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Entry of ebolavirus (EBOV) into cells is mediated by its glycoprotein (GP, ,), a class I fusion protein whose
structure was recently determined (J. E. Lee et al., Nature 454:177-182, 2008). Here we confirmed two major
predictions of the structural analysis, namely, the residues in GP, and GP, that remain after GP,, is
proteolytically primed by endosomal cathepsins for fusion and residues in GP, that are critical for binding to
host cells. Mass spectroscopic analysis indicated that primed GP, , contains residues 33 to 190 of GP, and all
residues of GP,. The location of the receptor binding site was determined by a two-pronged approach. We
identified a small receptor binding region (RBR), residues 90 to 149 of GP,, by comparing the cell binding
abilities of four RBR proteins produced in high yield. We characterized the binding properties of the optimal
RBR (containing GP, residues 57 to 149) and then conducted a mutational analysis to identify critical binding
residues. Substitutions at four lysines (K95, K114, K115, and K140) decreased binding and the ability of RBR
proteins to inhibit GP, ,-mediated infection. K114, K115, and K140 lie in a small region modeled to be located
on the top surface of the chalice following proteolytic priming; K95 lies deeper in the chalice bowl. Combined
with those of Lee et al., our findings provide structural insight into how GP, , is primed for fusion and define
the core of the EBOV RBR (residues 90 to 149 of GP,) as a highly conserved region containing a two-stranded

3-sheet, the two intra-GP, disulfide bonds, and four critical Lys residues.

Ebolaviruses (EBOVs) are filamentous, enveloped, nega-
tive-strand RNA viruses of the family Filoviridae; there are five
reported species, namely, Zaire (ZEBOV), Sudan, Reston,
Coéte d’Ivoire, and Bundibugyo EBOVs (7, 28, 31). EBOV
infections cause severe hemorrhagic fever in humans and non-
human primates, with mortality rates reaching 88% (12, 20).

Entry of EBOV into host cells is initiated through its surface
glycoprotein (GP, ,), a heavily glycosylated class I viral fusion
protein that is cleaved during transit to the cell surface by a
furin-like protease into a receptor binding subunit (GP,) and a
fusion subunit (GP,). GP, and GP, remain associated through
a disulfide bond and, like all class I fusion proteins, assemble as
trimers on the virion surface (6, 8, 9, 26, 29, 30, 32). Unlike
most class I fusion proteins, however, cleavage at the furin site
is not essential for infection (22, 33). EBOV GP, ,-mediated
entry into host cells involves binding to one or more unknown
host receptors followed by delivery to an endosomal compart-
ment (4, 19, 21, 26), where cathepsins B and L cleave GP, from
its initial 130-kDa form to a 19-kDa intermediate which is
primed for fusion (19-kDa GP,) (21). Many aspects of the
EBOV entry process remain obscure. For example, although
several cell surface proteins have been shown to enhance in-
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fection (5), no definitive host cell surface receptor(s) has been
identified. In addition, neither the sequence of 19-kDa GP,,
the residues within 19-kDa GP, that are critical for binding to
host cells, nor the mechanism by which the primed EBOV
glycoprotein (19-kDa GP, , [19-kDa GP, disulfide bonded to
GP,)) is triggered for fusion (4, 21) has yet been elucidated.

The focus of this study is the 19-kDa form of EBOV GP,
and its role in binding to host cells. Although the mucin-like
domain at the C-terminal end of GP, can facilitate initial virus
attachment to cells (1, 16, 18, 23, 25), this domain is fully
dispensable for entry. Moreover, 19-kDa GP; clearly contains
receptor binding activity, since virus binding and infection are
actually enhanced after the mucin-like domain is removed
(GP,,A) (11, 21). Additionally, 19-kDa GP,; most likely in-
cludes residues from the amino-terminal portion of GP,, since
mutations within the first 150 residues (residues 33 to 183)
impair virus infection (3, 13, 15, 17) and since a recombinant
protein including residues 54 to 201 binds specifically to per-
missive cells and inhibits EBOV GP, ,-mediated infection
(13). Cys 53 should also be present, since 19-kDa GP, remains
attached to GP, by a disulfide bond (4; data not shown).

In this study, we first purified the primed ZEBOV 19-kDa
GP, , and identified its sequence by mass spectroscopy. We
then generated several recombinant GP, receptor binding re-
gions (RBRs), including one encompassing the residues that
we found to be present in 19-kDa GP,. Using a high-yield
recombinant RBR, we characterized properties of RBR bind-
ing to host cells, identified an RBR that could inhibit ZEBOV
GP, ,-mediated pseudoviral infection, and importantly, identi-
fied residues within the RBR that are critical for host cell
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binding. Our findings are fully consistent with and are dis-
cussed in terms of the recently solved prefusion structure of the
EBOV glycoprotein trimer (14).

MATERIALS AND METHODS

Cells and cell culture conditions. 293T cells, a derivative of 293 cells (ATCC
CRLI1573), were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS), 1X penicillin-strep-
tomycin (Gibco), and 500 pg/ml active G418 (Gibco). Jurkat cells (ATCC
TIB-152) were maintained in RPMI 1640 medium with 10% FBS, 1X penicillin-
streptomycin, and 1 mM sodium pyruvate (Gibco). Vero E6 cells (ATCC CRL-
1586) were maintained in DMEM supplemented with 10% FBS and 1X
penicillin-streptomycin.

