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Ebola virus (EBOV), an enveloped, single-stranded, negative-sense RNA virus, causes severe hemor-
rhagic fever in humans and nonhuman primates. The EBOV glycoprotein (GP) gene encodes the non-
structural soluble glycoprotein (sGP) but also produces the transmembrane glycoprotein (GP1,2) through
transcriptional editing. A third GP gene product, a small soluble glycoprotein (ssGP), has long been
postulated to be produced also as a result of transcriptional editing. To identify and characterize the
expression of this new EBOV protein, we first analyzed the relative ratio of GP gene-derived transcripts
produced during infection in vitro (in Vero E6 cells or Huh7 cells) and in vivo (in mice). The average
percentages of transcripts encoding sGP, GP1,2, and ssGP were approximately 70, 25, and 5%, respectively,
indicating that ssGP transcripts are indeed produced via transcriptional editing. N-terminal sequence
similarity with sGP, the absence of distinguishing antibodies, and the abundance of sGP made it difficult
to identify ssGP through conventional methodology. Optimized 2-dimensional (2D) gel electrophoresis
analyses finally verified the expression and secretion of ssGP in tissue culture during EBOV infection.
Biochemical analysis of recombinant ssGP characterized this protein as a disulfide-linked homodimer that
was exclusively N glycosylated. In conclusion, we have identified and characterized a new EBOV non-
structural glycoprotein, which is expressed as a result of transcriptional editing of the GP gene. While
ssGP appears to share similar structural properties with sGP, it does not appear to have the same
anti-inflammatory function on endothelial cells as sGP.

Zaire ebolavirus (ZEBOV) is the type species of the genus
Ebolavirus in the family Filoviridae (11) and a causative agent
of a severe hemorrhagic fever in primates, with case fatality
rates as high as 90% in humans (12). All Ebola viruses
(EBOV) possess a nonsegmented, negative-sense RNA ge-
nome with seven linear genes that encode seven structural
proteins. The nucleoprotein (NP), virion protein 30 (VP30)
and VP35, and RNA-dependent RNA polymerase (L) are
components of the nucleocapsid structures, which are the ac-
tive transcription/replication complexes. VP24, VP40, and the
transmembrane glycoprotein (GP1,2) are associated with the
viral membrane. GP1,2 is the only surface protein and forms
trimeric spikes that facilitate virus entry by receptor binding
and fusion with target cells (39).

EBOV undergoes site-specific transcriptional editing of the
glycoprotein (GP) gene (see Fig. 1A), comparable to the RNA
editing that is commonly observed in the phosphoprotein (P)
genes of viruses from the family Paramyxoviridae (16, 24). The
primary product of the GP gene is the soluble glycoprotein
(sGP), a nonstructural secreted glycoprotein, which is ex-
pressed from unedited RNA transcripts (40, 51). GP1,2 is ex-
pressed only following transcriptional editing, which occurs at

a series of seven uridine residues within the genomic RNA,
resulting in an additional adenosine (A) residue in the tran-
script (40, 51). The subsequent �1 shift results in an extended
open reading frame (ORF). The expression of an additional, as
yet unidentified nonstructural protein, designated small solu-
ble glycoprotein (ssGP), has long been proposed. This product
would occur as a result of transcriptional editing that leads to
a �2 shift, resulting in a truncated ORF. Thus, all GP gene
products have identical N-terminal primary sequences of 295
amino acids (aa) but differ at their C-terminal portions follow-
ing the transcriptional editing site (14, 39) (Fig. 1A).

Most of the published molecular work on EBOV has used
ZEBOV strain Mayinga. Here we identified ssGP transcripts
generated during in vitro and in vivo ZEBOV replication and
demonstrated that ssGP was expressed and secreted during
infection. In addition, we determined that transcriptional ed-
iting was the mechanism of expression. Thus, we have identi-
fied a new EBOV nonstructural glycoprotein. Biochemical and
structural characterization identified ssGP as a secreted ho-
modimer containing N-linked carbohydrates. Therefore, ssGP
appears to have biochemical and structural features similar to
those of sGP (1, 2, 10); however, ssGP did not rescue barrier
function following treatment of endothelial cells with tumor
necrosis factor alpha (TNF-�)—a function that has been de-
scribed previously for sGP (56). This result suggests that these
proteins do not share biological functions.

(This work is part of the Ph.D. thesis of M. Mehedi, De-
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partment of Medical Microbiology, University of Manitoba,
Winnipeg, Canada.)

MATERIALS AND METHODS

Virus, cell culture, and animals. ZEBOV strain Mayinga (GenBank accession
no. AF086833) was used for all in vitro infectious experiments. Vero E6 (a
monkey kidney cell line), Huh7 (a human liver cell line), and 293T (a human
embryonic kidney cell line) cells were cultured in Dulbecco’s minimal essential
medium (DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal
bovine serum (FBS) (Wisent, Saint-Jean-Baptiste, Quebec, Canada) under 5%
CO2 at 37°C. BALB/c mice (Charles River, MA) were infected with mouse-
adapted ZEBOV (MA-ZEBOV) strain Mayinga (GenBank accession no.
AF499101) (4).

