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• Protonation of His-17 allows Cl-ions to
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currents from the site of the loop.

• Slight rectification of the current is
observed.
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Viral proteins assemble into homopolymers in the infected cells and have a role as diffusion-amplifier for ions
across subcellular membranes. The homopolymer of hepatitis C virus, protein p7 of strain 1a, which is known
to form channels, is used to investigate the dynamics of physiological relevant ions, Na+, K+, Cl− and Ca2+ in
the vicinity of the protein bundle. The protein bundle is generated by a combination of docking approach and
molecular dynamics (MD) simulations. Ion dynamics are recorded during multiple 200 ns MD simulations of 1
M solutions. His-17 is found to point into the lumen of the pore. Protonation of this residue allows Cl-ions to
enter the pore while in its unprotonated state Ca-ions are found within the pore as well. Applied voltage iden-
tifies large Cl-ion currents from the site of the loop passing through the pore. Rectification of the current of the
Cl-ions is observed.

© 2014 Elsevier B.V. All rights reserved.
hool of Biomedical Science and
St., Sec. 2, Taipei, 112, Taiwan.
1. Introduction

Protein p7 from hepatitis C virus (HCV) belongs to the class of viral
channel forming membrane proteins (VCPs) [1,2]. Together with other
members of this class (e.g. reviewed in Ref. [3]), it shares the role of
changing electrochemical and/or substrate gradients across the lipid
membrane by forming an oligomeric assembly. The precise role within
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the life cycle of the virus is still to debate, which is also a fact it has in
common with most of the today's known viral channel proteins.

The protein is expressed within a polyprotein precursor fromwhich
it is cleaved, together with the other proteins of HCV genome, via cellu-
lar and viral proteases [4–6]. As a polytopic membrane protein of 63
amino acids with two transmembrane domains (TMDs), its termini
are located towards the lumen of the endoplasmic reticulum [7]. Its
role within the life cycle of HCV is envisaged to be similar to that of
M2 of influenza A, supporting the release of the virion when trapped
within the endosome during viral entry process [8,9]. It is proposed
that p7 is present in the membrane of the virion [10,11].

It has been shown that p7 conducts ions [12–14] as well as protons
[15]. Experiments have mostly been done with full length peptides
expressed and purified from Escherichia coli [13] or produced from
solid phase peptide synthesis [12,14] and reconstituted into artificial
lipid bilayers. Proton conductance experiments have been done with
vesicles extracted from cells measuring proton permeability as well as
cell based imaging of vesicular pH [15].

Structural information has emerged from solid state [10,16] and so-
lution NMR spectroscopy [17–19]. On the monomeric level, the struc-
tures either propose two anti-parallel aligned TMDs or a clamp-like
overall structure. The fact that parallel aligned models are obtained for
proteins with the amino acid sequence according to genotypes, 1a and
1b, and the clamp-like structure from proteins according to genotype
5a [18], drives a debate of structural differences albeit high sequence
homology. Genotype dependent results have been derivedwhen gener-
ating samples to be used for cryo-electron microscopy (EM) experi-
ments [13,20,21]. Hexameric bundles are found for JFH-1 2a strains
[21], while p7 of J4 1b strain is found in both, a hexameric [13] and
heptameric formation [20].

Having a highly vital role within the life-cycle of HCV in chimpan-
zees [22] and in cell cultures [23,24], the protein emerges as a potential
drug target. Most recent investigations have identified small molecule
drugs to be able to block channel activity of p7 [10,12–14,25], with
one used in clinical trials [25]. Poses of the drugs on the monomeric
p7 protein are proposed to be within bundle models [10] or at either
side when dealing with monomers [19,26].

In a combined bioinformatics and computational modeling ap-
proach, an antiparallel aligned model of full length p7 has been pro-
posed ahead of available experimental data as mentioned above and
modeled into a hexamer [27]. In the bundlemodel a histidine at position
17 is suggested to face the lumen of the pore, which is in agreement
with the aforementionedNMRdata. Extensivemolecular dynamics sim-
ulations have been performed on both, hexameric and heptameric bun-
dles, suggesting structural plasticity for themechanismof function of p7
[28]. Themodel for the bundles based on p7of genotype 1b has been de-
rived from a monomeric p7 model obtained from NMR spectroscopy
[17], copied and centered around a central axis either strictly according
to the NMR coordinates or with optimized inter-subunit contacts.

