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Summary
The ebolavirus (EBOV) envelope glycoprotein (GP) is solely responsible for viral attachment to,
fusion with, and entry of new host cells, and consequently is a major target of vaccine design efforts.
Recently determined crystal structures of key antibodies in complex with their EBOV epitopes have
provided insights into the molecular architecture of GP and defined likely hotspots for viral
neutralization. In this review, we discuss the structural basis for antibody-mediated neutralization of
ebolavirus and its implications for novel therapeutic or vaccine strategies.

Introduction
Ebolavirus (EBOV) is a filamentous, pleiomorphic virus in the family filoviridae. Infection
with ebolavirus causes a severe hemorrhagic fever, with 50–90% lethality. Disturbingly,
outbreak frequency has increased four-fold in the last decade. Five different species of
ebolavirus have been identified: Zaire, Sudan, Côte d’Ivoire, Reston and Bundibugyo, each
named after the location in which the species was first described. All species are lethal to
humans, with the possible exception of the rare Côte d’Ivoire species, for which only a single
human case has been reported, and the Reston species, which thus far, appears to be non-
pathogenic to humans [1,2]. Among these species, Zaire ebolavirus is the most common and
the most lethal.

The negative-stranded genome of ebolavirus encodes just seven genes. However, the fourth
gene, GP, actually encodes two unique proteins: a non-structural, dimeric secreted
glycoprotein, termed sGP, and a trimeric, virion-attached, envelope glycoprotein, termed GP.
These two glycoproteins share the first 295 amino acids, but have unique C termini as a result
of transcriptional editing. The unique C termini confer different patterns of disulfide bonding,
different structures, and different roles in pathogenesis. Approximately 80% of the mRNA
transcripts direct synthesis of sGP [3], which is secreted abundantly early in infection [4]. The
remaining 20% of the mRNA transcripts direct synthesis of GP. The unique C terminus of GP
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encodes a heavily glycosylated mucin-like domain, a transmembrane region, and a short
cytoplasmic tail. Trimeric GP is thus embedded in the viral surface, in contrast to the secreted
sGP. Indeed, GP is the only virally encoded protein on the virion surface, and is solely
responsible for recognition and entry of new host cells [5–7].

Survival of ebolavirus infection appears to depend on the ability of the host to mount an early
and strong immune response. Studies in three separate outbreaks suggest that fatal infection is
associated with a poor immune response as measured by low levels of interferon-γ, CD8+ T-
cells and antibodies [8,9]. By contrast, nonfatal cases have been associated with a strong
inflammatory response and higher levels of antibody [8–11]. Furthermore, in a murine model,
short-term control of the virus can be achieved by CD8+ T-cells alone, but long-term control
requires the presence of antibodies and CD4+ T-cells [12].

Development of neutralizing antibodies in the context of natural infection may be difficult.
Even those people that survive ebolavirus infection often have low to insignificant titres of
such antibodies [7,10]. It has been suggested that sGP and shed GP may act as decoys by
binding to any neutralizing antibodies [4,13,14]. Indeed, antibodies found in survivor sera
appear to preferentially recognize secreted sGP over virion-surface GP [15]. Antibodies
specific to sGP are probably non-neutralizing as they do not recognize the virus itself.
Antibodies that cross-react between sGP and GP may neutralize, but may not be as effective
in vivo, as they may be absorbed by the much more abundant sGP. It is possible that those
antibodies specific for viral surface GP may offer the best protection, and hence, structural
analysis of GP-specific epitopes has a particular importance.

It is clear that when such antibodies are elicited by vaccination, they do neutralize ebolavirus
in vitro and contribute to protection against lethal ebolavirus challenge [16–19]. Further,
transfer of sera containing neutralizing antibodies has, anecdotally, conferred some protection,
but other explanations for recipients’ survival have also been proposed [20,21]. It is not yet
clear which epitopes on GP (or sGP) are targeted by these successful polyclonal sera. However,
several monoclonal antibodies against GP have been described. Completion of the crystal
structure of ebolavirus GP has now provided a framework for analysis of the epitopes of these
monoclonal antibodies, and has suggested new epitopes that could be targeted in
immunotherapeutic development [22]. In this review, we describe the structural basis of
antibody recognition of trimeric Zaire ebolavirus GP and map known epitopes across its
surface.

