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Ebola virus contains a single glycoprotein (GP) that is responsible for receptor binding and membrane
fusion and is proteolytically cleaved into disulfide-linked GP1 and GP2 subunits. The GP2 subunit possesses
a coiled-coil motif, which plays an important role in the oligomerization and fusion activity of other viral GPs.
To determine the functional significance of the coiled-coil motif of GP2, we examined the effects of peptides cor-
responding to the coiled-coil motif of GP2 on the infectivity of a mutant vesicular stomatitis virus (lacking the
receptor-binding/fusion protein) pseudotyped with the Ebola virus GP. A peptide corresponding to the C-ter-
minal helix reduced the infectivity of the pseudotyped virus. We next introduced alanine substitutions into hy-
drophobic residues in the coiled-coil motif to identify residues important for GP function. None of the substi-
tutions affected GP oligomerization, but some mutations, two in the N-terminal helix and all in the C-terminal
helix, reduced the ability of GP to confer infectivity to the mutant vesicular stomatitis virus without affecting
the transport of GP to the cell surface, its incorporation into virions, and the production of virus particles.
These results indicate that the coiled-coil motif of GP2 plays an important role in facilitating the entry of Ebola
virus into host cells and that peptides corresponding to this region could act as efficient antiviral agents.

Ebola and Marburg viruses—filamentous, enveloped, non-
segmented negative-strand RNA viruses—belong to the family
Filoviridae and cause hemorrhagic fever in primates with high
mortality rates (16, 34). The Ebola virus consists of four sub-
types (Zaire, Sudan, Ivory Coast, and Reston) (16, 34) and
possesses at least seven structural proteins (39). The surface
glycoprotein (GP), expressed from the fourth structural pro-
tein gene (39), is a type I GP containing both N- and O-linked
carbohydrates (15, 17). It is the only transmembrane protein
protruding as a trimeric spike from the virion surface and is
responsible for receptor binding and membrane fusion, leading
to virus penetration (44, 53). The Ebola virus GP is proteolyti-
cally cleaved into disulfide-linked GP1 and GP2 subunits (41,
47), much like other viral membrane fusion proteins, including
the hemagglutinin (HA1 and HA2) subunits of influenza virus,
envelope protein (SU and TM, or gp120 and gp41) subunits of
retroviruses, and fusion protein (F1 and F2) subunits of para-
myxoviruses.

We (44) and others (53, 54) have developed complementa-
tion systems using either a mutant vesicular stomatitis virus
(VSV) or retrovirus for studying the functions of the Ebola
virus GP during the early steps of infection, without the con-
straints of BL-4 containment. Our system relies on a recombi-
nant form of VSV (VSVDG*) that contains the green fluores-
cent protein (GFP) gene instead of the VSV G gene and thus
is not infectious unless the receptor binding and membrane
fusion protein is provided in trans (44). The Ebola virus GP
confers infectivity to the mutant VSV and the complemented
virus infects primate cells more efficiently than avian, insect,

and other mammalian cells, corresponding to the host range
tropism of Ebola virus (44).

Gallaher (18) proposed that the C-terminal 180 amino acids
of the Ebola virus GP (GP2) are structurally similar to the
retroviral transmembrane (TM) domain. The N terminus of
GP2 contains the fusion peptide, as demonstrated by peptide
and mutational analyses (20, 38). Next to the fusion peptide
are a long amphipathic helix, a disulfide-bonded loop region
homologous to the conserved immunosuppressive motif (46),
and the C-terminal helix (Fig. 1A and B). Recently, GP2 ecto-
domain without the fusion peptide was crystallized, and its
X-ray crystal structure was determined (31, 49). These analyses
showed that the core structure of GP2 forms a trimeric coiled-
coil derived from the N-terminal helices and buttressed by
three surrounding helices from the C-terminal region aligned
in an antiparallel orientation (31, 49). This helical structure is
remarkably similar to that of the TM subunit of influenza virus,
retroviruses, and paramyxoviruses (1, 3, 4, 6, 7, 13, 14, 23, 25,
30, 45, 48).