At this stage, the mechanism of ion and/or proton conductance of
the p7 bundle is still to be elucidated. With the structural information
at hand, the mechanism of function in respect to ions is ready to be in-
vestigated computationally.

In this study, a structure based model of p7 monomer is taken [26],
copied and assembled into a hexamer using established protocols [29,
30]. The protein is embedded into a lipid bilayer. The protein/lipid sys-
tem is hydrated also in such a way that it is embedded in electrolytes
at a concentration of 1M. The location of ionswithin the bundle ismon-
itored in dependence of the number of protonated histidines and under
applied physiological relevant voltages.

2. Materials and methods

The p7 protein sequence was taken from the HCV genotype
1a, H77 strain [12]: ALENLVILNA10 ASLAGTHGLV20 SFLVFFCFAW30

YLKGRWVPGA40 VYAFYGMWPL50 LLLLLALPQR60 AYA.
2.1. Assembly of the bundles

The monomeric structure of p7 was assembled from the individual
TMDs as reported in detail earlier [26]. In brief, each of the TMDs
(TMD1: 1–32, TMD2: 36–63) was individually simulated in a fully
hydrated lipid bilayer (POPC) for 50 ns. Averaged structures over the
backbone atoms of the 50 ns MD simulations of each of the TMDs
were derived by fitting the peptide structure of each time frame to the
starting structure thereby removing rotational and translational mo-
tions. The program g_covar from the GROMACS-4.0.5 packages was
used for the calculations. Applying the same assembly protocol as
mentioned below, the lowest energy structure of the assembled
TMDs was generated. Finally, the monomer is formed by linking
the assembled TMDs with a short loop (Lys-33, Gly-34, Arg-35)
using the program Loopy [31,32]. The derived monomeric structure
was embedded in a fully hydrated lipid bilayer and equilibrated in a
150 ns MD simulation.

Hexameric bundles were generated with the monomer by creating
symmetric copies of the monomeric subunit around a central pore
axis [29,30]. To sample the whole conformational space of the bundles
each of the degrees of freedom was varied stepwise: (i) distance of
the monomer to the central axis in steps of 0.25 Å covering 9 to 15 Å;
(ii) rotational angle in steps of 5° covering 360°; (iii) tilt in steps of 2°
covering−36° to +36°. For each position, the side chains were linked
to the backbone. The side chain conformation was chosen to be
the most likely one for a given backbone conformation according
to the MOE library. A short minimization (15 steps of steepest de-
cent) followed the generation of the side chains. For each conforma-
tion the potential energy was evaluated according to the all-atom
AMBER94 force field mimicking a bilayer environment (ε = 2).
The lowest energy conformer was embedded into fully hydrated
POPC lipid bilayer.
2.2. MD simulations of the bundles

Lipid bilayer patches were generated from 16:1 to 18:1 Diester PC,
1-Palmitoyl-2-Oleoyl-sn-Glyucero-3-Phosphocholine (POPC) mole-
cules on the basis of the parameters of Chandrasekhar et al. [33]. The
lipid patcheswere equilibrated for 50 ns. Thehexameric bundles system
has 512 lipid and 28215 water molecules. The lipid patches were equil-
ibrated for 50 ns.

MD simulations of the bundles/lipid/water system were carried out
with GROMACS-4.5.4 using Gromos96 ffG45a3 force field (geometric
combination rule). The temperature of the peptide, lipid and the
water molecules was separately coupled to a Berendsen thermostat at
310 K with a coupling time of 0.1 ps. Semi-isotropic pressure coupling
was applied with a coupling time of 1.0 ps and a compressibility
4.5 · 10-5 bar-1. Long range electrostatics have been calculated using
particle-mesh Ewald (PME) algorithm with grid dimensions of 0.12 nm.
Lennard–Jones and short-range Coulomb interactions were cut off at 1.4
and 1 nm, respectively.