In vitro ZEBOV infection for transcript analysis. Approximately 90% conflu-
ent Vero E6 or Huh7 cells were infected with ZEBOV at a multiplicity of
infection (MOI) of 1 and were maintained in Opti-MEM (Invitrogen, CA). The
supernatant was removed, and total cellular RNA was extracted at 4 days postin-
fection using Trizol LS reagent (Invitrogen, CA) according to the manufacturer’s
instructions. ZEBOV GP cDNA was produced from extracted RNA using a
GP-specific oligo(dT) primer (ACCGGTTTTTTTTTTTTTTT) with SuperScript
III reverse transcriptase (Invitrogen, CA). Subsequently, a fragment covering the
editing site of the GP gene was amplified using sequence-specific primers (for-
ward, ACACCACAGTTTCTGCTCCAGC; reverse, TGACTGTGCACTTGAA
CCATTGC) and high-fidelity Taq DNA polymerase (Roche, Mannheim, Ger-
many). The amplification product (330 bp) was PCR purified using the QIAquick
PCR purification kit (Qiagen, CA) and was cloned into the TOPO TA 2.1 PCR
cloning vector (Invitrogen, CA) using chemically competent One Shot Top10
Escherichia coli cells and superoptimal broth with catabolite repression (SOC)
medium (Invitrogen, CA). Subsequently, bacteria were plated onto LB agar
containing 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-gal; Invitro-
gen, CA) for blue-white colony screening, followed by sequencing of bacterial
clones to determine the ratios of GP gene-specific transcripts encoding sGP,
GP1,2, and ssGP. A similar approach was applied to viral genomic RNA (vRNA)
derived from ZEBOV particles harvested from Vero E6 cell supernatants at day
4 postinfection. A vRNA-specific primer (AGAGTAGGGGTCGTCAGGTCC)
binding upstream of the GP gene was used to generate cDNA, followed by
amplification of the GP gene editing region (330 bp) using the primers described
above to determine the ratio of distinct vRNA in viral particles. In addition, a
synthetic positive-sense RNA template (AUAGAAUUCUCGGGGAGUGGG
CCUUCUGGGAAACUAAAAAAACCUCACUAGAAAAAUUCGCAGU
GAAGAGUUGUCGAAUUCCGU) (Thermo Fisher Scientific, MA) was used
to generate clones by the same procedure to control for Taq DNA polymerase
errors as the source for the introduction of multiple adenosine residues.

In vivo MA-ZEBOV infection for transcript analysis. BALB/c mice were in-
fected intraperitoneally with 1,000 LD50 (1,000 times the 50% lethal dose [dose
leading to death in 50% of the animals]) of MA-ZEBOV. Mice were euthanized
4 days postinfection, and liver samples were collected. RNA was extracted from
liver tissue with the RNeasy kit (Qiagen, CA) according to the manufacturer’s
instructions. To determine the ratio of the GP gene transcripts, we applied the
strategy described above for the in vitro procedure.

Expression of recombinant proteins (r.ssGP and r.sGP). The coding sequence
for ZEBOV ssGP lacking the signal peptide (SP) was amplified by reverse tran-
scription-PCR (RT-PCR) from purified vRNA using specific primers (forward,
AGCCGGCCAGATCTATCCCACTTGG; reverse, GCCTGCAGTTAACTAGT
GAGGTTTTTTTTTAGTTTCCCAGAAGG) (Eurofins MWG Operon, Hunts-
ville, AL). The amplification product was cloned into the eukaryotic expression
vector pDisplay (Invitrogen, CA) using BglII and PstI restriction sites. This vector
directs the expression of foreign glycoproteins through a vector-specific SP and adds
an N-terminal hemagglutinin (HA) tag. We have published previously on a similar
pDisplay-based recombinant sGP (r.sGP) expression plasmid (55). Clones that ex-
press r.ssGP and r.sGP with the authentic SP and no HA tag were also produced by
PCR amplification using specific primers (common forward primer, ATCGGAAT
TCATGGGCGTTACAGG; reverse primers, ATCTCGAGTTACTAGTGAGGT
TTTTTTTTAGTTTCCCAG for r.ssGP and TTCTCGAGTTAGCGCCGGACTC
TGAC for r.sGP). The PCR-amplified products were cloned into the eukaryotic
expression vector pCAGGS (30) using EcoRI and XhoI restriction sites. All con-
structs were sequenced at the DNA Core facility at the National Microbiology
Laboratory (Winnipeg, Manitoba, Canada). r.ssGP and r.sGP were expressed fol-
lowing transient transfection of pDisplay-HAtag-sGP/ssGP into 293T cells and of
pCAGGS-sGP/ssGP into Vero E6 cells using FuGENE 6 (Roche, Mannheim,
Germany). Supernatants were collected 72 h posttransfection, and HA-tagged pro-
teins were subsequently purified using an anti-HA affinity column (Roche, Mann-

heim, Germany) according to the manufacturer’s instructions. Proteins were con-
centrated with Amicon Ultra centrifugal filters (Millipore, MA) with a molecular
weight (MW) cutoff of 30,000. The final concentration of proteins was determined by
the DC protein assay (Bio-Rad, CA). All proteins were aliquoted and were stored at
�20°C. The expression of r.sGP and r.ssGP was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing (addition of
�-mercaptoethanol) and nonreducing conditions and was verified by immunoblot-
ting following transfer to polyvinylidene difluoride (PVDF) membranes. PVDF
membranes were blocked overnight with 5% skim milk in phosphate-buffered saline
(PBS). For HA-tagged proteins (r.ssGP and r.sGP), membranes were incubated for
1 h at room temperature with a 1/10,000 dilution of a peroxidase-conjugated rat
antibody against HA (anti-HA-peroxidase) (Roche, Mannheim, Germany). For
untagged proteins (r.ssGP and r.sGP), membranes were incubated with a 1/10,000
dilution of mouse monoclonal antibody (MAb) 42/3.7 (against GP1,2, sGP, and
ssGP) (kindly provided by Ayato Takada, Hokkaido University, Sapporo, Japan),
followed by incubation with a 1/10,000 dilution of goat anti-mouse IgG(H�L)
(Kirkegaard & Perry Laboratories [KPL], Gaithersburg, MD). The ECL Plus West-
ern blotting detection kit (GE Healthcare, Buckinghamshire, United Kingdom) was
used to visualize protein bands.