Production and purification of ZEBOV pseudovirions. Green fluorescent pro-
tein (GFP)-carrying vesicular stomatitis virus (VSV#'P) bearing ZEBOV GP, ,A
or the VSV glycoprotein (G) was produced in BHK-21 cells essentially as de-
scribed previously (21, 26, 27). The mucin-deleted ZEBOV GP, , was utilized
throughout this study, since deletion of the mucin-like domain has no effect on
entry or cell tropism (10, 24, 34), the viral titer of pseudovirions with GP; ,A is
increased ~10-fold compared to that of the wild type (WT), and 19-kDa GP, can
be produced equally well from pseudotypes with either full-length GP,, or
GP, ,A (11; data not shown). For purification of primed 19-kDa GP, ,, a virus-
containing supernatant was cleared by centrifugation at 2,500 rpm for 5 min at
4°C, concentrated by centrifugation through a Vivaspin-20 300-kDa-molecular-
size-cutoff column (Sartorius Biolabs), and then banded on a step gradient of
25% and 60% sucrose (wt/vol) in HM buffer (20 mM HEPES, 20 mM morpho-
lineethanesulfonic acid, 130 mM NaCl, pH 7.5) by centrifugation in an SW41
rotor at 21,000 rpm for ~16 h at 4°C. The virus-containing band was then
isolated, diluted to ~20% sucrose in HM buffer, pelleted by centrifugation at
32,000 rpm in an SW55 rotor for 2 h at 4°C, and resuspended in approximately
500 wl of 10% sucrose in HM buffer.

Beta-lactamase-carrying human immunodeficiency virus (HIV®'®™) bearing
ZEBOV GP; ,A or VSV G was produced in 293T cells as previously described
(35). Briefly, a plasmid encoding mucin-deleted ZEBOV GP, , or VSV G was
transfected along with plasmids pMM310 and pA8.2 into 293T cells with Fugene
(Roche). After 24 h, cells were treated with 2 mM sodium butyrate and further
incubated for 24 h prior to harvest of the virus-containing supernatant. The
supernatant was cleared by centrifugation at 2,500 rpm for 5 min at 4°C, and the
pseudovirions were pelleted by centrifugation through 20% sucrose (wt/vol) in
HM buffer in an SW41 rotor at 21,000 rpm for 2 h at 4°C and resuspended in 200
wl of 10% sucrose in HM buffer.

Generation and purification of 19-kDa GP, ,. To generate 19-kDa GP, ,, a
sample of step-gradient-purified VSV&P-GP, ,A pseudovirions (0.25 mg/ml) was
incubated with thermolysin (0.25 mg/ml) in HM buffer containing 0.1 mM CaCl,
for 30 min at 37°C. The reaction was stopped by adding EDTA to a final
concentration of 10 mM, and the mixture was centrifuged in an SW55 rotor at
33,000 rpm for 2 h at 4°C. The viral pellet was resuspended in 200 ul of HM
buffer and disrupted by incubation in RIPA buffer (50 mM Tris, 150 mM NaCl,
1% NP-40, 0.5% deoxycholate, pH 7.5) at 37°C for 15 min. The detergent-
disrupted particles were centrifuged in a TLA 100 rotor for 1 h at 32,000 rpm at
4°C to remove VSV cores (VSV L, N, and P proteins) and a fraction of the VSV
M protein. The resulting supernatant, containing 19-kDa GP,-S-S-GP,, was then
depleted of remaining VSV M protein by incubation with NHS-Fast Flow Sepha-
rose beads (Pharmacia Biotech) to which the anti-VSV M monoclonal antibody
23H2 (a gift of Michael Whitt) had been covalently coupled following the
manufacturer’s instructions. The resulting sample was then concentrated by
chloroform-methanol precipitation, resuspended in 80 ul of peptide N-glycosi-
dase F digestion buffer, treated with 500 units of PNGase F (New England
Biolabs) for 1 h at 37°C, and run in two lanes (~20 pl per lane) of a 12.5%
reducing sodium dodecyl sulfate (SDS) gel. The gel was stained with silver, and
the region containing 19-kDa GP; (17 kDa after PNGase F treatment) was
excised and digested with either trypsin or ArgC. The resulting peptide frag-
ments were analyzed by mass spectrometry (W. M. Keck Biomedical MS Core
Facility, University of Virginia).

Construction of recombinant ZEBOV GP; RBRs. The protein sequence for
ZEBOV GP, , (PDB accession no. U31033) was subjected to secondary struc-
ture predictions, using each of the secondary structure prediction programs
available at http://www.expasy.org/tools/#secondary. The outputs were analyzed
for regions corresponding or not corresponding to secondary structure elements.
Regions outside predicted helices and strands were considered possible loops.
We chose residues in the predicted loop regions, including three N-terminal
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residues (residues 57, 72, and 90) and three C-terminal residues (residues 149,
172, and 198), as the termini for recombinant RBRs, reasoning that truncations
within loop segments would be least disruptive to GP; structure and function.
We also generated an RBR encompassing residues 54 to 201, essentially as
described previously (11) (see Fig. 2A). Primers were designed for initiation or
termination of the GP, fragments at the chosen sites with an upstream or
downstream BgllI site, respectively. Primers for additional fragments starting at
the N terminus of mature GP, (residue 33, the first residue after signal sequence
removal) and terminating at residue 149, 193 (a predicted C terminus of 19-kDa
GP, [see Results]), or 198 were also designed (see Fig. 2A). PCR products were
then prepared using plasmid VRC6001 (a gift of Gary Nabel, NIH) as a tem-
plate, purified, and inserted into the BglII site of pFUSE-rFc2 (Invivogen).
pFUSE contains an interleukin-2 signal sequence, a multiple cloning site, and a
rabbit immunoglobulin G Fc domain, allowing for the expression of secreted
fusion proteins with a C-terminal rabbit Fc tag. GP, fragments inserted into
pFUSE-rFc2 in the correct orientation were selected by restriction digest anal-
ysis, and correct products were further confirmed by DNA sequence analysis.