The p7 models were embedded into the POPC bilayer system and
the overlapping lipid molecules were removed using the g_membed
program from GROMACS-4.5.4. The hydrated system underwent
5000 steps of steepest decent and 5000 steps of conjugated gradient
minimization to remove unfavorable interactions and equilibration
for a total of 7.9 ns. Equilibration was achieved by gradually increas-
ing the temperature from 100 K to 200 K and then to 310 K, while
keeping the protein fully restraint applying position restraints with k =
1000 KJ mol−1 nm−2. The first two simulations (100 K and 200 K) were
run for 200 ps, and the last simulation (310 K)was run for 1.5 ns. Holding
the system at 310 K, the restrained protein was released in 4 con-
secutive 1.5 ns MD simulations reducing the force constant k (k =
500 KJ mol−1 nm−2, k= 250 KJ mol−1 nm−2, k= 100 KJ mol−1 nm−2,
k= 25 KJ mol−1 nm−2).
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2.3. Histidine protonation

The program “protonate 3D” of the MOE suite was used to assign
protonation states to the p7 bundle in dependence of various pH values.
The pdb2gmx program from GROMACS was used to protonate the his-
tidines of the unprotonated p7 bundle (H0). Protonated p7 structures
were created with either three histidines alternately protonated
(H3+) or all histidines protonated (H6+).

2.4. Adding ions

The protein–lipid systems H0 and H6+ were taken from the last
frame of a 7.9 ns equilibration simulation. The genion program from
GROMACS was used to replace water molecules with K-ions (OPLS-
AA/L 2001), Na-, Ca- and Cl-ions. The aqueous compartments in these
two models contained ~26,000 water molecules. The electrolyte con-
centration of the p7 hexamer system was set to 1.0 mol/L, correspond-
ing to 491 K- or Na-ions and 503 Cl-ions (491 Ca-ions, 994 Cl-ions) in
each of the neutralized compartments. After adding ions to the system,
each simulation system was equilibrated another 1.5 ns and submitted
to the production run for 200 ns.

2.5. Application of electric fields

In the p7 hexamer protein–lipid–1 M ion system, an external electric
field was applied perpendicular to the membrane plane to maintain a
fixed potential difference across the bilayer [34]. The p7 hexamer
models were taken after equilibration. Electric fields (E) were applied as
−/+0.0033 V/nm,−/+0.066 V/nm,−/+0.033 V/nm,−/+0,133 V/nm,
−/+0.2 V/nm, −/+0.266 V/nm and −/+0.33 V/nm in the z-direction
of the simulation box. Voltages (V) across the lipidmembranewere calcu-
lated taking themembrane thickness (d=3nm) into account: V= d ⋅ E.

2.6. Hardware equipment and analysis software

The simulations were run on a DELL i7-930 workstation, 28 core
Opteron based computer cluster with Infiniband interconnects and the
ALPS-Acer AR585 F1 Cluster in National Center for High-Performance
Computing (NCHC). Plot and pictures were made with VMD 1.9 and
MOE suit (www.chemcomp.com).

3. Results

A monomeric p7 protein is generated in a four step procedure,
(i) generation of two ideal helices, (ii) equilibrating the helices via MD
simulations, (iii) connecting the two helices via the linker sequence of
the protein, generating the monomer (Supplemental Fig. 1) [26], and
(iv) assembling the monomer into hexameric bundles (Fig. 1). MD
simulations of the monomer (150 ns) and the bundles (200 ns each)
generate stable structures since the RMSD values of all simulations are
leveling off after a short initial rise (Supplemental Fig. 2A). The RMSF
values of the monomer indicate fluctuating residues within the core
region of TMD1 (His-17, Gly-18, Leu-19, Val-20, Ser-21) as well as for
the first 8 amino acids and the loop region (Supplemental Fig. 2B).

Three types of bundles are simulated: without any of the histidines
being protonated (H0) (Fig. 1, I), with histidines being alternately pro-
tonated and unprotonated (H3+) (Fig. 1, II) and with all of the histi-
dines protonated (H6+) (Fig. 1, III). The protonation states of H0 and
H6+ correspond to an estimated pH of more than ~6.5 and less than
~6.0, respectively (Supplemental Fig. 3). Themost important intermedi-
ate protonation state is found to be H3+. The RMSD values of the bun-
dles level off after the first 10 ns (Supplemental Fig. 2C). While for the
unprotonated bundle the lumen of the pore collapses, the protonated
bundles remain “open” on the level of the histidines (Fig. 1B). The phe-
nylalanine residues of TMD1 (especially Phe-25 and -28) amass in the
lumen towards the side of the loops (Fig. 1B). No continuous water col-
umn is observed after the collapse of the bundle.