To understand the molecular events in the early steps of
Ebola virus infection, we sought to determine the functional
roles of different regions of the GP in these processes. Several
studies on the coiled-coil of viral glycoproteins (e.g., the gp41
of human immunodeficiency virus type 1 [HIV-1], the F1 sub-
unit of paramyxoviruses, and the S protein of coronavirus)
have indicated the importance of the coiled-coil of these pro-
teins for oligomerization and a subsequent membrane fusion
event (2, 5, 10–12, 28, 35, 37, 50). Similarities among the core
structures of the GP2 of Ebola virus, the gp41 of HIV-1, and
the F1 subunit of paramyxoviruses suggest that the GP2 coiled-
coil plays important roles in GP oligomerization and fusion
activity between the viral envelope and the cellular membrane.
We therefore assessed the inhibitory activity of peptides cor-
responding to the GP2 coiled-coil on GP function and deter-
mined the effects of amino acid substitutions in the N- and
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FIG. 1. (A) Schematic representation of the Ebola virus GP. The GP is cleaved at position 501 into GP1 and GP2 subunits. The signal peptide, the fusion peptide, and
the TM anchor are shown as shaded boxes, while the two helices are depicted as open boxes. The amino acid sequence between positions 554 and 630 is presented beneath
the structure in single-letter code, and the residues in which mutations were introduced are indicated with italic letters. (B) Three-dimensional structure of the Ebola GP2
monomer. The residues containing a mutation are indicated by cyan coloring in the N-terminal helix and by violet in the C-terminal helix. (C) Helical wheel representation
of the N- and C-terminal helices. N and C represent the N- and C-terminal helices, respectively. The a through g lettering represents the heptad repeats. Residues in which
a mutation was introduced are indicated by boldface italic letters, with their respective positions given underneath the letters. (D) Expression of the wild-type Ebola virus GP
and its mutants. 293T cells were transfected with a plasmid expressing Ebola virus GP or its mutants and lysed in a sample buffer. Proteins in the lysates were separated by
SDS–10% PAGE, transferred to a PVDF membrane, and detected by anti-Ebola virus GP-SGP rabbit serum. Molecular masses of the marker proteins are shown on the left.
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C-terminal helices of GP2 on the oligomerization and infec-
tivity of VSVDGp complemented with GP or one of its mu-
tants.

MATERIALS AND METHODS

Plasmids. A full-length cDNA encoding the Ebola virus (Zaire subtype) GP
(40) was cloned into the expression vector pCAGGS/MCS (32, 33). The resulting
construct was designated pCEboZGP.

Cells and viruses. Vero cells were grown in Eagle minimal essential medium
supplemented with 10% fetal calf serum (FCS), L-glutamine, vitamin and amino
acid solutions, and antibiotics. Human embryonic kidney 293T cells were cul-
tured in high-glucose Dulbecco modified Eagle medium containing 10% FCS,
L-glutamine, and antibiotics.

The recombinant VSV, which possesses the GFP gene instead of the G protein
gene, complemented with VSV G protein (VSVDGp-G) or the Ebola virus GP
(VSVDGp-EbolaGP), was prepared as described previously (44). Briefly, 293T
cells were transfected with pCEboZGP. At 36 h after transfection, cells were
infected with VSVDGp-G at a multiplicity of infection of 1. Then, 24 h after
infection, the supernatant was harvested for virus stock.

Site-directed mutagenesis. Site-directed mutagenesis was carried out with the
GeneEditor in vitro site-directed mutagenesis system (Promega), as described by
the manufacturer. The presence of the desired mutations and the absence of
unwanted mutations in the genes were confirmed by DNA sequencing (42). The
mutant Ebola virus GPs were designated according to their respective amino acid
substitutions (e.g., L554A denotes a mutant GP containing amino acid substitu-
tion Leu-to-Ala at position 554).

Western blotting. Proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and electrotransferred to a poly-
vinylidene difluoride (PVDF) membrane. The PVDF membrane was blocked
overnight at 4°C with 5% skim milk in phosphate-buffered saline (PBS) and then
incubated with anti-VSV M protein monoclonal antibody (MAb) and anti-Ebola
virus GP-secreted GP (SGP) rabbit serum for 2 h at room temperature. The
membrane was washed five times with PBS containing 0.05% Tween 20. Bound
antibodies were detected with a Vectastain ABC kit (Vector) and the Western
immunoblot ECL system (Amersham). Signal intensities were quantified with an
Alpha Imager 2000 (Alpha Innotech Corp.).

