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Abstract
Ebolavirus (EBOV) is a highly virulent pathogen capable of causing a severe hemorrhagic fever with
50–90% lethality. The EBOV glycoprotein (GP) is the only virally expressed protein on the virion
surface and is critical for attachment to host cells and catalysis of membrane fusion. Hence, the EBOV
GP is a critical component of vaccines as well as a target of neutralizing antibodies and inhibitors of
attachment and fusion. The crystal structure of the Zaire ebolavirus GP in its trimeric, prefusion
conformation (3 GP1 plus 3 GP2) in complex with a neutralizing antibody fragment, derived from a
human survivor of the 1995 Kikwit outbreak, was recently determined. This is the first near-complete
structure of any filovirus glycoprotein. The overall molecular architecture of the Zaire ebolavirus
GP and its role in viral entry and membrane fusion are discussed in this article.
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Ebolavirus (EBOV) is a negative-stranded, membrane-enveloped filovirus that causes a severe
hemorrhagic fever in both humans and non-human primates [1]. Since its discovery in central
Africa in 1976, five species of EBOV have been isolated: Zaire (ZEBOV), Sudan, Côte
d’Ivoire, Reston (REBOV) and the proposed ‘Bundibugyo’ EBOV [2–4]. Zaire, Sudan and
Bundibugyo EBOVs have been associated with large outbreaks in Africa with high human case
fatalities (25–90%). Côte d’Ivoire EBOV and REBOV can infect humans but no deaths have
been reported to date. Recently, domestic swine in the Phillipines have been discovered to host
REBOV [5]. Its entry into the human food supply raises significant concern. The natural
reservoir of the EBOV and its host range are not completely well defined, although recent
studies suggest that fruit bats are involved in the transmission of the virus [6]. Human infections
generally occur through mucosal surfaces, skin abrasions or through contaminated needles,
after direct contact with the virus from dead or infected people or wildlife. The onset of EBOV-
like symptoms generally occurs within a 4–10-day incubation period. In fatal cases, death
occurs 6–9 days after onset, as a result of uncontrolled viral replication, multiple organ failure
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and symptoms resembling severe septic shock [7]. There are currently no approved antiviral
therapeutics, although a live attenuated ZEBOV glycoprotein (GP)-pseudotyped Vesicular
stomatitis Indiana virus vaccine has shown promise [8–10] and has been used in the case of a
laboratory needle-stick accident in Hamburg, Germany [11]. The frequent re-emergence of
EBOV in Africa, including the recent emergence of a new species [2], the potential for
introduction of the virus into nonendemic countries, concerns from the potential for misuse of
the virus [12–14] and the lack of vaccines or treatments make EBOV a considerable public
health concern.

The EBOV genome contains seven genes: NP, VP35, VP40, GP, VP30, VP24 and L. However,
more than seven proteins are produced owing to cotranscriptional editing and post-translational
processing of the GP gene and gene products (Figure 1) [15–17].

sGP
The primary open reading frame is well conserved among all ebolaviral GP genes and encodes
a 364-residue, nonstructural protein termed secreted GP (sGP) [15,16]. Post-translational
proteolytic cleavage of pre-sGP by furin yields the mature sGP and a heavily O-glycosylated,
small, nonstructural, secreted protein termed Δ-peptide [18]. Monomers of sGP are joined in
a parallel orientation by two disulfide bonds between paired Cys53–Cys53 and Cys306–
Cys306 residues to form a 110 kDa homodimer that is secreted [17,19–21]. The mature sGP
has six predicted N-linked glycosylation sites, but only five sites are used consistently, sGP
also contains a rare modification, in which the indole-C2 carbon atom of Trp288 is attached
with an α-mannopyranosyl group [22].

It is not yet known whether sGP plays an important role in pathogenesis. Marburgvirus
(MARV) does not produce orthologous proteins, yet induces indistinguishable disease in non-
human primates and humans. During natural infection with EBOV, however, large amounts
of sGP have been detected in the blood of infected patients [15]. Antibodies that are in survivor
sera appear to preferentially recognize sGP over GP [23]. Hence, sGP could play a role in the
evasion of humoral immune response by absorbing elicited antibodies. sGP has also been
suggested to play an anti-inflammatory role by inducing recovery of the endothelial barrier
function [24].

GP
The GP gene encodes seven consecutive adenosine nucleotides within a predicted hairpin loop
[15,16]. The L polymerase stutters at this site during transcription, resulting in the insertion of
an additional adenosine nucleotide in 20% of transcripts. This insertion causes a frameshift of
the coding RNA and dictates production of a 676-residue (677 amino acids in REBOV), type
I transmembrane GP termed pre-GP [21]. As a result of this frameshift, GP and sGP have an
identical 295 amino acid N-terminus, but distinct C-termini. The different C-termini lead to
unique patterns of disulfide bonding and different structures. While sGP is a dimer, the final
GP is a trimer. The initial EBOV pre-GP is cleaved by furin at a multi-basic motif into two
subunits, GP1 and GP2, which remain associated through a disulfide linkage between Cys53
of GP1 and Cys609 of GP2 [25,26]. This heterodimer (GP1 + GP2) assembles into a 450-kDa
trimer at the surface of nascent virions. TNF-α-converting enzyme (TACE) can release the
virion-attached GP through a cleavage site proximal to the transmembrane anchor [27].