Site-directed mutagenesis of ssGP. The cysteine (Cys) residue in position 53 of
ssGP was mutated into glycine (Gly) in pDisplay-HAtag-ssGP (see above) using
a site-directed mutagenesis kit (Stratagene, CA) and the appropriate mutagen-
esis primers (forward, GTCGACAAACTAGTTGGTCGTGACAAACTGTCA
TCC; reverse, GGATGACAGTTTGTCACGACCAACTAGTTTGTCGAC).
Following sequence confirmation, the mutated r.ssGP was expressed in 293T
cells and was analyzed as described above.

Glycosylation analysis of ssGP. The glycosylation status of r.ssGP and r.sGP
was determined using endoglycosidases. All N-linked glycans were removed by
digestion with peptide N-glycosidase F (PNGase F) (New England Biolabs, MA),
and high-mannose-type N-linked glycans on r.ssGP were removed by digestion
with endoglycosidase H (Endo H) (New England Biolabs, MA). To remove
O-linked glycans, r.ssGP was treated with O-glycanase (endo-�-N-acetylgalac-
tosaminidase) (18) in combination with different exoglycosidases [sialidase A,
�(1-4)-galactosidase, �-N-acetylglucosaminidase, and N-glycanase] (Prozyme,
CA). Reactions were performed for 3 h according to the manufacturer’s instruc-
tions, and results were analyzed by SDS-PAGE and immunoblotting as described
above using the anti-HA-peroxidase antibody (Roche) or MAb 42/3.7 at a
1/10,000 dilution.

Detection of ssGP during viral infection. Vero E6 cells were infected with
ZEBOV (MOI, 1). Cell culture supernatants were collected 4 days postinfection
and were clarified by centrifugation at 2,000 � g for 10 min at 4°C to remove cell
debris, followed by centrifugation at 21,000 � g for 30 min at 4°C to remove viral
particles. The clarified supernatant was collected and concentrated with Amicon
Ultra centrifugal filters (MW cutoff, 30,000) (Millipore, MA). The concentrated
supernatant was treated with SDS (final concentration, 1%) and was heat inac-
tivated at 100°C for 10 min. The inactivated supernatant was treated overnight
with PNGase F (New England Biolabs, MA) to remove all the N-linked carbo-
hydrates, and proteins were subjected to 15% SDS-PAGE and were transferred
to PVDF membranes. Immunoblotting was performed as described above.

2D gel electrophoresis. Supernatants derived from r.ssGP- and r.sGP-express-
ing Vero E6 cells (transient transfection) and ZEBOV-infected Vero E6 cells
were desalted and cleaned using a 2-dimensional (2D) Clean-Up kit (GE Health-
care, Buckinghamshire, United Kingdom) and were resuspended in 2D rehydra-
tion buffer {7 M urea, 2 M thiourea, 2% 3-[(3-cholamidopropyl)-dimethylam-
monio]-1-propanesulfonate (CHAPS)}. Subsequently, 15 �g of each protein was
loaded onto a 7-cm, pH 4 to 7 nonlinear (NL) immobilized pH gradient (IPG)
strip (GE Healthcare, Buckinghamshire, United Kingdom) using the following
treatment profile: 15 h of passive rehydration at 30 V, 0.2-kVh step up to 300 V,
0.3-kVh gradient to 1,000 V, 4.5-kVh gradient to 5,000 V, 3-kVh step up to 5,000
V. The IPG strip was equilibrated for 15 min in equilibration buffer (75 mM
Tris-HCl [pH 8.8], 6 M urea, 30% glycerol, 2% SDS, 0.002% bromophenol blue)
containing 1% (wt/vol) dithiothreitol (DTT) followed by 15 min in equilibration
buffer containing 2.5% iodoacetamide (IAA). The IPG strip was applied to a
12% Bis-Tris gel (Invitrogen, CA). The gel was transferred to a PVDF mem-
brane using the iBlot dry blotting system (Invitrogen, CA), and the immunoblot
was probed with MAb 42/3.7 at a 1/10,000 dilution, followed by peroxidase-
labeled goat anti-mouse IgG(H�L) (KPL, Gaithersburg, MD) at a 1/10,000
dilution. Detection was performed with the ECL Plus Western blotting detection
kit (GE Healthcare).

Endothelial barrier function rescue. Impedance spectroscopy was used to
measure the transendothelial electrical resistance (TER) of a cultured endothe-
lial cell monolayer. The TER predominantly reflects the changes in paracellular
permeability (8, 33) with a greater sensitivity and higher time resolution than
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transwell filter systems. Human umbilical vein endothelial cells (HUVEC) were
isolated and cultured as described previously (42). Once HUVEC were conflu-
ent, they were equilibrated for 2 h to establish a baseline TER prior to the
addition of TNF-� (1 ng/ml) (R&D Systems, Minneapolis, MN) and ssGP or
sGP (30 �g/ml) to cells. The TER was determined as described previously (43).
Briefly, an alternating voltage was applied, and the impedance magnitude was
measured at frequencies between 10 Hz and 1 MHz between the electrode area
of the indium tin oxide slide and a counterelectrode. The TER was calculated
from the resultant spectra (43). All electrical resistance data are presented as
normalized to baseline resistance values (TER/TER0). TER data are shown as
means � standard errors. Data were compared by an unpaired t test. Values
were considered to be statistically significant when P was �0.05.

