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Proteolytic processing is required for the activation of numerous viral glycoproteins. Here we show that the
envelope glycoprotein from the Zaire strain of Ebola virus (Ebo-GP) is proteolytically processed into two
subunits, GP, and GP,, that are likely covalently associated through a disulfide linkage. Murine leukemia
virions pseudotyped with Ebo-GP contain almost exclusively processed glycoprotein, indicating that this is the
mature form of Ebo-GP. Mutational analysis identified a dibasic motif, reminiscent of furin-like protease
processing sites, as the Ebo-GP cleavage site. However, analysis of Ebo-GP processing in LoVo cells that lack
the proprotein convertase furin demonstrated that furin is not required for processing of Ebo-GP. In sharp
contrast to other viral systems, we found that an uncleaved mutant of Ebo-GP was able to mediate infection
of various cell lines as efficiently as the wild-type, proteolytically cleaved glycoprotein, indicating that cleavage
is not required for the activation of Ebo-GP despite the conservation of a dibasic cleavage site in all filoviral

envelope glycoproteins.

The glycoproteins of many enveloped viruses are initially
synthesized as inactive precursors that, while able to bind to
their cognate cellular receptors, are unable to mediate mem-
brane fusion and, hence, viral entry. Proteolytic processing of
the precursor polyprotein at specific cleavage sites is required
to convert these glycoproteins to an active state and render the
virus infectious. Examples of such viral glycoproteins include
the envelope proteins of retroviruses such as human immuno-
deficiency virus type 1 (HIV-1) (27) and the avian leukosis and
sarcoma viruses (ASLV) (8) as well as the hemagglutinin (HA)
glycoprotein of the orthomyxovirus influenza A virus (24, 25)
and the paramyxovirus Newcastle disease virus F protein (29,
35).

Endoproteolytic cleavage of the envelope glycoprotein is
thus a critical step in the maturation of a virus, and the avail-
ability of cellular enzymes capable of processing the precursor
polyprotein can be a major determinant of viral tropism and
pathogenicity. For example, the HA glycoproteins of certain
avirulent strains of influenza A viruses can be efficiently pro-
cessed only by the endoproteases present within the cells of the
respiratory tract (47). These viruses are therefore restricted to
the respiratory tract and cannot cause a disseminating infec-
tion. In pathogenic viral strains, introduction of a polybasic
cleavage site into HA renders the glycoprotein susceptible to
proteolytic processing by a family of widely expressed cellular
proteases, thereby expanding viral tropism (3, 23). It is be-
lieved that this expanded tropism is a pivotal determinant of
the increased virulence of these viruses.

The envelope glycoproteins of the Ebola and Marburg vi-
ruses display significant homology to the oncoretroviral trans-
membrane (TM) glycoproteins (5, 45), especially those of
ASLV (12). More striking than the strong amino acid similar-
ities between these glycoproteins is the conservation of many
putative functional domains such as a central CX,CC motif,
the potential coiled coil, and the putative fusion peptide. Also
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conserved in all strains of Ebola virus is a stretch of basic
residues that in ASLV constitute an endoproteolytic cleavage
site (21, 32). Furthermore, the spacing between this basic res-
idue-rich region and the adjacent presumptive fusion peptide is
nearly identical between the Ebola virus and ASLV glycopro-
teins (1). This structural similarity suggests that the glycopro-
teins of Ebola virus and ASLV may utilize similar mechanisms
to mediate membrane fusion and viral entry even though the
triggers for these processes are clearly different: the ASLV
envelope requires receptor-mediated activation, and the Ebola
virus envelope glycoprotein (Ebo-GP) is pH dependent (6, 41,
48).

Since this dibasic motif is conserved in all strains of Ebola
virus and is in a position analogous to the cleavage site of
ASLV envelope, we hypothesized that Ebo-GP is endoproteo-
lytically processed. Analysis of both wild-type and epitope-
tagged forms of Ebo-GP revealed that this glycoprotein is
proteolytically cleaved during maturation and that the two
resulting subunits appear to be disulfide linked. Mutational
analysis of the conserved dibasic motif identified this region as
the Ebo-GP endoproteolytic processing site. Surprisingly, our
results show that an uncleaved mutant of Ebo-GP is efficiently
incorporated into murine leukemia virus (MLV) particles and
is able to efficiently mediate viral entry, indicating that, in
contrast to nearly all other viral systems where glycoprotein
processing is observed, proteolytic cleavage is not essential for
the membrane fusion activity of Ebo-GP.

MATERIALS AND METHODS

Cell lines and antibodies. Human embryonic kidney 293T cells were main-
tained in Dulbecco’s modified Eagle medium supplemented with 10% bovine
calf serum. Baby hamster kidney (BHK), murine NIH 3T3, African green mon-
key kidney (Vero and BSC-1), LoVo human colon carcinoma, Tb 1 lu bat lung,
and bovine aorta endothelial cells were maintained in Dulbecco’s modified Eagle
medium supplemented with 10% fetal calf serum and nonessential amino acids
(0.1 mM). All cell lines were in addition supplemented with penicillin (100 U/ml)
and streptomycin (100 mg/ml).

A rabbit polyclonal antibody recognizing the cytoplasmic tail of EnvA (anti-
Rous sarcoma virus [RSV] tail serum) was generated as described previously (13,
14). Briefly, a peptide corresponding to the 23 carboxyl-terminal amino acids of
EnvA was coupled to keyhole limpet hemocyanin (Pierce, Rockford, Ill.) and
used to raise polyclonal sera in rabbits by Cocalico Biologicals, Inc. (Reamstown,
Pa.). A rabbit polyclonal antibody recognizing the Zaire subtype of Ebo-GP was
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kindly provided by Anthony Sanchez (Centers for Disease Control and Preven-
tion).