Overall EBOV glycoprotein structure
The ebolavirus glycoprotein (EBOV GP) is synthesized as a 676-amino acid precursor that is
post-translationally cleaved by furin to yield two subunits, termed GP1 and GP2. The two
subunits remain covalently attached through a disulfide bond between Cys53 in GP1 and
Cys609 in GP2. GP1 is responsible for viral attachment and contains the putative receptor
binding site, as well as a heavily glycosylated mucin-like domain. GP2 contains the protein
machinery responsible for the fusion of the viral and host cell membranes as well as a
hydrophobic internal fusion loop and two heptad repeat regions (HR1 and HR2). After post-
translational modification, each EBOV GP monomer (a complex between GP1 and GP2) is
∼150 kDa in size. Three monomers oligomerize to form a non-covalently attached trimer
(∼450 kDa) on the viral surface. During infection, the metastable, prefusion conformation of
GP transforms into a low energy, stable, six-helix bundle, post-fusion conformation. The post-
fusion, six-helix bundle structure of GP2 was crystallographically defined in 1998 [23,24].

We have recently determined the crystal structure of the prefusion conformation of
ebolavirus GP. Here, trimeric GP was crystallized [25] in complex with a neutralizing antibody
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derived from a human survivor of the 1995 Kikwit, Zaire outbreak [22]. The overall EBOV
GP trimer adopts a chalice-like shape (95 × 95 × 70 Å), composed of three non-covalently
attached monomers (A, B and C) (Figure 1a). In the trimer, the three GP1 subunits together
form a bowl-like chalice and the three GP2 subunits wrap around GP1 to form a cradle (Figure
1b).

EBOV GP1 can be divided into three subdomains: (I) base, (II) head and (III) glycan cap (Figure
1a). The base subdomain (I) forms a hydrophobic concave surface that clamps GP2, likely
preventing the GP2 HR1A helix from springing into its fusion-active state prematurely. The
head subdomain (II), centrally located between the base and glycan cap, contains the putative
receptor-binding site (RBS). This subdomain forms a four-stranded, mixed β-sheet flanked by
an α-helix and a smaller, two-stranded anti-parallel β-sheet. Two intramolecular disulfide
bonds stabilize the head subdomain. The glycan cap (III), is furthest from the viral surface
(closest to the target host cell) and contains four clustered N-linked glycosylation sites (N204,
N238, N257 and N268) in an α/β dome over the GP1 head subdomain.

Our structure, combined with carbohydrate sequence analysis, predict that the twelve clustered
glycans, of the three glycan caps in the trimer, probably form a carbohydrate canopy across
the top of GP. The carbohydrate canopy is probably further extended by the heavily
glycosylated mucin-like domain (excised for crystallization). Indeed, the mucin-like domain
incorporates another 5 N-linked and 12–17 O-linked glycans onto its ∼150 amino acids. Hence,
the glycan cap and mucin-like domain, coupled with additional N-linked glycans on the sides
and base of GP, probably combine to form a thick glycan cloak over most of the three-
dimensional surface of GP. This thick cloak likely shields much of GP from immune
surveillance.

GP2 is highly conserved in sequence and contains a hydrophobic internal fusion loop, a
CX6CC cysteine motif and two helical heptad repeat regions (HR1 and HR2). The internal
fusion loop (residues 511–556) displays a partially helical hydrophobic region (L529, W531,
I532, P533, Y534 and F535) at the end of a disulfide-stabilized, antiparallel β-stranded scaffold
that interestingly, wraps around the outside of the GP trimer (Figure 1b). In the prefusion
conformation of GP, the hydrophobic fusion residues are sequestered from solvent by packing
into a pocket on a neighbouring GP1 monomer. Interestingly, the architecture of the internal
fusion loop is different from that of functionally equivalent regions of other class I
glycoproteins (like influenza HA [26] parainfluenza virus 5 F [27]). Instead, it more closely
resembles fusion structures observed in class II and class III glycoproteins (like flavivirus
glycoprotein E [28], vesicular stomatitis virus protein G [29] and herpes simplex virus 1
glycoprotein gB [30]). The HR1 region of EBOV GP can be divided into four segments:
HR1A, HR1B, HR1C and HR1D that together assemble a cradle encircling GP1. HR2 and the
CX6CC motif that connects HR1 to HR2 are disordered in this structure, perhaps reflecting
functionally important flexibility.