Expression of recombinant ZEBOV GP; RBR-Fc proteins. 293T cells (1 to 15
dishes; 150 X 25 mm) were transfected with plasmids encoding ZEBOV GP,
RBR-Fc proteins by use of polyethylenimine as described previously (2). Briefly,
cells (~75% confluent) were washed in PBS** (phosphate-buffered saline [PBS]
containing Ca®" and Mg?>") and then incubated in serum-free DMEM (18
ml/plate) with 1X penicillin-streptomycin and G418 (500 pg/ml). A mixture
containing plasmid DNA (35 ug), polyethylenimine (105 wg), and 2 ml Optimem
(Gibco) was added to each dish. Cell supernatants were harvested after 36 h, and
cell debris was removed by centrifugation (2,500 rpm for 10 min at 4°C) and
filtration through a 0.22-pm-pore-size filter (Millipore). Cleared supernatants
were applied to a column (0.5 ml) of protein A-agarose beads (Roche) at 4°C by
slow drip (~18 h), using a peristaltic pump. The beads were washed with 50 bed
volumes of PBS and eluted with 10 bed volumes of 50 mM sodium citrate-50 mM
glycine at pH 2.5, neutralized with 2 M Tris, and concentrated in a Vivaspin 500
microcentrifuge tube (Argos). Purified proteins were analyzed for Fc concentra-
tion by enzyme-linked immunosorbent assay (Bethyl Laboratories) and for total
protein concentration by either bicinchoninic acid assay (Pierce) or by measuring
the absorbance at 280 nm (Nanodrop spectrophotometer; Thermo Scientific).
Protein purity and size were further assessed by reducing SDS-polyacrylamide
gel electrophoresis followed by Western blotting with peroxidase-conjugated
protein A (Cappel) diluted 1:1,000 or by silver staining.

Cell binding assays. Adherent cells (293T and Vero E6) were detached from
their dishes with PEEG buffer (5 mM EDTA, 5 mM EGTA, 10 mM glucose in
PBS) and diluted with an equal volume of PBS™ *. Jurkat cells were harvested by
pipetting. Samples were kept at 4°C throughout all binding and washing steps.
The cells (5 X 10° per sample) were then pelleted and blocked in PBS™ *-3%
bovine serum albumin (BSA) (100 wl per sample) for 15 min. RBR-Fc proteins
or control rabbit Fc was added to each sample at a concentration of 200 nM
(unless otherwise stated) in PBS™ 3% BSA and allowed to bind while rocking
for 1.5 h. Cells were washed in PBS**-3% BSA and incubated for 45 min with
protein A-Alexa Fluor 488 (Invitrogen) at a dilution of 1:250. Cells were washed
twice with PBS**-3% BSA and fixed in 4% paraformaldehyde. Cell surface
binding was quantified by flow cytometry. For experiments involving protease
pretreatment of target cells, the cells were lifted with 0.5% trypsin-EDTA
(Gibco) for 15 min at 4°C, and the assay continued as described above. Exper-
iments examining the pH stability of binding were done as described above, with
the inclusion of a 10-min incubation in medium at 4°C at the indicated pH values
following the RBR-Fc binding step.

Mutagenesis of RBR-1-Fc and RBR-12-Fc. Ala substitutions were made in
RBR-1-Fc and RBR-12-Fc by use of a QuikChange mutagenesis kit (Stratagene)
according to the manufacturer’s protocol. Insertion of the mutations (and the
lack of spurious mutations) was confirmed by sequencing the resulting DNAs in
their entirety.

Inhibition of VSVE™ pseudovirion infection. Vero E6 cells plated in a 96-well
dish were washed in PBS**, and the medium was replaced with serum-free
DMEM. VSV&P-GP, ,A or control VSV&-G (with or without the indicated WT
or mutant RBR-Fc at the indicated concentrations) was added to the cells at a
low multiplicity of infection (between 0.1 and 1.0). Rabbit Fc was used as a
negative control. The cells were incubated for 3 h at 37°C, washed twice with
PBS* ™, and then further incubated in serum-containing growth medium. After
24 h, the cells were fixed with 4% paraformaldehyde and analyzed by flow
cytometry.

Inhibition of HIV*'*™ pseudovirion infection. Vero E6 cells plated in a 48-well
dish were washed in PBS™ ", and the medium was replaced with phenol red-free
Optimem (Gibco). HIV®'*™-GP, ,A or control HIV®'*™-G was added to the cells
(with or without RBR-12-Fc or RBR-12-4mer-Fc at 800 nM). The cells were
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GP1 v
1 MGVTGILQLP RDRFKRTSFF LWVIILFQRT FSIPLGVIHN STLOVSDVDK

