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ABSTRACT Ebola virions contain a surface transmem-
brane glycoprotein (GP) that is responsible for binding to
target cells and subsequent fusion of the viral and host-cell
membranes. GP is expressed as a single-chain precursor that
is posttranslationally processed into the disulfide-linked frag-
ments GP1 and GP2. The GP2 subunit is thought to mediate
membrane fusion. A soluble fragment of the GP2 ectodomain,
lacking the fusion-peptide region and the transmembrane
helix, folds into a stable, highly helical structure in aqueous
solution. Limited proteolysis studies identify a stable core of
the GP2 ectodomain. This 74-residue core, denoted Ebo-74,
was crystallized, and its x-ray structure was determined at
1.9-Å resolution. Ebo-74 forms a trimer in which a long,
central three-stranded coiled coil is surrounded by shorter
C-terminal helices that are packed in an antiparallel orien-
tation into hydrophobic grooves on the surface of the coiled
coil. Our results confirm the previously anticipated structural
similarity between the Ebola GP2 ectodomain and the core of
the transmembrane subunit from oncogenic retroviruses. The
Ebo-74 structure likely represents the fusion-active confor-
mation of the protein, and its overall architecture resembles
several other viral membrane-fusion proteins, including those
from HIV and influenza.

Ebola viruses are nonsegmented, negative-strand RNA vi-
ruses, which, together with Marburg viruses, constitute the
family Filoviridae (1). The most pathogenic subtype (Zaire) of
Ebola virus causes a severe form of hemorrhagic fever in
humans and nonhuman primates (2–4). Recent work suggests
that infection of endothelial cells by Ebola virus contributes to
the hemorrhagic components of the disease (5). However, the
natural hosts for Ebola viruses have not yet been identified,
and thus the factors that influence the evolution and ecology
of these viruses, and lead to human infections, remain largely
unknown.

Ebola virions possess a single surface transmembrane gly-
coprotein (GP) that plays a central role in entry into target
cells by binding to as yet unidentified receptors, and then
mediating fusion between the viral and the host cell mem-
branes. The four known subtypes of Ebola virus (Zaire, Sudan,
Reston, and Ivory Coast) demonstrate 51–63% sequence
identity between GPs and 45% identity with Marburg virus (6).
GP is expressed as a single chain precursor of 676 aa that is
posttranslationally processed into the disulfide-linked frag-
ments GP1 and GP2 (Fig. 1) by a cellular convertase, furin (7).

Ebola GP shares general features with many other viral
membrane fusion proteins. Analogous to the Ebola GP1 and
GP2 subunits, respectively, are the HA1 and HA2 subunits

from influenza, and the surface subunit and transmembrane
subunit (TM) from retroviruses, including gp120 and gp41
from HIV type 1 (HIV-1) and simian immunodeficiency virus
(SIV). In each instance, the first subunit is responsible for
binding to cell-surface receptors, whereas the second subunit
is responsible for mediating membrane fusion (8).

The GP2 subunit of Ebola contains several characteristic
features (Fig. 1). Toward its N terminus is the ‘‘fusion-
peptide’’ region, which is thought to insert directly into the
target membrane at an early stage in the membrane-fusion
process. After the fusion peptide is a region containing 4,3
hydrophobic (heptad) repeats, a sequence motif suggestive
of coiled-coil structures. Next is a disulfide-bonded loop
region that is homologous to the conserved ‘‘immunosuppres-
sive’’ motif found in oncogenic retroviruses (9), followed by
another region predicted to form an amphipathic helix. A
transmembrane helix is found at the C terminus of GP2, but
there is no substantial intra-viral domain. Several of these
features of the Ebola GP2 subunit also can be found in the TM
of the envelope proteins of oncogenic retroviruses, such as
Moloney murine leukemia virus (Mo-MLV) and Rous sar-
coma virus (10, 11).