Requirements for viral entry
Initial attachment of enveloped viruses to host cells is typically mediated through the viral
envelope glycoprotein. Having attached to the host cell, the virus must penetrate the host plasma
membrane of the cell and release its genome into the cellular environment for subsequent
replication. In these processes, the fusion protein or subunit often undergoes substantial
structural rearrangement to appose and fuse the viral and cellular membranes. Prior to these
conformational changes, the receptor-binding subunit (GP1 or equivalent) often serves as a
clamp on the prefusion, metastable conformation of the fusion subunit (GP2 or equivalent).
Receptor binding, low pH, or another mechanism then cause release of the GP1 constraints on
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GP2, and thus trigger the conformational change required for membrane fusion (as reviewed
in [31–33]).

Entry of ebolavirus
The viral entry process in ebolavirus is not well understood, and a clear cellular receptor for
entry has yet to be identified. DC-SIGN/L-SIGN, hMGL, β-integrins, folate receptor-α, and
Tyro3 family receptors (Axl, Dtk and Mer) have been implicated as cellular factors, but none
of these proteins are both necessary and sufficient for viral entry [34–38]. The crystal structure,
combined with extensive site-directed mutagenesis [39–41] and truncation studies [42],
together predict a functionally important, 10 × 15 Å site located inside the GP1 chalice bowl
to be the binding site for a critical host factor or receptor. Indeed, clustered mutations here
were subsequently shown to abrogate cell attachment [43]. Interestingly, this putative receptor-
binding site may be poorly accessible on the viral surface as it is likely masked by the glycan
cap and mucin-like domain on intact GP. Instead, this site may become exposed or better
exposed after entry into the endosome.

In the host endosome, GP is cleaved by the proteases cathepsin L and/or B [44–46], at or around
residue 190 [43] (Figure 2). This cleavage yields a ∼19 kDa fragment of GP1 devoid of the
mucin-like domain and glycan cap [43] that displays enhanced binding and infectivity [44–
46]. Perhaps removal of the glycocalyx may expose the receptor-binding site on GP1 to another
host factor or receptor in the endosome. This as yet unidentified factor may be the required
trigger of GP1 release and GP2 conformational change. Comparison of prefusion [22] and
postfusion [23,24] crystal structures of GP2 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. In this 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 of
the internal fusion loop are then able to penetrate the host plasma membrane. In the process,
the internal fusion loop may rearrange from the pseudo-helix conformation observed as packed
into the GP oligomer [22], to the 310 helix conformation described by NMR studies of the free
fusion peptide in sodium dodecyl sulfate micelles or detergent-resistant membrane fractions
[47]. After rearrangement of HR1, our model predicts that GP2 will flex at its elbow-like hinge,
allowing HR2 to bind alongside HR1 to yield the final postfusion 6-helix bundle. As a result,
the internal fusion loop and transmembrane domain become juxtaposed, facilitating fusion of
the host and virus plasma membranes. A movie of the EBOV GP-mediated fusion process can
be found at www.nature.com/nature/journal/v454/n7201/index.html.

In summary, functionally important regions of GP1 include the base subdomain that clamps
GP2, the head subdomain that contains a putative receptor binding site, the cathepsin-cleavage
loop that links the base subdomain to the glycan cap and the mucin-like domain. Important
regions of GP2 include an internal fusion loop packed on the outside of the trimer and two
heptad repeats involved in fusion-related conformatioal change. Any of these sites might make
effective antibody epitopes.

Antibody response against EBOV GP
However, analysis of the antigenic structure of EBOV GP reveals that most of the protein
surface is shielded from humoral immune surveillance by a thick coating of N-linked glycans
on both GP1 and GP2. The few sites left exposed include a region at the base of the chalice
where GP1 meets GP2, the paddle shape of the internal fusion loop on the outside of the trimer,
and short linear stretches of polypeptide between glycans in the mucin-like domain. HR2 and
the putative receptor-binding site might also be partially or temporally exposed to antibody,
although that is unclear as these regions are missing from the structure. HR2 is disordered in
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this crystal structure and the mucin-like domain, which might cap the receptor-binding site,
had to be excised from GP for crystallization.