51 |LVCRDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE

101 |[AGEWAENCYN LEIKKPDGSE CLPAAPDGIR GEFPRCRYVHK VSGTGPCAGD

151 [FAFHKEGAFF LYDRLASTVI YRGTTFAEGV VAFLILPQAKAFDESESHPLR

201 EPVNATEDPS SGYYSTTIRY QATGFGTNET EYLFEVDNLT YVQLESRFTP

251 QFLLQLNETI YTSGKRSNTT GKLIWKVNPE IDTTIGEWAF WETKKNLTRK
301 IRSEELSFTV VSNGAKNISG QSPARTSSDP GTNTTTEDHK IMASENSSAM
351 VQVHSQGREA AVSHLTTLAT ISTSPQSLTT KPGPDNSTHN TPVYKLDISE
401 ATQVEQHHRR TDNDSTASDT PSATTAAGPP KAENTNTSKS TDFLDPATTT
451 SPONHSETAG NNNTHHQDTG EESASSGKLG LITNTIAGVA GLITGGRRTR

501 R

GP2

502 [EAIVNAQPKC NPNLHYWTTQ DEGAAIGLAW IPYFGPAAEG IYIEGLMHNQ

552 [DGLICGLRQL ANETTQALQL FLRATTELRT FSILNRKAID FLLORWGGTC

602 [HILGPDCCIE PHDWTKNITD KIDQITHDEV DKTLPDQGDN DNWWTGWROW
652 IPAGIGVTGV VIAVIALFCI CKEVF

FIG. 1. Amino acid sequence of primed 19-kDa ZEBOV GP,,.
The 19-kDa GP,, was purified from thermolysin-treated Vsvei.
GP, ,A and run on an SDS gel. A silver-stained band containing 19-
kDa GP, and GP, was excised and treated with trypsin or ArgC. The
sequences of the resulting proteolytic fragments, identified by mass
spectrometry, are underlined (black, tryptic fragments; gray, ArgC
fragments) beneath the complete amino acid sequences of GP, and
GP,. The sequences encompassed by the identified fragments are
boxed in gray. The signal sequence cleavage site is denoted by an
inverted black triangle. The potential C termini of cathepsin B- and
L-cleaved 19-kDa GP, (K190/F193/F194) are marked by gray triangles.
The raw mass spectrometry data are shown in Fig. S1 in the supple-
mental material.

incubated for 5 h at 37°C, washed twice with phenol red-free, serum-free
DMEM, and loaded with the beta-lactamase substrate CCF2/AM. Cells loaded
only with CCF2/AM served as a negative control. After 1 h at room temperature,
the cells were washed and then incubated for 16 h at room temperature in the
dark. Cells were fixed with 4% paraformaldehyde, and the extent of CCF2/AM
cleavage by the virus-introduced cytoplasmic beta-lactamase, detected by the
change in dye emission from green to blue, was evaluated by flow cytometry.

RESULTS AND DISCUSSION

Primed ZEBOV GP, , includes residues 33 to 190 of GP,
and 502 to 648 of GP,. EBOV GP, , is primed for fusion in a
low-pH endosomal compartment by cathepsins B and L. These
proteases cleave GP, (130 kDa) to a 20-kDa species and a key,
19-kDa species (4, 11, 21) that confer enhanced virus binding
to and infection of the host cell (11, 21). In addition to cathe-
psins B and L, which function at pH ~5, ZEBOV GP, , can
be primed more quantitatively to 19-kDa GP, with thermoly-
sin, a protease that functions at neutral pH (21). Viral particles
primed with either cathepsins or thermolysin show similarly
enhanced infection and sensitivity to endosomal inhibitors
(21).

The first goal of this study was to determine the sequences of
19-kDa GP, and GP, in the primed form of GP, ,. We there-
fore treated purified VSVEP-GP, ,A particles with thermoly-
sin, purified the resultant 19-kDa GP,, complex, and deter-
mined its sequence by mass spectrometry (see Fig. S1 in the
supplemental material). As seen in Fig. 1, primed ZEBOV
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GP, , contains residues 33 to 190 of GP, and residues 502 to
648 of GP,. Hence, the amino termini of both GP, and GP, are
intact in 19-kDa GP, ,, and GP, (the fusion subunit) is fully
protected during proteolytic priming. Furthermore, based on
cleavage site preferences (http://merops.sanger.ac.uk/) and cal-
culated molecular masses, 20-kDa GP, likely includes residues
33 to 200, while 19-kDa GP, may terminate at residue 190, the
last residue we found in the sequence analysis (Fig. 1), or
extend to residue 193 or 194. These alternate possibilities likely
correspond to the closely clustered multiple species of GP,
that are often seen on SDS gels following in vitro priming.

Our findings on 19-kDa GP, are completely consistent with
the recently solved structure of the EBOV GP, ,A trimer (14),
in which three GP, subunits form the bowl of a chalice sup-
ported by a trimeric GP, stem. Based on the structure, Lee and
coworkers predicted that cathepsins cleave within a disordered
loop encompassing GP; residues 190 to 213 (Fig. 2). Our
sequence analysis (Fig. 1) confirmed this prediction. Cleavage
within residues 190 to 194 (Fig. 1) would remove the mucin-
like domain, the glycan cap, and the outer beta strand of the
head domain, thereby exposing the RBR (Fig. 2; also see
Fig. 7).

