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Ebola virus infection is initiated by interactions between the viral glycoprotein GP1 and its cognate recep-
tor(s), but little is known about the structure and function of GP1 in viral entry, partly due to the concern about
safety when working with the live Ebola virus and the difficulty of manipulating the RNA genome of Ebola virus.
In this study, we have used a human immunodeficiency virus-based pseudotyped virus as a surrogate system
to dissect the role of Ebola virus GP1 in viral entry. Analysis of more than 100 deletion and amino acid
substitution mutants of GP1 with respect to protein expression, processing, viral incorporation, and viral entry
has allowed us to map the region of GP1 responsible for viral entry to the N-terminal 150 residues. Further-
more, six amino acids in this region have been identified as critical residues for early events in Ebola virus
entry, and among these, three are clustered and are implicated as part of a potential receptor-binding pocket.
In addition, substitutions of some 30 residues in GP1 are shown to adversely affect GP1 expression, processing,
and viral incorporation, suggesting that these residues are involved in the proper folding and/or overall
conformation of GP. Sequence comparison of the GP1 proteins suggests that the majority of the critical
residues for GP folding and viral entry identified in Ebola virus GP1 are conserved in Marburg virus. These
results provide information for elucidating the structural and functional roles of the filoviral glycoproteins and
for developing potential therapeutics to block viral entry.

Ebola viruses are enveloped, single-stranded, negative-sense
RNA viruses. Together with Marburg virus, they constitute the
filovirus family. There are four species of Ebola viruses,
namely, Zaire, Sudan, Reston, and Ivory Coast. Ebola virus
infection causes severe hemorrhagic fever in humans and non-
human primates, with a mortality rate of up to 90% (12). The
outbreaks are infrequent and unpredictable. Currently there is
no vaccine or antiviral therapy against Ebola virus infection for
humans. Moreover, the natural reservoir for the virus is still
unknown, and hence it has been difficult to devise strategies to
control the transmission of infection. Research on Ebola virus
in tissue cultures and animal models has been hindered by the
requirement for maximum-containment facilities (biosafety
level 4).

The Ebola virus genome has seven genes, NP, VP35, VP40,
GP, VP30, VP24, and L (12). The GP gene encodes two pro-
teins, a secreted form called sGP and a transmembrane form
called GP which is produced by RNA editing (13, 14, 26). GP
is the envelope glycoprotein that is present on the virion sur-
face and is involved in receptor binding and mediating viral
entry (5). GP is synthesized as a single polypeptide of 676
amino acids in length (12). The N-terminal 32 amino acids are
the signal peptide, which is cleaved immediately after transla-
tion. The cleaved GP undergoes N glycosylation in the endo-
plasmic reticulum to form pre-GP (�100 kDa), and the
pre-GP is further processed in the Golgi to produce fully gly-
cosylated GP (GP0) (7, 27). GP0 is cleaved by a cellular pro-
tease (furin convertase) into a surface subunit, GP1 (�130

kDa), and a transmembrane subunit, GP2 (�24 kDa). GP1 is
associated with GP2, possibly through both noncovalent inter-
actions and disulfide bonding (7, 27). Similar to the case for
retroviruses and influenza virus, the native form of GP on
virions exists as a homotrimer of GP1/GP2 hetrodimer (15).
The GP1 subunit is responsible for receptor binding, and GP2
mediates virus-cell membrane fusion and viral entry, likely in a
pH-dependent manner (24, 32). Structural analysis of the core
domain of Ebola virus GP2 indicates that the fusion-active
conformation of GP2 is similar to that of the other class I
membrane fusion proteins, suggesting a common membrane
fusion mechanism (10, 29, 30).

It has been previously shown that transient expression of GP
in tissue culture causes cytopathic effects such as cell rounding
and detachment (18, 25, 33). This cytopathic effect has been
mapped to a mucin-like region in GP1, which is heavily mod-
ified by O glycosylation (18, 33). However, deletion of this
region has no effect on entry and cell tropism (7, 33). These
finding were corroborated by studies that showed that the
endothelial cell lining in blood vessel explants was damaged by
GP expression (33). Further, GP expression can down-regulate
the expression of several cell surface molecules, such as major
histocompatibility complex class I and integrins (18, 25), which
are involved in immune signaling and cell adhesion, respec-
tively. Nevertheless, the structural and functional information
on Ebola virus GP1 is very limited. This lack of understanding
can largely be attributed to (i) the biosafety concern about
working with the live viruses, (ii) the difficulty of genetically
manipulating the Ebola virus RNA genome, and (iii) the tech-
nical obstacles in purifying large amounts of biologically active
protein and determining the structure of GP. In addition, the
receptor(s) for Ebola virus entry has not been identified, al-
though several cell surface proteins (such as folate receptor �,
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DC-SIGN, and L-SIGN) have been implicated in facilitating
Ebola virus infection (1, 2, 9, 16, 17, 23).