Plasmids and viruses. pHIT60 and pHIT111 have been described previously
(37). Plasmid pGEM7hFurin was kindly provided by Gary Thomas (Vollum
Institute, Portland, Oreg.). The expression plasmid pCB6-Ebo-GP, encoding the
envelope glycoprotein of the Mayinga strain of the Ebola virus Zaire subtype has
been described previously (48), as has the EnvA expression plasmid, pCB6-EnvA
(13). Plasmid pGEM-EMGP?2, which contains the Ebo-GP ¢cDNA is described in
reference 36.

The Ebo-GP ¢cDNA was excised from pGEM-EMGP2 by using the BamHI
and Kpnl restriction enzymes and cloned into plasmid pSP72 under the control
of the T7 promoter. This plasmid was named pSP72-Ebo-GP.

An overlapping extension PCR protocol was used to produce an epitope-
tagged version of Ebo-GP, termed Ebo-T, in which the 4 carboxyl-terminal
amino acids of Ebo-GP were exchanged with the 23 carboxyl-terminal amino
acids of EnvA. PCR was performed with pPGEM-EMGP2 and pCB6-EnvA as
templates. The flanking PCR primers used were OS 336 (5'-CGCTGAAGGTG
TCGTTGC-3"), which is specific for a pPGEM-EMGP2 sequence, and OS 168
(5'-CAGGGATCCGATGCTACTATATCC-3"), which is specific for a pCB6-
EnvA sequence. The internal primers used were OS 444 (5'-TTATTCTGTAT
ATGCAGAAAGATGATTAAT-3") and its reverse complement, OS 345. This
final PCR product was digested with restriction enzymes EcoRV and BarmHI and
cloned into pCB6-Ebo-GP to create plasmid pCB6-Ebo-T and into pSP72-
Ebo-GP to create plasmid pSP72-Ebo-T.

A similar PCR strategy was used to produce the proteolytic processing site
mutants CL-1 and CL(—). In this case, the DNA templates used were pGEM-
EMGP2 and pCB6-Ebo-T so as to produce the mutants in both the wild-type
(Ebo-GP) and epitope-tagged (Ebo-T) forms of Ebo-GP. The flanking primers
used were OS 336 and either OS 7 (5'-AATACGACTCACTATAG-3'), which is
specific for the T7 primer in pPGEM-EMGP2, or OS 168, which is specific for
pCB6-EnvA and thus pCB6-Ebo-T. The internal primers used were either OS
446 (5'-AGAAGAACTGCAGCAGAAGCAATTGTCAATGCT-3") and OS
447 (5'-TGCTGCAGTTCTTCTCCCGCCTGTGATCAG-3') for production of
the CL-1 mutant, OS 503 (5'-AGAGCAACTGCAAGAGAAGCAATTGTCA
ATGCT-3") and OS 504 (5'-TCTTGCAGTTGCTCTCCCGCCTGTGATCAG-
3") for production of the CL-2 mutant, OS 505 (5'-AGAGCAACTGCTGCAG
AAGCAATTGTCAATGCT-3") and OS 506 (5'-TGCAGCAGTTGCTCTCCC
GCCTGTGATCAG-3'") for production of the CL-3 mutant, OS 437 (5'-GCAG
GTACCGCAGCAGAAGCAATTGTCAATGCT-3") and OS438 (5'-GAAGTA
GGTACCTGCCCCGCCTGTGATCAGTCC-3') for production of the CL-7
mutant, or OS 435 (5'-GCAGGTACCGCAGCAGAAGCAATTGTCAATGC
T-3") and OS 436 (5'-TGCTGCGGTACCTGCCCCGCCTGTGATCAGTCC-
3") for production of the CL(—) mutant. These PCR products were either
digested with the EcoRV and EcoRI restriction enzymes and cloned into pCB6-
Ebo-GP to produce plasmids pCB6-Ebo-GP.CL-1 and pCB6-Ebo-GP.CL(—) or
digested with EcoRV and BamHI and cloned into pBC6-Ebo-T to produce
plasmids pCB6-Ebo-T.CL-1 and pCB6-Ebo-T.CL(—).

The vaccinia virus vIF-7, encoding the T7 polymerase, was obtained from
Bernie Moss, National Institutes of Health.

Sanchez et al. (36) have described a putative signal peptide at the amino
terminus of Ebo-GP. The predicted cleavage site for this signal peptide removes
the amino-terminal 32 amino acids of Ebo-GP and produces a mature form of
the protein which has an Ile in the amino-terminal position. All numbering of the
Ebo-GP amino acid sequence will therefore start with Ilel.

Production of MLV pseudotypes. MLV particles pseudotyped with the various
forms of Ebo-GP described above were produced through modification of a
transient MLV packaging system as previously described (37). Briefly, 20 ng of
either pCB6-Ebo-GP, pCB6-Ebo-T, pCB6-Ebo-GP.CL-1, pCB6-Ebo-GP.CL(—),
pCB6-Ebo-T.CL-1, or pCB6-Ebo-T.CL(—) was mixed with 20 pg of a plasmid
encoding the MLV Gag-Pol (pHIT60) and 20 pg of a plasmid containing a
packageable genome encoding the B-galactosidase reporter gene (pHIT111).
293T cells were transfected with these DNA mixtures by a standard CaPO,
procedure (48) to produce MLV(Ebo-GP), MLV (Ebo-T), MLV(Ebo-GP.CL-1),
MLV (Ebo-GP.CL(—), MLV(Ebo-T.CL-1), or MLV(Ebo-T.CL(—)) respec-
tively. Approximately 48 h posttransfection, the cellular supernatants containing
these viruses were collected and clarified by filtration through 0.45-pum-pore-size
syringe filters. These supernatants were stored at either 4 or —80°C as viral
stocks.