Importantly, several monoclonal anti-Ebola antibodies have been identified that demonstrate
neutralization in vitro and/or protection in rodent models [48–50]. The epitopes of these anti-
Ebola neutralizing antibodies have now been determined by X-ray crystallography or linear
peptide dot blots, or suggested by isolation of neutralization escape mutants. We now map
these neutralizing antibodies to EBOV GP and propose potential mechanisms of neutralization
(Table 1 and Figure 3).

GP1/GP2-directed antibodies: KZ52 and 133/3.16
One of the more promising antibodies for ebolavirus was identified from the bone marrow of
a human survivor of the 1995 Kikwit, Zaire outbreak (Zaire ebolavirus species). This mAb,
termed KZ52, neutralizes Zaire ebolavirus in vitro [48] and offers protection from lethal EBOV
challenge in a rodent model [51], although it was non-protective in non-human primates [52].
KZ52 is the only mAb yet tested in nonhuman primate protection studies, and so we do not
yet know if this result pertains to all anti-EBOV mAbs or if it is unique to KZ52. For example,
it may be that the particular epitope of KZ52 is not well-exposed in natural infection.
Alternatively, because a single viral particle can be lethal for a primate, it may be too difficult
for any single mAb, whatever its epitope, to neutralize every single viral particle and provide
sterile protection. Perhaps a cocktail of mAbs against several unique epitopes might confer
improved protection over KZ52 administration alone. If so, it will be important to identify
multiple, unique antibody epitopes on ebolavirus GP that could be combined into a cocktail,
including and in addition to KZ52.

KZ52 is specific for the complex of GP1 and GP2 together. It does not bind GP1 or GP2
expressed individually, nor does it bind sGP. Our crystal structure illustrates that KZ52 binds
to the previously described vulnerable, non-glycosylated site at the base of the GP chalice. Its
epitope is conformational in nature, specific to the prefusion conformation of GP2 that is
wrapped around GP1, and comprised of 80% GP2 and 20% GP1 by buried surface.
Interestingly, KZ52 is the first antiviral antibody to be described that bridges the receptor-
binding and fusion subunits of any viral glycoprotein. For example, in HIV-1, multiple
antibodies are known against gp120 and multiple antibodies are known against gp41, but none
have yet been described that bridge gp120 and gp41 together.

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) (Figure 4a and Figure 4b). The GP2 sequences among
these (residues 505–514 and 549–556) are poorly conserved among ebolaviruses, thus
explaining the Zaire species-specificity of KZ52.

KZ52 forms van der Waals contacts to GP1 via a main-chain nitrogen of Leu43 and a side-
chain carbon of Val42. Note that Val42 is the site of the Thr to Val mutation required to delete
a particular N-linked glycan sequon, and improve diffraction. However, the side-chain carbon
bound by KZ52 is in common between Val and Thr residues, and hence, the observed contact
probably mimics that formed by wild-type GP (certainly KZ52 appears to bind Thr42Val GP
as well as wild-type GP). Although contacts to GP1 are present, they are more limited in number
than those to GP2 and are somewhat weaker in nature (van der Waals). Hence, it is possible
that the requirement of GP1 for KZ52 binding is for maintenance of the GP1 base subdomain
clamp on the prefusion conformation of GP2 than provision of direct binding energy. Indeed,
KZ52 does not recognize GP in which the GP1-GP2 disulfide bond has been reduced and the
clamp released, nor does it recognize the postfusion, 6-helix bundle conformation of GP2.