The virion-attached GP is critical in the EBOV life cycle, as it is solely responsible for
attachment, fusion and entry of target cells. Moreover, GP is responsible for critical pathogenic
differences among viral species. Adenovirally expressed ZEBOV GP causes endothelial cell
damage in both human and monkey vessel explants, while REBOV is only cytotoxic to monkey
vessels. ZEBOV and REBOV also differ in susceptibility to furin cleavage [26] and amino
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acid sequence at the TACE cleavage site [27]. Moreover, it has been reported in in vitro and
in vivo expression studies in HEK293T cells that overexpression of GP causes cytotoxicity and
downregulation of a number of cellular surface proteins, including several involved in cellular
adhesion (β1-integrin, α5-integrin and αV-integrin) and immune surveillance (MHC class I)
[28–32]. The cytotoxicity caused by GP is dependent on a highly N- and O-linked glycosylated
domain, termed the mucin-like domain [31,32]. However, the role of GP cytotoxicity in EBOV
pathogenesis remains poorly defined, as constitutive expression of EBOV GP at moderate
levels do not cause cell rounding and is not cytotoxic [33].

ssGP
While the addition of an extra adenosine leads to the production of GP, deletion of one or
addition of two adenosines during the transcriptional stutter leads to the expression of a third
product, a nonstructural, small sGP, termed ssGP [17]. ssGP shares the first 295 N-terminal
residues with sGP and GP, but again, differs at the C-terminus, and is thought to be monomeric
[16]. It is unclear what the role ssGP plays in EBOV pathogenesis.

We have recently published a crystal structure of the ZEBOV GP in its trimeric, prefusion form
in complex with KZ52, a neutralizing antibody identified from a human survivor [34]. The GP
molecule reveals a multi-subunit, chalice-shaped trimer, with a thick coating of
oligosaccharides on a novel glycan cap and projecting mucin-like domain that, together,
probably restrict access to the conserved receptor-binding site (RBS) sequestered inside the
chalice bowl. This article will focus on the ZEBOV GPΔmucΔtm structure and its role in viral
attachment and membrane fusion.

ZEBOV GPΔmucΔtm prefusion trimer
Crystallization of the ZEBOV GP was challenging owing to the intrinsic flexibility and
extensive N- and O-linked glycosylation of the oligomeric molecule. In order to promote
crystallization, the mucin-like domain and transmembrane domains were excised, two N-linked
glycosylation sites at positions 40 and 228 were eliminated and the GP was complexed with
an antibody, KZ52, which recognized a conformational GP1/GP2-containing epitope. This
nearly complete ZEBOV GP (GPΔmucΔtm; Figure 2A) forms a trimer in solution and is fully
capable of mediating virus entry when its transmembrane domain is restored [31,34,35]. The
crystal structure illustrates that the prefusion GPΔmucΔtm forms a three-lobed chalice shape
with the bowl of the chalice assembled by the three GP1 subunits (Figure 2B). The base of the
chalice is formed by three GP2 subunits that cradle and encircle the GP1 trimer (Figure 2C).

ZEBOV GP1

The GP1 subunit is responsible for cellular attachment and contains putative receptor-binding
regions, as well as a heavily glycosylated region termed the mucin-like domain. GP1 can be
separated into three subdomains: base, head and glycan cap. The GP1 base subdomain contains
four discontinuous sections (residues 33–69, 95–104, 158–167 and 176–189), and forms a
hydrophobic, semicircular surface that interacts with the internal fusion loop and heptad repeat
region of GP2 (Figure 3A). The GP1 base forms a clamp that probably stabilizes the GP2
prefusion conformation, thus preventing it from springing prematurely. Also within the GP1
base is Cys53, which forms an intermolecular disulfide bond to Cys609 of the GP2 subunit.
Cys53 resides in the β2–β3 loop, proximal to the viral membrane end of the GP1 base subunit.
Unexpectedly, electron density was not visible for the side chain of Cys53 and the entire region
containing the counterpart GP2 cysteine, suggesting that this region is mobile. The GP1 head
is a central subdomain located between the base and glycan cap, composed of residues from
four discontinuous sections (residues 70–94, 105–157, 168–175 and 214–226). A significant
portion of this subdomain is likely to be exposed to solvent within the bowl of the

Lee and Saphire Page 3

Future Virol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GPΔmucΔtm chalice, and is thought to contain the residues required for receptor binding. The
GP1 glycan cap is composed of a continuous polypeptide chain from residue 227–310 that
forms an α/β-dome over the GP1 head subdomain. This subdomain is fully exposed on the
outer surface of GPΔmucΔtm and is not involved in any contacts at the trimer interface. Within
the GP1 glycan cap, there is a clustering of at least four predicted N-linked oligosaccharides
(linked to Asn228, Asn238, Asn257 and Asn268). C-terminal to the glycan cap is the
approximately 150-residue GP1 mucin-like domain. This domain is predicted to contain low
secondary structural complexity, but is heavily glycosylated with approximately four N- and
approximately 13 O-linked oligosaccharides. The crystallization of the ZEBOV GP required
the mucin-like domain to be excised in order to improve the chemical and conformational
homogeneity of the sample, but at least one protective antibody epitope contained within it has
been visualized [36].