In this study, we have used a human immunodeficiency virus
(HIV)-based pseudotyped virus as a surrogate system to map
the region of GP1 important for receptor recognition and to
identify and characterize the specific residues in this region
that are involved in receptor recognition and protein folding.
This system allows easy genetic manipulation of GP, with the
safety concerns alleviated. We have found that Ebola virus
entry is determined predominantly by the N-terminal 150 res-
idues of GP1. Furthermore, we have identified more than 30
residues in GP1 as potentially critical residues in receptor
recognition or protein folding and structure. Of particular in-
terest, we have identified a potential GP1-receptor interaction
pocket which may be an ideal target for blocking Ebola virus
entry. In addition, sequence alignment suggests that most of
the critical residues identified in Ebola virus GP1 are also
conserved in Marburg virus. Based on these data, we propose
that the N-terminal 150 amino acids of GP1 of Ebola and
Marburg viruses likely adopt similar conformations and bind to
the same or related receptors. These findings may help in the
development of effective entry inhibitors against filoviral infec-
tion.

MATERIALS AND METHODS

Cell lines and antibodies. 293T human embryonic kidney cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum with penicillin and streptomycin plus 300 �g of Geneticin per ml. HeLa
cells were maintained in the same medium without Geneticin. The mouse mono-
clonal antibody 12B5-1-1, which recognizes the GP1 of Ebola virus Zaire
(EBOZ) GP, was kindly provided by Mary K. Hart (U.S. Army Medical Re-
search Institute of Infectious Diseases) (31). The mouse anti-HIV p24 mono-
clonal antibody was obtained from the National Institutes of Health AIDS
Research and Reference Reagent Program (19).

Mutagenesis of the EBOZ GP gene. The Ebola virus Zaire glycoprotein gene
was synthesized by multiple rounds of overlapping PCR based on the EBOZ
genome sequence (GenBank accession number L11365) (H. Jiang et al., unpub-
lished data). The �mucin and �1 to �13 mutants were constructed by PCR-
directed mutagenesis. All alanine substitution mutations of the EBOZ GP gene
were generated by site-directed mutagenesis with the Stratagene Quick-Change
mutagenesis kit according to the supplier’s protocols. All mutations were con-
firmed by DNA sequencing of flanking regions (on average, approximately 500
bp). The full length of GP gene was confirmed by DNA sequencing for those
mutants that displayed defective phenotypes (Table 1).

Pseudotyping. Pseudotyped viruses were produced by cotansfecting DNA of
wild-type (wt) GP or mutants with Env-deficient HIV vector (pNL4-3-Luc-R�-
E�) (4, 6) into producer cells. In those experiments, 2 �g of DNA of wt GP or
mutants and 2 �g of pNL4-3-Luc-R�-E� were used to transfect 293T cells (90%
confluent) in six-well plates with Lipofectamine 2000 according to the protocol of
the supplier (Invitrogen). The supernatants containing the pseudotyped viruses
were collected twice (at 24 and 48 h posttransfection), combined, clarified from
floating cells and cells debris by low-speed centrifugation, and filtered through a
0.45-�m-pore-size filter (Nalgene). Then, 1 ml of supernatant was used to infect
cells, and the rest was stored at �80°C until use.

Western blotting. To evaluate EBOZ GP expression, the 293T producer cells
were lysed in 0.2 ml of Triton X-100 lysis buffer (50 mM Tris-HCl [pH 7.5],150
mM NaCl, 5 mM EDTA,1% Triton X-100, and a protease inhibitors cocktail
consisting of 10 �g of leupeptin per ml, 5 �g of aprotinin per ml, and 2 mM
phenylmethylsulfonyl fluoride) at 48 h after cotransfection. The protein samples
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride membrane. The
membrane was first incubated with anti-EBOZ GP1 monoclonal antibody 12B5-
1-1(1:5000 dilution) for 1 h and then probed with peroxidase-conjugated goat
anti-mouse antiserum (Pierce) for 1 h. The bands were visualized by the chemi-
luminescence method according to the protocol of the supplier (Pierce).

Detection of GP incorporation in pseudotyped viruses. To evaluate the incor-
poration of wt GP protein or mutants into the pseudotyped viruses, 2 ml of

pseudotyped virus was layered onto a 3-ml cushion of 20% (wt/vol) sucrose in
phosphate-buffered saline and centrifuged at 55,000 rpm for 30 min in a Beck-
man SW41 rotor. The pelleted pseudotyped viruses were lysed in 50 �l of Triton
X-100 lysis buffer, and a 25-�l sample was subjected to SDS-PAGE. Expression
of the EBOZ GP protein or mutants was detected by Western blotting as
described above. A mouse anti-HIV p24 monoclonal antibody (1:5,000 dilution)
was used as the primary antibody to detect the HIV p24 protein.