Infectivity of the recombinant VSVs. To decrease background infectivity con-
tributed by VSVDGp-G during preparation of VSVDGp-EbolaGP or its mutants,
we incubated viruses with anti-VSV G MAb for 1 h at room temperature. Vero
cells were then incubated with recombinant VSVs for 12 to 14 h at 37°C, fixed
with 3% formalin in PBS, and then directly examined for GFP expression in 10
randomly selected microscopic fields.

Inhibition of recombinant VSV infectivity by peptide. The peptides Ebola
GP555 (ICGLRQLANETTQALQLFLRATTELRTFSILNRKA) and Ebola
GP610 (IEPHDWTKNITDKIDQIIHDFVDK), corresponding to GP amino
acids at positions 555 to 589 and 610 to 633, respectively, were synthesized by a
standard FMOC (9-fluorenylmethoxy carbonyl) method on an Applied Biosys-
tems 433A peptide synthesizer (Perkin-Elmer) and purified by high-performance
liquid chromatography on a C18 column with an acetonitrile gradient containing
0.1% trifluoroacetic acid. Recombinant VSVs were mixed with either peptide at
0, 0.2, 1, or 5 mg/ml and incubated for 1 h at room temperature. Vero cells were
then incubated with a virus-peptide mixture for 12 to 14 h at 37°C, fixed with 3%
formalin in PBS, and then directly examined for GFP expression in 10 randomly
selected microscopic fields.

Flow cytometric analysis. 293T cells expressing wild-type or mutant Ebola
virus GPs were detached by EDTA treatment and incubated with anti-Ebola
virus GP-SGP rabbit serum for 1 h on ice. Cells were washed with PBS containing
1% fetal bovine serum and then were incubated with fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit immunoglobulin for 30 min on ice. After the cells
were washed, they were resuspended in 3% formalin in PBS and analyzed by flow
cytometry.

Chemical cross-linking. 293T cells expressing wild-type or mutant Ebola virus
GPs were detached by EDTA treatment and incubated with dithiobis(succinimi-
dyl-propionate) (DSP; final concentration, 1 mg/ml; Pierce Chemical Co.) for 2 h
at room temperature. Reactions were stopped by adding Tris (final concentra-
tion, 100 mM). Cells were washed with PBS and lysed in 20 mM Tris-HCl (pH
7.5), 2 mM EDTA, 150 mM NaCl, 0.1% deoxycholic acid, and 1% Nonidet P-40.
The cross-linked samples were analyzed by Western blotting using anti-Ebola
virus GP-SGP rabbit serum.

GP cell-binding assay. We constructed plasmids encoding the wild-type or
mutant GPs with a six-histidine tag inserted between positions 38 and 39 by
site-directed mutagenesis. At 24 h after transfection, cells were labeled with 50
mCi of Tran35S-label (ICN) per ml for 12 h. Cells were then washed with PBS and
treated with lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 40 mM
n-octylglucoside). Lysed cells were centrifuged to remove cell debris, and the
supernatant was mixed with Ni-nitrilotriacetic acid agarose (Qiagen), followed by
purification of the GPs in a batch procedure. The GPs were eluted with elution
buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 250 mM imidazole, and 40 mM
n-octylglucoside) and dialyzed against PBS.

For binding assays, radiolabeled GPs (ca. 18,000 cpm) were incubated with

normal rabbit serum, anti-influenza A virus (A/WSN/33) rabbit serum, or anti-
Ebola virus GP-SGP rabbit serum for 2 h at room temperature and then added
to Vero cells for 2 h at 4°C. Cells were then washed five times with PBS to
remove the unbound GPs and lysed in PBS containing 1% Nonidet P-40. Cell
lysates were counted in a scintillation counter. The GP cell binding was deter-
mined by the following formula: (counts per minute [cpm] of lysate of GP-bound
cells in the presence of normal rabbit serum) 2 (cpm of lysate of GP-bound cells
in the presence of anti-Ebola virus GP-SGP rabbit serum).