All experiments involving the production or functional analysis of these rep-
lication-incompetent MLV pseudotypes were performed under biosafety level 2
containment as approved by the University of Pennsylvania Institutional Bio-
safety Committee.

To analyze the incorporation into MLV virions of the various forms of
Ebo-GP described above, 3.5-ml aliquots of clarified viral stocks were layered
onto 2 ml of 20% sucrose in phosphate-buffered saline (PBS) and centrifuged at
55,000 rpm in an SWS55 rotor for 15 min. Pelleted virions were lysed in radio-
immunoprecipitation assay (RIPA) buffer (140 mM NaCl, 10 mM Tris [pH 8.0],
5 mM EDTA, 1% sodium deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl
sulfate [SDS]) and resolved by SDS-polyacrylamide gel electrophoresis (PAGE).
Expression of the various forms of Ebo-GP was detected by Western blotting as
previously described (48), using either the anti-Ebo-GP (1:1,000 dilution) or
anti-RSV-tail (1:1,500 dilution) serum described above. A horseradish peroxi-
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dase-conjugated goat anti-rabbit secondary antibody (Pierce) was used at a
1:20,000 dilution.

Dissociation of GP, and GP,. MLV(Ebo-GP), MLV (Ebo-T), and MLV (Ebo-
GP.CL(—)) were produced as described above and centrifuged at 25,000 rpm in
an SW28 rotor for 90 min. The supernatants were decanted, and the viral pellets
resuspended in TNE buffer (50 mM Tris [pH 8], 130 mM NaCl, 1 mM EDTA)
overnight at 4°C. Urea (8 M in PBS) was added to these viral stocks to a final
concentration of 0, 2, 4, or 6 M in the presence or absence of dithiothreitol
(DTT) at a final concentration of 100 mM. These solutions were incubated at
37°C for 30 min and then layered onto 20% sucrose in PBS and centrifuged at
55,000 rpm in an SW55 rotor for 15 min. The resulting viral pellets were lysed in
RIPA buffer and resolved by SDS-PAGE. Ebo-GP expression was detected by
Western blotting with the anti-Ebo-GP and anti-RSV tail sera, as described
above.

Expression of Ebo-GP and Ebo-T in LoVo cells. LoVo cells were seeded at 3 X
10° cells/well of a six-well dish the day before transfection. Mixtures containing
either no DNA, 5 pg of pSP72-Ebo-T, or 5 ug of pSP72-Ebo-T and 5 pg of
pGEM7hFurin were prepared and used to transfect the LoVo cells by a standard
CaPO, method as described above. Two hours posttransfection, the cells were
refed and infected with the vaccinia virus vI'F-7 at a multiplicity of infection of
approximately 10. One hour postinfection, the cells were again refed. Eighteen
hours postinfection, the cells were lysed in Triton lysis buffer (50 mM Tris [pH
8], 5 mM EDTA, 150 mM NaCl, 1% Triton X-100). Cellular lysates were
resolved by SDS-PAGE, and expression of the different forms of Ebo-T was
examined by Western blot analysis with the anti-RSV tail serum as described
above.

Analysis of Ebo-GP processing requirement for viral entry. All cell lines
described above were seeded at 3 X 10° to 5 X 10° cells/well of a six-well dish the
day before infection. Various dilutions [1:1, 1:10, or 1:100, depending on the
previously observed MLV (vesicular stomatitis virus) pseudotype titer on the
various cell types (48)] of either MLV (Ebo-GP) or MLV(Ebo-GP.CL(—)) were
made in 1 ml of maintenance medium and used to challenge these cells as
described previously (48). Equal amounts of either MLV(Ebo-GP) or
MLV (Ebo-GP.CL(—)) were used in each infection as judged by Western blot
analysis of lysed virions with the anti-Ebo-GP serum and by visualization of MLV
Gag proteins by Ponceau S staining of nitrocellulose membranes to which viral
lysates resolved by SDS-PAGE had been transferred. Forty eight hours post-
challenge, the cells were fixed with 2% paraformaldehyde and stained for B-ga-
lactosidase activity as described previously (48). Viral titers were determined by
microscopic examination of stained cells and the enumeration of B-galactosi-
dase-positive cells. These titers were expressed as the number of B-galactosidase-
positive cells per milliliter of viral stock used in the infection (infectious units
[TU] per milliliter). The multiplicity of infection in these experiments was always
less than 0.1.

RESULTS

Production of an epitope-tagged form of Ebo-GP. To facil-
itate analysis of the Ebola virus glycoproteins, we introduced
an epitope tag at the carboxyl terminus of Ebo-GP. An over-
lapping extension PCR protocol was used to exchange the
nucleotides encoding the 4 carboxyl-terminal amino acids of
Ebo-GP with those encoding the 12 carboxyl-terminal amino
acids of EnvA. The resulting PCR product was cloned into the
expression plasmid pCB6 under the control of the cytomega-
lovirus immediate-early promoter, to create plasmid pCB6-
Ebo-T. Plasmid pCB6-Ebo-GP, which encodes the wild-type
form of Ebo-GP, has been described previously (48). A sche-
matic diagram of the predicted protein products of both pCB6-
Ebo-GP (Ebo-GP) and pCB6-Ebo-T (Ebo-T) is shown in Fig.
1A.