Lee and Saphire Page 5

Curr Opin Struct Biol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Importantly, KZ52 may not be the only neutralizing antibody directed towards this epitope. A
murine antibody, termed 133/3.16, neutralizes and protects mice (5/5) from a lethal challenge
of Ebolavirus even two days post-exposure [18]. Treatment of guinea pigs with 133/3.16 was
not as effective in protection as in the mouse model, but single dose treatment of guinea pigs
one or two days post-challenge did prolong survival and offer protection in some guinea pigs
[18]. This antibody recognizes a conformation-dependent epitope, and neutralization escape
assays identified a common single amino acid substitution at His549 in GP2 in all escape
variants [49]. In KZ52, His549 and residues in its vicinity form interactions to the antibody
heavy chain (Figure 4a). We speculate that the binding interface of the 133/3.16 mAb could
overlap with the KZ52 epitope, thus potentially identifying a vulnerable shared epitope and
potential “sweet spot” for neutralization (Figure 3).

Antibodies may neutralize at various steps in the viral lifecycle and could: (a) block attachment
to the host cell, (b) interfere with virion internalization, (c) block the binding of additional
cellular co-factors, (d) inhibit membrane fusion, (e) destabilize the virion structure, (f)
aggregate virions, or (g) inhibit postfusion events. The exact mechanism(s) of neutralization
by KZ52 and 133/3.16 are not fully understood. However, based on the structure, the binding
of KZ52 to primarily GP2 residues suggests a role in preventing the conformational changes
required in this subunit during membrane fusion. Alternatively, it is possible that the binding
of an IgG KZ52 to GP may sterically block the interaction site of a cofactor required for
attachment or cleavage.

GP1-directed antibodies
A unique antibody, termed 226/8.1, was shown to confer protection in mice by a single passive
immunization of 100 µg of antibody given one day before or two days after challenge [18].
Three neutralization escape variants reveal single amino acid substitutions at structurally
proximal, but non-contiguous residues 134, 194 and 199 of GP1, suggesting that this antibody
recognizes a conformation-dependent epitope [49]. The crystal structure of EBOV GP
illustrates that residue 134 is located on the β8-β9 loop and that residues 194 and 199 reside
in a nearby, disordered loop on the surface of the GP, approximately 15–20 Å from the KZ52
binding site. The disordered loop containing residues 194 and 199 has been confirmed to be
the site of cathepsin cleavage [43]. Cleavage here by cathepsins B and L yields a 20 kDa GP1
intermediate that contains residues 33–200. This intermediate is further cleaved to yield the
primed 19 kDa GP1 species consisting of residues 33–190. It is interesting to speculate whether
mAb 133/3.16 confers protection by blocking cathepsin cleavage of GP.

Two other mAbs, 13C6-1-2 and 6D3-1-1, recognize conformation-dependent epitopes shared
between sGP and GP [50]. These sites have not yet been mapped and no escape mutants are
known.

An additional series of mAb were generated using ebolavirus-like particles with full length
GP, and subfragments of GP1 [53]. These recombinantly expressed and refolded subfragments
are polypeptide sequences ∼60–80 residues in size taken from the head, glycan cap and mucin-
like subdomains [53]. Antibodies raised against these polypeptides have been characterized
for epitope specificity, but not neutralization potential. Interestingly, a subset of these
antibodies interacts with either linear or conformation-dependent GP1 epitopes encompassing
the cathepsin-cleavage region. MAb P129.2H11 interacts with GP1 residues 157–211 and
P129.5F12, P129.4C11 and P129.3H8 recognize an epitope consisting of residues 157–211
and 311–369. Among residues 157–211, the first 30 (residues 157–187) are buried inside the
base and head subdomains and thus likely not accessible to antibody. However, the next 25
residues (188–213) reside in a solvent-exposed, disordered loop that contains the cathepsin
cleavage site. It is likely that the antibodies against this region (P129.2H11, P129.5F12,
P129.4C11 and P129.3H8) have epitopes that overlap that of mAb 226/8.1.
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Antibodies directed against the mucin-like domain
The mucin-like domain is predicted to be largely unstructured and highly N- and O-linked
glycosylated. A series of antibodies have been identified that react with linear polypeptide
sequences contained between glycans in this domain [50]. These linear-epitope antibodies can
be divided into three competition group (Table 1). Group 1, which includes the antibody
13F6-1-2, is directed against GP1 residues 401–417. Group 2, which includes the antibody
6D8-1-2 is directed against GP1 residues 389–405, and group 3, which includes the antibody
12B5-1-1, is directed against GP1 residues 477–493. Note that the sequence of the mucin-like
domain is highly variable among species of ebolavirus, and hence, 13F6-1–2, 6D8-1–2, and
12B5-1-1 are all specific for the Zaire species. Importantly, many of these antibodies provide
complete or partial protection in viral challenge experiments. For example, 10/10 mice survive
challenge with 300 times the lethal dose of ebolavirus when 100 µg of mAb 13F6-1-2 is
administered one day after challenge [50].