Neutrophil binding assay. Purified polymorphonuclear leukocytes (PMN)
(99%) were isolated from venous blood of healthy donors in accordance with a
protocol approved by the Institutional Review Board for Human Subjects, Na-
tional Institute of Allergy and Infectious Diseases. PMN were resuspended in
Roswell Park Memorial Institute (RMPI) medium with 10 mM HEPES. Purified
PMN (106 cells) were incubated with 20 �g/ml of either purified HA-tagged sGP
or ssGP for 30 min on ice. Cells were spun for 7 min at 456 � g at 4°C and were
washed with ice-cold wash buffer (PBS with 2% goat serum). Cells were stained
with 100 �l of a phycoerythrin-conjugated anti-HA (anti-HA-PE) (Miltenyi
Biotec Inc., CA) antibody (1/10 dilution in wash buffer) for 30 min on ice. A
mouse IgG1-PE antibody (Miltenyi Biotec Inc., Auburn, CA) was used as an
isotype control. Subsequently, cells were washed twice in 250 �l ice-cold wash
buffer and were analyzed by fluorescence-activated cell sorting (FACS).

Statement. All work with infectious EBOV was performed in the “biosafety
level 4” (BSL4) laboratory at the National Microbiology Laboratory of the Public
Health Agency of Canada. All animal experiments were performed under an
approved-animal-use document and according to the guidelines of the Canadian
Council on Animal Care (CCAC).

RESULTS

ssGP RNA transcripts are produced during ZEBOV infec-
tion. The ZEBOV GP gene undergoes site-specific transcrip-
tional editing to produce GP1,2. The primary GP gene product,
sGP, is produced from unedited RNA transcripts. The per-
centages of transcripts that encode sGP and GP1,2 were pre-
viously identified as approximately 80 and 20%, respectively
(14, 39, 51). However, it is hypothesized that RNA editing
produces another nonstructural glycoprotein, designated ssGP,
the existence of which has not been verified (Fig. 1A).

As indirect evidence for ssGP expression, we first deter-
mined the ratios of different transcripts produced from the
EBOV GP gene. For this purpose, we infected Vero E6 cells
with ZEBOV, harvested RNA from infected cells, and tran-
scribed the RNA into cDNA. Vero E6 cells were chosen be-
cause this is the cell line most widely used for the propagation
of EBOV. A fragment of 330 bp covering the GP gene editing
site was amplified by PCR, cloned into the TOPO TA vector,
and subsequently sequenced. Using this strategy, we obtained
224 clones that differed from each other only by the number of
adenosine residues present at the editing site of the GP gene.
The percentages of RNA transcripts encoding sGP, GP1,2, and
ssGP were determined to be 71, 24, and 5%, respectively (Fig.
1B). A similar percentage of ssGP-specific transcripts (4%)
was also determined for ZEBOV-infected Huh7 cells (Fig.
1B). A liver cell line was chosen because the liver is one of the
primary target organs for EBOV replication in humans and
nonhuman primates. Next, we determined the ratio of tran-
scripts from mice infected with MA-ZEBOV by using the same
strategy. Total cellular RNA was extracted from infected
mouse livers, and sequence determination of 260 clones re-
vealed the percentages of RNA transcripts to be 67, 31, and

2% for sGP, GP1,2, and ssGP, respectively (Fig. 1B), results
similar to those obtained in vitro.

To control for the incorporation of edited genomes into
infectious ZEBOV particles, we utilized the same approach.
Of 109 clones generated from vRNA derived from ZEBOV
particles, the vast majority (94%) showed wild-type sequence
at the editing site (7 uridine residues, vRNA sense). Genomes
containing 8 uridine residues and thus directly encoding GP1,2

were found in 6% of the clones, a finding that was not unex-
pected, since such a virus was previously plaque purified and
genetically engineered (38, 52). We did not identify vRNA
genomes with uridine residues coding directly for ssGP (Fig.
1B), indicating that such viruses might be noninfectious.

Editing was largely a specific event, but in a small proportion
of the clones analyzed (3%), we identified multiple additional
adenosine residues in the GP-specific transcripts derived from
in vitro and in vivo infection. The number of adenosine residues
inserted ranged from 1 to 24, but interestingly, adenosine de-
letions were rare, and only transcripts with at least 6 adenosine
residues were detected (Fig. 1C). Higher numbers of adeno-
sine insertions were found particularly in RNA transcripts de-
rived from ZEBOV-infected Vero E6 cells (Fig. 1C). To ex-
clude the possibility that these additional adenosine residues
were artificially introduced through polymerase stuttering dur-
ing PCR amplification, we generated clones from a synthetic
RNA using the same strategy and protocol, followed by se-
quence determination. No addition or deletion of adenosine or
other nucleotide residues was observed, confirming that aden-
osine residues are introduced as a result of editing during viral
transcription and not as a result of Taq DNA polymerase
amplification (data not shown).

ssGP is secreted as a homodimer. The GP gene products
GP1,2 and sGP have identical N-terminal amino acid sequences
(aa 1 to 295) but differ in their C-terminal portions and their
structures (1, 2, 10, 14, 39). This is also expected for the
hypothesized nonstructural ssGP, which theoretically should
represent a truncated (266-aa) version of nonstructural sGP
(292 aa) (Fig. 1A). All GP gene-specific products carry the
same signal peptide (SP), and it is expected that they use the
same processing pathway in undergoing similar co- and post-
translational modifications. As a result, nonstructural sGP and
the putative nonstructural ssGP are expected to have similar
molecular weights and biochemical properties.