The tilt and kink are calculated for the individual TMDs of each of the
bundles H0, H3+ and H6+ from the 200 ns MD simulations (Supple-
mental Table 1). Averaged tilts of these TMDs, inner (TMD1s) and
outer (TMD2s) helices, are within a range of 15.8° to 20.1° for all the
bundles, H0, H3+ and H6+. The kink angles of the inner helices are
larger (26.1° to 34.5°) than the kink angles of the outer helices (13.3°
to 19.2°) independent of the protonation state of the histidine residues.

Comparing among the bundles, the tilt angles of the TMD1s are
slightly larger in H6+ than in H0 (19.8 (H6+) compared to 18.3°
(H0), t-test: 1.7). The kink of the TMD1s is more straight in H6+ than
in H0 (26.1° (H6+) compared to 34.1° (H0), t-test: 4.2). Structurally
distinct features are compensated by the inner ring of TMDs (TMD1).

The Cl-ions, which have to be added to neutralize the box, accumu-
late in H3+ and H6+ at the site of the protonated histidine residues
(Fig. 2A). Counting the positions along the z-coordinate of the Cl-ions
reveals that many of them are found in close proximity of the loops in-
dependent of the protonation state of His-17 (Fig. 2B). Upon proton-
ation, the dwell time of the Cl-ions within the lumen of the pore
increaseswith the number of histidines protonated. The Cl-ions gain ac-
cess to the histidines via the site of the termini. InH3+, Cl-ions accumu-
late around the unprotonated histidine residues to a lesser extent than
around the protonated residues (Fig. 2C, left). The number of Cl-ions
within the lumen of the pore can be higher than 6 nm−2, positioning
themselves at the charged histidines (Fig. 2C). The histidines are not
in a planar architecture for H3+. The dwell time at the three charged
histidines (red spot in Fig. 2C, left) is larger in comparison to the dwell
time around the uncharged histidines (light spot in Fig. 2C, left). In the
case of H6+, the non-planar architecture is seen by the spread of the
density in the z-direction (Fig. 2C, right).

Embedding the lipid/H0 system into a '1 molar aqueous solution' of
either KCl, NaCl or CaCl2 shows stable RMSD curves after about 10 ns
(Supplemental Fig. 2D). There are no signs of the cations to enter the
H0-bundle when embedded in NaCl or KCl solution (Supplemental
Fig. 4A/B). In the case of a CaCl2 solution both, a Ca-ion and a Cl-ion
are trapped in the pore (Supplemental Fig. 4C) so that they are placed
in the order histidines – Ca-ion – Cl-ion (Fig. 3A), with the Cl-ion facing
the loop region. Simulations in the presence of H6+ reveal (for RMSD
curves see Supplemental Fig. 2E) that cations are not present in the bun-
dle but Cl-ions, which enter and exit the pore at the side of the termini,
and are predominantly located around the histidine residues (Supple-
mental Fig. 4D–F).

Calculation of themean life time of the overall shape from the radius
of gyration reveals that H0 collapses much faster ((1.7 ± 01) ns) than
H3+ ((7.2 ± 0.3) ns) and H6+ ((7.1 ± 0.2) ns) (Fig. 3B and Supple-
mental Table 2). The latter two adopt an almost similar mean life
time. Comparative calculations for the other H0 bundles in the presence
of 1molar salt solution as discussed above reveal that in the presence of
Ca- and Cl-ions, as in theH0 simulation in 1MCaCl2 solution, the bundle
collapses slightly faster with life time of (1.1 ± 0.1) ns (Supplemental
Fig. 5A and Table 2). A similar trend is found for simulations of H6+
in the same 1 M solutions (Supplemental Fig. 5B and Table 2). The dif-
fuse presence of Cl-ions leads to a prolonged maintenance of the
shape compared to H0 (1 M NaCl (3.2 ± 0.1) ns, 1 M KCl (3.3 ± 0.1)
ns). In comparison with H6+ simulations, the shape collapses slightly
faster except for H6+in 1 M CaCl2 solution ((9.4 ± 0.5) ns). Thus, the
presence of ions within the pore affects the shape and the dynamics of
protein motion within the bundle.