Assay of infectivities of pseudotyped viruses. Human 293T or HeLa cells (3 �
105) were seeded in six-well plates 1 day prior to infection. These targeted cells
were incubated with 1 ml of the pseudotyped viruses for 5 h. The cells were lysed
in 200 �l of cell culture lysis reagent (Promega) at 48 h postinfection. The
luciferase activity was measured with a luciferase assay kit (Promega) and an
FB12 luminometer (Berthold detection system) according to the supplier’s pro-
tocol. Each experiment was done in triplicate and repeated at least three times.

RESULTS

To study the mechanism of entry of Ebola viruses with the
alleviation of safety concerns, we have established an HIV-
based pseudotyping surrogate system using a synthetic GP
gene of the Zaire species (Jiang et al., unpublished data). This
system allows us to quickly analyze the effects of a large num-
ber of GP mutations on viral entry. In this study, each of the
GP mutants was examined for protein expression or process-
ing, incorporation into HIV particles, and the ability to medi-
ate viral entry. Since defects in GP expression or processing
and viral incorporation are manifestations of GP misfolding
and structural alterations, we have been able to identify nu-
merous residues in GP1 that appear to play crucial roles in
protein folding and/or maintenance of the structural integrity
of GP. Furthermore, we have identified several critical resi-
dues in GP1 that may be directly involved in receptor interac-
tion.

Deletions of GP residues between positions 266 and 476 do
not greatly affect viral entry. First, a series of deletion mutants
to delineate the region of GP1 essential for Ebola virus entry
were constructed and characterized (Fig. 1A). The C terminus
of GP1 contains a mucin-like region, and it was previously
shown that this region is not essential for viral entry (7, 33). To
confirm this finding, a �mucin GP mutant (�309-476) was
constructed. The protein expression was examined by Western
blotting of 293T cell lysates transiently transfected with �mu-
cin GP plasmid. A band with apparent molecular mass of 60
kDa was detected in �mucin GP transfected cells (Fig. 1B, lane
1), consistent with the previous reports (7, 33). However, com-
pared to that of wild-type GP1 (Fig. 1B, lane 2), the level of
�mucin GP1 detected was greatly reduced. We also could not
detect any �mucin GP1 in the supernatant (data not shown).
To generate GP-HIV-pseudotyped Ebola virus, the GP plas-
mids and HIV vector were cotransfected into 293T cells as
described in Materials and Methods. The level of incorpora-
tion of GP protein was examined by Western blotting after the
virions were pelleted on a 20% sucrose cushion. It is interest-
ing that although the level of �mucin GP1 was barely detect-
able in the cell lysate (Fig. 1B, lane 4), the amount of �mucin
GP1 incorporated into the HIV particles (lane 7) was compa-
rable to or higher than that of the wt GP1 (lane 8). It is not
clear why we could barely detect �mucin GP1 in the cell lysate.

To examine the ability of the �mucin GP to mediate viral
entry, HIV virions pseudotyped with either wt GP or the mu-
tant GP were used to challenge 293T cells, which are suscep-
tible to infection by the Ebola GP-pseudotyped viruses, and
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TABLE 1. Summary of Ebola virus GP1 substitution mutants

GP1 Protein
expression

Viral
incorporation

Infectivity
(%) Classa Note

wt ���� ���� 100 Full length sequenced
M1 (D47A/D49A/K50A) ���� ���� 17 IV Full length sequenced
M2 (R54A/D55A/K56A) ���� ��� 1 III Full length sequenced
M6 (K84A/R85A) � � 0 II Full length sequenced
M10 (E103A/E106A) � � 0 II Full length sequenced
M11 (E112A/K114A/K115A) ���� ��� 10 IV Full length sequenced
M12 (D117A/E120A) ��� �� 17 III Full length sequenced
M13 (D127A/R130A) ���� ���� 71 I
M14 (R134A/R136A) ���� �� 59 III
M15 (H139A/K140A) � � 1 II Full length sequenced
M17 (H154A/K155A) � � 1 II Full length sequenced
M18 (D163A/R164A) ���� ��� 58 I
M21 (K190A/K191A) ���� ���� 44 I
M22 (R200A/E201A) ���� ���� 77 I
M23 (E207A/D208A) ���� ���� 75 I
M25 (E235A/D237A) ���� ���� 54 I
L43A ���� ��� 45 III
D47A ���� ���� 53 I
D49A ���� ���� 55 I
K50A ���� ���� 89 I
L51A ���� ��� 21 III
R54A ���� ���� 50 I
D55A ���� ���� 13 IV Full length sequenced
D55E ���� ���� 111 I
D55K ���� ���� 89 I
K56A ���� ���� 46 I
L57A ���� ��� 2 IV Full length sequenced
L57I ���� ���� 7 IV
L57F ���� ���� 5 IV
L57K ���� ���� 5 IV
Q62A ���� ���� 195 I
L63A ���� ���� 14 IV
L63I ���� ���� 78 I
L63F ��� �� 2 II
L63K �� � 0 II
M3 (R64A) ���� ���� 0 IV Full length sequenced
R64K ���� ���� 120 I
R64E ���� ��� 0 IV
L68A �� ��� 3 II
N69A ���� ���� 98 I
L70A ���� ���� 95 I
M4 (E74A) ��� � 2 III Full length sequenced
M5 (D78A) ���� ���� 115 I
K84A ���� ���� 94 I
R85A � � 0 II Full length sequenced
W86A � �� 8 II
F88A ���� ���� 1 IV Full length sequenced
F88I ���� ���� 104 I
F88E ���� �� 0 III
M7 (R89A) ��� ��� 59 I
M8 (K95A) ���� ���� 8 IV Full length sequenced, second