ZEBOV GP2

The GP2 subunit is responsible for fusion of the viral and host cell membranes and contains
the hydrophobic internal fusion loop, two heptad repeats (HR1 and HR2), a CX6CC disulfide
bond motif, a membrane-proximal external region and a transmembrane anchor [37]. The
internal fusion loop, residues 511–556, displays a series of hydrophobic residues (Leu529,
Trp531, Ile532, Pro533, Tyr534, Phe535 and Pro537) bounded by an antiparallel, disulfide-
linked β-scaffold (Figure 3B). In the prefusion state, the internal fusion loop wraps around the
outside of the GP trimer. Its hydrophobic side chains are sequestered from solvent by packing
into a neighboring GP1 monomer. Interestingly, although EBOV GP is classified as class I, its
internal fusion loop structure is quite different from those of other class I viral GPs. For
example, the fusion sequence in influenza virus hemagglutinin (HA) [38] and parainfluenza
virus 5 F [39] form helices and reside at the free N-terminus of GP2 released by enzymatic
cleavage. Instead, the fusion loop of EBOV more closely resembles the β-sheet structured
fusion loops from the class II and III GPs, such as flavivirus E [40–42], vesicular stomatitis
virus protein G [43,44] and HSV-1 gB (Figure 4) [45]. Only the first heptad repeat is ordered
in the ZEBOV GP crystal structure, and this region can be structurally divided into four
segments: HR1A, HR1B, HR1C and HR1D. The first two segments, HR1A and HR1B (residues
554–575), form an α-helix with a approximately 40° kink at Thr565, which delineates HR1A
from HR1B. An unusual 3–4–4–3 stutter, rather than the normal 3–4 periodicity of heptad
repeats, occurs within the bend between HR1A and HR1B. This stutter has been suggested to
act as a conformational switch [46] and has also been observed in parainfluenza virus 5 F
[39]. HR1C (residues 576–582) forms an extended coil linker between HR1B and the 16-residue
HR1D segment (residues 583–598). HR1D forms an amphipathic helix, the hydrophobic faces
of the three helices in the trimer pack together to form the interface of the peplomer.

ZEBOV GP glycosylation & vulnerabilities to antibodies
A mixture of complex, oligomannose and hybrid-type glycans are found on the intact, mucin-
like domain containing ZEBOV GP1 [47]. The glycans on the main structure of GPΔmucΔtm,
outside the mucin-like domain, are likely to be complex-type in nature because the mucin-
deleted ZEBOV GP is sensitive to deglycosylation by peptide N-glycosidase F, but not to
endoglycosidase H [34]. Molecular modeling of biantennary, complex-type N-linked glycans
on the ZEBOV GP structure reveals a thick coating of oligosaccharides on the surface of the
GP (Figure 5). This coating extends across the intact GP, and the mucin-like domain contains
approximately an additional 17 oligosaccharide chains across approximately 150 residues. The
glycocalyx surrounding ZEBOV GPΔmucΔtm probably forms a shield that protects it from
humoral immune responses and/or confers stability inside or outside a host. Indeed, most
antibodies raised in natural infection are directed towards sGP [23].
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Even though ZEBOV GP has a thick coating of oligosaccharides, there are regions of
vulnerability located at the base of the GP chalice, cathepsin-cleavage site and within the
mucin-like domain. Importantly, several monoclonal antibodies have been isolated and
characterized to neutralize in vitro or protect in rodent models [48–50]. The epitopes of these
anti-EBOV-neutralizing antibodies have been determined by x-ray crystallography,
neutralization escape studies and/or by linear peptide dot blots. For a more detailed review,
see [51].

The most extensively characterized anti-EBOV-neutralizing antibody is KZ52. This
monoclonal antibody was derived from bone marrow RNA donated by a human survivor of
the 1995 Kikwit, Zaire (now Democratic Republic of the Congo) outbreak. KZ52 has been
found to neutralize ZEBOV in vitro [48] and offers protection from lethal ZEBOV challenge
in rodent models [52]. However, passive transfer of the antibody in nonhuman primates was
unable to induce sterile immunity [53]. The crystal structure of EBOV GPΔmucΔtm complexed
with Fab KZ52 illustrates that the antibody binds to a vulnerable, non-glycosylated site at the
base of the GP chalice [34]. Specifically, KZ52 bridges three discontinuous regions of GP1
and GP2: GP1 residues 42–43, GP2 residues 505–514 (N-terminal region released by furin
cleavage) and GP2 residues 549–556 (base of the internal fusion loop). The GP2 sequences
involved in contacting KZ52 are poorly conserved between the various EBOV species, thus
explaining the specificity to the ZEBOV species. While KZ52 requires both GP1 and GP2 for
recognition, the crystal structure reveals that KZ52 contacts to GP1 are made through fairly
weak van der Waals-type interactions to the main chain nitrogen of Leu43 and side chain carbon
of Val42. (Note that at position 42, threonine was mutated to valine to eliminate the N-linked
glycosylation site to improve sample homogeneity.) Instead, the majority of interactions are
made between KZ52 and GP2. The requirement for GP1, but the relatively few strong contacts
to GP1, suggests that the role of GP1 in the KZ52 epitope is primarily to stabilize the prefusion
conformation of GP2 for recognition. Indeed, KZ52 does not recognize EBOV GP when the
GP1–GP2 disulfide bond has been reduced, nor does it recognize that the postfusion GP2 six-
helix bundle. KZ52 was the first antiviral antibody shown to bridge both the receptor-binding
and fusion subunits of any viral GP. Recently, however, two broadly neutralizing anti-influenza
virus hemagglutinin antibodies were identified that also bridge HA1 and HA2 [54,55], and
neutralize by blocking conformational changes associated with fusion.

