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Abstract—The human CD81 protein is a likely receptor for the binding of hepatitis C virus (HCV) to hepatocytes and therefore a
possible target for novel anti-HCV drugs. The two published X-ray structures of the HCV binding region of CD81 (1G8Q and
1IV5) have, particularly in a substructure that is formed by two helices, a slightly different conformation. The abovementioned
substructure is a candidate target region for virtual screening approaches. We present here a molecular dynamics study of the two
X-ray structures. Our results indicate that the conformation of the two helical regions in one of the X-ray structures (1G8Q) is
affected by crystallographic contacts and most likely does not represent the native state of the protein.
# 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Hepatitis C virus (HCV), a positive-stranded RNA
virus, is the infectious agent responsible for one subtype
of viral hepatitis. Today, 300 million people worldwide
are infected by HCV. The therapy of choice currently
consists of a combination of ribavirin and (pegylated)
interferon, but this therapeutic regimen is expensive and
fails in about 40% of all cases.1 Novel therapeutical
strategies are therefore urgently needed.

The HCV genome encodes for a single polyprotein of
approximately 3000 amino acids. The polyprotein is
processed by host and viral peptidases into different
viral proteins.2 Among these proteins, the envelope gly-
coprotein E2 is supposed to be the key protein for viral
entry.

Putative receptors for HCV–E2 binding interaction are
the human CD81 receptor,3�5 the low-density lipopro-
tein receptor (LDLR),6 the human scavenger receptor
class B type I7 and liver/lymph node-specific inter-
cellular adhesion molecule-3-grabbing integrin (L-SIGN).8

Among these receptors, X-ray structures are available
for the large extracellular loop (LEL) of CD81 only.
Furthermore, the interaction sites with the E2 protein
have been identified recently.3,9 This makes the LEL on
CD81 a potential drug target. Recent results by Van-
Compernolle10 and by our own group (unpublished
data) indicate that small molecules which interfere with
the CD81/E2 interaction can inhibit the binding of
HCV to their host cells.

The three-dimensional structure of LEL was determined
by Kitadokoro et al. using X-ray crystallography and
two different crystallographic forms (monoclinic: pdb
ID 1G8Q and hexagonal: pdb ID 1IV5).11,12 An impor-
tant difference between the two structures is a cleft-like
motif formed by the C and D helices in the 1G8Q
structure which does not appear in the 1IV5 structure.
Therefore, different classes of inhibitors for the E2–
CD81 interaction process seem to be possible: In the
case of the 1G8Q structure, small organic molecules fit
into the abovementioned cleft, whereas in the 1IV5 form
only surface interactions between the protein and the
ligand are possible. Here, we investigate the dynamics of
the LEL region of the CD81 receptor by molecular
dynamics simulations to gain deeper insight in the
CD81–LEL drug target. Our main objective was to
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determine the physiologically relevant conformation of
the LEL region, which can be used as the target protein
in virtual high-throughput screening.
2. Methods

X-ray structures of the monoclinic (pdb ID: 1G8Q) and
hexagonal (pdb ID: 1IV5) crystallization form of the
CD81-LEL were obtained from the Brookhaven Protein
Databank (PDB). All molecular dynamic simulations
were performed by the AMBER 7 suite of programs.13

Water molecules were removed from the PDB files and
missing protein atoms were added. Disulfide bond for-
mation and charge neutralization (addition of Na+�

ions) were carried out using the AMBER utility Xleap.
Afterwards, the simulation systems were minimized
(5000 steps of steepest descent followed by 10,000 steps
of conjugate gradient) and equilibrated at 300 K (20,000
steps, step size 1 fs). Finally, in both cases 1IV5 and 1G8Q
1500 ps of molecular dynamics simulation (step size 1.5
fs, 1,000,000 steps) at constant temperature (300 K) were
performed. Temperature regulation was done by coupling
to an external bath (Berendsen’s method: see ref 14)
using a bath coupling constant of 1.0 ps during equili-
bration and 1.5 ps during production. The generalized
Born model was used to account for solvation effects.15

Crystallographic symmetries were built using the Swiss-
PdbViewer and the symmetry related information
within the original PDB-files of the CD81–LEL struc-
tures. Superpositions of molecular structures were also
performed by Swiss-PdbViewer.16
3. Results and discussion

3.1. Molecular dynamics simulations

CD81–LEL was crystallized as dimer. Each monomer
consists of five helices (A–E) where helices A and B
provide the main dimer association interface. The E2
binding region is located close to the C and D helices.
Therefore, the structures of the C and D helices are
important for E2 and inhibitor binding. To evaluate
their dynamic behavior, we calculated the average mass-
weighted fluctuations of all amino acids of both LEL
structures. The calculation was performed on the last
400 ps of the MD trajectory. These kind of fluctuations
are only valid when the protein system is in equilibrium.
Therefore Figure 1 shows the energy versus time plots
of the 1G8Q and 1IV5MD simulations. Figure 2 shows
the average mass-weighted fluctuation of all atoms of all
residues plotted against the residue numbers. The
dashed line corresponds to the 1G8Q and the solid line
to the 1IV5 structure. The fluctuation of the 1IV5 pro-
tein is much lower than the fluctuation of the 1G8Q
structure. The average fluctuation of all residues is 1.379
Å for 1IV5 and 3.403 Å for 1G8Q.