mutation V48I
K95R ���� ��� 74 I
K95E ���� �� 26 III
Y99A �� � 3 II
M9 (E100A) ���� ���� 48 I
E103A � � 0 II Full length sequenced
W104A ���� ���� 92 I
E106A ���� ���� 87 I
N107A ���� ���� 79 I
Y109A � � 9 II
N110A ���� ���� 183 I
L111A ���� � 2 III
E112A ���� ���� 67 I
I113A ���� �� 25 III
K114A ���� ���� 53 I
K115A ���� ���� 56 I

Continued on following page
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the luciferase activities of the infected cells were determined as
a measure of the GP-mediated viral entry. The �mucin GP-
mediated viral entry was two- to threefold more efficient than
that of the wt GP (Fig. 1C), consistent with the previous re-
ports (7).

Thirteen additional deletion mutants of GP that encompass the

N-terminal region of GP1 (residues 44 to 312), with the amino
acid deletion in each mutant ranging from 18 to 26 residues, were
generated (Fig. 1A). The construction of deletion mutants was
guided by secondary-structure prediction programs (11) to mini-
mize potentially deleterious effect of random deletion. However,
among mutants �1 to �10, only the pre-GP forms were detect-

TABLE 1—Continued

GP1 Protein
expression

Viral
incorporation

Infectivity
(%) Classa Note

D117A ��� � 17 III
E120A ���� �� 35 III
L122A ���� �� 4 III Full length sequenced
F132A ���� � 35 III
Y137A ���� � 75 III Full length sequenced
H139A � � 2 II Full length sequenced
K140A ���� ���� 74 I
M16 (D150A) ���� ���� 135 I
F153A ���� �� 31 III
H154A � � 0 II Full length sequenced
K155A ���� ���� 61 I
F159A �� �� 1 II
L161A �� � 1 II
Y162A �� � 2 II
L165A ���� ���� 55 I
I170A ���� ���� 16 IV Full length sequenced
I170F ���� � 45 III
I170E ���� � 0 III
Y171A � �� 1 II
M19 (R172A) ���� ���� 55 I
F176A � � 0 II
M20 (E178A) � � 0 II Full length sequenced
F183A �� � 0 II
L184A ���� ��� 27 III
I185A ���� ��� 23 III Full length sequenced
L186A ���� ���� 66 I
F193A ���� ���� 79 I
F194A ���� ���� 67 I
N204A ���� ���� 74 I
G212A ���� ���� 73 I
Y213A ���� ���� 75 I
Y214A ���� ���� 69 I
I218A ��� � 43 III
Y220A ��� � 32 III
F225A ��� � 58 III
M24 (E229A) ���� ���� 61 I
Y232A ���� ���� 82 I
L233A ���� ���� 82 I
F234A ���� ���� 98 I
Y241A ���� ���� 81 I
L244A ���� ���� 72 I
M26 (E245A) ���� ���� 55 I
F248A ���� ���� 105 I
Q251A ���� ���� 83 I
F252A ���� ���� 74 I
L253A ���� ���� 85 I
Q255A ���� ���� 101 I
L256A ���� ���� 99 I
N257A ���� ���� 83 I
M27 (E258A) ���� ���� 101 I
I260A ���� ���� 110 I
Y261A ���� ���� 111 I
N268A ���� ���� 91 I
L273A ���� ���� 85 I
W275A ���� ���� 109 I

a Class I, no major defect in protein expression or processing, virion incorporation, or viral entry (wild-type phenotype); class II, defect in protein expression or
processing; class III, defect in virion incorporation; class IV, defect in viral entry.
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able, with exception of �8 (Fig. 1D, cell lysate). Further, none of
these deletion GPs was detected on the HIV virions (Fig. 1D,
virion). These results suggest that these deletions adversely af-
fected protein processing or folding, thus completely eliminating
the ability of GP to mediate viral entry (Fig. 1E). Mutants �11,
�12, and �13 displayed various degrees of protein processing and

viral incorporation. Only �12 (60% of wt) and �13 (110% of wt)
were able to mediate relatively efficient viral entry (Fig. 1E),
although �12 appeared to be less efficient in incorporation. To-
gether, the data from the deletion analysis have roughly defined
that the N-terminal 230 residues (after the cleavage of the signal
peptide) determine the viral entry function of GP1.