Another monoclonal antibody termed 133/3.16 recognizes a residue located at the base of the
GP chalice. This residue, His549, was identified in neutralization escape experiments and lies
near the epitope of KZ52. It is intriguing to speculate whether the base of the GP chalice
represents a potential ‘sweet spot’ for neutralization (as reviewed in [51]).

Passive transfer of neutralizing antibodies has offered protection against challenge with a
number of acute viruses [56–58]. In EBOV infection, the ability of neutralizing antibodies to
serve as passive immunotherapeutics is not well understood. During the ZEBOV outbreak in
Kikwit, the convalescent sera from five donors was transfused into eight patients (~11 days
postinfection). Of the eight treated patients, only one succumbed to the disease, suggesting that
convalescent sera could be useful in treatment of patients recovering from EBOV [59]. During
more controlled experiments, with antibodies given closer to the time of exposure, passively
transferred convalescent sera or monoclonal antibodies were shown to protect rodents and
nonhuman primates against EBOV challenge [50,52,60–62], and may have also improved the
survival rates of laboratory workers who were accidentally exposed to EBOV [63,64]. These
studies have been cited as evidence for the use of anti-EBOV-neutralizing antibodies as a
potential passive immunotherapeutic treatment. However, recent studies cast doubt on the
feasibility of neutralizing antibodies to effectively protect humans against EBOV infection
[53,65–67]. It is possible that since a single EBOV particle is a lethal dose for a primate, it may
be too difficult for any single monoclonal antibody to provide sterile clearance. Perhaps a
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cocktail of monoclonal antibodies against several unique epitopes might confer improved
protection. If so, it will be important to identify multiple, unique antibody epitopes on EBOV
GP that could be combined into an antibody cocktail, including, or in addition to, KZ52.

EBOV entry
The EBOV envelope GP directly mediates binding of the virion to the host cell. A number of
cellular factors, including DC-SIGN/L-SIGN [68,69], LSECtin [70,71], hMGL [72], β-
integrins [73] and Tyro3 family receptors [74], have been implicated as attachment factors,
however, none of these proteins individually are necessary and sufficient for viral entry. Hence,
a critical cell-surface receptor responsible for EBOV attachment has yet to be identified, despite
significant effort. It appears that EBOV enters through a receptor-mediated endocytotic
mechanism, but it is still unclear whether clathrin-, caveolae- or cholesterol-dependent
processes are used. Recombinant systems using pseudotyped retro-virus particles with ZEBOV
GP and live virus studies using chemical inhibitors of clathrin- and caveolae-mediated
endocytosis point to the use of caveolae and clathrin in EBOV entry [75,76]. However, cells
lacking in caveolae can still be infected with EBOV [77].

Structure reveals a ZEBOV GP site critical for entry
Previous structure-blind studies initially localized receptor-binding regions to residues 54–201
[78–80]. This approximately 150 residue N-terminal region forms the base and head
subdomains of GP1 and extends from the bottom to nearly the top of the chalice [81]. Extensive
mutational analysis of GP1, performed by several groups, identifies at least 19 residues of
GP1 important for infectivity (for these 19 residues, mutation results in secreted, analyzable
protein, yet infectivity is abrogated [78–80]). Mapping of these 19 residues onto the ZEBOV
GPΔmucΔtm structure allows the assignment of probable functions (Figure 6A). Among these
19, residues Asp55, Leu57, Leu63 and Arg64 reside on the GP1 base subdomain, near the
GP1–GP2 disulfide bond and HR1D, and are likely to be important for fusion-mediated
conformational changes rather than receptor binding. Residues Phe159, Phe160, Tyr162 and
Ile170 are buried in the core of GP1, and probably play a role in structural stability. Residues
Gly87, Phe88, Phe153 and His154 pack against the hydrophobic residues from a neighboring
internal fusion loop. Mutations to these residues may affect the structural integrity of the fusion
loop and GP trimer. The remaining six residues (Lys114, Lys115, Lys140, Gly143, Pro146
and Cys147) reside at or close to the GP1 surface, and cluster together in a approximately 10
× 15 Å site inside the concave bowl of GPΔmucΔtm, which may be the RBS of EBOV. Three
lysines in this set of six residues have been recently confirmed as likely cell-contact sites
[82]. Inspection of the crystal structure suggests that surrounding residues Phe88, Ile113,
Pro116, Asp117, Gly118, Ser119, Glu120, Arg136, Tyr137, Val138, His139, Val141, Ser142,
Thr144, Gly145, Arg172 and Gly173 may also be involved in receptor binding. The crystal
structure illustrates that this putative RBS is recessed in the bowl of the GPΔmucΔtm chalice
and possibly masked by the heavily glycosylated mucin-like domain and GP1 glycan cap. We
predict that this site may become exposed or better exposed after entry into the endosome,
where cathepsin cleavage occurs.