RESULTS

Effect of the peptide corresponding to the C-terminal helix
sequence of Ebola virus GP2 on the infectivity of VSVDGp-
EbolaGP. The peptides corresponding to the coiled-coil re-
gions of viral fusion proteins possess antiviral activity (8, 22, 27,
36, 51, 52, 55). To test whether peptides corresponding to the
GP2 N- and C-terminal helix regions inhibit virus infection, we
synthesized two peptides, one corresponding to the N-terminal
helix (residues 555 to 589) and the other corresponding to the
C-terminal helix (residues 610 to 633). The first, EbolaGP555,
was soluble only in organic solutions and was precipitated in a
tissue culture medium, prompting us to test the ability of the
C-terminal helix peptide, Ebola GP610, on the infectivity of
VSVDGp-EbolaGP (Fig. 2). This peptide reduced the infectiv-
ity of VSVDGp-EbolaGP but not VSVDGp-G in a dose-de-
pendent manner, indicating that at least the C-terminal helix of
Ebola virus GP2 participates in the initiation of virus infection.

Expression of the mutant Ebola virus GPs. The coiled-coil
motif contains hydrophobic residues with a heptad periodicity,
generating a hydrophobic face. Heptad positions are usually
denoted “a” through “g.” Residues in positions a and d in one
helix hydrophobically interact with those in others to stabilize
the coiled-coil motif. To assess the importance of the coiled-
coil motif of Ebola virus GP2 in GP functions, we introduced
alanine substitutions into hydrophobic residues in positions a
and d of the N- and C-terminal coiled-coil motifs of GP2 (Fig.
1C). We first analyzed the expression of the mutants in 293T
cells by Western blotting using anti-Ebola virus GP-SGP anti-
body (Fig. 1D). With one exception (L569A), all of the mutant

FIG. 2. Effect of a peptide corresponding to the GP2 C-terminal helix at
positions 610 to 633 on the infectivity of recombinant VSV complemented with
Ebola virus GP. Recombinant VSVs complemented with either Ebola virus GP
or VSV G were incubated with or without the peptide for 1 h at room temper-
ature, prior to incubation with Vero cells. The infectivity of recombinant viruses
was determined by calculating the number of GFP-positive cells in 10 random
microscopic fields in the presence of various concentrations of the peptide.
Experiments were performed three times, and a representative result is shown.
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Ebola virus GPs were expressed in 293T cells in amounts and
with gel migratory properties similar to those of the wild-type
GP. The Leu-to-Ala substitution at position 569 resulted in a
lower expression level of a slower-migrating GP than was seen
with the wild-type GP.

Surface expression of the mutant Ebola virus GPs. To verify
that the mutant GPs were transported to the cell surface, we
analyzed the GP-expressing 293T cells by flow cytometry. As
shown in Table 1, all of the mutant Ebola virus GPs were
expressed at the cell surface at levels comparable to that of the
wild-type protein, indicating that mutations introduced in the
coiled-coil motif of Ebola virus GP2 did not appreciably affect
the transport of the resulting molecules.

Oligomerization of the mutant Ebola virus GPs. To deter-
mine whether amino acid substitutions affect oligomerization
of the mutant Ebola virus GPs, we cross-linked the proteins
expressed at the cell surface using a cross-linker, DSP, sensitive
to reducing agents (e.g., 2-mercaptoethanol). When incubated
with the cross-linker, the wild-type Ebola virus GP was de-
tected in monomeric, dimeric, and trimeric forms (Fig. 3A) as
observed by others (41). Only the monomer was detected with
2-mercaptoethanol treatment. Since all of the mutants formed
oligomers to approximately the same extent as the wild-type
protein when incubated with the cross-linker (Fig. 3B), we
concluded that the mutations introduced into the coiled-coil
motif of the GP2 did not affect GP oligomerization. However,
for unknown reasons, the monomeric form of L561A was de-
tected in reduced amounts, and the monomer and multimers
of L569A were poorly detected, although cell surface amounts
of these mutants, as detected by flow cytometry were similar to
those for the wild-type protein (Table 1).