293T cells were transiently transfected with either pCB6-
Ebo-GP or pCB6-Ebo-T. Forty-eight hours posttransfection,
cellular lysates were prepared, resolved by SDS-PAGE, and
analyzed by Western blotting with an anti-Ebo-GP serum. Ly-
sates from cells transfected with either the wild-type or
epitope-tagged construct demonstrated a pair of bands with
apparent molecular masses of approximately 110 to 140 kDa
(Fig. 1B), matching those previously described for Ebo-GP (9,
44, 48). This result suggests that the epitope tag did not affect
the processing of Ebo-GP.

Production and analysis of MLV(Ebo-GP) and MLV (Ebo-T)
pseudotypes. We have previously demonstrated efficient incor-
poration of Ebo-GP into MLV particles (48). To examine the
incorporation of the epitope-tagged Ebo-T into MLV parti-
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FIG. 1. (A) Schematic diagram of the predicted protein products of pCB6-
EboGP and pCB6-Ebo-T. Speckled boxes represent leader peptides; hatched
boxes represent TM domains. Gray shading indicates the central region of
Ebo-GP that is divergent between the different strains of Ebola virus. Arrows
indicate the putative endoproteolytic processing sites, as well as the Ebo-GP
cytoplasmic tail. The RSV cytoplasmic tail, used as an epitope tag in Ebo-T, is
indicated by an arrow; potential glycosylation sites are shown (). To evaluate the
incorporation of Ebo-GP and Ebo-T into MLV virions, 293T cells were trans-
fected with MLV Gag-Pol and genome constructs with either pCB6-Ebo-GP
(Ebo-GP) or pCB6-Ebo-T (Ebo-T) or without a glycoprotein construct (Mock).
Viral supernatants were collected and partially purified by pelleting through 20%
sucrose. Cell lysates (B) and lysed pellets (C and D) were analysed by SDS-
PAGE and Western blotting with either the anti-Ebo-GP serum (B and C) or the
anti-RSV tail serum (D). Arrows indicate the GP,, GP,, and GP, proteins;
positions of molecular mass markers (in kilodaltons) are shown to the left of each
gel.

cles, 293T cells were transiently transfected with plasmids en-
coding MLV gag/pol (pHIT 60), an MLV genome containing a
B-galactosidase reporter gene (pHIT111), and either pCB6-
Ebo-GP or pCB6-Ebo-T. Forty-eight hours posttransfection,
cellular supernatants, containing MLV(Ebo-GP) or MLV
(Ebo-T), respectively, were collected, clarified by filtration,
and stored as viral stocks at either 4 or —80°C.

These viral stocks were partially purified by centrifugation
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through 20% sucrose, lysed in RIPA buffer, and analyzed by
SDS-PAGE and Western blotting with an anti-Ebo-GP serum.
This analysis detected a single band, with a mobility similar to
that previously described for the mature form of Ebo-GP (44,
48), in the viral lysates of both MLV(Ebo-GP) and MLV
(Ebo-T) (Fig. 1C; compare lanes 2 and 3). In contrast, Western
blot analysis of these viral lysates with the polyclonal anti-RSV
tail serum demonstrated instead a predominant 28-kDa band
in the lysates of MLV(Ebo-T) virions and not the 140-kDa
band seen with the anti-Ebo-GP serum (Fig. 1D, lane 3). These
data suggest that Ebo-GP is proteolytically processed into two
subunits during maturation. Moreover, the detection of a band
of approximately 160 kDa in the lysates of MLV(Ebo-T) viri-
ons that was weakly reactive with the anti-RSV tail serum (Fig.
1D, lane 3) implies that the processing of Ebo-GP may not be
complete and that unprocessed forms of Ebo-GP are incorpo-
rated into virions. By analogy to the nomenclature for influ-
enza virus HA, we propose to name the two subunits of
Ebo-GP GP, (the larger subunit recognized by the anti-
Ebo-GP serum) and GP, (the smaller subunit recognized by
the anti-RSV-tail serum) (Fig. 1C and D); the uncleaved form
of Ebo-GP we propose to name GP, (Fig. 1D).

Dissociation of GP, from MLV (Ebo-T) by reduction and
denaturation. The detection of two different Ebo-GP-specific
bands in the lysates of pseudotyped virions strongly suggested
that Ebo-GP is a cleaved glycoprotein. We reasoned that if
Ebo-GP on the virion was indeed cleaved, then we should be
able to separate the two subunits by mild denaturation and/or
reduction.

To examine the potential proteolytic processing of the Ebola
virus glycoproteins, MLV(Ebo-GP) and MLV(Ebo-T) pseudo-
types were produced as described above and concentrated by
ultracentrifugation, and the viral pellets were resuspended
overnight in an isotonic buffer. These virions were then treated
with various concentrations of urea in the presence or absence
of 100 mM DTT for 30 min at 37°C. Following this incubation,
the virions were centrifuged through 20% sucrose to separate
the virion-associated proteins from those dissociated from the
particles by denaturation and/or reduction. The resulting viral
pellet was lysed in RIPA buffer, and protein composition was
analyzed by SDS-PAGE and Western blotting with either the
anti-Ebo-GP or anti-RSV tail serum.