Previously, we used a protein-dissection strategy to identify
and determine the x-ray structures of protease-resistant cores
for viral proteins involved in membrane fusion, including those
from Mo-MLV (10, 12), HIV-1 (13, 14), and SIV (15, 16). In
this approach, we first construct a recombinant model for the
ectodomain (i.e., the extra-viral region). The hydrophobic
fusion peptide is not included, as this region is expected to
interfere with biophysical and structural characterization.
Next, limited proteolysis experiments are used to identify a
soluble core of the ectodomain that then can be characterized
by structural methods.

Here, we used the same approach to investigate the structure
of the GP2 ectodomain from Ebola virus. We produced a 95-aa
residue fragment of GP2, corresponding to the ectodomain
without the amino-terminal fusion-peptide region. After es-
tablishing the correct disulfide connectivity in the region of the
fragment that corresponds to the retroviral immunosuppres-
sive motif (by characterizing disulfide variants of the ectodo-
main), limited proteolysis experiments were used to identify a
proteolytically resistant core of the ectodomain. This 74-aa

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

Abbreviations: TM, transmembrane subunit; GP, glycoprotein; Mo-
MLV, Moloney murine leukemia virus; HIV-1, HIV type 1; SIV,
simian immunodeficiency virus; Ebo-74, Ebola GP2 fragment, resi-
dues 557-630; Ebo-95, Ebola GP2 fragment, residues 549-643; Mo-55,
Mo-MLV fragment, residues 44-98.
Data deposition: The coordinates reported in this paper have been
deposited in the Protein Data Bank, Biology Department, Brookhaven
National Laboratory, Upton, NY 11973 (PDB ID code 2ebo) and are
available immediately at http:yywww.wi.mit.eduykimyhome.html.
*To whom reprint requests should be addressed. e-mail: tocio@

wi.mit.edu.

2662



core (referred to as Ebo-74) was crystallized, and the x-ray
crystal structure was determined at 1.9-Å resolution.

While our crystal structure was being refined, the structure
of a similar fragment of Ebola GP2, fused to a trimeric coiled
coil, was reported at 3.0-Å resolution (17). Our results are in
overall agreement with the structure of this fusion protein (17),
and they confirm the remarkable structural similarity between
the core of the Ebola GP2 protein and the x-ray crystal
structure of the corresponding core from the Mo-MLV TM
protein that had been anticipated earlier (10).

MATERIALS AND METHODS

Gene Construction and Protein Purification. By using op-
timal codons for Escherichia coli expression (18), a synthetic
gene was constructed that encodes residues 549–643 (i.e.,
Ebo-95) of the Ebola virus GP (Zaire subtype; Genbank
accession no. U23187) (6). To avoid nonspecific disulfide bond
formation, Cys-556 was changed to an alanine residue. The
constructed gene was inserted into the HindIII–BamHI re-
striction site of pMMHb (19). The resulting plasmid, denoted
pMMHb-Ebo95, expresses a fusion protein containing a mod-
ified TrpLE leader sequence and a 9-histidine tag. Plasmids
encoding additional single cysteine-to-alanine mutations, de-
noted pMMHb-Ebo95.1, pMMHb-Ebo95.2, and pMMHb-
Ebo95.3, were generated by site-directed mutagenesis at Cys-
601, Cys-608, and Cys-609, respectively. A truncated version of
Ebo-95, denoted Ebo-74, was created by amplifying the nu-
cleotides corresponding to residues 557–630 from the pM-
MHb-Ebo95.3 plasmid by using PCR. The amplified region
was inserted into the HindIII–BamHI restriction site of pM-
MHb to generate a plasmid denoted pMMHb-Ebo74. The
recombinant proteins were expressed and purified as described
(19), except that the BL21 (DE3) pLysE strain of E. coli was
used. Disulfide bonds were formed by air oxidation before
CNBr cleavage. For purification on the Ni21 column, the
sample was applied in denaturing buffer containing 10 mM
imidazole, as described (19), then washed with buffer contain-
ing 100 mM imidazole, and eluted with buffer containing 250
mM imidazole. Final purification was by reverse-phase HPLC
using a Vydac C18 preparative column with a watery
acetonitrile gradient of 0.1%ymin in the presence of 0.1%
trif luoroacetic acid. The mass of each purified protein was
verified by mass spectrometry on a Voyager Elite matrix-
assisted laser desorption ionization time-of-f light mass spec-
trometer (PerSeptive Biosystems, Framingham, MA), and in

each case the observed mass was within 3 Da of the expected
value.