Recombinant ZEBOV GP, , RBR-Fc proteins ending at res-
idue 149 are produced in high yield. A second goal of this study
was to generate a ZEBOV RBR that can be produced in high
yield, as a drawback of the previously identified truncation
variant containing EBOV GP, residues 54 to 201 tagged with
human Fc is that it is expressed only at concentrations of <0.1
pg/ml (13; data not shown). We therefore designed a nested
set of RBRs initiating and terminating within predicted loop
regions of GP,. The first set of RBRs initiated at residue 57,
72, or 90, terminated at residue 149, 172, or 198, and were
tagged with rabbit Fc at the C-terminal end. An RBR including
residues 54 to 201, similar to that previously described (13) but
tagged with rabbit Fc, was also created (Fig. 3A, set 1). These
10 RBR-Fc proteins were all expressed in 293T cells. Those
terminating at residue 149 (RBR-Fc 1, 4, and 7) were effi-
ciently secreted (~10 pg/ml of culture medium, as determined
by Fc enzyme-linked immunosorbent assay), approximately
100- to 1,000-fold better than those terminating at residue 172
or 198, RBR-10-Fc (residues 54 to 201), or the RBR contain-
ing residues 54 to 201 fused to human Fc (Fig. 3B) (13; data
not shown).

After deducing the sequence of 19-kDa GP, (Fig. 1), we
designed a second set of recombinant RBRs (Fig. 3A, set 2).
These initiated at residue 33 (the N-terminal residue of 19-kDa
GP,) and terminated at either residue 149 (the C-terminal
residue that gave the best secretion), 193 (a predicted 19-kDa
GP, Cterminus), or 198 (per recombinants 3, 6, and 9). Cys 53,
which is normally linked to GP, via a disulfide bond, was
mutated to Ser in each of the set 2 RBRs to eliminate potential
folding problems. As shown in Fig. 3B, all of the RBR-Fc
proteins beginning at residue 33 were expressed in 293T cells.
Again, the RBR-Fc that terminated at residue 149 (RBR-11-
Fc) was the most efficiently secreted protein. Surprisingly,
RBR-Fcs 12 and 13 were reasonably well secreted (~1 wg/ml
of culture medium for RBR-12-Fc), suggesting that constructs
extending beyond residue 149 require an N-terminal extension
(residues 33 to 56) to be secreted efficiently. The recently
solved structure of the EBOV GP,,A trimer (Fig. 2B) may
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FIG. 2. Model of primed 19-kDa ZEBOV GP, ,. (A) Domain architecture of EBOV GP, , (based on nomenclature and color coding in
reference 14). The GP, signal peptide (SP) (white; residues 1 to 32); base (green; residues 33 to 70, 96 to 105, 159 to 168, and 177 to 189), head
(dark blue; residues 71 to 95, 106 to 158, 169 to 176, and 215 to 227), linker region (site of cathepsin B/L and thermolysin cleavage) (hatched yellow;
residues 190 to 213), glycan cap (cyan; residues 228 to 313), mucin-like domain (white; residues 314 to 464), and C-terminal domain (hatched white;
residues 465 to 501) are shown. The GP, fusion peptide (F) and transmembrane domain (T) are labeled. Domains not present in the protein used
for crystallography (14) are shown in white, and regions present but unresolved in the crystal structure are shown with hatches. Pink Ys and pink
Os represent sites of N- and O-glycosylation. (B) Native structure of GP, ,A (left) and model of primed 19-kDa GP, , (right), based on Fig. 2 of
reference 14 and colored as in panel A. Cysteine residues involved in disulfide bonds are in red, and predicted loop regions are shown with dashed
lines. The asterisk (*) represents a contact point between the 1 and 813 strands (see the text for more details). Potential cathepsin B and cathepsin
L cleavage sites (residues 190, 193, and 194) are labeled in the model (right). The graphic representations are based on PDB file 3CSY (14) and
were produced with Pymol. Note that the depiction of primed GP, , in panel B (right) and in Fig. 7A, C, and D is strictly a model that assumes

no conformational changes following proteolytic priming.

support this hypothesis. A B-sheet (31; residues 35 to 56) in the
N-terminal extension interacts with the tip of a C-terminal
B-sheet present in the longer constructs (813; residues 175 to
186), perhaps improving the conformational stability of these
proteins (Fig. 2B; see Fig. 7A [asterisks denote the point of
interaction]).

Binding properties of RBR-Fc proteins. We compared the
abilities of selected RBR-Fc proteins to bind to permissive
cells. We first tested the RBR-Fc proteins produced at the
highest levels, i.e., constructs 1 (residues 57 to 149), 4 (residues
72 to 149), and 7 (residues 90 to 149). Equivalent concentra-
tions of each RBR-Fc were incubated with permissive (293T
and Vero E6) and nonpermissive (Jurkat) cells (32). Binding
was quantified by flow cytometry. As shown in Fig. 4A, RBR-
1-Fc bound efficiently to 293T and Vero cells but showed
negligible binding to Jurkat cells. Binding was higher for Vero
Eo6 cells than for 293T cells, which correlates well with the
relative susceptibilities of these cells to infection with VSV&tP-
GP, ,A pseudovirions (data not shown). Binding of RBR-1-Fc
to 293T cells was comparable to that observed using the human

Fc-tagged RBR 54-201 (13; data not shown). Furthermore,
RBR-1-Fc bound to each of 12 other EBOV-permissive cell
lines tested (6; data not shown). The shorter truncations, RBR-
4-Fc (residues 72 to 149) and RBR-7-Fc (residues 90 to 149),
also bound specifically to 293T and Vero cells (Fig. 4A), sug-
gesting that residues critical for RBR binding lie between res-
idues 90 and 149, in the head domain of GP, (Fig. 2; also see
Fig. 7). We next tested the binding of RBR-12-Fc (residues 33
to 193), the RBR that most closely corresponds to 19-kDa GP,
(Fig. 1; also see Fig. 7A). As shown in Fig. 4B, RBR-12-Fc
bound specifically to permissive cells, but somewhat less effi-
ciently than RBR-1-Fc.