Lysates of untreated MLV(Ebo-T) virions demonstrated
both GP,- and GP,-specific bands when analyzed with the
anti-Ebo-GP and anti-RSV tail sera (Fig. 2, lanes 1). Treat-
ment of the MLV(Ebo-T) pseudotypes with up to 6 M urea in
the absence of DTT did not alter the protein composition of
the virions from that seen in untreated virions (Fig. 2; compare
lanes 1, 3, 4, and 5). However, treatment of these virions with
100 mM DTT either alone or in combination with 6 M urea
dramatically reduced the intensity of the GP,-specific band,
while GP, remained associated with the virion (Fig. 2; lanes 2
and 6). This result indicates that these treatments were suffi-
cient to dissociate the two subunits from one another. Similar
analysis of virions carrying the Ebo-GP also demonstrated a
specific loss of GP, with either 100 mM DTT or 6 M urea—100
mM DTT treatment (data not shown). These data strongly
support the hypothesis that Ebo-GP is endoproteolytically pro-
cessed into two subunits during maturation. Furthermore, it
suggests that the two subunits are covalently associated by
disulfide bonds.

Production of site-directed mutations within the proposed
Ebo-GP proteolytic processing site. Conserved within the gly-
coproteins of all known filoviruses is a consensus dibasic pro-
teolytic processing site similar to that found in other viral
glycoproteins such as ASLV EnvA and the HIV-1 envelope
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FIG. 2. Dissociation of GP; from GP,. MLV(Ebo-GP) and MLV(Ebo-T)
were produced by transient transfection of 293T cells. Viral supernatants were
collected from transfected cells and partially purified by pelleting through 20%
sucrose. The resulting viral pellet was resuspended in PBS and treated with the
indicated concentrations of urea with (+) or without (—) 100 mM DTT. Treated
virions were again partially purified by pelleting through 20% sucrose. Lysed
viral pellets were analyzed by SDS-PAGE and Western blotting with either (A)
the anti-Ebo-GP serum (A) or the anti-RSV tail serum (B). Arrows indicate the
GP, and GP, proteins; positions of molecular mass markers (in kilodaltons) are
shown to the left of each gel.

glycoprotein (8, 27) (Fig. 3A). In the envelope glycoprotein
from the Mayinga strain of Ebola virus Zaire subtype used for
these studies, this putative dibasic processing site comprises
Argd65, Argd66, Thr467, Argd68, and Arg 469 (RRTRR). To
determine whether this sequence comprised the endoproteo-
lytic processing site, we introduced two mutations into both the
Ebo-GP and Ebo-T cDNAs. These mutations were designed to
replace the basic arginine residues of this putative processing
site with apolar amino acids. In the mutant CL-1, Arg468 and
Arg469 were changed to Ala to produce the sequence
RRTAA; in the mutant CL(—), this sequence was changed to
AGTAA (Fig. 3B). To analyze the effects of these mutations
on processing, MLV particles pseudotyped with either Ebo-T,
Ebo-T.CL-1, or Ebo-T.CL(—) were produced as described
above, partially purified by centrifugation through 20% su-
crose, and analyzed by SDS-PAGE and Western blotting with
the anti-RSV tail serum. These results demonstrated that like
Ebo-T, the Ebo-T.CL-1 mutant was incorporated efficiently
into virions and was processed efficiently into two subunits, as
Western blot analysis revealed the presence of GP,, and not
GP,, in the MLV (Ebo-GP.CL-1) virion lysates (Fig. 3C; com-
pare lanes 2 and 3). Analysis of virions produced with Ebo-
GP.CL(—) also indicated efficient incorporation of this mutant
glycoprotein, however, in this instance, Western blot analysis
with the anti-RSV tail serum revealed the specific loss of GP,
and the gain of an approximately 160-kDa band (Fig. 3C, lane
4). This larger form of Ebo-GP was likely representative of the
unprocessed form of Ebo-GP, GP,,, suggesting that this muta-
tion blocked the endoproteolytic processing of Ebo-T. In sup-
port of this hypothesis, Western blot analysis of MLV particles
pseudotyped either Ebo-GP, Ebo-GP.CL-1, or Ebo-GP.CL(—)
with the anti-Ebo-GP serum also demonstrated a specific loss
of GP, in the lysates of virions pseudotyped with the Ebo-
GP.CL(—) glycoprotein and the gain of an approximately 160-
kDa band (data not shown). Together, these data strongly
suggest that the identified dibasic motif in the envelope glyco-
protein of Ebola Zaire is the endoproteolytic processing site.

To further define the processing site requirements of Ebo-
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A.
Zaire .TGGRRTRREAIL..
Sudan ..GLRKRSRRQVN..
Ivory Coast .TGSRRKRRDVT..
Reston .SPTRKQKRSVR..
B.
Ebo-GP :.ITGGRRTRREAIV...
Ebo-GP.CL-1 :..ITGGRRTAAEAIV..
Ebo-GP.CL-2 :..ITGGRATAREAIV..
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FIG. 3. Identification of the Ebo-GP endoproteolytic processing site. (A)
Comparison of the conserved dibasic motifs in the envelope glycoproteins of all
known strains of Ebola virus. (B) Comparison of the Ebo-GP endoproteolytic
processing site with those of five mutant glycoproteins. (C) Western blot analysis
of Ebo-T, Ebo-T.CL-1, and Ebo-T.CL(—). 293T cells were transfected with
either pCB6-Ebo-T (Ebo-T), pCB6-Ebo-T.CL-1 (CL-1), or pCB6-Ebo-T.CL(—)
[CL(—)] or without a glycoprotein construct (Mock). Viral lysates prepared 48 h
posttransfection were analyzed by SDS-PAGE and Western blotting with the
anti-RSV tail serum. Arrows indicate the GP, and GP,, proteins. Positions of
molecular mass markers (in kilodaltons) are shown to the left of each gel. (D)
Western blot analysis of Ebo-T, Ebo-T.CL-2, Ebo-T.CL-3, and Ebo-T.CL-7.
Viral preparation and analysis were performed as for panel C. Arrows indicate
the GP, and GP,, proteins; positions of molecular mass markers (in kilodaltons)
are shown to the left of each gel.