Proteolysis. All proteolysis reactions were performed with 1
mgyml Ebo-95.3 and 0.1 mgyml protease at room temperature
and were quenched with 5 mM phenylmethylsulfonyl f luoride
(final concentration). Subtilisin reactions were carried out in
the presence of 20 mM Tris, 10 mM CaCl2, pH 8.0, while
protease K reactions were performed in 20 mM Tris, pH 8.7.
Proteolysis samples were analyzed by reverse-phase HPLC
connected to a Finnigan-MAT (San Jose, CA) LCQ electro-
spray mass spectrometer. Fragments were assigned by match-
ing observed masses with a list of possible fragment masses
predicted by the computer program FRAGMENT MASS (E. Wolf
and P.S.K., http:yywww.wi.mit.eduykimycomputing.html). All
assigned fragments were within 1 Da of their predicted values.
In addition, the next closest predicted mass was never closer
than 3 Da to the assigned mass and most differed by more than
5 Da.

CD Spectroscopy. All CD spectroscopy was performed by
using an Aviv 62 DS spectrometer (Aviv Associates, Lake-
wood, NJ) as described (13). All reported data were collected
at a dynode voltage of less than 450 V. Protein concentrations
were determined by the method of Edelhoch (20). Thermal
unfolding studies of the Ebo-95 variants were carried out with
5 mM protein in 100 mM NaPO4, 150 mM NaCl, pH 7.2.
Thermal unfolding studies with Ebo-74 were carried out with
2.5 mM protein in 10 mM acetate, pH 4.5 with either no salt
or 5 mM added salt (NaF, NaCl, or NaBr).

Crystallization and Structure Determination. Stocks of
HPLC-purified Ebo-95.3 and Ebo-74 were dissolved in water,
and their final protein concentrations were adjusted to 10
mgyml. Although attempts to grow diffraction-quality crystals
of Ebo-95.3 were unsuccessful, Ebo-74 crystallized under
several conditions using crystallization kits I and II (Hampton
Research, Riverside, CA) to produce similar-looking hexago-
nal bipyramids. These original crystals, however, possessed
internal disorder as indicated by an uneven shape and poor
diffraction. Well-diffracting crystals of Ebo-74 were grown via
the hanging drop method by equilibrating 2-ml drops (protein
solution mixed 1:1 with reservoir solution) against a reservoir
solution containing 16–18% isopropanol, 100 mM sodium
acetate, pH 4.6, and 100–200 mM CaCl2. Crystals grew as
hexagonal bipyramids to a maximum size of 0.1 3 0.1 3 0.2
mm3 within 1–2 weeks. The crystals belong to the space group
P62 (or P64, a 5 b 5 75.66 Å, c 5 67.94 Å, a 5 b 5 90o, g 5
120o). Self-rotation function calculations and a 44% solvent
content (21) in the crystals suggested one trimer in the
asymmetric unit, wherein monomers are related by an approx-
imate noncrystallographic three-fold axis.

For data collection, crystals were transferred to a drop
containing reservoir solution plus 30–40% glycerol, harvested,
and flash-frozen. Diffraction data were collected at 100 K by
using a Quantum-4 charge-coupled device detector and the
5.0.2 beam line at the Advanced Light Source (Berkeley, CA).
The Ebo-74 crystal diffraction limits were improved, and the
mosaicity was decreased significantly by a cryo-annealing
technique in which the crystal was repeatedly thawed for about
30 sec by blocking the cryostream and then frozen again. An
elevated concentration of cryoprotectant to prevent ice for-
mation was essential with this technique. Diffraction intensi-
ties were integrated by using DENZO and SCALEPACK software
(22) and reduced to structure factors with the program TRUN-
CATE from the CCP4 program suite (23). The structure of
Ebo-74 was solved by molecular replacement by using the
program AMORE (24). Solvent flattening, histogram matching,
and three-fold noncrystallographic averaging with the pro-
gram DM (25) improved phasing. Density interpretation and
model building were done with the program O (26). Crystal-
lographic refinement of the structure (Table 1) was done with