For reasons that are not clear, we observed that preparations
of RBR-1-Fc were more stable during storage at 4°C than
preparations of RBR-12-Fc. We therefore characterized addi-
tional binding properties of RBR-1-Fc, since it is reproducibly
produced in high yield as a stable product that binds efficiently
to EBOV-permissive cells. To test if binding was saturable, we
incubated increasing concentrations of RBR-1-Fc with 293T
cells. As shown in Fig. 5A, binding of RBR-1-Fc was saturated
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FIG. 3. Production of ZEBOV GP, , RBR-Fc proteins. (A) Domain structure of full-length EBOV GP, , and the regions of GP, included in
RBR-Fc proteins. Designations are as described in the legend to Fig. 2A. Thirteen RBR proteins conjugated to rabbit Fc were generated. Set 1,
RBRs initiating at residue 57, 72, or 90 and terminating at residue 149, 172, or 198. An RBR containing residues 54 to 201 (13) conjugated to rabbit
Fc was also created. Set 2, RBRs initiating at residue 33 and terminating at residue 149, 193, or 198. RBR-12-Fc represents a “19-kDa GP;-like”
protein. Cys 53 (normally disulfide bonded to Cys 609) was mutated to Ser in all set 2 RBRs to avoid potential misfolding. (B) 293T cells were
transfected with plasmids encoding each RBR-Fc. At 24 h posttransfection, lysates of cell pellets (P) and supernatants (S) (equal volumes for each
RBR-Fc) were collected, immunoprecipitated with protein A-agarose beads, and analyzed by Western blotting for rabbit Fc. Western blots from

one representative experiment of three or more are shown.

at a concentration between 2.0 and 2.5 pM, in terms of both
the percentage of cells bound (Fig. 5A, panel i) and the mean
fluorescence intensity (Fig. SA, panel ii). Although only a few
experiments were conducted (due to lower yields), binding of
RBR-12-Fc, the “19-kDa GP;-like” RBR-Fc, was also satu-

>

80

rated at ~2.5 pM on 293T cells (data not shown), further
supporting RBR-1-Fc as an appropriate binding model.

The susceptibility of cells to EBOV GP, ,-mediated infec-
tion was previously shown to be sensitive to pretreatment with
proteases (26; data not shown). To investigate whether the
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FIG. 4. Binding activities of selected ZEBOV GP, , RBR-Fc proteins. (A) RBR-Fcs 1, 4, and 7 (200 nM) were incubated with 293T or Vero
EG6 cells (permissive) or with Jurkat lymphocytes (nonpermissive). Cell surface binding was analyzed by flow cytometry, using protein A-Alexa Fluor
488 to detect the Fc portion of the RBR conjugate. (B) Binding of RBR-1-Fc and RBR-12-Fc to 293T, Vero E6, or Jurkat cells was determined
and analyzed as in panel A. In all experiments, rabbit Fc served as a negative control. The averages of two or more experiments are shown. Bars
represent the percentages of cells that bound the indicated RBR-Fc proteins. Error bars indicate standard deviations. Significance (relative to
RBR-1-Fc) was determined by Student’s # test. *, P < 0.05.
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FIG. 5. Binding properties of RBR-1-Fc. (A) RBR-1-Fc was incubated with 293T cells at the indicated concentration, and binding was
determined as described in the legend to Fig. 4. (i) Percentage of cells that bound RBR-1-Fc (black) or Fc (gray). (ii) Mean fluorescence intensity
(MFTI) of cells incubated with RBR-1-Fc, with background values for control Fc subtracted. Data for one representative experiment of three are
shown. (B) 293T cells were lifted as indicated with a solution containing EDTA (PEEG, as for all other binding experiments) or with 0.5%
trypsin-EDTA for 15 min and then processed for RBR-1-Fc (200 nM) binding. The averages of three experiments are shown. Error bars indicate
standard deviations. Significance (between RBR-1-Fc binding to trypsin- and EDTA-treated cells) was determined by Student’s ¢ test. *, P < (.05.
(C) 293T cells were incubated with RBR-1-Fc (200 nM), exposed to medium at the indicated pH for 10 min (at 4°C), returned to normal medium,
and then processed for cell surface binding. Values were normalized to those for RBR-1-Fc at pH 7.0. The averages of two or more experiments
are shown. Error bars indicate standard deviations. Significance (relative to RBR-1-Fc binding at pH 7) was determined by Student’s ¢ test. *,

P < 0.05.

binding sites for RBR-1-Fc are also protease sensitive, we
pretreated cells with trypsin prior to incubation with RBR-1-
Fc. As shown in Fig. 5B, pretreatment of both 293T and Vero
E6 cells with trypsin strongly reduced binding.

Since EBOV must traffic to a low-pH compartment prior to
virus-cell fusion, we examined the stability of RBR-1-Fc bind-
ing to 293T cells during a brief treatment across a range of pH
values. As shown in Fig. 5C, binding in the cold was stable
during a brief wash with buffers ranging in pH from 3 to 11,
with small decreases at the extremes. This result suggests that
during EBOV infection, the RBR-receptor interaction may be
maintained as the virus moves along the endocytic pathway and
is primed for fusion.