For characterization and control purposes, we generated re-
combinant eukaryotic expression plasmids based on pDisplay and
pCAGGS producing both nonstructural glycoproteins (r.ssGP
and r.sGP) with or without an N-terminal HA tag. For detec-
tion purposes, we mainly used immunoblot analysis with MAb
42/3.7, a monoclonal antibody recognizing an epitope in the
N-terminal portion of the proteins common to all GP gene
products (47, 48), and we therefore expected to detect ssGP
also. In addition, a commercial anti-HA antibody was also used
to detect HA-tagged recombinant proteins (r.ssGP and r.sGP).
Expression and secretion of r.sGP and r.ssGP were demon-
strated after transfection of Vero E6 cells, and the two proteins
appeared similar in size (approximately 50 kDa) under reduc-
ing SDS-PAGE conditions (Fig. 2A, lanes 3 and 4). Expression
was optimal at 72 h posttransfection, a time point that was used
for harvesting supernatants from transfected cells for all ex-
periments unless otherwise stated.
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GP1,2 and sGP have been shown to be disulfide-linked ho-
motrimers or homodimers, respectively (1, 2, 10, 41). There-
fore, we analyzed the oligomerization of r.ssGP under nonre-
ducing SDS-PAGE conditions, followed by immunoblotting
using MAb 42/3.7. Under nonreducing conditions, r.ssGP mi-
grated as an approximately 100 kDa protein, slightly faster
than homodimeric r.sGP (Fig. 2A, lanes 1 and 2), suggesting
that ssGP also has a dimeric structure. While under reducing
conditions sGP and ssGP have near-identical apparent MWs,
under nonreducing conditions there is a larger than expected
difference in apparent MW, possibly suggesting that their ter-
tiary structures may be different. Cysteine residues at positions

53 (Cys53) and 306 (Cys306) are responsible for intermolecular
disulfide bridge formation in sGP (1, 10). Since Cys306 is not
present in the ssGP ORF, we replaced Cys53 with a glycine
residue by site-directed mutagenesis and analyzed the ex-
pressed proteins under reducing and nonreducing SDS-PAGE
conditions. The lack of Cys53 prevented the formation of ssGP
oligomers, indicating that oligomerization of ssGP is also de-
pendent on an intermolecular disulfide bond between two
Cys53 molecules (Fig. 2B).

ssGP is N glycosylated. The predicted molecular mass for
ssGP is approximately 30 kDa. It is known that GP1,2 is heavily
N and O glycosylated, whereas sGP seems to be only N glyco-

FIG. 1. Ebola virus glycoprotein gene RNA editing results in multiple gene products. (A) Organization of the Ebola virus glycoprotein gene.
(Top) Putative open reading frames (ORFs) for the different GP gene products (sGP, GP1,2, and ssGP). (Bottom) The primary structures of
glycoprotein gene products are shown in an alignment of the primary amino acid sequences of sGP, GP1,2, and ssGP. All three proteins share the
first 295 aa, including the signal peptide (aa 1 to 32), but differ in their carboxy-terminal portions. (B) Detection of ssGP transcripts in vitro and
in vivo. Vero E6 and Huh7 cells were infected with ZEBOV, and mice were infected with MA-ZEBOV. RNA was extracted from infected cell
cultures, virus particles, and mouse liver. The editing site region for mRNA and vRNA was amplified (330-bp fragment), cloned, and sequenced
as described in Materials and Methods. In total, we analyzed 224 clones from Vero E6 cells, 132 from Huh7 cells, 260 from mouse liver, and 109
from viral particles. (C) Specificity of transcriptional editing. The vast majority of clones from mRNA (97%) contained either 7 (sGP), 8 (GP1,2),
or 9 (ssGP) adenosine (A) residues. The remaining 3% of clones analyzed contained multiple adenosine residues in the editing site, which would
lead to the incorporation of additional lysine residues in the primary amino acid sequence. With the rare exception of a single adenosine deletion
(in clones encoding ssGP), no deletions of adenosine residues were found in the editing site.
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sylated (13, 14, 39, 41, 53, 54). Therefore, glycosylation as one
form of posttranslational processing was predicted for ssGP as
well. For glycosylation analysis, untagged r.ssGP and r.sGP
were treated overnight with PNGase F to remove all the N-
linked carbohydrates and were then subjected to SDS-PAGE
and immunoblot analysis. Deglycosylated r.ssGP migrated with

a lower molecular size (approximately 30 kDa) than deglyco-
sylated r.sGP (approximately 33 kDa), indicating that ssGP,
like sGP, contains N-glycans (Fig. 2C). Treatment of r.ssGP
with Endo H, which removes all mannose-type N-linked
carbohydrates, did not result in a further MW shift, indicat-
ing that ssGP N glycosylation is mainly of the complex
hybrid type (Fig. 2D).

r.ssGP was further analyzed for O glycosylation. O-Gly-
canase removes core O-linked carbohydrates by breaking the
bond between Gal�(1–3)GalNAc (N-acetylgalactosamine) and
serine or threonine. In order for O-glycanase to work properly,
additional monosaccharides need to be removed by exoglyco-
sidases from the core structure. Treatment of r.ssGP with dif-
ferent exoglycosidases in combination with O-glycanase did not
result in a MW shift during SDS-PAGE, indicating that ssGP
does not carry O-linked carbohydrates (Fig. 2E), a finding
similar to results reported previously for sGP (14, 39, 53).

ssGP is produced during infection. In order to identify ex-
pression of ssGP during virus infection, we infected Vero E6
cells with ZEBOV and in parallel transiently expressed r.ssGP
and r.sGP in Vero E6 cells. The supernatants from infected
and transfected cells were subjected to overnight digestion with
PNGase F, and the proteins were analyzed by 15% SDS-
PAGE, followed by immunoblotting using MAb 42/3.7 for de-
tection. Two specific bands were identified in the supernatant
of ZEBOV-infected cells; the more prominent band displayed
a molecular mass of approximately 33 kDa, which correlates in
size with deglycosylated r.sGP (Fig. 3A, lanes 2 and 3). The
weaker, lower-molecular-mass band (approximately 30 kDa)
comigrated with deglycosylated r.ssGP and likely represents
ssGP that is produced and secreted during ZEBOV infection
(Fig. 3A, lanes 1 and 3).