We determined the crystal structure of the competition group 1 mAb, termed 13F6-1-2 (murine
IgG2a), in complex with its linear glycoprotein epitope contained within the Zaire
ebolavirus GP mucin-like domain (VEQHHRRTD, amino acids 404–412; Figure 4c) [54].
13F6-1-2 utilizes an extremely rare antibody light chain termed Vλx that confers noncanonical
structures to all three light chain complementarity determining regions (CDR), and may confer
an unusual mode of binding. In contrast to other Fab-peptide structures in which the peptide
binds in a central, vertical groove between heavy and light chains [54] (like a hot dog in a bun),
the ebolavirus GP peptide binds diagonally across the 13F6-1-2 combining site (Figure 4d).
The peptide adopts a linear, extended conformation lacking any secondary structural elements.
5 hydrogen bonds are formed to the Vλx light chain, and 15 hydrogen bonds are formed to the
antibody heavy chain by the GP peptide. In addition, Arg409 of GP1 makes a salt bridge to
Asp33 of the 13F6-1-2 heavy chain.

The linear epitopes of competition groups 2 and 3, residues 389–405 and 477–493, could be
extended in structure as well. No secondary structure is predicted for residues 389–405, and a
single β strand is predicted for residues 477–493. These antibody epitopes do not contain any
predicted N- or O-linked glycosylation sites, suggesting that even though the mucin-like
domain is heterogeneously glycosylated with N- and O-linked glycans, key peptide epitopes
that elicit protective antibodies can be contained within this region.

For viruses such as HIV-1, that cause a chronic infection of constantly evolving viral sequence,
antibodies against heavily glycosylated, variable loops of the glycoprotein are less desired, as
the virus is able to mutate these sequences and escape immune recognition. However, for
ebolavirus, such antibodies should not be discounted. Individual species of ebolavirus are
temporally stable in sequence, even within the mucin-like domain (1976 Zaire ebolavirus is
98% identical to 1996 Zaire ebolavirus, 20 years later) [4]. Further, ebolavirus infection of
humans and nonhuman primates is rapid and acute, rather than chronic. Unlike HIV-1,
ebolavirus infection may have largely resolved itself or killed the host before host antibody
has had a chance to exert any selective pressure. As the mucin-like domain probably dominates
much of the surface of ebolavirus GP, antibodies that bind well to this region may be quite
successful in blocking GP attachment to target cells. Further, these epitopes, on the apical
surface of the GP spike, may be better exposed for antibody binding on a densely packed virion
than epitopes such as KZ52, which are buried at the bottom of the GP spike.