FIG. 1. Deletion analysis of GP1 in Ebola virus entry. (A) Diagrams of wild-type GP and deletion mutants �mucin and �1 to �13. The residues
are numbered with the signal peptide (residues 1 to 32) according to GP0 of Ebola virus Zaire. (B) Expression and virion incorporation of �mucin
protein. GP alone, the �mucin or wt GP gene was used in transfection. GP�HIV Vec, the GP gene and HIV vector were used in transfection.
Lysates derived from transfected 293T cells were subjected to SDS-PAGE and Western blotting to detect wt or �mucin GP1 proteins. Virions,
�mucin or wt GP proteins associated with HIV particles were detected by Western blotting. HIV p24 protein was detected in cell lysates or in the
HIV particles. m, mock-transfected cells. (C) The infectivity of �mucin GP-pseudotyped virus was measured by luciferase assay and is expressed
as a percentage of wt infectivity (100%). Error bars indicate standard deviations. (D) Expression and virion incorporation of deletion mutants �1
to �13. (E) Infectivity of �1 to �13 GP-pseudotyped virus by luciferase assay.
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Identification of residues of GP1 involved in protein folding
and viral entry. The deletion analysis of GP1 described above
demonstrated that the N-terminal 230 residues are critical for
GP1 function in viral entry. To identify the residues that are
important in receptor recognition or protein folding, 103 indi-
vidual residues within the N-terminal 230-residue region of
GP1, which is conserved among different Ebola virus species,
were targeted by alanine-scanning mutagenesis; these included
45 charged and 58 hydrophobic residues (Fig. 2). The choice of
these residues for mutagenesis was based on the following
considerations. First, sequence alignment of different Ebola
virus species indicates that the N-terminal region of GP1 is
highly conserved, suggesting that they adopt highly similar
structures. Second, many of the conserved charged and hydro-
phobic residues are likely to be involved in protein folding or
protein-protein interaction. Analysis of these mutants in pro-
tein expression or processing, incorporation onto HIV virions,
and viral entry allowed us to roughly classify them into four
groups, as follows: class I, no major defect in protein expres-
sion or processing, virion incorporation, or viral entry (wild-
type phenotype); class II, defect in protein expression or pro-
cessing; class III, defect in virion incorporation; and class IV,
defect in viral entry. Thus, both class II and III mutants are
referred to as being defective in GP folding and/or structure,
while class IV mutants displayed no major defect in GP folding
and/or structure but mediated viral entry at less than 20% of
the wt GP level (Table 1).

(i) Charged residues. Twenty-seven mutants (M1 to M27)
were generated in which either single or multiple charged
residues of GP1 were replaced (Fig. 2). These mutations ex-
erted different effects on protein processing or expression,
virion incorporation, and viral entry (Fig. 3). Five mutants
(M6, M10, M15, M17, and M20) were defective in protein
expression or processing. We could detect little or no pro-
cessed GP (GP1), although pre-GP forms could be easily de-
tected (Fig. 3A [lane 6], C [lanes 1, 6, and 8], and E [lane 2]).
As expected, none of these mutants was able to mediate viral

entry (Fig. 3B, D, and F). Four mutants (M2, M4, M12, and
M14) were defective in GP incorporation into HIV virions
(Fig. 3A [lanes 2 and 4] and C [lanes 3 and 5]). All of these
mutants except M14 displayed complete elimination of viral
entry function (Fig. 3B and D). Mutant M14 had a decreased
level of incorporation but could mediate efficient viral entry
(60% of the wt level). Another group of mutants (M1, M3, M8,
and M11) did not display detectable defects in protein expres-
sion or virion incorporation but showed impaired viral entry
function (�20% of wt level) (Fig. 3B and D). The remaining 14
mutants behaved like the wild type in GP expression, process-
ing, incorporation into virions, and mediating viral entry (Fig.
3). It is interesting that none of the substitutions of the charged
residues after residue 178 (M21 to M27) had a major adverse
effect on the viral entry function of GP.