Cathepsin cleavage enhances EBOV binding & infectivity
After transport of the virus to the endosome [76], EBOV GP is processed by cathepsin B (CatB)
and/or L (CatL) proteases [35,83,84]. CatB and/or CatL are essential for EBOV infection.
Indeed, inhibition of CatL and CatB by specific protease inhibitors or siRNA reduces entry of
ZEBOV and ZEBOV GP-pseudotyped viruses alike [35,83,84].

Cathepsin L trims EBOV GP1 from its original (~130 kDa) size to an initial 50-kDa fragment,
followed by further cleavage to an approximately 19-kDa species of GP1, which remains linked
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to GP2 (Figure 6B) [35,83,84]. After digestion by CatL to yield the approximately 19-kDa
fragment of GP that is functional in entry, GP may be further digested by CatB in the endosome
to peptide-size fragments [83]. Our crystal structure indicated that the probable site of cathepsin
cleavage is a loop reaching from residues 189 to 214, which is disordered in the GP structure.
The solvent-exposed, mobile and perhaps, flexible nature of this loop render it attractive and
accessible to protease cleavage. Indeed, separate and simultaneous biochemical studies
confirm this loop (residue 190) to be the site of cathepsin cleavage [82]. Cleavage here would
remove the glycan cap and mucin-like regions of GP1, yielding an approximately 19-kDa
GP1 core encircled by GP2, with RBS on GP1 more completely exposed. In addition, cathepsin
cleavage may expose a set of amino acids (residues 77–82) that resides on a convex surface
underneath the glycan cap. The CatB and/or CatL cleavage of GP has been shown to increase
binding and infectivity to target cells [35,83,84]. Genetic removal of the mucin-like domain
results in cell binding similar to that observed with CatL-treated GP [35]. Taken together, these
data suggest that cleavage by CatL facilitates interactions with an entry factor that is blocked
by the glycan caps and mucin-like domains prior to cleavage [35]. Interestingly, CatL has also
recently been shown to process the GPs of Nipah and Hendra viruses [85–87], as well as the
SARS coronavirus [88]. We hypothesize that initial attachment of EBOV to target cells
probably occurs via lectins or perhaps also by a low-affinity or low-frequency interactions with
the putative RBS (Figure 7A). Higher affinity or facilitated binding of receptor could occur in
the endosome, after cathepsin proteolytic cleavage of GP and exposure of the RBS (Figure
7B). A similar example might be HSV-2, as two attachment proteins, gB and gC, form initial
low-affinity interactions with cell-surface heparan sulfate proteoglycans followed by specific
protein–protein interactions by HSV-2 gD on the cell surface, which lead to entry and fusion
(as reviewed in [89]).

Conformational trigger & membrane fusion
Fusion of the viral and host cell membranes has a very high energetic barrier. To catalyze this
fusion reaction, viral fusion proteins undergo a large protein conformational change, using the
released free energy to lower the activation barrier. The general steps to class I GP-mediated
viral and host cell membrane fusions are fairly well understood from work on the influenza
virus HA, parainfluenza virus 5 F and others (see reviews [90–93]). Based on these works and
the structure of ZEBOV GPΔmucΔtm, the following mechanism of membrane fusion is
proposed (Figure 7).

The first step of viral–host cell membrane fusion requires priming of the envelope GP to a
metastable conformation that can be subsequently activated for fusion. For many viruses, such
as HIV-1 gp160 and influenza virus HA, this requires the GP to be endoproteolytically cleaved
by furin [94,95]. In the case of influenza virus HA, furin cleavage unlocks constraints on the
fusion peptide to prime the GP such that it can be subsequently sprung by endosomal low pH
[96,97]. In stark contrast, ZEBOV GP does not require furin cleavage for viral infection in a
number of cell lines, or in nonhuman primates [98,99]. Based on the crystal structure of EBOV
GPΔmucΔtm, the hydrophobic fusion residues are displayed on a loop within a disulfide-
bonded, antiparallel β-scaffold and are not conformationally restricted by the lack of a free N-
terminus on its GP2 sub-unit. Moreover, the mucin-like domain, which is predicted to have
low secondary structural complexity, is N-terminal to the internal fusion loop. We speculate
that this flexible domain may provide the additional conformational freedom to the internal
fusion loop, in the absence of furin cleavage, during the fusion process.

The next step requires triggering the metastable, prefusion conformation of the GP for fusion.
For many viruses, such as influenza and flaviviruses, low pH is the trigger for GP2-like
conformational changes necessary for membrane fusion. Here, key histidine residues become
protonated in the acidic environment of the endosome [100,101]. These histidines are located
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in the vicinity of positively charged residues in the pre-fusion conformation but, once
protonated, rearrange to instead form electrostatic interactions with negatively charged
residues in the postfusion conformation. For other viruses, such as HIV-1, coreceptor-binding
triggers conformational rearrangements [102,103]. In other viruses, such as avian leukosis
virus-A [104], both receptor binding and low pH are required.