In order to confirm the expression of ssGP during ZEBOV
infection, we utilized 2D gel electrophoresis. Vero E6 cells
were transfected with plasmids (pCAGGS-ssGP or pCAGGS-
sGP), and supernatants were collected at 72 h posttransfection.
In parallel, Vero E6 cells were infected with ZEBOV (MOI,
1), and supernatants were harvested at 4 days postinfection.
The collected supernatants were subjected to PNGase F treat-

FIG. 2. Structure and biochemical properties of ssGP. (A) ssGP is
a homodimer. Vero E6 cells were transfected with the appropriate
expression plasmids, and supernatants were collected from transfected
cells after 72 h. The proteins were separated by reducing or nonreduc-
ing SDS-PAGE and were detected by immunoblotting using MAb
42/3.7 (dilution, 1:10,000). Lane 1, r.ssGP (nonreducing); lane 2; r.sGP
(nonreducing); lane 3, r.ssGP (reducing); lane 4, r.sGP (reducing).
(B) Cysteine at position 53 is responsible for dimerization. Site-di-
rected mutagenesis was performed at amino acid position 53 (cysteine
to glycine), and the resulting plasmid was transfected into 293T cells.
Proteins were detected by immunoblotting with a peroxidase-conju-
gated anti-HA antibody (dilution, 1:10,000). Lane 1, r.ssGP Cys53Gly
mutant (reducing); lane 2, r.ssGP (reducing); lane 3, r.ssGP Cys53Gly
mutant (nonreducing); lane 4, r.ssGP (nonreducing). (C) ssGP con-
tains N-linked carbohydrates. Vero E6 cells were transfected with the
appropriate expression plasmids, and supernatants were collected
from transfected cells after 72 h. The proteins were treated with
PNGase F, separated by reducing SDS-PAGE, and detected by immu-
noblotting using MAb 42/3.7 (dilution, 1:10,000). Lane 1, untreated
r.ssGP; lane 2, untreated r.sGP; lane 3, PNGase F-treated r.ssGP; lane
4, PNGase F-treated r.sGP. (D) ssGP does not contain high-mannose-
type N-linked carbohydrates. 293T cells were transfected with the
appropriate plasmid expressing HA-tagged r.ssGP, and HA-tagged
r.ssGP was purified from the supernatants 72 h posttransfection (see
Materials and Methods). HA-tagged r.ssGP was treated with Endo H
and/or PNGase F and was analyzed by reducing SDS-PAGE followed
by immunoblotting using peroxidase-conjugated anti-HA (dilution,
1:10,000). Lane 1, untreated r.ssGP; lane 2, Endo H-treated r.ssGP;
lane 3, r.ssGP treated with Endo H and PNGase F; lane 4, r.ssGP
treated with PNGase F. (E) ssGP does not contain O-linked carbohy-
drates. HA-tagged r.ssGP treated with different exoglycosidases, O-
glycanase, N-glycanase, or combinations of these glycosidases was an-
alyzed as described in Materials and Methods. Lane 1, untreated
r.ssGP; lane 2, r.ssGP treated with the exoglycosidases [sialidase A,
�(1–4)-galactosidase, and �-N-acetylglucosaminidase]; lane 3, r.ssGP
treated with the exoglycosidases and O-glycanase; lane 4, r.ssGP
treated with the exoglycosidases, O-glycanase, and N-glycanase; lane 5,
r.ssGP treated with N-glycanase.

FIG. 3. Expression of ssGP during Ebola virus infection. Vero E6
cells were infected with ZEBOV at an MOI of 1. Supernatants were
collected 4 days postinfection and were treated with PNGase F. Sub-
sequently, proteins were separated using different electrophoresis sys-
tems and were detected by immunoblotting using MAb 42/3.7 at a
1/10,000 dilution. For controls, Vero E6 cells were transfected with the
appropriate plasmids expressing r.sGP and r.ssGP. Supernatants were
collected 72 h posttransfection and were analyzed as described above.
(A) Reducing 15% SDS-PAGE. Lane 1, r.ssGP treated with PNGase
F; lane 2, r.sGP treated with PNGase F; lane 3, supernatant from
ZEBOV-infected Vero E6 cells treated with PNGase F. (B) 2D gel
electrophoresis. (Left) r.ssGP and r.sGP treated with PNGase F.
(Right) Supernatant from ZEBOV-infected Vero E6 cells treated with
PNGase F.
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ment overnight, and proteins were subjected to 2D gel elec-
trophoresis using a narrow pH range (pH 4 to 7) in the first
dimension and 12% SDS-PAGE in the second dimension. Fol-
lowing the second dimension, immunoblotting was performed
using MAb 42/3.7, which detects both proteins. r.sGP and
r.ssGP were clearly separated based on their isoelectric points
(pIs) and MWs, demonstrating the suitability of the approach
for distinguishing between the two similar secreted proteins
(Fig. 3B, left). Both proteins appeared in different isoforms,
most likely reflecting certain co- or posttranslational modifica-
tions besides N glycosylation (Fig. 2C). A very similar pattern
was observed when a supernatant derived from ZEBOV-in-
fected cells was applied, confirming the expression of both
proteins during ZEBOV infection (Fig. 3B, right). The weaker
expression of ssGP correlates with the lower transcript num-
bers, as determined earlier (Fig. 1B). In addition, we subjected
r.ssGP, r.sGP, and a ZEBOV-infected Vero E6 cell superna-
tant to 2D differential in-gel electrophoresis (2D DIGE) anal-
ysis. r.ssGP (labeled with Cy5) and r.sGP (labeled with Cy3)
displayed differences in pI and MW similar to those observed
by regular 2D gel electrophoresis (Fig. 3B, left). When r.sGP
(Cy2 labeled) and r.ssGP (Cy3 labeled) were mixed with Cy5-
labeled proteins derived from a ZEBOV-infected supernatant,
both proteins were detected at their predicted pIs and MWs
(data not shown).

