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The Ebola virus glycoprotein mucin-like domain (MLD) is implicated in Ebola virus cell entry and immune evasion. Using
cryo-electron tomography of Ebola virus-like particles, we determined a three-dimensional structure for the full-length
glycoprotein in a near-native state and compared it to that of a glycoprotein lacking the MLD. Our results, which show that
the MLD is located at the apex and the sides of each glycoprotein monomer, provide a structural template for analysis of
MLD function.

The filoviruses Ebolavirus (EBOV) and Marburgvirus cause fa-
tal hemorrhagic fevers in humans, with mortality rates ap-

proaching 90% (1, 2). Consequently, considerable effort is fo-
cused on developing vaccines and therapeutics to prevent and
treat filoviral infections. All filoviruses display multiple copies of a
single membrane-anchored glycoprotein (GP) projecting from
their envelopes (reviewed in reference 3). Like most class I viral
fusion proteins, GP is a trimer in which each monomer is a disul-
fide-bonded complex of a receptor binding subunit (GP1) and a
fusion subunit (GP2) (reviewed in references 3 and 4). The struc-
ture of the trimeric ectodomain was described as a “chalice” con-
sisting of a glycan cap, a head, and a base (5). The Ebola virus GP
is the target of multiple neutralizing antibodies (Ab), several of
which are effective in preventing the onset of disease in nonhuman
primates when administered as part of a monoclonal Ab (MAb)
cocktail 1 or 2 days after viral exposure (6, 7).

The mucin-like domain (MLD) is a highly glycosylated region
spanning EBOV GP1 residues 313 to 501 (Fig. 1A). Although it is
dispensable for EBOV infections in vitro (8, 9) and is not highly
conserved (5), many functions have been attributed to the MLD.
These include influencing GP structure (10), enhancing viral at-
tachment to target cell surfaces (11, 12), protecting conserved re-
gions of GP, such the receptor binding site, from antibody recog-
nition (10, 13), and masking immune regulatory molecules, such
as major histocompatibility complex 1 (MHC1), on infected cell
surfaces (14, 15). In addition, many neutralizing antibodies, in-
cluding two that comprise part of a promising therapeutic cocktail
(7), are directed against the MLD (13, 16, 17). The goal of the
present study was to provide structural information on the MLD
of GP from EBOV as an aid to understanding the multiple func-
tions of filoviral MLDs.

The Ebola virus GP crystal structure was obtained using a trun-
cated protein that lacks both the MLD and the transmembrane
domain (5) (Fig. 1A) and gives only a partial representation of the
GP structure. To localize the MLD on Ebola virus GP in as near a
native state as possible, we produced entry-competent virus-like
particles (VLPs), as described previously (18), and performed
cryo-electron tomography and subtomogram averaging of GP
spikes using previously described methods (19).

We imaged Ebola virus VLPs that express GPs in either the
full-length (FL-GP) (Fig. 1B and C) or MLD-deleted (�Muc-GP)

state (Fig. 1D and E), with the goal of identifying density corre-
sponding to the MLD. GP spikes are continuous on the VLP sur-
face in both particle types and are visible in two-dimensional (2D)
projection images (Fig. 1B and D) and in merged tomographic
slices (Fig. 1C and E). From 32 tomograms of Ebola virus FL-GP
VLPs, 5,298 potential GP spikes were picked using an automated
spike-picking program (20), which was modified to recognize
spike density on the surface of both spherical and cylindrical
VLPs. Potential spike particles were then subjected to subtomo-
gram averaging for density map generation. The resulting FL-GP
map shows a chalice-shaped, trimeric structure, as expected (5)
(Fig. 2A and B). Compared to the crystal structure, extra density is
visible at the apex and sides of each GP1 monomer (Fig. 2A and B,
indicated by purple shading), suggesting that this is the location of
the MLD. Excess density is also visible near the base of the map,
which likely corresponds to the membrane-proximal external re-
gion (MPER) and the HR2 region of GP2, which were absent from
or not visualized in the crystallized protein (5) (Fig. 1A).

To generate a density map of �Muc-GP for comparison, 6,304
potential GP spikes were manually picked from 29 tomograms of
the �Muc-GP VLPs and subjected to subtomogram averaging.
The �Muc-GP density map appears truncated compared to the
FL-GP map (Fig. 2C and D), as expected, based on the reduced
mass of the �Muc-GP protein (Fig. 1A). The �Muc-GP map ex-
tends �13 nm from the membrane compared to �14 nm for the
FL-GP (Fig. 3A). The striking difference between the two maps in
the density measurements is seen when the �Muc-GP map is su-
perimposed with the FL-GP map (Fig. 3A). Density missing from
the �Muc-GP map (and, therefore, attributable to the MLD) pro-
trudes from the top and sides of each monomer in the spike (Fig.
3A, mesh).

Received 26 March 2014 Accepted 6 July 2014

Published ahead of print 9 July 2014

Editor: W. I. Sundquist

Address correspondence to Sriram Subramaniam, ss1@nih.gov.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.00870-14

The authors have paid a fee to allow immediate free access to this article.