Conclusions
Significant advances have been made in understanding the overall structure and mechanisms
of ebolavirus GP-mediated entry. However, many questions still remain: (i) What are the
mechanisms of neutralization of antibodies against GP? (ii) Does the mechanism of
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neutralization vary by epitope? (iii) Do antibodies against certain epitopes confer superior
protection? (iv) Why does KZ52 confer protection in rodent models but fail to protect non-
human primates? (v) Would another mAb, or a cocktail of mAbs confer better protection than
KZ52 alone in the non-human primate? Additional structures of GP-antibody complexes,
coupled with functional analysis, should explain the mechanisms of antibody-mediated
neutralization and protection. Such studies will provide templates for the design and targeting
of specific structural GP epitopes and development of novel or improved protective antibodies.
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Figure 1. Overall structure of EBOV GP
(a) Molecular surface of the GP trimer viewed on its side and down its three-fold axis. Monomer
A is colored according to its subdomains: GP1 base- green; GP1 head- blue; GP1 glycan cap-
cyan; GP2 N-terminus- red; GP2 internal fusion loop- orange; and GP2 HR1- yellow. (b)
Molecular surface of the EBOV GP chalice and cradle. Three lobes of GP1, shown in shades
of gray, form the GP chalice, and three subunits of GP2 (orange) wrap around the base of the
chalice to form the cradle. Adapted from [22].
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Figure 2.  Ebolavirus GP-mediated entry
Ebolavirus is thought to enter cells through receptor-mediated endocytosis (a) Initially, the
metastable, prefusion EBOV GP may bind low affinity lectins or another unidentified receptor
at the cell surface for viral attachment. (b) Subsequently, Ebolavirus is internalized and
trafficked to the endosome, where host cathepsins cleave GP to remove the glycan cap and
mucin-like domain. (c) The newly exposed surface may allow either tighter binding to the host
surface receptor or binding to a second cellular factor or receptor in the endosome that 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 internal fusion loop for
insertion into the host endosomal membrane. Upon insertion in the host membrane, the internal
fusion loop adopts a 310 helix. (e) Based on studies in the influenza virus, more than one trimer
of GP2 may be required during the membrane fusion process. (f) The formation of the low
energy 6-helix bundle (6HB) requires HR2 and MPER to swing from the viral membrane
towards the host membrane and pack against the trimeric bundle of HR1. These rearrangements
juxtapose the EBOV GP’s internal fusion loop and transmembrane domain, thus facilitating
the fusion of the host and viral membranes. This figure is adapted from [22].
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Figure 3. Locations of neutralizing epitopes on EBOV GP
The locations of the Zaire ebolavirus neutralizing antibodies are mapped onto the molecular
surface of the prefusion EBOV GP structure. In general, there are at least three regions on
EBOV GP which have elicited neutralizing or protective epitopes. The KZ52 neutralizing
epitope, which likely overlaps with mAb 133/3.16 (green), is located at a non-neutralizing site
at the base of the EBOV GP chalice (colored in orange). This epitope is primarily composed
of GP2 residues 505–514 and 549–556. A second neutralizing epitope termed 226/8.1 (colored
red) is centered in the vicinity of the cathepsin cleavage site around residues 134, 194 and 195.
The loop between residues 189–213 is disordered in the crystal structure and is shown as green
dots. The mucin-like domain is the site of at least three linear neutralizing epitopes (modeled
as white lines). These three linear neutralizing epitopes (residues 401–417, 389–405 and 477–
493) map to unstructured and non-glycosylated regions on the mucin-like domain.
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Figure 4. EBOV GP-neutralizing antibody interactions
(a) EBOV GP-KZ52 interactions. KZ52 recognizes a discontinuous epitope at the base of the
EBOV GP chalice, and bridges the N terminus and internal fusion loop of GP2 to the N terminus
of GP1. One EBOV GP monomer is colored and labeled according to Figure 1a and the Fab
heavy and light chains are colored in black and gray, respectively. Selected side-chain
interactions at the GP-KZ52 interface are magnified in the inset box. Note that in the wild-type
Zaire ebolavirus sequence, position 42 contains a threonine, rather than the valine mutant used
here for crystallization. (b) 2-D schematic of the interactions between EBOV GP and KZ52.
Van der Waals interactions are illustrated by blue semi-circles and hydrogen bonds by dashed
lines. (c) EBOV GP-13F6-1-2 interactions. 13F6-1-2 utilizes a rare Vλx light chain and in
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contrast to other antibody-peptide interactions, the EBOV GP peptide epitope of 13F6-1-2
binds in a diagonal fashion, recognizing an unstructured, non-glycosylated linear epitope
corresponding to residues 404–412 in the mucin-like domain. The EBOV GP peptide is colored
in yellow and 13F6-1-2 heavy and light chains are colored in green and blue, respectively.
(d) Comparison of peptide binding orientations in Vθ/Vκ and Vλx-containing antibodies. Left
panel, the peptide binding to the Vλx-containing 13F6-1-2 antibody (PDB code: 2QHR) is
shown in yellow. Right panel, the light and heavy chains of Vλ/Vκ antibodies were
superimposed, but for clarity only the peptides are shown (PDB code: 1CU4, red; 1TJG, brown;
1F58, blue; 1ACY, green; 1NAK, yellow; 1SM3, magenta; 1GGI, cyan; 1CFN, orange; and
1CE1, black). This figure is adapted from [22,54].
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