Incorporation of the mutant Ebola virus GPs into recombi-
nant VSV particles. In order for the Ebola virus GP to confer

TABLE 1. Cell surface expression of the wild-type GP
and its mutantsa

GP % Cells
expressing GP

Mean fluorescence
intensity

Wild type 36.2 61.3
L554A 48.5 51.6
L558A 53.3 51.5
L561A 38.2 59.0
L569A 55.2 62.8
F572A 36.9 55.6
L579A 43.4 60.6
L585A 44.2 63.2
F592A 35.3 64.6
L593A 38.3 58.2
I619A 34.0 58.3
I623A 37.7 56.5
I626A 36.1 50.1
F630A 40.8 57.1

a 293T cells were transfected with plasmid DNA encoding the wild-type or
mutant GP and incubated for 36 h. Cell surface expression of the GP was
determined by flow cytometry with anti-Ebola virus GP-SGP rabbit serum fol-
lowed by an FITC-conjugated secondary antibody.

FIG. 3. Oligomer formation of wild-type Ebola virus GP and its mutants. 293T cells were transfected with a plasmid expressing Ebola virus GP or its mutants,
incubated with a cross-linker (DSP), and lysed in a lysis buffer. (A) The cross-linked wild-type GP that was treated or not treated with 2-mercaptoethanol (2ME) was
separated by SDS–6% PAGE. The molecular masses of marker proteins are shown on the left. (B) The cross-linked samples in lysates were separated by SDS–3.5%
PAGE. Western blotting was performed as described in Fig. 1.
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infectivity to VSVDGp virus, it must be incorporated into a
VSV virion. To verify the efficiency of incorporation of the
mutant Ebola virus GPs into VSV particles, we partially pur-
ified the recombinant VSVs from the supernatants of GP-
expressing cells that were infected with VSVDGp-G (Fig. 4A).
The levels of GP incorporation into VSV virions were then
compared by Western blot analysis after standardization based
on the intensity of VSV M protein. With a few exceptions, the
mutant Ebola virus GPs were incorporated into VSV particles
as well as or more efficiently than the wild-type protein, indi-
cating that amino acid substitutions in the coiled-coil region of
the Ebola virus GP did not negatively affect incorporation of
the Ebola virus GPs into VSV particles. However, some of the
GPs (especially L561A and L569A) with a mutation in the
N-terminal helix were incorporated into VSV particles less
efficiently than was the wild-type protein.

Effect of amino acid substitutions on the infectivity of
VSVDGp-EbolaGP. To test the effects of amino acid substitu-
tions in the coiled-coil motif of the Ebola virus GP2 on the
ability of the GP to initiate virus infection, we examined the
infectivity of VSVDGp complemented with either the wild-type
or a mutant Ebola virus GP in Vero cells (Fig. 4B). Recombi-
nant VSV pseudotyped with the wild-type GP had an infectiv-
ity titer of 106.9 infectious units/ml, as judged by the number of
GFP-expressing cells. Among mutant GPs with an alteration in
the N-terminal helix and with similar levels of incorporation
into virions, F592A and L593A appreciably reduced the ability
of the GP to confer infectivity to VSVDGp. Although the
L561A and L569A mutations also negatively affected this abil-
ity, they were associated with decreased GP incorporation into
VSV particles (Fig. 4). Other mutations in the N-terminal helix
did not impair GP function, although VSVDGp complemented
with L554A or F572A mutant GPs showed slightly reduced
infectivity. In contrast, all of the mutations introduced into the
C-terminal helix reduced the ability of the GP to confer infec-
tivity to VSVDGp without affecting GP virion incorporation.

To determine whether the amino acid substitutions in the
coiled-coil motif of the Ebola virus GP2 affect GP binding
activity to the target cells, we produced the wild-type or mutant
GPs and examined their cell-binding activity (Fig. 4C). The
binding activity of any GPs was not inhibited by anti-influenza
A virus (A/WSN/33) rabbit serum (negative control; data not
shown). Although L569A and F572A mutant GPs bound to
cells at a reduced level, other mutants bound as well as or more
efficiently than the wild-type, suggesting that the mutations
that reduced the ability of the GP to confer infectivity did not
affect their cell binding. These results indicate that the coiled-
coil motif of the Ebola virus GP2 is crucial for the initiation of
virus infection by the GP and that alterations in the C-terminal
helix have a more profound effect on GP function than do
those in the N-terminal helix.

