites (black, red, and blue, respectively), plotted as a function of simu-
lated time (colored continuous lines). The average coordinate calculated from
the QMMM snapshots are represented as dashed lines. Those from umbrella
sampling simulations as gray dashed lines. The corresponding standard devi-
ations are represented by the error bars.

position in the free energy minimum as obtained in previous
umbrella sampling calculations within ∼1 standard deviation
(Figure 2). The anion forms hydrogen bonds (H-bonds) to the
K91 ammino group (which remains in the anion coordina-
tion shell for ∼ 85% of the trajectory length), or, to a much
lesser extent, to the R72 guanidinium group (Figure S1 in the
supplementary material).41 It additionally forms on average
5.3 H-bonds with water molecules (see Table I and Figure 3).
The typical geometry of the coordination polyhedron corre-
sponds to a distorted octahedron (Figure 1). The Cl−-Hwater
distance (2.37 Å) is almost equal to that in bulk water as
obtained by previous hybrid QM/MM simulations, yielding
2.35 Å.19 Along the 10 ps-long trajectory, the occupancy of
the water molecules in the hydration shell of the Cl− anion
ranges from 1 to more than 9 ps.

The Cl− coordination as obtained by classical MD sim-
ulations is similar; on average 5.8 water molecules and the
K91 residue (and, to a lesser extent, R72) are H-bonded to the
anion, yet the Cl−–H distances are smaller than in QM/MM
simulations (Table I). This of course is to be mainly ascribed
to the different level of theory employed. An analysis of the

TABLE I. Chloride H-bonding interactions: Cl−-Htotal and Cl−-Hwater dis-
tances (Å), along with coordination numbers (CNtotal and CNwater), of the
Cl− anions as obtained from the corresponding radial distribution functions
computed from QM/MM and classical MD simulations. The subscript wa-

ter indicates that the analysis is restricted to the water molecules, whilst the
subscript total to the total number of hydrogen atoms surrounding the anion.

System Cl−-Htotal First minimum CNtotal Cl−-Hwater in channel CNwater

QM/MMMD QM/MMMD

W67 2.37 (1) 3.00(1) 6.4(1) 2.37 (1) 5.3(1)
2.19 (1) 2.93(1) 6.5(1) 2.20 (1) 5.8(1)

W79 2.44 (1) 3.06(1) 6.5(1) 2.44 (1) 6.3(1)
2.23 (1) 2.90 (3) 6.0 (1) 2.19 (1) 4.5(1)

W101 2.40 (1) 3.01 (1) 6.7 (1) 2.39 (1) 6.5 (1)
2.22 (1) 2.95 (1) 6.9 (1) 2.21 (1) 6.7 (1)

occupancy of the water H-bonded to the anion over 10 ps
long classical MD trajectories shows the same range in the
exchange time-scale of QM/MM simulations. Classical MD
simulations of 2 ns show that the occupancy of the water
molecule entering solvation shell reaches up to ∼900 ps with
∼20% of the molecules having an occupancy below 10 ps.

Also in the binding site w79, the Cl− position along the
z-axis is similar to that of the MD umbrella sampling calcu-
lations (Figure 2). Here, the Cl− anion is on average coordi-
nated by 6.3 water molecules with an average Cl−-H distance
of ∼2.44(1) Å (Table I and Figure 3), in a distorted octahe-
dron geometry (Figure 1). Note that this Cl−-H distance is
slightly larger than that in bulk water observed in previous
hybrid QM/MM simulations.19 This can be related to the fact
that the anions are far from bulk conditions, being confined
inside the channel close to charged binding sites. R105 and,
less, R129 replace at times one water H-bond donor, with
an occupancy of ∼16% and 2%, respectively, of the trajec-
tory length (see Figure S1 in the supplementary material).41

Also in this case, the Cl−-H distance derived from QM/MM
simulations is larger than that from classical umbrella sam-
pling calculations (Table I). The occupancy of the coordina-
tion water over the 10 ps-long QM/MM trajectory ranges from
1 to ∼8 ps.

The coordination number in classical MD simulations
is 6 and typically 1–2 ligands are residues of the pro-
tein, namely R129, Q147, or R105, whilst the other ligands
are water molecules. (Table I). Classical MD trajectories of
10-ps show that H-bonded water occupancy ranges from 1 to
10 ps, thus suggesting that the ligand exchange timescale is
not too different from that observed in QM/MM simulations.
In the 2 ns-long classical MD simulations, the occupancy
of the water molecules in the solvation shell reaches up to
∼400 ps with ∼20% of the molecules having an occupancy
below 10 ps.