Application of various voltages to the lipid/H0 system embedded in
1 molar solutions of either KCl or CaCl2 reveals a slightly rectifying be-
havior of the bundle (Fig. 4). In a range from −200 mV to +200 mV
no ions are crossing the bundles in the KCl solution. Conductance of
Ca-ions is found also at low voltages. There is a tendency of higher
CaCl2 conductance over KCl. Negative voltage, which corresponds to
the movement of Cl-ions from the occupied loop regions (see Fig. 2B)

http://www.chemcomp.com


Fig. 1. (A) The hexameric bundle generated from themonomer is shownwith histidine residues unprotonated (I, H0), alternately protonated (II, H3+) and fully protonated (III, H6+) at
0 ns and 200 ns (B). The backbone is shown as yellow cartoon,with the side chains shown in stickmode and color coded as the following: Ser-12 (orange), His-17 (red), protonatedHis-17
(pink), Tyr-31, -42, -45, and -62 (dark blue), Phe-22, -25, -26, -28, and -44 (green).
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into the bundle, leads to a larger number of ions crossing in the res-
pective directions as from the termini side, suggesting rectification. A
similar tendency is not observed for the cations. It is observed that cat-
ions and anions cross the bundle simultaneously. At higher voltage
(±1000 mV) the bundles collapse resulting in increasing RMSD values
(Supplemental Fig. 2F and G).

4. Discussion

4.1. Protein and ion dynamics

The concept of two almost parallel aligned TMDs of p7 is experimen-
tally supported [16–19,35]. Different architectures of the TMDs allow
for different dynamics and protein mechanics. The crowding of the aro-
matic residues towards the loop region [17,19] is responsible for the
large kink in TMD1. The calculated tilt and kink data suggest a straight
ring of outer helices compared to a more kinked inner ring. The inner
ring readily adapts to the electrostatic conditions within the lumen of
the pore. The geometries obtained in this study match structure pro-
posals from solid state NMR spectroscopy [16,35]: two large TMDs are
found each consisting of two helical sub-domains. The tilt of the large
TMDs is measured to be 25° and 10°, corresponding to TMD1 and
TMD2, respectively. The latter tilt is attributed to one of the helical
sub-domains which consist of residues Leu-50 to Leu-57. Since the
first large TMD is longer than the second, the larger tilt of 25° is also cor-
related with a kinked TMD. Thus, TMD1 should have a larger kink than
TMD2,which is consistent with the data presented in this study. Also, in
a recently reported hexameric p7 bundle (5a strain), suggesting a
'clamp-like' monomeric architecture for the monomer, TMD1 is highly
kinked [18]. Simulations in this study with decreasing pH simulated
by fixed charges on His-17 reveal that the kink could act as a gate by
stretching out upon protonation.

Models proposed from a combination of NMR spectroscopic data
and MD simulations reveal upright helices in POPC bilayers which also
optimizes packing during the MD simulations [28]. A hexameric
model, constructed by copying the NMR-based monomer into a cyclic



Fig. 2. (A) Models of 3× protonated (H3+, left) and fully protonated p7 bundle (H6+, right). Lipid molecules are omitted for clarity; water molecules are shown in blue. Backbones are
shown in yellow; aminoacids are shown in stickmode as the following: Ser-12 (orange), His-17 (red), protonatedHis-17 (pink), Tyr-31, -42, -45, and -62 (dark blue), Phe-22, -25, -26, -28,
and -44 (green). (B)Histogramanalysis of the position of three representative Cl-ions fromeachof the simulationswith unprotonatedp7bundle (H0, left), H3+(middle) andH6+(right).
(C) Cl-ion density map from the simulations with H3+ (left) and H6+ (right) in a side view representation (view from inside themembrane). The density is shown as ion per nm2, with
blue indicative for 0 ions per nm2 and red indicative for 6 or more ions per nm2.
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way, also tends to collapse during equilibration but not when a hep-
tameric arrangement used. Packing optimized heptameric and hexa-
meric models are reported to be stable. Overall, all stable models allow
ions to flow across the protein under applied voltage.
4.2. Modeling ion current