DISCUSSION

We have demonstrated that the N- and C-terminal helical
regions of Ebola virus GP are important for the ability of this
protein to support viral entry into host cells. Our findings are
consistent with the fact that two comparable coiled-coil regions
in the TM subunit of other viral glycoproteins (e.g., HA2 of
influenza virus, F1 of paramyxoviruses, and TM or gp41 of
retroviruses) are also critical for their functions (2, 5, 10–12,
35, 37, 50).

The crystal structures of many viral TM subunits are thought
to be the fusion-active state and to represent the final, most-
stable form of the protein after a conformational change, since
these structures are thermostable and the N-terminal end (the

FIG. 4. (A) Incorporation of wild-type Ebola virus GP and its mutants into
VSV particles. VSVDGp complemented with Ebola virus GP or its mutants was
partially purified by centrifugation through 25% sucrose and lysed in a sample
buffer. Viral proteins were separated by SDS–10% PAGE, and Western blotting
was performed as described in Fig. 1. The relative levels of mutant GP incorpo-
ration into VSV compared to those with the wild-type GP are shown as the
means of two independent experiments by comparing the GP intensity of purified
viruses using VSV M protein for standardization. (B) Infectivity in Vero cells of
recombinant VSV complemented with wild-type Ebola virus GP or its mutants.
The infectivity of recombinant viruses is shown as infectious units, calculated
from the number of GFP-positive cells in 10 random microscopic fields. The
mean and standard error of two independent experiments are shown. (C) Rel-
ative binding activity of the wild-type and mutant GPs to Vero cells. GP cell-
binding was determined as described in Materials and Methods. The binding
activity of mutant GPs was shown as a percentage relative to that of the wild-
type. The mean and standard error of two independent experiments are shown.
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fusion peptide) and the C-terminal end (adjacent to the TM
domain) lie on the same side of the molecule (reviewed in ref-
erence 9). For viral fusion proteins, a conformational change
to the fusion-active state is an essential step in the fusion of the
viral envelope with target membranes. When the native state of
the influenza virus HA is exposed to low pH, a long loop of the
N terminus of HA2 forms a three-stranded coiled-coil by the
spring-loaded mechanism, and the C-terminal end of HA2
refolds to form a loop and to pack against the N-terminal helix
in an antiparallel orientation (fusion-active state) (3, 6). Al-
though the native conformation of gp120-gp41 has not been
identified for HIV-1, when the virus binds to cellular receptors,
the conformation of gp120-gp41 complex changes to the fu-
sion-active state (reviewed in references 9 and 43). Because of
its remarkable similarity to the crystal structures of influenza
virus HA2 and of HIV gp41, the crystal structure of the Ebola
virus GP2 is thought to be the fusion-active state. Previous
studies by us and others have shown that the Ebola virus GP
requires exposure to low pH for its ability to initiate infection
(44, 53). Although the native conformation of the Ebola virus
GP has not been determined, a low-pH environment may trig-
ger a conformational change in this protein (as shown for the
influenza virus HA), resulting in the fusion of the viral enve-
lope with cellular membranes (Fig. 5A).

Among 13 mutants we generated, six mutants (two in the
N-terminal helix [F592A and L593A] and four in the C-termi-
nal helix [I619A, I623A, I626A, and F630A]) either lost or
showed a reduced ability (,10% of that of the wild-type GP)

to confer infectivity to VSV lacking its receptor-binding and
fusion protein. Because these mutant GPs formed a trimer and
were incorporated into VSV particles as well as the wild-type
GP, these substitutions did not appear to broadly affect the
native conformation of the molecule but instead affected the
process of the conformational change or the fusion-active con-
formation after a conformational change (Fig. 5B).

Amino acids at positions 592 and 593 are located at the end
of the N-terminal helix adjacent to a disulfide bonded-loop in
the crystal structure (Fig. 1B). This loop seems to serve as a
hinge that can alter the direction of the downstream C-termi-
nal helix upon a conformational change (31, 49). Thus, these
substitutions might hinder a proper conformational change or
affect the molecule of the fusion-active state after a conforma-
tional change. A substitution at position 561 in the N-terminal
helix also inhibited GP function, although incorporation of the
mutant into virions was reduced, indicating that this residue
(L561) may also be important for GP conformation.