Residues K95, K114, K115, and K140 in the bowl of the GP,
chalice are critical for ZEBOV GP, ,-mediated binding. Pre-
vious work has shown that many residues throughout GP, are
important for EBOV GP, ,-mediated entry into host cells (3,
15, 17), but to date there have been no direct binding studies
with mutant GP, , proteins. Since the smallest RBR we ana-
lyzed (RBR-7; GP, residues 90 to 149) bound specifically to
permissive cells, we engineered Ala substitutions (into RBR-
1-Fc) at each residue between residues 90 and 149 that had

been suggested to be important for receptor binding (based on
infectivity studies) and that did not compromise GP, , incor-
poration into pseudovirions: these were K95, K114/K115,
K140, and G143 (see Fig. S2 in the supplemental material) (3,
15, 17). We also created three mutants with composite muta-
tions, which we denoted 3mer (K114A/K115A/K140A), 4mer
(K95A/K114A/K115A/K140A), and Smer (K95A/K114A/
K115A/K140A/G143A). All mutant RBR-Fc proteins were ex-
pressed and secreted from 293T cells at levels comparable to
that of WT RBR-1-Fc (data not shown). The K95A, K114/
K115A, and K140A mutations each decreased binding by a
modest but significant degree (25 to 30%), but the substitution
at G143 had no effect (Fig. 6). The 3mer mutant showed 60%
decreased RBR-1-Fc binding, and the 4mer and Smer mutant
proteins both displayed ~75% reduced RBR-1-Fc binding.
Furthermore, in a preliminary experiment, introducing the
4mer mutations into RBR-12-Fc (RBR-12-4mer-Fc) also de-
creased binding to 293T cells by 78% (data not shown). These
findings suggest that combined Ala substitutions at four Lys
residues, K95, K114, K115, and K140, all of which are abso-
lutely conserved throughout all five sequenced species of
EBOV GP, ,, significantly impair RBR binding to host cells.
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Fc #1

FIG. 6. Binding of WT and mutant RBR-1-Fc proteins. Ala sub-
stitutions were made individually and in combination within RBR-1-Fc
at K95, K114 and K115, K140, and G143 (3, 15, 17). 3mer, K114A/
K115A/K140A mutant; 4mer, K95A/K114A/K115A/K140A mutant;
Smer, K95A/K114A/K115A/K140A/G143A mutant. 293T cells were
incubated with the indicated RBR-Fc or control Fc (200 nM) and
analyzed for cell surface binding as described in the legend to Fig. 4.
Binding values were normalized to those for WT RBR-1-Fc. The
number of experiments performed is shown above each bar. Signifi-
cance (relative to WT RBR-1-Fc) was determined by Student’s ¢ test.
*, P < 0.04; *%, P < 0.0004.

K95A K114/115A K140A  G143A 3mer 4mer 5mer

However, even combined disruption of K95, K114, K115, and
K140 did not completely eliminate RBR binding, suggesting
that other residues within GP, make important binding con-
tacts.

Lee and coworkers proposed that the receptor binding site
occupies an area of ~20 by 15 A on the inner surface of the
chalice bowl. Three of the residues that we found to be critical
for binding—K114, K115, and K140—Ilie within this site, where
they are clustered in a strip ~20 A in length (Fig. 7A and B).
If the mucin-like domain and glycan cap move prior to pro-
teolytic priming (to 19 kDa GP), these three lysines would lie
near the top of the newly exposed surface of the chalice bowl
(Fig. 2B). After priming (removal of the mucin-like domain,

EBOLAVIRUS 19-kDa GP SEQUENCE AND BINDING RESIDUES 2889

glycan cap, and outer beta strand of the head domain), K114,
K115, and K140 would be found on the top edge of the chalice
bowl (Fig. 7C and D). K95, which is also important for RBR-Fc
binding (Fig. 6), lies outside the proposed receptor binding
site, deeper in the chalice bowl (Fig. 7A). It may play a direct
role in receptor binding or it may help provide the RBR-Fc
with an optimal conformation for binding. In total, our muta-
tional analysis using a physical binding assay is fully consistent
with the prediction made by Lee and coworkers regarding the
location of the receptor binding site of EBOV GP;.
RBR-12-Fc inhibits ZEBOV GP, ,A pseudovirus infection.
We next examined the ability of RBR-1-Fc and RBR-12-Fc to
inhibit ZEBOV GP, ,-mediated infection. We first infected
Vero E6 cells with VSVEP-GP, ,A in the presence or absence
of various concentrations of WT and 4mer mutant RBR-1-Fc,
WT and 4mer mutant RBR-12-Fc, and rabbit Fc (as a negative
control). At a concentration of 2.5 pM, RBR-1-Fc exerted a
small degree of inhibition of infection (ranging from 3 to 15%).
Although it was only a small effect, this inhibition was consis-
tently greater than that seen with 4mer mutant RBR-1-Fc
analyzed in parallel at the same concentration (Fig. 8A). RBR-
12-Fc exerted a greater, but still limited, inhibition of infection
(ranging from 16 to 41% at 2.5 wM). Again, although only
modest, the inhibition by RBR-12-Fc was significantly greater
than that by RBR-12-4mer-Fc analyzed in parallel at the same
concentration. Similar inhibition profiles were seen for WT
RBR-1-Fc and WT RBR-12-Fc when infections were per-
formed with VSV&®-19kDa GP, , or with VSV pseudovirions
bearing marburgvirus GP (data not shown). There was no
significant inhibition of VSV&P-G infection with any of the
RBR-Fc proteins tested at any concentration (data not shown).
The RBR containing residues 54 to 201 tagged with human
Fc was previously shown to inhibit infection with EBOV GP, ,-
bearing murine leukemia virus (MLV) pseudovirions (13). We
therefore tested our RBR-1-Fc and RBR-12-Fc proteins for
inhibition of infection by retrovirus pseudovirions bearing
EBOV GP,,. Vero E6 cells were infected with HIV®'*™-