The fusogenic trigger for ZEBOV GP is not well defined. The low pH of the endosome is
necessary for GP-mediated cell–cell fusion and infection of ZEBOV GP-pseudotyped
Vesicular stomatitis Indiana virus [105–107]. However, low pH dependence is probably not
directly involved in triggering, as the ZEBOV GP1–GP2 interface is primarily nonpolar and
hydrophobic, lacking the array of histidine and/or acidic residues commonly associated with
pH-dependent conformational changes in viral GPs. Furthermore, the prefusion conformation-
specific monoclonal antibody KZ52 will bind ZEBOV GPΔmucΔtm at pH 4, suggesting that
low pH alone does not trigger GP. Instead, the requirements of low pH are likely to activate
the endosomal cathepsins that proteolyze GP. It is unclear whether cathepsin cleavage of
ZEBOV GP itself causes some initial conformational changes that trigger the fusogenic
conformation [83] or alternatively, if cathepsin cleavage activates GP for triggering by an
additional, as yet undiscovered, cellular factor (Figure 7A–C) [84]. Although the identity of
the trigger is unknown, from the structure it is clear that the GP1 clamp that stabilizes GP2 HR1
must be released to allow the HR1 and HR2 to rearrange and permit fusion.

Comparison of the prefusion ZEBOV GPΔmucΔtm [34] and the postfusion ZEBOV GP2
fragment structures [46,108] illustrates how the four segments of HR1A–D must unwind from
their prefusion ring around GP1, straighten, and assemble into a single 44-residue helical rod
(Figure 7D). In the process, the rotational and translational movement of HR1A and HR1B
position the internal fusion loops at the top of the trimeric GP2. The hydrophobic residues
displayed on the β-scaffold of the internal fusion loop (Leu529, Trp531, Pro533, Tyr534,
Phe535 and Pro537) are then able to penetrate the host membrane and adopt a 310 helical
character, as described by nuclear magnetic resonance studies of free fusion peptide in sodium
dodecyl sulfate micelles or detergent-resistant membrane fractions [109]. It is hypothesized
that the conserved Pro537 in the fusion-loop is important to induce bilayer destabilization
[110]. The elongated GP2 structure resulting from fusion loop penetration of the target
membrane is also called the pre-hairpin intermediate. In HIV-1, the prehairpin intermediate
conformation of gp41 has a half-life in the range of minutes, but for other viruses, this
conformation may last only seconds [111].

After formation of the prehairpin intermediate, ZEBOV GP2 collapses into a folded-back
conformation, where GP2 may flex at its elbow-like CX6CC hinge to allow HR2 to approach
the HR1 trimeric bundle (Figure 7F). The collapse of the prehairpin intermediate distorts the
viral and host-cell bilayers, draws the two bilayers close to one another to merge into a
hemifusion stalk that ultimately opens up into a fusion pore (Figure 7G). Formation of the final
postfusion six-helix bundle, in which the internal fusion loop and transmembrane domain are
juxtaposed, completes the fusion of the host and virus plasma membranes. A movie of the
modeled ZEBOV GP-mediated fusion process can be found at [201].

Future perspective
The EBOV GP is one of the most studied proteins of EBOV owing to its critical role in viral
entry and potential as a target for therapeutics. Although the crystal structure of ZEBOV GP
has shed light on its many roles, many questions remain unanswered.

What is the identity of the EBOV host receptor? A receptor necessary and sufficient for EBOV
entry still eludes researchers. We hypothesize that cathepsin cleavage of ZEBOV
GPΔmucΔtm probably leaves behind a convex surface for binding to such a critical entry factor.
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The fold, location and physiochemical properties of this site should now provide new leads for
the search for EBOV receptor(s).

Is the RBS conserved within the filovirus family? Sequence alignments reveal that the EBOV
residues involved in entry are well conserved among ZEBOV, Sudan, Côte d’Ivoire and
REBOV species. Hence, the ZEBOV GPΔmucΔtm structure should make a representative
model that can be used in the design of entry inhibitors and immunotherapeutics against all
species of EBOV. However, although previous studies using GP1 fragments suggest that EBOV
and MARV compete for binding to the same receptor [81], the sequences of the residues
involved in entry are not well conserved between EBOV and MARV. Perhaps MARV binds
a different receptor or binds the same receptor in a different way or by using different amino
acid residues. Perhaps the receptor binds to the main chain or framework shared between EBOV
and MARV. Note that MARV can enter cells independently of CatB [112] and, hence, some
structural differences must occur.

What is the trigger for GP2 conformational change? It is unclear whether the precise role of
cathepsin cleavage is to prime GP2 for conformational change, or to open up a RBS, or both.

What are the similarities and differences between ssGP, sGP and GP? While the first 295 amino
acids of sequence are identical between these three GPs, they each have different C-termini,
oligomerization states and preferential reactivity by survivor sera [23,48]. In addition, GP is
embedded in the viral surface, while sGP and ssGP are secreted abundantly [1]. It is as yet
unclear if the shared sequence adopts a fold that differs between the three GP variants, or if
the differential antibody reactivity results from the same fold packaged into alternate
quaternary scaffolds. However, for vaccine development, immunogens must be designed to
elicit neutralizing antibodies against viral particles rather than secreted and shed proteins.

Executive summary

Zaire ebolavirusGPΔmucΔtm prefusion trimer adopts a bowl-like chalice shape

• Three glycoprotein (GP)1 subunits form the bowl of the chalice and three GP2
subunits wrap around the base of the chalice forming a cradle.

• GP1 consists of three subdomains: base, head and glycan cap.

• Hydrophobic residues from the GP2 internal fusion loop are displayed on a β-
scaffold.