In the binding site w101 the position of the Cl− anion
along the porin axis is again compatible with that obtained in
the umbrella sampling calculations (Figure 2) within 1 stan-
dard deviation. The anion is on average coordinated by 6.7
water molecules with a Cl−-H distance of ∼2.40(1) Å (Table I
and Figure 3), which is slightly larger than that in bulk water
observed in previous hybrid QM/MM simulations,19 possibly
for the same reason discussed before. Occasionally, R85 may
enter the coordination shell with occupancy of ∼15% of the
trajectory length. The occupancy of the water molecules in the
coordination shell is similar to that of the binding site w79,
ranging from 1 to ∼8 ps.

The same coordination is qualitatively observed in classi-
cal umbrella simulations, although the Cl−-H distance is sig-
nificantly smaller (Table I). The occupancy of H-bonded wa-
ter in 10-ps long classical MD simulations ranges from 1 to
∼10 ps. Longer 2-ns classical MD simulations show a water
occupancy up to ∼350 ps with ∼20% of the molecules having
an occupancy up to 10 ps.

B. Polarization effects

Here, we calculate the Wannier Function Centers
(WFCs) of the chloride anion binding sites. The WFCs are
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FIG. 3. Radial distribution functions of the pairs Cl−-H (left column) and Cl−-Hwater (right column), and corresponding coordination numbers, as obtained
from QM/MM and force field-based MD simulations.

associated with chemical concepts such as electronic lone
pairs and chemical bonds.33, 34 Specifically, we calculate the
shifts of WFCs associated with the N-H bonds of amino and
guanidinium groups of the porin H-bonding the Cl− anion or
being close to it (Figure 1) both in the presence and in the
absence of the chloride anion. For each system, two different
configurations, at 0 ps (that is, the starting configuration as
obtained from classical umbrella sampling MD) and at 5 ps
along the QM/MM simulations, were analyzed.

The only residue forming a stable H-bond with Cl− an-
ion is K91 in w67. Here, a sizable WFC shift of ∼3 × 10−2 Å
toward the N is observed (Figure 4), which points to a signif-
icant modulation of polarity of the N-H bonds induced by the
anion. Typical fluctuations at equilibrium of the WFC associ-
ated to carbonyl oxygen atoms in biological systems similar
to ours range from 5 × 10−3 to 1 × 10−2 Å (see for instance
the data reported in Refs. 8 and 39), while the fluctuations of

the WFC associated to the O-H bonds in water are of the order
of 2.5 × 10−2 Å (see for instance Ref. 40). Comparison of our
values with these data indicates that the WFC displacements
induced by the ions on the N-H bonds are sizeable. This sug-
gests that the polarization effects of the chloride ions onto the
N-H bonds are rather large.

K and R residues forming water-mediated H-bonds are
also polarized in all binding sites. In particular, WFC dis-
placement in the N-H bonds of K side chains of the order of
∼4 × 10−3Å are still observed at a distance of ∼8 Å from the
Cl− anion. Similarly, WFC shifts ranging from ∼2 × 10−2

Å down to ∼6 × 10−3Å are observed for the N-H arginines’
guanidinium groups located up to ∼10 Å away from the Cl−

anion. Obviously, the direction of the displacements along the
N-H bonds depends on the orientation of the N-H bonds rel-
ative to the Cl− (see Figure S2 in the supplementary material
for details).41
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FIG. 4. Illustration of the WFCs of the K91 amino group at ∼5 ps without
(blue points) and with (red points) Cl− anion in the binding site. The dashed
line indicates the hydrogen bond formed with the anion. The numbers are the
WFC shifts in Å along the NH bonds, upon Cl− addition.

IV. CONCLUSIONS

Our data suggest that the QM/MM results are not too dis-
similar from those identified by force field calculations. In
particular, the anions are either entirely or almost completely
solvated in the porin. However, small yet significant differ-
ences are found for Cl−-Hwater H-bond distances, suggesting
that in QM/MM simulations hydration water is less tightly
bound to the anion than in classical MD simulations. In addi-
tion, the polarization effects induced by the anion on the pro-
tein residues are significant. These effects might play an im-
portant role in the conduction and/or selectivity mechanisms,
which for porins such as NanC is of physiological relevance.
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