FIG. 1. A schematic representation of Ebola GP. The residues are
numbered according to their position in the Ebola GP sequence (Zaire
subtype; Genbank accession no. U23187). The sequence of Ebo-74 is
indicated. Ebola GP is proteolytically processed into the receptor
binding domain GP1 (residues 33–501; gray), and the transmembrane
domain GP2 (residues 502–676; light blue). Close to the N terminus,
GP2 contains the fusion peptide (FP, residues 524–539). Two regions
predicted to form amphipatic helical regions are indicated (blue and
red). GP2 is presumed to be disulfide-linked to GP1 through Cys-609.
The C-terminal part of the first helical region and most of the loop
correspond to an immunosupressive motif in oncogenic retroviruses
(residues 584–610; black stripe). The transmembrane anchor (TM,
residues 651–672) attaches GP2 to the viral membrane. Identical
residues between the sequences of Ebo-74 and Mo-55 from Mo-MLV
(10, 12) are indicated with lines, and similar residues are indicated with
dots. The chloride-binding residue, Asn-586, is marked by p. SS; signal
sequence.
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the CNS (27) and REFMAC (23) programs. Noncrystallographic
symmetry restraints were not used in the final refinement.

RESULTS

Stability of Ebo-95 Disulfide Bond Variants. A 95-residue
fragment, denoted Ebo-95, of the Ebola GP2 ectodomain was
produced with a plasmid containing a synthetic gene encoding
residues 549–643 from the Ebola Zaire GP (6). Cys-556 was
changed to Ala in Ebo-95 to avoid nonspecific disulfide bond
formation. Within the region of the protein with sequence
similarity to the immunosuppressive-loop region of retroviral
TM proteins, there are three other cysteine residues (Cys-601,
Cys-608, and Cys-609). The disulfide connectivity for the
analogous region in Mo-MLV, established previously by bio-
chemical methods, is from the first to the second Cys residue
in this region (12).

Although it seemed likely that the same disulfide connec-
tivity exists in Ebola GP2, we sought to experimentally verify
this similarity between the filovirus and retrovirus proteins. To
generate proteins representing the three possible disulfide
variants, each of the three cysteines was individually changed
to alanine. Each variant was air-oxidized in the presence of 6
M GuHCl to ensure intramolecular disulfide bond formation.
All three variants folded to form stable, highly helical struc-
tures (data not shown). The thermal stability of each variant
was measured by CD studies. Comparable to the results of
analogous experiments on Mo-MLV peptides (12), the Ebo-95
variant with a Cys-601 to Cys-608 disulfide bond (Ebo-95.3) is
indeed the most stable (apparent Tm of 88°C, as compared with
78°C and 84°C for the variants with the Cys-608 to Cys-609, and
Cys-601 to Cys-609 disulfide bonds, respectively; data not
shown).

Identification of the Ebo-74 Core. Ebo-95.3, the most stable
disulfide variant, was subjected to proteolysis by subtilisin and
protease K. Each protease removes residues from both the N
and C termini of Ebo-95.3 molecules. Digestion with subtilisin
results in two predominant fragments, corresponding to resi-
dues 555–633 (79 residues) or residues 555–630 (76 residues)
from the full-length Ebola GP (data not shown). These
fragments represent a seven-residue truncation from the N
terminus and either a 10- or 13-residue truncation from the C

terminus. Digestion with protease K (Fig. 2) results in these
same fragments, but it also generates a slightly shorter 74-
residue fragment corresponding to residues 557–630 of Ebola
GP. This fragment, denoted Ebo-74, was chosen for detailed
study as the core of the Ebola GP2 ectodomain.