GP, we produced three other mutant glycoproteins in which
the cleavage site was changed to RATAR (Ebo-GP.CL-2),
RATAA (Ebo-GP.CL-3), and AGTYF (Ebo-GP.CL-7), re-
spectively. The CL-7 mutant contains a consensus chymotryp-
sin cleavage site so as to allow in vitro processing of the gly-
coprotein. Western blotting of the lysates of MLV pseudotypes
containing these glycoproteins with the anti-RSV tail serum
demonstrated that all three were still endoproteolytically pro-
cessed (Fig. 3D), demonstrating that the Ebo-GP cleavage site
is relatively insensitive to mutagenesis. Furthermore, the gly-
coprotein is cleaved even when the consensus dibasic site is
replaced by a chymotrypsin cleavage site, suggesting that in the
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FIG. 4. GP, cannot be dissociated from virions by denaturation or reduction.
MLV(Ebo-GP) (A) and MLV(Ebo-GP.CL(—) (B) were produced by transient
transfection of 293T cells. Forty-eight hours posttransfection, virion-containing
cellular supernatants were collected and partially purified through 20% sucrose.
The resulting viral pellets were resuspended in PBS and treated with the indi-
cated concentrations of urea, with (+) or without (—) 100 mM DTT. These
treated virions were then partially purified by pelleting through 20% sucrose,
lysed, and analyzed by SDS-PAGE and Western blotting with the anti-Ebo-GP
serum. Arrows indicate GP, and GPy; positions of molecular mass markers (in
kilodaltons) are shown to the left of each gel.

native Ebo-GP structure, this region is highly exposed and
likely accessible to a broad array of proteases.

GP, is not dissociated from MLV(Ebo-GP.CL(—)) by reduc-
tion and denaturation. The CL(—) mutation (AGTAA) ap-
pears to block endoproteolytic processing of the Ebola virus
glycoprotein. To confirm this observation, we attempted to
determine if the presumably unprocessed glycoprotein in viri-
ons carrying this mutant glycoprotein were resistant to disso-
ciation by reduction and denaturation. Wild-type and CL(—)-
pseudotyped virions were produced as described above and
gently ultracentrifuged, and the resulting viral pellets were
resuspended in an isotonic buffer overnight at 4°C. These con-
centrated virions were then treated with 100 mM DTT, alone
or with 6 M urea, for 30 min at 37°C. Virion-associated pro-
teins were partially purified by centrifugation through 20%
sucrose. After lysis with RIPA buffer, the protein composition
of the pelleted virions was analyzed by SDS-PAGE and West-
ern blotting with the polyclonal anti-Ebo-GP antibody.

As demonstrated previously, treatment of virus containing
wild-type Ebo-GP with DTT or urea and DTT efficiently dis-
sociated GP, from the virions (Fig. 4A; compare lanes 1, 2, and
3). In contrast, incubation of CL(—)-pseudotyped virions un-
der either of these conditions did not result in a significant
release of the glycoprotein from the virions (Fig. 4B). These
results strongly support the hypothesis that the Ebo-GP.CL(—)
protein represents an uncleaved form of Ebo-GP.

Proteolytic processing of Ebo-GP does not require furin.
Furin is a widely expressed cellular protease that cleaves pro-
teins at paired basic amino acid sites (20). Moreover, it has
been shown to be responsible for the cleavage of a number of
viral glycoproteins, including the human parainfluenza virus
type 3 F protein (31) and the HAs of various strains of patho-
genic influenza A viruses (19, 40). To address whether furin is
the cellular enzyme responsible for the endoproteolytic pro-
cessing of Ebo-GP, we attempted to express this envelope
glycoprotein in a human colon carcinoma cell line (LoVo) that
specifically lacks furin activity (42, 43).

Ebo-T was expressed in LoVo cells with or without the
coexpression of human furin. Cellular lysates were prepared,
resolved by SDS-PAGE and examined by Western blot analysis
with both the anti-Ebo-GP and anti-RSV tail sera. When these
cellular lysates were examined with the anti-Ebo-GP poly-
clonal serum, it was apparent that Ebo-T produced in LoVo
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FIG. 5. Expression of Ebo-T in LoVo cells. LoVo cells were transiently
transfected with either no DNA (Mock), pCB6-Ebo-T (Ebo-T), or pCB6-Ebo-T
and pGEM7hFurin (Ebo-T + Furin). Two hours posttransfection, the cells were
infected with the vaccinia virus vIF-7. Eighteen hours postinfection, the cells
were lysed and cellular protein expression was examined by SDS-PAGE and
Western blotting with either the anti-Ebo-GP serum (A) or the anti-RSV tail
serum (B). Positions of molecular mass markers (in kilodaltons) are shown to the
left of each gel.

cells was of a greater apparent molecular mass than when furin
was coexpressed (Fig. SA; compare lanes 1 and 2). This larger
form of Ebo-GP, found specifically in the lysates of LoVo cells
expressing Ebo-T alone, appears to be similar in size to GP,,
suggesting that in the absence of furin, Ebo-T is not efficiently
cleaved. Similar results were obtained when the wild-type form
of Ebo-GP was expressed in LoVo cells (data not shown).
However, when these same cellular lysates were examined with
the anti-RSV tail serum, it became apparent that there was
significant processing of Ebo-T in these furin-deficient LoVo
cells. In addition, an increased amount of GP, was observed
when human furin was coexpressed in the LoVo cells with
Ebo-T (Fig. 5B, lanes 1 and 2). The presence of GP, in the
LoVo cell lysates indicates that Ebo-T is endoproteolytically
processed in the absence of furin and implies that furin is likely
not the only cellular enzyme responsible for the endoproteo-
lytic processing of Ebo-GP.