10958 jvi.asm.org Journal of Virology p. 10958 –10962 September 2014 Volume 88 Number 18

http://dx.doi.org/10.1128/JVI.00870-14
http://jvi.asm.org


An alternative structure for FL-GP, also determined by
cryo-electron tomography, was reported previously by Beniac
and coworkers (21) (Fig. 3B). That study used a combination of
Ebola virus VLPs and Ebola virus fixed with paraformaldehyde
(21). In that map, very little extra density was seen extending
beyond the space filled by the crystal structure, and those au-
thors hypothesized that the MLD must fill the chalice (21).
Their conclusions are in contrast to the results we present here
regarding the localization of the MLD (Fig. 3), with the differ-
ences likely due to different starting materials (as described
above) as well as different methods. Our map was obtained
using unfixed Ebola virus VLPs and a single, proven method of
cryo-EM tomography with subtomogram averaging (19). The
Beniac map was derived using a combination of different Ebola
virus samples and processing methods, including combining
subtomogram images of Ebola virus VLPs with images of Ebola
virus fixed in paraformaldehyde (21).

To further verify the MLD location on FL-GP, we attempted to
determine the structure of FL-GP bound to the mouse antibody,
14G7, which binds MLD residues 477 to 493 (22). 14G7 is protec-

tive in 90% of Ebola virus-challenged mice when administered 1
day postchallenge (13), making this region an intriguing thera-
peutic target. Ebola virus VLPs were incubated with 14G7 anti-
body on ice for 30 to 60 min before electron microscopy (EM)
grids were made and imaged. Although 14G7 binding to the
FL-GP was apparent by an enzyme-linked immunosorbent assay
(ELISA) (data not shown), we were unable to resolve a reproduc-
ible map containing density attributable to the anti-MLD anti-
body. The map classes obtained from these data show noisy den-
sity data extending from the top and sides of the maps (Fig. 4A to
C). However, when the contours of the maps were adjusted so that
only the strongest density was shown, the resulting maps were
equivalent in size to the �Muc-GP map (Fig. 4D to F), indicating
that neither the MLD nor the anti-MLD antibody was resolved.
The lack of an MLD on these maps was verified by superimposing
each map onto the FL-GP map (Fig. 4G to I). The missing MLD
and antibody density is potentially a result of increased flexibility
of the mucin domain upon antibody binding, making it probable
that the MLD region is smeared with 3D averaging.

Our results structurally define the MLD of the EBOV GP as a

FIG 1 (A) A graphical representation of the Ebola virus GP sequence (adapted from references 5 and 24) shows segments present in our proteins but absent from
the crystallized GP (regions with hatch marks), including the signal peptide (SP), MLD, MPER (M), and transmembrane region (T) and the cytoplasmic tail (CT).
(Note that the SP is not present on the FL-GP or �Muc-GP VLPs, as it is cleaved off during GP biosynthesis). Domains present in the crystallized protein but not
resolved in the crystal structure are shown in white and include HR2 (2) and a portion of the MLD. The segment missing from our �Muc-GP construct is outlined
in red. Additional GP1 regions are colored green, except for the receptor binding region (RBR), which is orange. Additional GP2 regions, including the fusion
peptide (F) and HR1 (1), are colored blue. (B and C) Projection image (B) and seven merged tomographic slices (C) of Ebola virus VLPs containing the FL-GP
showing the various phenotypic appearances of the VLPs. GP spikes are clearly visible surrounding each particle, and the overall GP shape is visible in some
well-separated GPs (indicated by arrowheads in panel C). (D and E) Projection image (D) and seven merged tomographic slices (E) showing Ebola virus VLPs
containing �Muc-GPs. Scale bars in panels B to E represent 100 nm.
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region surrounding the apex and sides of each GP1 monomer. This
finding is significant due to its spatial relationship to epitopes that are
important for cell entry and infection (23). The GP epitope bound by
the Ebola virus receptor, NPC1, is buried in the center of the protein
(residues shown in orange in Fig. 2) and would not be easily accessible
to neutralizing antibodies due to the mass of the MLD and glycans

covering the apex. Our maps visually demonstrate how the MLD
shields these vulnerable epitopes from neutralization.

The FL-GP and �Muc-GP maps were deposited in the Electron
Microscopy Data Bank (EMDB; http://www.emdatabank.org/)
under the EMDB accession numbers 6003 and 6004, respectively,
for the full-length and �Muc-GP maps.

FIG 2 (A) Isosurface representation of the density map of FL-GP from the surface of Ebola virus VLPs shown as a side view. The density assigned to the MLD
is indicated by purple shading. (B) The top view of the FL-GP map is shown with MLD indicated in purple. (C) Isosurface representation, shown in side view, of
the density map of a GP spike from Ebola virus �Muc VLPs. (D) The top view of the �Muc-GP map is shown. In all panels, crystal coordinates (Protein Data Bank
[PDB] 3CSY) are colored with the GP1 region in green and the GP2 region in blue. Residues important for binding to NPC1 are colored orange. All X-ray
coordinates were fitted using the University of California, San Francisco (UCSF), Chimera software package (25).

FIG 3 (A) A superposition of the �Muc-GP map (solid gray) with the FL-GP map (gray mesh) is shown. Heights of the FL and �Muc-GP maps (measured from
the membrane to the tallest point on the map) are shown. The proposed location of the MLD corresponds to the mesh density in the FL GP map. (B) A map for
Ebola virus GP, previously reported by Beniac and coworkers (21), which does not resemble the results we present here, is shown for comparison.
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