Solution Properties of Ebo-74. CD spectroscopy indicates
that Ebo-74 (with the 601–608 disulfide bond) folds into a
stable helical structure ([u]222 5 223, 200 degzcm2zdmol21, or
'50 helical residues; data not shown). These properties are
similar to those of the 92-residue Mo-92 ectodomain from
Mo-MLV, which also folds as a stable helical structure ([u]222
5 221,000 degzcm2zdmol21, or '54 helical residues; ref. 12).

The coiled coil in the Mo-MLV TM protein core contains
a buried Asn residue that coordinates a chloride ion, as judged
by both biochemical and x-ray crystallographic evidence (10).
A similar Asn residue also is conserved in the Ebola GP2 core
(Asn-586). To investigate the ion-binding properties of Ebo-
74, thermal unfolding experiments were performed in the
presence of different monovalent anions. Chloride and bro-
mide ions result in substantial stabilization of Ebo-74, whereas
fluoride has very little effect (apparent Tm 5 84°C, 84°C, 79°C,
or 77°C in the presence of 5 mM NaCl, 5 mM NaBr, 5 mM NaF,
or no added salt, respectively; data not shown). These results,
very similar to those obtained earlier with Mo-55 (10), suggest
that the anion binding site is conserved in Ebo-74.

Ebo-74 Structure Determination. Although Ebo-74 con-
tains significantly more residues than Mo-55, and there is only
22% sequence identity between Ebo-74 and Mo-55, the overall
similarities of these cores prompted us to attempt to solve the
Ebo-74 crystal structure with a molecular replacement ap-
proach. A solution was found by using a trimeric polyserine
model of Mo-55 (10), with the loop regions omitted and a
chloride ion retained in the core (i.e., the model contained only
36% of the atoms in the target structure). This solution became
apparent after the fitting procedure in AMORE (final correla-
tion coefficient 5 0.431 and R factor 5 0.484 in the resolution
shell 10.0 to 4.0 Å), and it also resolved the ambiguity in space
group determination in favor of P62. Initial phases, calculated
from the correctly positioned model, were dramatically im-
proved by using 3-fold averaging with DM (25). The initial
DM-phased electron density map clearly revealed the struc-
tures of the omitted loops and the C-terminal helices absent
from the trial model. The quality of the map was further
improved through noncrystallographic symmetry matrix re-
finement (25) and solvent mask redefinition with the program
NCSMASK (23). An initial model of Ebo-74 was built based on

Table 1. Data collection and refinement statistics

Data collection
Resolution, Å 20.0–1.90
Observed reflections 86,630
Unique reflections 17,326
Completeness, % 98.9 (99.1)*
Rmerge† 0.037 (0.309)*

Refinement
Protein nonhydrogen atoms 1,806
Water molecules 214
Heteroatoms (Cl2) 1
Rcryst‡ 0.205 (0.239)*
Rfree‡ 0.269 (0.319)*
rms deviation from ideal geometry

Bond lengths, Å 0.009
Bond angles, ° 1.3
Dihedral angles, ° 19.8

Average B factor, Å2 40.6

*Values in parentheses correspond to highest resolution shell 1.93 to
1.90 Å.

†Rmerge 5 ¥¥juIj(hkl) 2 ^I(hkl)&u/¥u^I(hkl)&u, where Ij is the intensity
measurement for reflection j and ^I& is the mean intensity over j
reflections.

‡Rcryst (Rfree) 5 ¥iFobs(hkl)u 2 uFcalc(hkl)i/¥uFobs(hkl)u, where Fobs and
Fcalc are observed and calculated structure factors, respectively. No
s-cutoff was applied. Ten percent of the reflections were excluded
from refinement and used to calculate Rfree.

FIG. 2. Protein dissection of the Ebola GP2 ectodomain. Shown is
a portion of a reverse-phase HPLC chromatogram of a sample of
Ebo-95.3 digested with protease K for 2 hr in 20 mM Tris, pH 8.7. The
HPLC eluant was analyzed directly with an on-line mass spectrometer
(Finnigan-MAT LCQ), and the fragments (indicated with residue
numbers) were assigned by matching observed masses with a list of all
possible predicted fragment masses (see text). Fragments correspond-
ing to peptides described in this paper are labeled with parentheses.
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this map and then refined to convergence. The final 2Fo 2 Fc
electron density map is of good quality (see Fig. 4) and reveals
the positions of all of the amino acid residues except for a few
disordered side chains at the chain termini and on the protein
surface.