To identify the charged residues responsible for the defec-
tive phenotype, eight multiple substitution mutants (M1, M2,
M6, M10, M11, M12, M15, and M17) were further characterized
by single-amino-acid substitution (Fig. 4). It is clear that the pro-
cessing defects of M6, M10, M15, and M17 were caused by the
alteration of R85, E103, H139, and H154, respectively (Fig. 4A
[lanes 8 and 9] and C [lanes 6 and 8]), because replacements of
these residues alone displayed the same defective phenotype,
while other individual replacements did not have a detectable
adverse effect on protein processing (Fig. 4A [lanes 7 and 10] and
C [lanes 7 and 9]). The incorporation defect in M12 was caused
mainly by alteration of D117 (Fig. 4D, lanes 4, and 5). In contrast,
the incorporation defect of M2 is likely caused by a combination
of residues (R54, D55, and K56), since individual substitutions did
not have any detectable effect on incorporation (Fig. 4A, lanes 4,
5, and 6). Similarly the viral entry defects of mutants M1 and M11
are likely due to multiple substitutions (Fig. 4A [lanes 1, 2, and 3]
and C [lanes 1, 2, and 3]).

(ii) Hydrophobic residues. Among the 58 substitution mu-
tants, 10 of them (L68, W86, Y99, Y109, F159, L161, Y162,
Y171, F176, and F183) were defective in GP processing (Fig.
5). Most of these mutants, similar to the charged-residue pro-

FIG. 2. Individual residues of GP1 targeted by alanine-scanning mutagenesis. The charged residues were replaced either individually (under-
lined) or in groups (labeled on top). The hydrophobic residues were targeted individually (shaded).
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cessing-defective mutants described above, were unable to
mediate viral entry, since the processed GP1 was barely or
not detectable in cell lysates. GP incorporation onto HIV
particles of 13 mutants was impaired to different degrees
(Fig. 5). Two of the mutants (L111 and L122) showed de-
fective incorporation, and thus they could not mediate viral
entry. Six mutants (L43, L51, I113, F153, L184, and I185)
had reduced level of incorporation, which explained why
these mutants displayed reduced levels of infectivity. Sur-

prisingly, although the GP incorporation by five mutants
(F132, Y137, I218, Y220, and F225) was severely reduced,
they could still mediate relatively high level of viral entry
(	25% of the wt level). Four mutants (L57, L63, F88, and
I170) were identified as potentially entry defective because
they were processed properly and incorporated onto virions
efficiently (Fig. 5A [lanes 3, 5, and 10] and C [lane 6]), but
they displayed reduced levels of viral entry (Fig. 5B and D).
The remaining 31 mutants did not display major defects in

FIG. 3. Analysis of the charged-residue mutants M1 to M27. (A, C, and E) Protein expression and virion incorporation. (B, D, and F) Infectivity
of the pseudotyped viruses. Error bars indicate standard deviations.
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the characteristics and function of GP. In agreement with
the results from substitutions of charged residues, the ma-
jority of substitutions after residue 185 did not have major
effects on the viral entry function of GP.

Characterization of putative receptor recognition residues.
Alanine substitution of each of the residues D55, L57, L63,
R64, F88, K95, and I170 did not drastically affect GP expres-
sion, processing, or viral incorporation, suggesting that these
substitutions did not cause a dramatic alteration in the native
conformation of GP. Nevertheless, these mutants were shown
to be defective in mediating efficient viral infection, giving less
than 20% of wt GP activity (Fig. 3, 4, and 5). These residues
are classified as putative receptor-binding residues which are
likely involved in receptor binding and/or postbinding steps in
Ebola virus entry. To better understand their roles in Ebola

virus entry, each of these residues was targeted for further
mutational and functional analysis. The results are summa-
rized below:

(i) D55. Substitution with another negatively charged resi-
due (D55E) or with a positively charged residue (D55K) had
no major effect on viral entry, while mutant D55A was im-
paired in viral infection (Fig. 6A and B). These results suggest
that D55 may be surface exposed. However, since replacement
of D55 by a positively charged residue did not exert an adverse
effect on viral entry, it is unlikely that D55 is directly involved
in receptor recognition.

(ii) L57. Substitution with other residues, including isoleu-
cine (L57I, L57F, and L57K), inhibited the ability of GP to
mediate viral infection (Fig. 6A and B), indicating a strict
requirement for leucine at position 57.

FIG. 4. Analysis of the charged-residue mutants D47 to K155. (A and C) Protein expression and virion incorporation. (B and D) Infectivity of
the pseudotyped viruses. Error bars indicate standard deviations.
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FIG. 5. Analysis of the hydrophobic-residue mutants. (A, C, and E) Protein expression and virion incorporation. (B, D, and F) Infectivity of
the pseudotyped viruses. Error bars indicate standard deviations.
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(iii) L63. Substitution with isoleucine (L63I) was well toler-
ated, while other substitutions (L63F, L63K, and L63A) im-
paired viral entry, likely due to structural alterations (Fig. 6A
and B), suggesting a strict requirement for size and hydropho-
bicity in at position 63.