A series of structure based computational methods is available to as-
sess ion flux through channels and pores. Simulations undertaken in the

image of Fig.�2


Fig. 3. (A) Bundle of unprotonated p7 (H0) in the presence of a 1 M solution of CaCl2. The
Ca-ions (green) and the Cl-ions (blue) are shown as spheres. Lipid molecules are omitted
for clarity; water molecules are shown in blue. Backbones are shown in yellow; amino
acids are shown in stick mode as the following: Ser-12 (orange), His-17 (red), Tyr-31,
-42, -45, and -62 (dark blue), Phe-22, -25, -26, -28, and -44 (green). (B) Radius of gyration
of the three bundles H0 (black line), H3+(red line) and H6+(green line) during the
200 ns MD simulation.

Fig. 4. Transitions of mono and divalent ions through the p7 bundle H0 as a function of
various voltages applied. Solutions have been either 1 M KCl or CaCl2. Gray and blue
lines represent K-ion and Cl-ion, respectively; green and dark blue lines represent Ca-ion
and the respective Cl-ion. The indicated current is estimated according to I = ΔQ/Δt =
z⋅e⋅(ion counts)/Δtwith Δt=5 ns, |zNa+/K+/Cl−| = 1 and zCa2+ = 2.
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presence of an applied voltage have led to a conductance pattern of the
viral channel p7 of HCV [28], bacterial voltage-gated sodium channel
[36], an acid inducible channel [37] and other channels [38], to mention
only some of the work. Other methods supplement the endeavor, using
e.g. a double membrane system [39] or calculate the potential of mean
force (PMF) of ions along the lumen of ion channels [40,41]. In recent
studies, a direct comparison of the two attempts is reported (see Ref.
[38], for another viral channel protein).

In the present study, a high concentration of salt is used. Previous
studies have shown that certain force field parameters cause large ag-
gregations of ions when simulating these high concentrations [42].
The formation of these aggregates is, however, not reported for the
force field parameters used in this study applying the geometric combi-
nation rule [43]. Furthermore, the computed ion–ion radial distribution
functions (data not shown) and visual inspection of the trajectories do
not reveal any ion aggregation.
In the present study, no ions of the KCl solution and only very few
ions of the CaCl2 solution cross the pore under applied voltage compara-
ble to experimental condition (~100 mV). Since the transition of 1
monovalent ion in 5 ns already leads to an estimated current of 32 pA
corresponding to a conductance of 320 pS at 100mV, the experimental-
ly found conductance (e.g. 14 pS [14], N35 pS [17], and 86 pS [12], all in
0.5 M KCl buffer at various holding potentials) cannot be reproduced
accurately. The observation of only very few ion transitions is in
agreement with these experimental data. When applying a voltage of
±1000 mV, the pore of the hexameric bundle widens and the entire
system destabilizes. In another simulation study, a conductance of
236 pS was calculated for a hexameric p7 model at 1500 mV [28]
which might refer to a voltage over the entire simulation box. Since, in
the present study, the potential difference is calculated over the lipid
membrane, the different results might be in agreement using the same
conventions.

Similar to the presented data, a low rectifying behavior of p7 has
been shown also experimentally suggesting that p7 proteins insert in
a preferred orientation in the membrane [17]. Combining those experi-
mental data and the presented simulations, it can be concluded that p7
inserts first with the termini site into the membrane.

The present data suggest a larger anion than cation flux. This fact ex-
plains the low cation specificity suggesting a considerable anion flux
in vivo. With a larger flux from the putative inside of a virion due to
the slightly larger current going from the loop side into the pore, the
protein as a pore could regulate the Cl-ion density within the virion.