Overall Architecture of Ebo-74. As expected, Ebo-74 forms
a homotrimer. Each of the three polypeptide chains folds into
a helical-hairpin conformation, in which two antiparallel he-
lices are connected by a loop region (Fig. 3). The N-terminal
helices from each monomer form a central, three-stranded
coiled coil. This coiled-coil core includes approximately 35
residues (561–595) from each chain (the two most N-terminal
residues are not well defined in the electron density maps and
next two are in a random-coil conformation). Shorter C-
terminal helices (residues 615–629) pack in an antiparallel
manner into hydrophobic grooves on the surface of the
coiled-coil core (the C-terminal Phe-630 residue is disordered
in all chains). In the loop region connecting the N- and
C-terminal helices, a disulfide between Cys-601 and Cys-608
links a short a-helix (residues 600–604) and a short 310-helix
(residues 606–610). Additionally, the loop region between the
310-helix and C helix (residues 611–614) are in an extended
conformation. Because of asymmetric crystal contacts, the
three individual chains in the Ebo-74 structure have slight
differences in conformation and degree of order, with the B
chain having a higher overall B factor (43.1 Å2) than the A and
C chains (37.7 and 37.1 Å2, respectively). The rms deviation
between the individual chains in the Ebo-74 noncrystallo-
graphic trimer vary from 0.74 Å (chains A and C) to 1.31 Å
(chains B and C).

Chloride-Binding Site of Ebo-74. Asn and Gln residues in
the cores of some three- or five-stranded coiled coils bind

chloride ions (10, 28–30), although other three-stranded coiled
coils with buried Asn or Gln residues, including those in the
core structures of HIV-1 and SIV gp41, apparently do not bind
ions (14, 16, 31–34). In the Ebo-74 structure, a strong x-ray
scatterer binds between the adjacent rings of Ser-583 and
Asn-586 residues (Fig. 4). This density was identified as a
chloride ion based on several lines of evidence. First, solution
studies described above indicate that chloride and bromide
ions can bind Ebo-74. Second, chloride is present in the
crystallization solution. Third, the individual B factor refine-
ment of a modeled chloride ion converges at 24.1 Å2; the same
value is obtained for the average B factor of the interacting
amide nitrogens of the Asn-586 residues. Finally, the average
distance between the ion and the interacting nitrogen atoms is
3.28 Å, similar to the distances observed for chloride binding
in other coiled coils (10, 28–30) and close to the sum of the van
der Waals radii for NH4

1 and Cl2 (3.24 Å; ref. 35). If a
chloride-binding site is common in other fusion glycoproteins
with analogous architectures and can be substituted by bro-
mide, the bromide complex would be an attractive target for
multiple-wavelength anomalous dispersion phasing experi-
ments when molecular replacement methods fail to permit
x-ray structure determination.

Irregularities in the Ebo-74 Coiled Coil. Visual analysis and
superposition of the Ebo-74 coiled-coil structure with the
structures of regular three-stranded coiled coils (e.g., GCN4-
pIQI, ref. 29; or Mo-55, ref. 10) reveal clear irregularities at the
N-terminal end of the Ebo-74 coiled coil (Fig. 5). In terms of
superhelix parameters (36–38), this deviation can be described
as an unwinding of the superhelix (decrease in vo) and an
increase in the a-position orientation angle (f), with a de-
crease in the superhelix crossing angle (x). Indeed, in the first
three helical turns of the Ebo-74 coiled coil, the helices are
almost straight. As a result, the helices are further apart than
in the regular coiled-coil region of Ebo-74 (supercoil radius Ro
5 7.0 Å vs. 6.3 Å), and knobs-into-holes packing interactions,
a hallmark of coiled coils, are lost.