(iv) R64. Substitution with a positively charged residue
(R64K) did not adversely affect GP function, while substitution
with a negatively charged residue (R64E) inhibited GP func-
tion (Fig. 6C and D), suggesting that maintaining the positive
charge at position 64 is critical.

(v) F88. Substitution with isoleucine (F88I) did not impair
GP function, while substitution with a charged residue
(F88E) rendered GP nonfunctional (Fig. 6C and D), sug-
gesting a requirement for a hydrophobic residue at position
88.

(vi) K95. Substitution with another positively charged resi-
due (K95R) had no major effect, while substitution with an
oppositely charged residue (K95E) impaired GP function (Fig.

6C and D), suggesting a requirement for a positively charged
residue at position 95.

(vii) I170. Even though substitution with an aromatic residue
(I170F) at position 170 appeared to disrupt the proper native
conformation of GP protein, as manifested by a low efficiency of
viral incorporation (Fig. 6C), this mutant could still efficiently
mediate viral entry (50% of the level of wt GP). However, sub-
stitution with a charged residue (I170E) eliminated GP structure
integrity function (Fig. 6C and D). These data indicate a require-
ment for a hydrophobic residue at this position.

Together, these results are consistent with the notion that six
residues (L57, L63, R64, F88, K95, and I170) are likely in-
volved in receptor recognition and/or postbinding events.

DISCUSSION

In this study, we performed a comprehensive analysis of the
protein folding and viral entry function of Ebola virus GP1. A

FIG. 6. Analysis of the putative receptor recognition residues. (A and C) Protein expression and viral incorporation. (B and D) Infectivity of
the pseudotyped viruses. Error bars indicate standard deviations.
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series of deletion mutants encompassing the entire GP1 sub-
unit and alanine substitutions of 103 individual residues in GP1
were analyzed for GP expression, processing, viral incorpora-
tion, and viral entry. The effects of each of the alanine substi-
tutions on GP expression, virion incorporation, and viral entry
function are summarized in Table 1. The results presented in
this report suggest the N-terminal 150 residues in mature GP1
as the receptor-binding domain (RBD). Further, by alanine
scanning of this region we have identified residues involved in
protein folding and structure integrity. Of particular interest,
we have identified several key residues which are likely in-
volved in receptor recognition. These findings have important
implications for understanding the structure and function of
GP1 and providing potential therapeutic targets against Ebola
virus infection.

Structural and functional information on the Ebola virus
GP1 glycoprotein are important for understanding the entry
mechanism of filoviruses and for development of therapeutic
targets. We have identified 32 individual residues, including 23
hydrophobic and 9 charged residues, which are involved in
GP1 folding or structure stability (Fig. 7A). These residues can
be roughly classified into two groups: those whose replacement
disrupted GP expression and processing and those whose re-
placement inhibited efficient incorporation of GP into viral
particles. Although these two groups of mutants may represent
protein folding defects at different stages of posttranslational
modifications, they reflect overall perturbation of GP struc-
ture. Therefore, these residues must play critical roles in pro-
tein folding or structure. The information obtained in the
present study provides a foundation for structural and func-
tional studies of the role of the Ebola virus GP protein in viral
entry in at least two aspects. First, the Ebola virus GP1 struc-
ture has not been reported to date, probably due to the tech-
nical difficulty of determining the structure of the glycoprotein.
Thus, the structural information inferred from the present
study on GP1 can be used as a guide for further biochemical
and structural analyses of the glycoprotein. For example, in-
stead of expressing and characterizing the full-length GP1 pro-
tein (approximately 500 residues in length), one could focus on
the RBD region defined by the present study (about 150 res-
idues), which is considerably smaller than the full-length GP1
protein and thus may be more amenable to biochemical and
structural analyses, as long as the recombinant RBD maintains
the biological activity of GP1 in receptor binding. Second, the
information presented here will complement the structural
analysis of the Ebola virus GP1 by either X-ray or nuclear
magnetic resonance studies in the near future. This comple-
mentary nature of the functional and structural analyses of
viral glycoproteins has been well demonstrated by studies of
other viral glycoproteins, such as HIV gp120 and influenza
virus HA1 (8, 20).

The GP1 subunit of Ebola virus glycoprotein is likely re-
sponsible for receptor binding. However, the receptor interac-
tion region has not been identified. The present study demon-
strates that two-thirds of GP1 (C terminus) is not essential for
viral entry function. Our deletion analysis of GP1 revealed that
�40 residues N terminal to the mucin-like-region are also
dispensable, thus assigning the viral entry function of GP1 to
the N-terminal �230 residues. Furthermore, mutational anal-
ysis of individual residues in this region suggested that residues

186 to 275 do not play a vital role in either protein folding or
viral entry function of GP1, since none of the 38 mutations in
this region had a major effect on the viral entry function and
most of them (35 of 38) had no major effect on protein folding
(Fig. 7A). In contrast, approximately half of the targeted res-
idues in the N-terminal region (residues 33 to 185) are involved
in protein folding and viral entry. These results strongly sug-
gest that the N-terminal 150 residues (residues 33 to 185) of
GP1, referred to as the RBD, determine receptor recognition.
These results will facilitate characterization of GP-receptor
interactions to elucidate the entry mechanism and host tropism
of Ebola virus infection.

