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HIGHLIGHTS GRAPHICAL ABSTRACT

 Generation of hexameric assemblies of
ion channel forming p7 of HCV

* Protonation of His-17 allows Cl-ions to
enter the pore.

« In unprotonated bundle also Ca-ions are
found within the pore.

 Applied voltage identifies large Cl-ion
currents from the site of the loop.

« Slight rectification of the current is
observed.
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Available online 16 June 2014 the vicinity of the protein bundle. The protein bundle is generated by a combination of docking approach and

molecular dynamics (MD) simulations. lon 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

ﬁé’r‘ﬁﬁgi’e protein enter the pore while in its unprotonated state Ca-ions are found within the pore as well. Applied voltage iden-
Ion channels tifies large Cl-ion currents from the site of the loop passing through the pore. Rectification of the current of the
Computational modeling Cl-ions is observed.
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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
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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 from which
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 derived when 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 bundle model a histidine at position
17 is suggested to face the lumen of the pore, which is in agreement
with the aforementioned NMR data. Extensive molecular dynamics sim-
ulations have been performed on both, hexameric and heptameric bun-
dles, suggesting structural plasticity for the mechanism of function of p7
[28]. The model for the bundles based on p7 of 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
ata concentration of 1 M. The location of ions within the bundle is mon-
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]: ALENLVILNA'® ASLAGTHGLV?® SFLVFFCFAW?>°
YLKGRWVPGA*® VYAFYGMWPL>® LLLLLALPQR®® 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 A covering 9 to 15 A;
(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 (¢ = 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 patches were equilibrated for 50 ns. The hexameric 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 - 107 bar™'. 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~' 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 K] mol~! nm~2, k = 250 K] mol~! nm~2, k = 100 K] mol~' nm~2,
k= 25K mol~! nm~2).
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