An irregularity at the N-terminal end of the Ebola GP2
coiled coil also exists in the crystal structure of the GP2
fragment fused to an N-terminal GCN4 trimeric coiled coil
(17). Our results indicate that this irregularity is not imposed
by the GCN4 coiled coil. The N-terminal ends, however, are
where the most significant differences exist between the
structures of the Ebola-GCN4 fusion protein (17) and Ebo-74.
Specifically, the Ebola-GCN4 fusion protein (17) has nine
additional helical residues in an a-helical conformation at the
N terminus, as compared with Ebo-74 structure. (Four of those
nine are present in Ebo-74 as disordered or nonhelical resi-
dues, and the remaining five are not present.) It is possible that
the GCN4 coiled coil has forced these residues into an
a-helical conformation in the Ebola-GCN4 fusion, or alter-
natively, it could be that end-effects in the Ebo-74 construct

FIG. 3. Ebo-74 forms a trimer-of-hairpins structure. (A) A side
view of the Ebo-74 structure. N helices (dark blue) constitute a central
coiled coil and C helices (red) pack into hydrophobic grooves on the
surface of the coiled coil. Disulfides within the loop regions (light blue)
are depicted in yellow. (B) Each monomer has an a-helical hairpin
conformation. The last three turns of the N helix, followed by the short
a- and 310-helices (magenta), correspond to the immunosuppressive
motif region in oncogenic retroviruses. Figure was generated by using
INSIGHT II (64).

FIG. 4. Chloride-binding site within the central coiled coil of
Ebo-74 as visualized in a stereo view of the final 2Fo 2 Fc electron
density map. A chloride ion and water molecules are shown as green
and red spheres, respectively. The map was contoured at 1.5 s. Figure
was generated by using o (26).
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cause these residues to unfold. In addition, the irregularity at
the N-terminal end of the coiled coil has been described as a
‘‘stutter’’ in the Ebola-GCN4 fusion protein (17, 39), but the
lack of knobs-into-holes packing at the N-terminal end of
Ebo-74 makes the definition of the heptad-repeat position
irrelevant in this case.

Interestingly, the otherwise quite similar Mo-55 structure
has a very regular structure throughout its coiled coil (10). The
irregularity in the Ebo-74 coiled coil might be determined by
the sequence of the coiled-coil region or may result from
interactions of the C-terminal helices with the N-terminal
coiled coil, because the C-terminal helices are not present in
the Mo-55 fragment. However, as is demonstrated by the
HIV-1 and SIV gp41 core structures, C-terminal helices can
pack against a central N-terminal coiled coil without distorting
the coiled-coil structure (14, 16, 31, 32).

DISCUSSION

Although there is only 22% sequence identity between resi-
dues in Ebo-74 from Ebola virus and Mo-55 from Mo-MLV,
the location of these identical residues suggested very similar
structures (ref. 10; see also ref. 11). The similarity between the
Ebo-74 and Mo-55 structures is striking (Fig. 5), because no
obvious evolutionary relationship exists between the filovi-
ruses and the retroviruses. In addition, the corresponding
receptor-binding domains [GP1 from Ebola or surface subunit
(SU) from Mo-MLV] show no sequence similarity.

Ebo-74 contains C-terminal residues not present in Mo-55;
they form C-terminal helices that pack against the central
N-terminal coiled coil. Thus, the overall architecture of
Ebo-74 is a trimer of helical hairpins. The core of the Mo-MLV
TM protein likely also forms a trimer of helical hairpins,
because CD studies indicate that Mo-92, a longer fragment of
the Mo-MLV protein that includes Mo-55 as well as an
additional 37 C-terminal residues, contains additional helical
residues (12).