FIG. 7. Model of 19-kDa GP, and locations of key receptor binding residues. (A) Ribbon diagram of 19-kDa GP, showing key recombinant
RBRs used in this study, including RBR-7 (residues 90 to 149; dark blue), RBR-1 (residues 57 to 149; dark blue and green), and RBR-12 (residues
33 to 193; dark blue, green, and pink). The side chains of K95, K114, K115, and K140 are shown. Cysteines involved in disulfide bonds are shown
in red. An asterisk (*) denotes a contact point between the 31 and 13 strands. (B) Surface rendering (top view) of the GP, ,A trimer structure.
One monomer is colored dark gray for clarity. (C and D) Model of GP, ,A trimer after cleavage by cathepsins B and L, viewed from the top (C) and
side (80° rotation) (D). Residues that decreased RBR-1-Fc binding when replaced with Ala are shown in all figures (K95, orange; K114, K115, and
K140, cyan). The graphic representations were based on PDB file 3CSY (14) and rendered with Pymol. Note that the depictions in panels A, C,
and D are only models that assume no conformational changes in GP, following proteolytic priming.
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FIG. 8. Inhibition of EBOV GP, ,A-mediated infection by RBR-
1-Fc and RBR-12-Fc. (A) Vero E6 cells were incubated for 3 h with
VSng"—GPLzA in the presence or absence of RBR-1-Fc, RBR-12-Fc,
or control rabbit Fc at the indicated concentration. Unbound virus was
removed by washing, the cells were incubated overnight, and GFP
expression was quantified by flow cytometry. Samples were analyzed in
triplicate. The average values from one representative experiment are
shown. Error bars represent standard deviations. Significance (relative
to the rabbit Fc control tested at the same concentration) was deter-
mined by Student’s ¢ test. *, P < 0.05. The exact same experiment was
conducted two times with similar results. RBR-1-Fc and RBR-12-Fc
were tested five additional times (with HIV gp120-Fc as a negative
control), with very similar results. (B) Vero E6 cells were infected with
HIV"*™.GP, ,A or HIV®*™-G in the presence or absence of WT or
4mer mutant RBR-12-Fc at 800 nM. Cells were loaded with the beta-
lactamase substrate CCF2/AM. Cells loaded only with CCF2/AM
served as a negative control (no virus). The extent of CCF2/AM cleav-
age by beta-lactamase introduced into the cytoplasm was evaluated by
flow cytometry (detected by the change in dye emission from green to
blue). Samples were analyzed in duplicate. The averages for duplicate
samples from one representative experiment are shown. Error bars
represent standard deviations.

GP, ,A or HIV"#™.G in the presence or absence of WT and
4mer mutant RBR-12-Fc at a concentration of 800 nM. As
shown in Fig. 8B, in this system RBR-12-Fc showed strong
inhibition (ranging from 52 to 67%), which was ~3-fold
greater than that seen with 1 puM RBR-12-Fc, using VSV
pseudovirions. Importantly, the 4mer mutant of RBR-12-Fc

J. VIROL.

did not inhibit infections by HIV""*™-GP, ,A when tested in
parallel at the same concentration. There was no significant
inhibition of HIV*'*™-G with either WT or 4mer mutant RBR-
12-Fc. Previous work has suggested that EBOVs and marburg-
virus may utilize a common receptor, as a human Fc-tagged
RBR containing EBOV GP,, residues 54 to 201 inhibited
MLV pseudovirions bearing marburgvirus GP more strongly
than they inhibited MLV pseudovirions bearing EBOV GP, ,
(13). In one preliminary experiment, RBR-12-Fc (800 nM)
completely inhibited infection by MLV pseudovirions bearing
marburgvirus GP, with stronger inhibition than that seen with
the human Fc-fused RBR 54-201 tested in parallel (J. Kuhn,
data not shown).

Since RBR-12-Fc inhibits ZEBOV GP, , pseudovirion in-
fection more strongly than RBR-1-Fc does, residues 150 to 193
may be critical for inhibition of infection (Fig. 8), though not
for receptor binding (Fig. 4B). Additionally, the location of the
Fc tag, which neighbors important binding contacts, could limit
RBR-1-Fc from competing with virus particles bearing multi-
ple GP, , trimers. Another possibility is that EBOV GP, , can
utilize multiple receptors to gain entrance into the cell and that
blocking the receptor that interacts with RBR-1-Fc is not suf-
ficient to block these additional interactions. Furthermore, the
ability of RBR-12-Fc to more strongly inhibit retroviral
pseudovirion infection than VSV pseudovirion infection could
be due to differences in the copy number or orientation of the
GP, , trimers on the respective viral particles. Further studies
will help to clarify these differences.

Conclusions. There are several conclusions of our study.
First, ZEBOV GP, , that has been primed for fusion contains
residues 33 to 190 of GP, (possibly extending to residue 193 or
194) and all residues of GP,. Second, an Fc-tagged protein
containing the residues present in primed GP, can inhibit
ZEBOV GP, ,-mediated infection. Third, four Lys residues
within primed (19-kDa) GP, are critical for binding to a host
cell receptor. Three (K114, K115, and K140) are located in a
small strip on the inner surface of the GP, chalice and are
predicted to lie on the top surface after cathepsin priming; the
fourth (K95) lies deeper in the chalice bowl (14). Our findings
should aid future investigations into how EBOVs enter and
infect host cells.
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