Analysis of entry mediated by Ebo-GP.CL(—). The conser-
vation of an endoproteolytic processing site in the glycopro-
teins of all known strains of Ebola virus strongly suggests that
cleavage may be important for glycoprotein function. To in-
vestigate the importance of processing for Ebo-GP-mediated
viral entry, we produced MLV particles pseudotyped with ei-
ther the wild-type glycoprotein or the cleavage-deficient mu-
tant, Ebo-GP.CL(—). These viral pseudotypes were normal-
ized with respect to Ebo-GP by Western blot analysis with the
anti-Ebo-GP antiserum and then used to challenge a variety of
target cell lines as described in Materials and Methods.

As shown previously (48), MLV virions pseudotyped with
Ebo-GP (MLV(Ebo-GP)) were able to mediate efficient infec-
tion of a wide variety of cell lines (Table 1), with titers ranging
from 2.3 X 10° IU/ml on the human embryonic kidney 293T
cell line to 1.2 X 10? IU/ml on the Tb 1 lu bat lung cell line.
Surprisingly, MLV particles pseudotyped with the uncleaved
mutant of Ebo-GP were also able to infect these cell lines
efficiently, with the exception of the African green monkey
kidney cell line BSC-1, which was consistently 3- to 10-fold less
susceptible to MLV particles carrying the CL(—) glycoprotein
than wild-type Ebo-GP. However, there was no difference in
titer between MLV pseudotyped with either of these two gly-
coproteins on Vero cells which, like the BSC-1 cells, are de-
rived from African green monkey kidney. It seems unlikely that
the small difference observed on BSC-1 cells represents a ma-
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TABLE 1. Efficient processing of Ebo-GP is not required
for infectivity”

Titer (IU/ml) % of
Cell line Species MLV MLV (Ebola wild-type

(Ebola) CL(-)) value

293T Human 2.1 x10° 2.3 % 10° 110
Hela Human 3.5 X 10? 5.3 X 107 151
Vero Simian 1.7 x 10* 1.7 X 10* 100
Cos 7 Simian 8.0 X 10° 9.8 X 10° 123
BSC-1 Simian 1.0 x 10* 8.4 X 107 8
NIH 3T3 Murine 2.6 X 10* 2.1 x 10* 81
BHK Hamster 1.6 X 10* 1.4 x 10* 88
MDBK Bovine 2.4 % 10° 3.6 X 10° 150
BAEC” Bovine 2.3 %X 10° 1.8 X 10° 78
Tb 1 lu Bat 1.2 X 10? 2.0 X 10? 167

“ Data from representative experiments are shown. Similar results have been
obtained in replicate experiments.
® Bovine aorta endothelial cells.

jor effect of processing upon glycoprotein function. Therefore,
it appears that, in contrast to the glycoproteins of the oncoret-
roviruses, to which the Ebola virus glycoproteins bear a striking
homology, endoproteolytic processing of Ebo-GP is not re-
quired for glycoprotein function; this suggests a more subtle
reason for the conservation of this dibasic endoproteolytic
processing site in the Ebola virus glycoproteins.

DISCUSSION

In this study, we demonstrated that Ebo-GP is endoproteo-
lytically processed during maturation into two subunits that we
have designated GP, and GP,, thus confirming other recently
described results (46). It is the smaller, membrane-anchored
subunit, GP,, which is homologous to the TM glycoproteins of
the oncoretroviruses and contains many of the putative struc-
tures believed to be important for glycoprotein-mediated
membrane fusion. When the epitope-tagged form Ebo-T was
pseudotyped into MLV particles, we observed that the cleaved
form of the glycoprotein was preferentially incorporated into
the virions. The peripheral GP, subunit could be specifically
stripped from these pseudotyped particles by treatment with
the reducing agent DTT but not with the denaturant urea,
indicating that the two subunits are likely disulfide linked.
Furthermore, mutational analysis of this glycoprotein identi-
fied a dibasic motif, conserved in all membrane-anchored filo-
viral glycoproteins, as the Ebo-GP endoproteolytic cleavage
site.

Furin is a proprotein convertase that has been implicated in
the endoproteolytic processing of numerous cellular proteins
(39) as well as the proteolytic activation of many viral glyco-
proteins, including HA of certain strains of influenza A virus
(19, 40) and the prM glycoprotein of tick-borne encephalitis
virus (38). Furin is expressed in a wide variety of cell types and
cleaves proteins after dibasic motifs of the general consensus
Arg-X-Lys/Arg-Arg (20). To determine whether furin was re-
quired for the processing of Ebo-GP, we analyzed Ebo-T ex-
pression in the furin-deficient LoVo cell line. We found that
the processing of Ebo-T, although incomplete, was still ob-
served in these cells, indicating that other endoproteases that
may be present in the LoVo cells, such as PC2 or PACEA4 (39),
are competent to cleave the Ebo-GP. Contrary to our results,
Volchkov and others (46) have recently reported that Ebo-GP
is not cleaved in LoVo cells, leading them to hypothesize that
furin is required for the endoproteolytic processing of this
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glycoprotein. The presence of an epitope tag at the carboxyl
terminus of Ebo-T provides us with an extremely powerful
assay with which to detect Ebo-GP processing, and it is likely
the lack of such a sensitive assay that is the cause for the
discrepancy between our results. Moreover, the hypothesis that
furin is not required for Ebo-GP processing is strengthened by
the fact that the Ebo-GP cleavage mutants Ebo-GP.CL-1, Ebo-
GP.CL-2, and Ebo-GP.CL-3, in which the consensus furin rec-
ognition site has been disrupted, are still processed, albeit less
efficiently than the wild type. Indeed, in the Ebo-GP.CL-3
mutant, only one arginine residue remains at the cleavage site.