• Heptad repeat region (HR)1 is separated into four segments: HR1A, HR1B,
HR1C and HR1D.

Zaire ebolavirusGP1 acts as a clamp on GP2

• Four discontinuous stretches of GP1 fold together to form a hydrophobic β-sheet
surface, termed the GP1 base subdomain.

• The GP1 base subdomain forms a clamp on the GP2 HR1 prefusion conformation
and probably prevents it from prematurely springing into the fusogenic state.

Zaire ebolavirusGPΔmucΔtm is protected by a glycocalyx

• Modeling of biantennary, complex-type oligosaccharides on Zaire ebolavirus
(ZEBOV) GPΔmucΔtm reveal the surface is cloaked in a thick coating of N-linked
glycans.
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• The extensive glycosylation from the glycan cap and mucin-like domain probably
protects the virus from immune surveillance, thus explaining why there are very
few neutralizing antibodies elicited during natural infection.

A site critical for viral entry is located inside the bowl of the chalice

• The critical ZEBOV GPΔmucΔtm host receptor is unknown.

• Structural and mutational studies have identified a patch of lysines (Lys114,
Lys115 and Lys140) that resides on the surface of the GPΔmucΔtm. Subsequent
mutagenesis experiments reveal these lysines are important for viral attachment.

• Three distinct putative receptor-binding sites exist in the GPΔmucΔtm trimer and
are buried inside the bowl of the chalice.

Cathepsin cleavage enhances ebolavirus binding & infectivity

• Proteolytic cleavage of ZEBOV GP by cathepsin B and/or L is required for viral
entry.

• Cathepsin B and/or L cleaves ZEBOV GP1 from an approximately 150-kDa
subunit to an 18–19-kDa fragment, thus removing the mucin-like domain and
glycan cap.

• It is suggested that cleavage by cathepsins better exposes the patch of lysines on
ZEBOV GP1, and may expose additional residues and surfaces for improved
interactions, with an entry factor that is otherwise blocked by the mucin-like
domain or glycan cap.

Conformational trigger & membrane fusion

• Viral and host cell membrane fusion is mediated by GP2, analogous to other class
I viral fusion proteins, such as influenza virus HA2 and HIV-1 gp41.

• The trigger to release the GP1 constraints on GP2 is unknown.

• Removal of the GP1 constraints allows the GP2 HR1 to form a single 44-residue
helix and positions the internal fusion loop at the top of the GP for insertion into
the host membrane (prehairpin intermediate).

• The extended prehairpin intermediate folds back to distort the viral and host-cell
bilayers and facilitates the formation of the hemifusion stalk.

• Formation of the low energy six-helix bundle juxtaposes the internal fusion loops
and transmembrane domains, facilitating the formation of the fusion pore and final
merger of the host and viral membranes.
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Figure 1. Transcription and processing of Zaire ebolavirus glycoproteins
The primary open reading frame of ebolavirus GP encodes a sGP (shown as white and red
rectangles). Proteolytic cleavage of pre-sGP by furin results in the formation of the mature sGP
and a small nonstructural fragment, termed Δ-peptide. Co-transcriptional stuttering of the
GP gene results in two additional glycoproteins: GP and ssGP. GP is the virion-attached
glycoprotein and proteolytic cleavage of its precursor (pre-GP) by furin results in two subunits,
GP1 and GP2, that remain linked by a disulfide bond. The GP1 and GP2 heterodimer trimerizes
and forms the viral surface peplomer. TNF-α-converting enzyme can also cleave envelope GP,
at a site proximal to the GP2 transmembrane domain, thereby releasing a soluble trimeric GP.
ssGP is a small secreted glycoprotein that shares the first 295 amino acids with sGP and GP,
but has a different C-terminus (two nonshared residues, as colored in yellow). It has been
reported that ssGP forms a monomer in solution. GP: Glycoprotein; sGP: Secreted
glycoprotein; ssGP: Small, secreted glycoprotein; TACE: TNF-α-converting enzyme; TM:
Transmembrane anchor.
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Figure 2. Overall structure of Zaire ebolavirus GPΔmucΔtm
(A) Domain schematic of GP. The disulfide bridges (-S-S-), SP, IFL, HR1, HR2, MPER, TACE
cleavage site, TM and cytoplasmic tail are labeled accordingly. White and hash-marked regions
designate crystallographically disordered and construct-deleted regions, respectively. (B)
Molecular surface of the GP trimer viewed on its side and down its threefold axis. Monomer
A is colored according to its subdomains: GP1 base – green; GP1 head – purple; GP1 glycan
cap – cyan; GP2 N-terminus – red; GP2 IFL – orange; and GP2 HR1 – yellow. (C) Molecular
surface of the Zaire ebolavirus GPΔmucΔtm chalice and cradle. Three lobes of GP1, shown
in shades of gray form the GP chalice, while three subunits of GP2 (orange) wrap around the
base of the chalice to form the cradle. GP: Glycoprotein; HR: Heptad repeat region; IFL:
Internal fusion loop; MPER: Membrane-proximal external region; RBS: Receptor-binding site;
SP: Signal peptide; TACE: TNF-α-converting enzyme; TM: Transmembrane anchor.
Adapted from [34].