ssGP function. The structural and biochemical similarities
between ssGP and sGP would suggest that ssGP may have a
function similar to that of sGP. One of the established func-
tions of sGP is its ability to stabilize the endothelial barrier
function (56). To determine whether ssGP could also function
as an anti-inflammatory protein, endothelial cells were treated
with TNF-� and ssGP. In contrast to the results with sGP, no
rescue effect was noted with ssGP; the spectra generated were
similar to those obtained with TNF-� alone (Fig. 4A). As
previously shown for sGP, ssGP alone did not affect the endo-
thelial barrier function (data not shown). sGP has also been
proposed to bind to human neutrophils (20, 59); however,
neither ssGP nor sGP was found to bind to neutrophils in this
study (Fig. 4B), supporting previous data that could not
confirm a specific interaction between sGP and neutrophils
(27, 46).

DISCUSSION

All known species in the genus Ebolavirus, including the
most recently identified, tentative species Bundibugyo ebolavi-
rus (49), possess a highly conserved stretch of seven uridine
residues in the genomic RNA sequence (Fig. 1A) and are
therefore thought to undergo site-specific transcriptional edit-
ing of their GP genes during transcription. This results in the
production of different glycoproteins, including the nonstruc-
tural glycoprotein sGP and the transmembrane glycoprotein
GP1,2 (Fig. 1A) (14, 39); however, transcriptional editing has
been experimentally addressed only for ZEBOV (40, 51).

Transcriptional editing has been described for other nega-
tive-stranded RNA viruses, in particular for members of the
family Paramyxoviridae, where the phosphoprotein (P) gene
undergoes transcriptional editing at a short run of AnGn resi-
dues (16, 19). The P proteins from members of the genera
Morbillivirus, Respirovirus, Henipavirus, and Avulavirus are ex-

pressed from unedited transcripts, whereas the V and W/D (W
protein in Nipah virus and D protein in bovine parainfluenza
virus 3) proteins require the insertion of one or two guanosine
residues into the editing site, respectively (7, 22, 24, 32, 50).
Transcriptional editing has also been observed in both the
genomic and antigenomic RNA of hepatitis delta virus (HDV)
(5, 6, 60). For paramyxoviruses it has been postulated that
RNA editing occurs through a mechanism of RNA-dependent
RNA polymerase stuttering during template elongation, simi-
lar to the polyadenylation of RNA transcripts, indicating that
editing sites may have evolved from polyadenylation sites (16).
Currently, there are no studies on EBOV addressing the mech-
anism for RNA editing, but a similarity of the conserved
EBOV GP gene editing site (Fig. 1A) with paramyxovirus P
gene editing sites is obvious, indicating that a similar mecha-
nism may apply for EBOV.

RNA editing is one of the evolutionary mechanisms allowing
a fairly compact RNA virus to optimize its coding capacity.
Genes with RNA editing sites encode structural and nonstruc-
tural proteins whereby editing is involved in the expression of

FIG. 4. Functional analysis of ssGP. (A) Endothelial barrier func-
tion rescue assay. Human umbilical vein endothelial cells were equil-
ibrated for 2 h to generate a baseline TER. TNF-� (1 ng/ml) with or
without ssGP or sGP (30 �g/ml) was added to the medium as indi-
cated, and the chambers were monitored by impedance spectroscopy.
There was a significant difference (P � 0.05) between the TER of cells
treated with TNF-� alone and that of cells treated with TNF-� and
sGP by 330 min (�), while there was no significant difference between
cells treated with TNF-� alone and cells treated with TNF-� and ssGP.
(B) Neutrophil binding assay. Purified human neutrophils were incu-
bated with ssGP or sGP (20 �g/ml) and were subsequently stained with
anti-HA-PE and analyzed by FACS. The lack of a shift in fluorescence
intensity between untreated and treated neutrophils indicates that
neither sGP nor ssGP binds to the surfaces of human neutrophils.
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both, depending on the virus species (9, 16, 22, 24, 29, 39, 40,
55, 57). For example, the P protein of paramyxoviruses is an
important component of the nucleocapsid, which is the active
transcription/replication complex (3, 24, 29, 58). For HDV,
RNA editing of the hepatitis delta antigen (HDAg) p24 gene
results in HDAg p27. Both of these proteins are essential: p24
is required for HDV replication, whereas p27 is required for
viral RNA packaging (5, 6, 23, 37). For EBOV, the transmem-
brane glycoprotein GP1,2 plays a major role in viral pathogen-
esis by mediating receptor binding and fusion (12, 14, 21, 39).
In contrast to the well-defined functions for the structural
proteins of these viruses, the roles of the nonstructural pro-
teins are not well defined. Nipah virus V and W proteins have
been described as interferon (IFN) antagonists (31, 36, 44). No
definite role has yet been identified for the nonstructural
EBOV product sGP (14, 39). The hypotheses that sGP blocks
EBOV neutralizing antibodies (20, 59), to interfere with the
innate immune response by binding to CD16b and inhibiting
neutrophil activation (59), or counteracts the permeability-
increasing effect of proinflammatory mediators such as TNF-�
and thus interferes with leukocyte extravasation (10, 55) have
been discussed.