Amino acids at positions 619, 623, 626, and 630 are located
in the C-terminal helix (Fig. 1B), which forms an outer helix
that packs in an antiparallel manner into grooves formed by
the N-terminal helix. After a conformational change, the C-
terminal (outer) helix must interact with the N-terminal (in-
ner) helix to form a stable, fusion-active conformation. Since
amino acids at positions 619, 623, 626, and 630 interact with
residues composing the N-terminal helix in the crystal struc-
ture (31, 49), substitutions may impede proper packing of the
N- and C-terminal helices to form a fusion-active oligomer.

FIG. 5. Model for Ebola virus GP2-mediated membrane fusion. A conformational change would lead to the insertion of the fusion peptide into the host cell
membrane (left panel). (A) Upon insertion of the fusion peptide into the host cell membrane, GP2 induces fusion of viral envelope with the host cell membrane. (B
and C) Amino acid substitutions (shown in red) (B) or a peptide (shown in red) corresponding to the coiled-coil structure of GP2 (C) may inhibit a conformational
change of the molecule, resulting in the lack of fusion between viral envelope and the host cell membrane.
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Studies of a point mutation in the N-terminal helix of the
HIV-1 gp41 molecule revealed that substitutions of residues at
position a or d in a heptad repeat can affect fusion activity (10,
12, 35). In our study, the majority of amino acid substitutions
in the N-terminal helix (L554, L558, L569, F572, L579, and
L585) did not appreciably inhibit GP function, whereas those
in the C-terminal helix did, suggesting that with regard to the
fusion process, the C-terminal helix may be important for sta-
bilizing conformation of the GP molecule for the Ebola virus.

Amino acid changes in viral GPs can inhibit protein folding
and oligomerization. In this study, we introduced alanine sub-
stitutions into the coiled-coil regions of the Ebola virus GP2 to
minimize the effect of mutations on the overall structure. Ala-
nine has a strong a-helix-forming propensity (19, 29). In fact,
to inhibit oligomerization of HIV glycoprotein by alanine sub-
stitution, 9 of the 10 hydrophobic repeat residues in the N-
terminal helix of HIV-1 gp41 must be changed (35). These
findings are consistent with ours showing that alanine substi-
tutions in the coiled-coil regions of the Ebola virus GP2 do not
negatively affect oligomerization.

A peptide corresponding to the C-terminal helix inhibited
infection of recombinant VSVs complemented with Ebola vi-
rus GP, although the peptide concentrations required to in-
hibit infection were higher than those used in other studies (8,
22, 27, 36, 51, 52, 55). This discrepancy may reflect differences
in the assay systems. The studies of peptides for HIV-1 and
paramyxoviruses were performed with multiple cycles of viral
replication, whereas in our study only a single cycle of repli-
cation was used, raising the possibility that a lower amount of
peptide was needed to inhibit multiple, as opposed to single,
cycles of replication. Alternatively, the explanation may lie in
differences between the fusion processes of Ebola virus and
those of HIV-1 or paramyxoviruses. The former appears to
fuse in the endosome (44, 53), while the latter fuses with the
surface of cellular membrane (9, 26). If inhibitory peptides
interact with the coiled-coil upon a conformational change of
the fusion proteins, the amount of peptides available at the cell
surface may be higher than in the endosome.

A peptide corresponding to the C-terminal helix of HIV-1
gp41 inhibited viral replication in vitro and in vivo (8, 22, 24,
52). The mechanism for this effect is thought to be due to
inhibition of fusion of the viral envelope with cell membranes
through binding of the peptide to the N-terminal helix region
of HIV gp41 during a conformational change (reviewed in
references 9 and 43). The inhibitory activity attributed to an
Ebola virus peptide in our study may stem from the same
mechanism (Fig. 5C). Attempts to elicit protective immune
responses against Ebola virus by traditional active and passive
immunization approaches have not been successful (21, 34).
Thus, peptides corresponding to the C-terminal helix may
prove useful as an antiviral agent against Ebola virus infection,
depending on studies to define optimal peptide length and
composition.

Results of the present study indicate the importance of the
coiled-coil region of Ebola virus GP2 in GP function, as well as
the potential of corresponding peptides as antiviral agents. Use
of conformation-specific antibodies to probe GP conforma-
tional change may provide insight into the contributions of the
GP2 coiled-coil region to the Ebola virus life cycle.
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