Substitution of six residues in the RBD did not affect GP
expression, processing, or virion incorporation, suggesting that
these residues are not involved in GP1 structure. Nevertheless,
these mutants displayed an impaired phenotype in mediating
viral entry (�20% of wt activity). Our results suggest that these
residues are most likely involved in receptor recognition, and
they will be referred to as putative receptor-binding residues.
Interestingly three of them are localized in a 10-amino-acid
stretch (Fig. 7A, L57, L63, and R64) potentially forming a
receptor-binding pocket. Consistent with the notion that this
region is involved in receptor recognition, we found that mul-
tiple substitutions of the charged residues (M1) near the pu-
tative binding pocket impaired viral entry (M1, D47A/D49A/
K50A) (Fig. 3A and B), although they did not affect protein
processing or virion incorporation. This putative receptor-
binding region may be a potential therapeutic target against
Ebola virus infection.

Sequence analysis of Ebola and Marburg virus GP1 subunits
reveals that the overall sequence conservation is �35% (iden-
tical plus conserved residues). It has been previously suggested
that Ebola and Marburg viruses utilize different cellular recep-
tors in viral entry (3). Comparison of the Ebola virus RBD and
the corresponding region of Marburg virus GP1 indicate that
the amino acid conservation is �55%, approximately 20%
higher than the overall conservation of GP1. Strikingly, 21 of
32 (66%) of the residues which were identified in this report to
be involved in protein folding or structure of Ebola virus GP1
are conserved in Marburg virus (Fig. 7B), suggesting a highly
conserved protein conformation in the receptor-binding do-
mains of both Ebola and Marburg viruses. Furthermore, 6 of 6
(100%) putative receptor recognition residues identified in the
Ebola virus RBD are also conserved in Marburg virus. Con-
sistent with this notion, the secondary structure prediction
analysis suggested that the Ebola virus RBD shares the same
secondary structure with the corresponding region of Marburg
virus GP1 (data not shown). These results strongly imply that
the Marburg virus receptor-binding domain adapts a structure
highly similar to that of the Ebola virus RBD and that the same
or similar receptors are used by both Ebola and Marburg
viruses during viral entry. Thus, it may be possible to develop
the same or similar therapeutic inhibitors to block both Ebola
and Marburg virus infection.

Expression of Ebola virus GP and sGP by using DNA vac-
cine or adenovirus vectors in animals elicits effective humoral
and cell-mediated immune responses (22). Recently it has
been demonstrated that cynomolgus macaques immunized
with an adenovirus vector (encoding GP) were protected from
Ebola virus infection, indicating that GP can be an effective
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FIG. 7. Roles of individual residues of GP1 in protein structure and function of filoviruses. (A) Summary of functional analysis of individual
residues of Ebola virus GP1. Red, residues involved in protein structure; green, putative receptor-binding residues; grey, no detectable defect in
protein structure and function. The putative receptor-binding pocket is highlighted by a line on the top. (B) Sequence alignment of the
receptor-binding domains of Ebola virus GP1 and Marburg virus GP1. Residues in red and green are implicated in protein folding and in receptor
binding, respectively.
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vaccine against Ebola virus infection (21). Furthermore, mice
vaccinated with the Ebola virus-like particles generated by
coexpression of GP and VP40 in mammalian cells were highly
protected from lethal Ebola virus infection (28). These results
suggest that GP alone or in combination with other Ebola virus
proteins can be used as a prophylactic vaccine. However, be-
cause of the rapid course of disease progression (approxi-
mately 10 to 14 days after infection), the time (at least 1
month) required to get people immunized with the accelerated
vaccine (if it proves to be effective in humans), and the unpre-
dictable nature of outbreaks, other therapeutic approaches are
urgently needed to combat Ebola virus infection. One attrac-
tive approach is to develop and design entry inhibitors to block
Ebola virus infection and pathogenesis. Therefore, identifica-
tion and characterization of peptides or small molecules which
can bind to the receptor-binding pocket of Ebola virus GP1
and block GP1-receptor interactions may help facilitate the
development of therapeutic treatment against Ebola virus in-
fection in the near future.

In summary, the present study has mapped the putative
receptor-binding domain to the N-terminal 150 amino acids of
GP1 (residues 33 to 185). Many key residues involved in GP1
protein folding or structure and a putative receptor-binding
pocket have been identified. These results provide important
insights into GP1 folding, receptor usage, and potential ther-
apeutic targets against filoviral infection.
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