This study was designed to identify the expression of a sec-
ond, previously postulated nonstructural glycoprotein, desig-
nated ssGP, through RNA editing during EBOV infection (14,
39). First we demonstrated that ZEBOV infection in vivo and
in vitro resulted in the production of three distinct GP gene-
specific transcripts. The ratios of transcripts encoding sGP and
GP1,2 were similar to those reported previously by others (40,
51); �5% of the transcripts were specific for ssGP (Fig. 1B).
The EBOV editing process is not absolutely accurate, as indi-
cated by the insertion of multiple adenosine residues (Fig. 1C).
A similar phenomenon has also been seen for paramyxovirus P
genes, where as many as 14 nontemplate guanosine residues
have been observed to be inserted, and as with EBOV, only
rarely were deletions of a nucleotide noted (15, 22, 26, 32).
Among paramyxoviruses, the frequency of RNA editing differs,
ranging from 31% for Sendai virus to 82% for Nipah virus (22).
For EBOV we have no comparisons, since all work on editing
has so far focused only on ZEBOV.

All expression products from the GP gene carry the same
N-terminal amino acid sequence, including the signal peptide
(SP), which directs these proteins to the endoplasmic reticu-
lum (ER) (14, 39). Therefore, all products are potentially ex-
posed to similar co- and posttranslational modifications. The
determination of the glycosylation status of ssGP revealed the
existence of almost exclusively complex hybrid type N-linked
carbohydrates, while no evidence of O glycosylation could be
found (Fig. 2C, D, and E). Therefore, the glycosylation of ssGP
is similar to that of sGP (2, 10, 35), which also has been shown
to carry only N-linked carbohydrates. In this respect, both
differ from GP1,2, which is highly N and O glycosylated (13, 17,
35, 41), and the solely O glycosylated delta peptide, the C-ter-
minal proteolytic cleavage fragment of the sGP precursor (54).
The ORF encoding ssGP possesses 6 potential attachment
sites for N-linked carbohydrates, all of which seem to be used,
based on the MW shift after complete deglycosylation follow-
ing PNGase F treatment (Fig. 2C).

Site-directed mutagenesis determined that mature ssGP
forms homodimers via an intermolecular disulfide bond that

links two Cys53 residues (Fig. 2B). In the case of sGP, ho-
modimers are stabilized through an additional intermolecular
disulfide bond between two Cys306 molecules (1, 10); however,
this residue is not present in ssGP. As with sGP, it is expected
that the remaining four cysteines (aa 188, 121, 135, and 147)
are involved in intramolecular disulfide bond formation and
stabilization of the molecule (1, 10). Despite the shared se-
quence, ssGP did not rescue endothelial barrier function as
does sGP (56). This might be explained by the absence in ssGP
of Cys306, which functions in stabilizing the sGP homodimer (1,
10) and is essential for the rescue effect on endothelial barrier
function (10). Together with the differences in migration pat-
terns under nonreducing conditions (Fig. 2A), these data sug-
gest that ssGP likely has a structure distinct from that of sGP
despite the similarities in biochemical properties and primary
sequence.

The similar predicted MWs for sGP and ssGP, the expected
low abundance of ssGP (�5% of transcripts), and the lack of
ssGP-specific antibodies made the detection of ssGP during
EBOV infection challenging. Preliminary evidence for ssGP
expression was obtained from SDS-PAGE analysis (Fig. 3A).
Formic acid or endoproteinase AspN digestion followed by
mass spectrometry in order to detect a distinct C-terminal
peptide specific for ssGP was unsuccessful despite multiple
attempts (data not shown). Therefore, 2D electrophoresis was
utilized, since sGP and ssGP differed in their predicted pIs
(8.17 and 6.26, respectively). By this method, in combination
with deglycosylation, the two different proteins could be sep-
arated, providing final proof that ssGP is indeed expressed
during EBOV infection (Fig. 3B). Expression was further con-
firmed through 2D DIGE analysis (data not shown).

To date, all of our attempts have failed to demonstrate any
specific binding of sGP and ssGP to peripheral blood mono-
nuclear cells (PBMCs), in particular neutrophils (unpublished
data). The previously reported binding of sGP to human neu-
trophils through an interaction with CD16b (20, 59)—a finding
disputed later by others (27, 46)—was also not confirmed here
(Fig. 4B). The interaction of a viral surface protein with its
receptor is likely mediated through a specific structure of the
receptor binding site. The two nonstructural glycoproteins dif-
fer from GP1,2 in their tertiary structure. sGP and ssGP are
homodimers (1, 10), while GP1,2 is a heterotrimer that consists
of the two disulfide-linked proteolytic cleavage fragments GP1

and GP2 (14, 17, 39, 41). Furthermore, both nonstructural
products differ from GP1,2 in their glycosylation pattern in that
they lack O-linked and high-mannose-type N-linked carbohy-
drates (Fig. 2). In particular, high-mannose N-glycosylated car-
bohydrates on surface proteins are known to efficiently en-
hance interactions with host cell attachment molecules, such as
LSECtin, dendritic cell-specific intercellular adhesion mole-
cule 3-grabbing nonintegrin (DC-SIGN), and DC-SIGN-re-
lated protein (DC-SIGNR), found on dendritic and endothe-
lial cells, as described for HIV, hepatitis C virus, Marburg
virus, and EBOV (25, 28, 34, 45). Therefore, these differences
in structure and posttranslational processing may be the reason
for the failure to detect binding to PBMCs.

In conclusion, we have identified a new protein expressed
during EBOV infection that represents a second nonstructural
glycoprotein. We have also determined its expression strategy,
namely, RNA editing of the GP gene. The protein is processed
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through the ER pathway, which includes homodimerization
through an intermolecular disulfide bond between two Cys53

molecules, mainly complex type N glycosylation and secretion
from expressing cells. No function has been assigned to the
new protein yet; however, it does not serve the same anti-
inflammatory function as sGP. New strategies are needed to
address the important question of the functions of both non-
structural proteins produced during EBOV infection.
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