Our result demonstrating processing in LoVo cells is not
entirely surprising, as it has been shown that the HIV-1 glyco-
protein, which is also processed at a consensus furin-like pro-
tease recognition motif, is efficiently cleaved in the absence of
furin (7, 16, 22, 30). These data strongly suggest that Ebo-GP
may be cleaved by a variety of proprotein convertases in dif-
ferent cell types and not by furin alone. Moreover, Ebo-GP was
cleaved even when the dibasic motif was replaced with a con-
sensus chymotrypsin protease recognition motif (Ebo-GP.CL-
7), suggesting that the cleavage site of this glycoprotein may be
highly exposed in the native structure and thus accessible to a
great number of different proteases.

Endoproteolytic processing is a requirement for the fuso-
genic activity of many viral glycoproteins, including the HIV-1
envelope glycoprotein, the MLV envelope glycoprotein, and
the influenza A virus HA (11, 24, 25, 27). Site-directed mu-
tagenesis of both the HIV-1 and ASLV glycoprotein cleavage
sites has shown that in the absence of processing, these glyco-
proteins are unable to mediate viral entry (8, 10, 17, 32).
Similarly, many apathogenic strains of influenza A virus are
restricted to replicating in the cells of the respiratory tract due
to the localized expression of proteases capable of cleaving the
HA glycoprotein (39). Acquisition of a furin-like endoprotease
recognition site in the HA of these viruses, and the consequent
expanded cellular tropism, is a pivotal determinant of the in-
creased pathogenesis of virulent influenza A virus strains (3, 4,
39). It was therefore surprising, especially in view of the close
relationship between the Ebola virus and retrovirus TM se-
quences, to discover that the uncleaved Ebo-GP mutant, Ebo-
GP.CL(—) was able to mediate viral entry into a variety of cell
types as efficiently as the wild-type glycoprotein, indicating
that, unlike most other cleaved viral glycoproteins, endopro-
teolytic processing is not required for Ebo-GP function. A
recent report suggests that the coronavirus mouse hepatitis
virus (MHV) AS59 does not require glycoprotein cleavage ei-
ther in vivo or in vitro (2, 18). In contrast to the filoviruses,
however, many coronavirus glycoproteins have no obvious con-
served cleavage site and are not generally found as cleaved
proteins, and thus the relevance of this result with MHV AS59
for Ebola virus is unclear.

The lack of a requirement for endoproteolytic processing is
puzzling, since the dibasic motif is highly conserved in the
envelope glycoproteins of all known strains of Ebola virus and
the closely related Marburg virus (1, 46). It is possible that
processing of Ebo-GP is required for viral replication only in
certain cell types. The Sindbis virus E2 glycoprotein is normally
endoproteolytically processed during maturation (26). How-
ever, cleavage is required only for viral growth in invertebrate
cells, while the virus retains the ability to grow in the cells of
vertebrates, albeit with significantly reduced efficiency (33). A
similar situation may exist for Ebola virus, where glycoprotein
processing may be important for the infection of certain spe-
cies or tissue types. However, our preliminary survey of eight
cell lines of different tissues and species revealed only a modest
3- to 10-fold reduction in one cell line. The absolute conser-



VoL. 73, 1999

vation of this dibasic cleavage site in all filoviruses might sug-
gest that endoproteolytic processing of Ebo-GP is critical for
some stage of the viral life cycle. We may discover that glyco-
protein processing is important for Ebola virus replication in
the species that is the natural reservoir for this virus. If this is
the case, and endoproteolytic processing of Ebo-GP is re-
quired only for the infection of certain cell types, then the
analysis of the ability of MLV(Ebo-GP) and MLV(Ebo-
GP.CL(—)) to infect a very wide selection of different cell
types from diverse species might provide important clues for
the identification of the elusive Ebola virus reservoir.

Another possible explanation for the highly conserved cleav-
age site is that cleavage confers an advantage to Ebo-GP-
mediated viral entry that cannot be resolved in our one-step
infection assay. Over many rounds of viral replication during
an infection in vivo, a small advantage might provide the se-
lective pressure required for retention of this motif. It has been
shown for MHV A59 that although cleavage is not required for
viral infectivity, the uncleaved glycoprotein mediates cell-to-
cell fusion with delayed kinetics (1a, 15). Similarly, while pro-
teolytic processing of the Sindbis virus E2 glycoprotein is not
required for viral infectivity, virions containing mutations that
abrogate E2 processing are avirulent in vivo and produce small
plaques in vitro (34). Techniques for reverse genetics are not
available for filoviruses but do exist for the closely related
rhabdoviruses (28). When such techniques become available
for the filoviruses, it will be of great interest to determine
whether viruses containing an uncleavable form of Ebo-GP can
replicate in vitro and if such viruses are pathogenic in animal
models. A recent report described the use of peptides to inhibit
the endoproteolytic processing of Ebo-GP (46). If, as with
Sindbis virus, proteolytic processing of the glycoprotein is im-
portant in pathogenesis, then the administration of such pep-
tides might represent a novel approach to treating individuals
infected with this deadly virus.
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