Lee and Saphire Page 18

Future Virol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Zaire ebolavirus GP1 and GP2
(A) Ribbon diagram of the Zaire ebolavirus GP trimer with each GP1 subdomain colored
according to Figure 1B and the three GP2 subunits colored in gray. The GP1 base subdomain
forms a hydrophobic, semicircular β-sheet surface that interacts with the hydrophobic face of
the GP2 HR1A helix and the β-scaffold of the internal fusion loop (inset box). (B) Ribbon
diagram of the prefusion conformation of Zaire ebolavirus GP2. Hydrophobic residues of the
GP2 internal fusion loop are displayed on a β-scaffold (gray). The internal fusion loop is
stabilized by a disulfide linkage at the base (Cys511–Cys556) and HR1 is separated into four
segments (HR1A, HR1B, HR1C and HR1D). Note that the GP1–GP2 disulfide bridge (CX6CC
motif) and HR2 region are disordered in the structure; their positions are marked by dashed
lines.
GP: Glycoprotein; HR: Heptad repeat region; IFL: Internal fusion loop.
Adapted from [34].
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Figure 4. Class I, II and III prefusion viral glycoprotein fusion peptides and internal fusion loops
Comparison of prefusion conformation fusion peptide and internal fusion loop structures from
class I, II and III GPs. The Zaire ebolavirus GP internal fusion loop more closely resembles
those observed in class II and class III GPs than those observed in other trimeric class I
prefusion viral GPs. GP: Glycoprotein; HA: Hemagglutinin.
Adapted from [34].
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Figure 5. Zaire ebolavirus glycoprotein glycosylation
N-linked biantennary complex-type glycans (Gal2Man3GlcNAc4) are modeled as yellow
space-filling spheres onto the Zaire ebolavirus GPΔmucΔtm structure at predicted
glycosylation sites: Asn40, Asn204, Asn228, Asn238, Asn257, Asn268 and Asn563. The
glycans at Asn204 and Asn268 reside in regions that are poorly ordered and, thus, their tentative
locations are shown as orange ovals. The C-terminus of each last ordered residue of GP1, to
which each mucin-like domain is linked, is marked with a ‘C’ (top of the chalice). Colored
spheres (beige, pink and purple) outline the predicted location of the mucin-like domains. The
putative receptor-binding site residues, recessed within the Zaire ebolavirus GP chalice bowl,
are colored green.
Adapted from [34].
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Figure 6. Zaire ebolavirus glycoprotein site critical for viral entry
(A) Arrays of GP1 point mutations have identified at least 19 residues critical for viral entry
[78–80]. These residues map to four distinct regions (cyan, green, royal blue and red) on the
ZEBOV GPΔmucΔtm structure (monomer shown). (B) Zaire ebolavirus GP cathepsin
cleavage. A molecular surface representation of the GPΔmucΔtm trimer with N-linked glycans
drawn as ball-and-sticks and the mucin-like domain shown as purple spheres. Residues
identified by the mutagenesis to be important for viral entry and located on or near the surface
of the GPΔmucΔtm structure are colored in green (Lys114, Lys115, Lys140, Gly143, Pro146
and Cys147). Cleavage by cathepsin on a disordered loop (around residue 190) removes the
glycan cap and mucin-like domain, exposing additional residues (shown in pink) on the site
critical for viral entry [82].
GP: Glycoprotein.
Adapted from [34].
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Figure 7. Zaire ebolavirus glycoprotein-mediated entryEbolavirus is thought to enter cells through
an endocytic mechanism
(A) Initially, the metastable, prefusion Zaire ebolavirus GP may bind lectins [71] or an
unidentified attachment factor at the cell surface (green ovals) via the mucin-like domains (grey
spheres) or other sites on GP. (B) Subsequently, ebolavirus is internalized and trafficked to the
endosome. Lectins may or may not remain bound to GP, depending on the nature of the
individual lectin. In the endosome, host cathepsins cleave GP to remove the glycan cap and
mucin-like domain, yielding an approximately 19-kDa GP1 core, disulfide bonded to GP2.
(C) The newly exposed surface may allow either tighter binding to a receptor trafficked from
the cell surface or binding to an alternate molecule in the endosome. Binding of this molecule,
or perhaps further cathepsin cleavage, could then trigger conformational changes in the GP2
fusion subunit. (D) Structural rearrangements in GP2 allow HR1 to form a single 44-residue
helix and position the IFL for insertion into the host-endosomal membrane. Upon insertion in
the host membrane, the IFL adopts a 310 helix. This is the extended prehairpin intermediate.
(E) Based on studies with the influenza virus, more than one trimer of GP2 may be required
to complete the membrane fusion process. (F) The HR2 and MPER regions swing from the
viral membrane towards the host membrane and HR1. Initial fold-back of the HR2 onto HR1
distorts the virus and host-cell bilayers and brings the two membranes into contact to form a
hemifusion stalk. (G) The hemifusion stalk opens up to form the fusion pore and the low energy,
postfusion 6HB is formed when three HR2 helices pack into the HR1 trimeric bundle.
6HB: Six helix bundle; CatL/B: Cathepsin L/B; GP: Glycoprotein; HR: Heptad repeat region;
IFL: Internal fusion loop; MPER: Membrane-proximal external region; TACE: TNF-α-
converting enzyme; TM: Transmembrane domain.
Adapted from [34,51].
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