A trimer-of-hairpins structure is emerging as a general
feature of many viral membrane-fusion proteins (Fig. 6).
Besides the filovirus Ebola and the oncoretroviruses Mo-MLV
and HTLV-1 (10, 17, 40), trimer-of-hairpins structures are
found in membrane-fusion proteins from the orthomyxovirus
influenza (41), the lentiviruses HIV-1 and SIV (14, 16, 31–33),

and the paramxyovirus SV5 (42, 43). In addition, a recently
developed computer program, LEARNCOIL-VMF, detects coiled
coil-like regions with the potential to form trimer-of-hairpins
structures in a large number of viral membrane-fusion proteins
(ref. 44; M. Singh, B. Berger, and P.S.K., unpublished work).
There is substantial variation in the size of the loop in these
hairpin structures. Nonetheless, in each case the N-terminal
region of the protein, which contains the fusion peptide, is
brought close to the C-terminal region of the ectodomain,
which connects to the transmembrane helix of the protein.
Thus, given that the fusion peptide inserts into the cell
membrane and the transmembrane helix is anchored in the
viral membrane, the likely role of the hairpin structure is to
facilitate the apposition of the viral and cellular membranes
(31, 45–47). How membrane apposition leads to complete
membrane fusion is unclear, but the mechanism likely involves
membrane distortion andyor clustering of trimers to form
fusion pores (see e.g., refs. 48–50). Interestingly, it recently
became apparent that cellular membrane-fusion processes
mediated by the SNARE proteins also use coiled-coil struc-
tures as a means to generate apposition of membranes for
fusion (51–54).

In viral membrane-fusion proteins, the trimer-of-hairpins
structure presumably corresponds to the fusion-active state,
distinct from the native (nonfusogenic) state. In the best-
studied cases, a conformational change activates the native
membrane-fusion protein. In the dramatic ‘‘spring-loaded’’
mechanism, a long loop in the native HA1yHA2 complex of
influenza forms a three-stranded coiled coil in the fusogenic
state on exposure to low pH (41, 55). For HIV, a substantial
conformational change in the gp120ygp41 complex that acti-
vates gp41 is triggered by binding to cell-surface receptors,
although the details of this change are only starting to be
understood (see ref. 47 and references therein). For Ebola,
relatively little is known about the native GP1yGP2 complex,

FIG. 5. Remarkable similarity between filovirus and retrovirus
membrane-fusion proteins. A stereo view of the superposition of the
Ebo-74 (blue) and the Mo-55 (yellow) structures is shown. The
location of the chloride ion is almost identical in the superposition. The
largest deviations occur at the N termini and in the loop regions of the
Ebo-74 and Mo-55 structures. The rms deviation values for the Ca

atoms of Ebo-74 and Mo-55 monomers (and values for trimers in
parentheses) are as follows: entire structure 1.56 Å (1.84 Å); coiled-
coil cores 0.49 Å (0.94 Å); loop regions 1.91 Å (2.33 Å). Figure was
generated by using INSIGHT II (64).

FIG. 6. Trimer-of-hairpins structures in viral membrane-fusion
proteins. Side and top views of the fusion proteins from three different
groups of viruses are shown. (Top) Ebola (this work and ref. 17) and
Mo-MLV (10). (Middle) SIV (16, 33) and HIV-1 (14, 31, 32). (Bottom)
Influenza (41). The N-terminal coiled-coil cores are depicted in dark
blue. In all structures, the trimer-of-hairpins conformation brings the
N and C termini, and therefore the fusion peptides and transmem-
brane helices, into close proximity. Figure was generated by using
INSIGHT II (64).
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but the transition to the fusogenic state likely also involves a
substantial conformational change (see discussion in ref. 56).

Finally, the Ebo-74 structure may assist in the discovery of
agents that prevent infection by Ebola virus. Synthetic peptides
corresponding to the C-terminal helices of the trimer-of-
hairpin structures in HIV-1 (13, 16, 57–59) or in paramyxo-
viruses (42, 60–62) are inhibitors of entry by those viruses. The
C-peptide inhibitors of HIV-1 have been particularly well
characterized, and likely act in a dominant-negative manner by
binding to a transient ‘‘pre-hairpin’’ intermediate of gp41 (refs.
47, 59, and 63, and references therein). In an analogous
manner, peptides corresponding to regions of Ebo-74 that pack
against the central three-stranded coiled coil may inhibit Ebola
infection.
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