4.3. Cl-ion (and cation) flux

The data from the voltage experiments catalyze the following
thoughts. The movement is somewhat different as expected. With the
existence of ions along the pore from the termini site (Fig. 2B), one
could anticipate that it just needs voltage to pass further. Under applied
voltage however, it is the Cl-ions at the site of the loop which seem to
enter the pore more readily. It is therefore concluded that trapping the
ions in the loop region by Lys-33 and Arg-35 is an important step to
lead to an ion entry. In simulations of a model of the ryanodine receptor
(RyR), it has been suggested that Ca-ions 'migrate' along the surface of
the pore prior to pore entry [44]. One can speculate that with such a
step the loss of entropy (ion mobility) is compensated by the gain of

image of Fig.�3
image of Fig.�4
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binding enthalpy (eventually partial stripping-off of the hydration shell
and replacing water-ion contacts by side-chain ion contacts) before the
ion enters the pore. In case of the termini side, the dynamics of the he-
lices may prevent an energetically favorable entry. Implementing ex-
perimental data on the dynamics of the individual helices of p7 from
solid state NMR spectroscopy [16], TMD1 has a mobile helical segment
at the immediate N terminal side and a more rigid helix towards the C
terminal side. Another dynamic helical region is reported for the N ter-
minal side of TMD2with amore rigid helix towards the N terminal side.
The dynamical part of TMD1prevents the ion flux in asmuch as itwould
possibly need to become less dynamic during ion permeation. The dy-
namical part of TMD2 could be essential for gating, 'opening' the pore
and enabling the accumulated ions to pass.

Cl-ion flux direction could help lowering any mobile negative
charges which are crowding in during the formation of the virion.

In the simulations, it is found that cations and anions pass each other
within the pore, a finding which has been suggested to explain experi-
mentally derived conductance data for Vpu of HIV-1 when reconstituted
into lipid bilayers [45].

4.4. Ca-ions within the pore

With Ca-ions found in the unprotonated bundle it is anticipated that
Ca-ions serve as stabilizing factors within the bundle. Since Cl-ions are
also present within the bundle, especially when protonated, the combi-
nation of the two would lead to a stabilization of the bundle within a
certain pH range. Of course, if 'fully' protonated, the cation should
leave the bundle.

It has been reported that the addition of Cu-ion (2+) blocks channel
activity of p7 [46] and also M2 of influenza A [47]. In the light of the
present study, the Cu-ions form much more stable complexes with the
histidines [48,49] than e.g. Ca-ions [50] and by this induce conforma-
tional restraints due to the formation of stable square planar complexes,
which are not only found with just histidines but also within proteins
[48,51,52], preventing channel activity.

4.5. Histidines and phenylalanines

In most of the simulations the histidines do not maintain a 'planar'
geometry; they rather adopt staggered conformations. In as much as
the planar ring-like geometry of the histidine residues is the guarantor
for p7 proton conductance [15], similar to the ring of histidines pro-
posed for M2 of influenza A [53–56], this needs to be evaluated.

The clustering of Phe-25 and -28 could serve as a hydrophobic gate
similar to those proposed for the nicotinic acetylcholine receptor [57].
At this stage it is still speculative whether the phenylalanines have
structure stabilizing effects or even contribute to the selectivity of the
channel [28].

Summarizing the presented data, in the presence of localized point
charges within the bundle due to the ring of histidines-17 the bundle
harbors divalent ions such as Ca-ions. Upon protonation of the histi-
dines, the pore architecture is suggested to collapse via conformational
changes of the inner helices, TMD1s, forming a staggered arrangement
of the histidines. The stacked arrangement could be seen as part of a pu-
tative proton shuttlingmechanism.At lowpH thebundle is suggested to
conduct Cl-ions and positive ions simultaneously through the pore. The
architecture of an inner and outer ring of helices relates distinct me-
chanics in response to environmental conditions to each ring of helices.
Anions enter the pore from the positively charged loop site, thus it
seems as if they need to be immobilized prior to pore entry.

5. Conclusion

A monomeric model of p7 from HCV is constructed and assembled
into a hexameric structure. The resulting pore model is found to be in
agreement with experimental data with regard to the geometry of the
TMDs and the plausible position of His-17. The presence of a Ca-ion in
the porewith unprotonated histidines corresponding to neutral pH sug-
gests a functional role, e.g. stabilizing effect. Large Cl-ion currents pass-
ing through the p7 model are observed in simulations with applied
voltage.

Immobilization of ions at the protein is essential for pore entry and
results in a low rectification of Cl-ion currents. Comparison with ex-
perimental conductance measurements allows the conclusion that p7
inserts preferably with the termini site into the membrane.
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