The flexibility of the helices C and D is somewhat larger
than the flexibility of the helices A, B and E (Fig. 2).
This is valid for both crystallographic forms. The main
reason for the lower fluctuations of the A and B helices
is the formation of the main dimer association interface
between the LEL monomers. In the 1G8Q structure,
pronounced fluctuations are observed in the C and D
helices. Six amino acids in these two helices (Asp137,
Asp138, Asp139, Ile181, Ile182, Ser183) show average
mass-weighted fluctuations of more than 5 Å. For
comparison, no residue in the 1IV5 structure has such a
high degree of mobility.

The same procedure was repeated for the backbone
atoms to estimate the influence of backbone motions.
The average backbone atom fluctuations are 1.324 Å
(1IV5) and 3.253 Å (1G8Q), respectively. This indicates
that the average all-atom fluctuations result mainly
from the backbone movement.

The interaction between the amino acids of the C and D
helices are responsible for the close-down of the
Figure 1. Energy versus time plots of the 1G8Q and 1IV5 protein systems.
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CD-cleft after a simulation time of 50 ps. In particular,
van der Waals and hydrogen bonding interactions occur
between residues Leu185–Thr163, Asn184–Thr166/
Thr167, Ile181–Thr167, Asn180–Leu170, Phe186–
Thr163 and Ile181–Lys171.
This observation was verified by performing the 1G8Q
MD simulation five times (100 ps production phase)
using different (random) initial velocities. Each simu-
lation leads to the closure of the CD cleft after
approximately 50 ps. The structural deviations from the
1G8Q crystal structure for each simulation are 1.27,
1.30, 1.36, 1.27 and 1.27 Å. Each calculation leads to a
comparable final structure.

We therefore conclude that the hexagonal 1IV5 struc-
ture is the predominating conformation under physi-
ological conditions.

3.2. Ramachandran plots

In the monoclinic 1G8Q structure, more amino acids
are outside the energetically favored regions of the
Ramachandran plot (16 after 100 ps MD, 8 after 500 ps
MD) than in the 1IV5 structure (2 after 100 ps MD, 4
after 500 ps MD). There is a reduction in amino acid
numbers occupying unfavored areas of the Ramachan-
dran plot for 1G8Q, but the 1IV5 values are not
reached. This observation also supports the notion that
the 1IV5 structure is preferred under physiological
conditions.
Figure 2. Dynamics of CD81-LEL: Average mass-weighted fluctuations of all residues during the last 400 ps of the MD simulation. Dashed line:
1G8Q, solid line: 1IV5. The letters below the curves indicate the helical regions A–E.
Figure 4. Superposition of the C and D helices of the 1IV5 cystal
structure (red) and 1G8Q after 1.5 ns of molecular dynamics simu-
lation (green).
Figure 3. Superposition of the 1G8Q (green substructure) and 1IV5
(red substructure) CD81-LEL crystal structures.
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3.3. Superposition of CD81–LEL structures

Figure 3 shows the superposition of the monoclinic
1G8Q (green) and hexagonal 1IV5 (red) crystal struc-
tures of the CD81–LEL region. The image also empha-
sizes the cleft between the C and D helices in the 1G8Q
structure. The main difference is the position of the C
helix which locks the cleft in the 1IV5 form. The D helix
is in a comparable position in both structures.

Figure 4 shows the superposition of the C and D helices
of the 1IV5 (red) crystal structure and 1G8Q (green)
after 1.5 ns of molecular dynamics simulation. The root
mean square (RMS) of the amino acids forming the
cleft is 1.51 Å. This picture clearly shows that the 1G8Q
structure approaches the geometry of the 1IV5 crystal
structure during theMD simulation. The C andD helices
in the 1G8Q structure after MD occupy the same region
as compared to the 1IV5 crystal structure. The 1G8Q
structure is not completely, but to a large extent, con-
verted to the 1IV5 structure during the MD simulation.

3.4. Crystallographic contacts

In both crystallographic structures (1G8Q and 1IV5)
crystallographic contacts are present for the C and D
helices. However, these contacts are completely differ-
ent. In the monoclinic 1G8Q structure, the D helix per-
forms interactions with the C0 and D0 helices of an
adjacent LEL molecule. Equivalent interactions occur
Figure 5. Crystallographic contacts of 1G8Q (A) and 1IV5 (B) crystal structures of the CD81–LEL. The yellow and the turquoise substructures
denote the monomers of the LEL dimer.
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to the C helix by a third LEL molecule. Figure 5A
shows the crystallographic contacts of the monoclinic
1G8Q lattice.

In the hexagonal 1IV5 structure, the C and D helices
form an a-helical bundle with the C and D helices of
another LEL molecule (Fig. 5B). This arrangement
should be more stable than the corresponding arrange-
ment in the monoclinic 1G8Q case, because there are
much more intensive crystallographic contacts. Further-
more, the contact area in the hexagonal 1IV5 structure
with neighboring LEL molecules is strongly hydrophobic
(see Fig. 5B). Because of the reasons given above, the
cleft formation is suppressed in the hexagonal 1IV5 lattice.
4. Conclusions

The simulations have, combined with the analysis of the
X-ray structures, shown that crystallographic contacts
cause a distortion of the CD81–LEL folding in one of
the two X-ray structures. Under physiological condi-
tions, CD81–LEL most likely exists in the conformation
with a closed cleft between the C andD helices. However,
the two helices experience a certain degree of flexibility,
and it may be possible to identify—for example, by virtual
screening—small molecules that fit into the cleft and
thereby prevent the interaction between CD81 and E2.
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