






contact with the SARS-CoV S protein (27), there are seven
changes in RpACE2 compared to the cognate human protein:
Q24R (Q in huACE2 and R in RpACE2 at aa 24), Y41H,
Q42E, M82D, Q325E, E329N, and G354D (Fig. 1).

A stable HeLa cell line that continuously expressed the bat
RpACE2 protein was established. Western blot analysis
showed that RpACE2 was expressed efficiently in HeLa cells
and was recognized by anti-RpACE2 antibodies (Fig. 2).
Moreover, huACE2 and pcACE2 could also be recognized by
anti-RpACE2 antibodies. The levels of expression for the
three different ACE2 molecules were very similar. On SDS-
PAGE, RpACE2 has mobility very similar to those of the other
two ACE2 proteins, with an apparent mass of approximately
90 to 100 kDa, which is within the size range of the predicted
mass of 93 kDa.

The localization of expressed ACE2 on the cell surface was
demonstrated by immunofluorescence confocal microscopy us-
ing a commercial antibody raised against the ectodomain of
huACE2 (Fig. 3). The surface location, as well as ACE2 func-
tionality, was further assessed by an enzyme activity assay
using an ACE2-specific peptide substrate, QFS. As shown in
Fig. 4, membrane fractions prepared from three ACE2-
expressing HeLa cell lines displayed substantially higher
protease activities toward QFS than the control HeLa cells.
Furthermore, the protease activity was largely abolished in
the presence of 0.1 mM EDTA, a known inhibitor of ACE2
proteases (11). These data indicated that all three ACE2
molecules were expressed as a functional protease associ-
ated with cellular membranes.

Pseudovirus packaging. The expression of functional S pro-
teins and their correct incorporation into pseudoviruses were
monitored by three approaches, i.e., Western blotting of cell
lysates with an S-specific MAb, Western blotting of pelleted
virions using both S-specific and p24-specific MAbs, and direct
examination of virions by EM. The results are summarized in
Fig. 5. Both the BJ01-S and Rp3-S genes were efficiently ex-
pressed in transfected 293T cells, and the expressed S proteins
were incorporated into the respective pseudoviruses as ex-
pected (Fig. 5A). When examined by EM, the pseudoviruses
containing the Rp3-S or BJ01-S protein displayed a morphol-
ogy characteristic of CoVs (Fig. 5B). On the other hand, con-
trasting results were obtained for two CS proteins. For CS14-608,
the expressed S protein was incorporated into the pseudovirus,
as observed for the other two nonchimeric constructs. How-
ever, for CS424-494, although the expression of the S protein

was normal, the pseudovirus seemed unable to assemble the
CS protein at a level detectable by Western blot analysis (Fig.
5A) and EM (Fig. 5B), whereas p24 expression and assembly
appeared to be normal (Fig. 5A).

FIG. 2. Western blot analysis of bat ACE2 (RpACE2) expressed in
HeLa cells using rabbit anti-RpACE2 antibodies. Lane 1, HeLa cell
lysate used as a negative control; lanes 2 to 4, lysates from HeLa-
huACE2, HeLa-pcACE2, and HeLa-RpACE2, respectively. The mo-
lecular masses (in kDa) of prestained protein markers (Fermentas,
Canada) are given on the left.

FIG. 3. Detection of ACE2 expression by immunofluorescence con-
focal microscopy. Cells were incubated with goat anti-huACE2 antibody,
followed by probing with FITC-conjugated donkey anti-goat IgG. The top
three rows (from the top down) show HeLa cells expressing huACE2,
pcACE2, and RpACE2. The bottom row shows HeLa cells as a negative
control. The columns (from left to right) show staining of expressed ACE2
(green fluorescence of FITC), staining of cell nuclei (blue fluorescence of
Hoechst 33258), and the merged double-stained image.

FIG. 4. Determination of ACE2 activity. The protease activities from
different ACE2-expressing cell membrane fractions were determined us-
ing the ACE2-specific substrate QFS (see Materials and Methods). The
liberated fluorescence (in relative fluorescence units [RFU]) determined
at 320 to 420 nm in the absence (A) and presence (B) of EDTA is shown.
HeLa cells with no exogenous ACE2 gene and PBS buffer were used as
negative controls. The error bars indicate standard deviations.
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Use of huACE2, pcACE2, and bat RpACE2 for cell entry by
different pseudoviruses. When HIV/Rp3-S pseudovirus was
used to infect HeLa cells expressing huACE2, pcACE2, or
RpACE2, only a low level of luciferase activity (approximately
100 relative light units, the same as the background level gen-
erated by the vector control) was obtained (Fig. 6). In contrast,
when the BJ01-S-typed pseudovirus was used, high levels of
luciferase activity (more than 105 relative light units) were
detected in the cell lysates of HeLa-huACE2 and HeLa-
pcACE2 (Fig. 6A and B), but not in HeLa-RpACE2 (Fig. 6C).
Interestingly, the pseudovirus packaged with a CS protein,
HIV/CS14-608, displayed a level of luciferase activity similar to
that of HIV/BJ01-S (Fig. 6A). As expected from the above-
mentioned Western blot and EM analyses, HIV/CS424-494, in
which the RBM of BJ01-S was transferred into the Rp3-S
backbone, failed to produce luciferase activity above the back-
ground level in any of the three ACE2-expressing HeLa cell
lines.

Mapping of the minimal BJ01-S region required to convert
the non-ACE2-binding Rp3-S to a chimeric ACE2-binding S
protein. Based on the results mentioned above, it is evident
that the Rp3-S protein is capable of mediating cell entry as
long as the ACE2-binding component is incorporated into the
N-terminal region of its molecule. To define the minimal re-
gion required for this conversion from non-huACE2 binding to

huACE2 binding, a series of CS proteins was constructed, and
the exact amino acid locations are summarized in Fig. 7A. S
protein expression in 293T cells and its incorporation into
pseudovirus for each construct were analyzed by Western blot-
ting using S-specific and p24-specific antibodies as described
above (Fig. 7B). Although the levels of S protein expression
were similar for all constructs, significant differences in incor-
poration were observed. The S protein was undetectable in
pseudoviruses derived from CS371-608 and was only weakly de-
tected for the chimeras CS310-608, CS45-608, and CS310-518. The
infectivities of all the CS constructs in HeLa-huACE2 were
examined, and several observations were made (Fig. 7C). With
the exception of the chimeras CS417-608 and CS371-608, which
produced a background level of luciferase activity, all of the
chimeras exhibited significant levels of luciferase activity, sug-
gesting that pseudoviruses containing these CS proteins were
able to use huACE2 for cell entry. From these results, it was
deduced that the region from aa 310 to 518 of BJ01-S was
necessary and sufficient to convert Rp3-S into a huACE2-

FIG. 5. Analysis of S protein expression and incorporation into
pseudovirus. (A) Western blot analysis. S proteins expressed in trans-
fected 293T cells were probed with MAb F26G8 or S-MAb (top); the
middle and bottom panels are Western blots of pelleted pseudoviruses
using MAbs F26G8 and p24, respectively. (B) EM examination of
pseudovirus morphology. The name of the S protein construct in each
pseudovirus is shown at the top left corner of the electron micrograph.

FIG. 6. Measurement of pseudovirus infectivity by determining the
reporter luciferase activity. Cell lysates were prepared 48 h p.i. from
HeLa-huACE2 (A), HeLa-pcACE2 (B), and HeLa-RpACE2 (C), and
luciferase activity was determined as described in Materials and Meth-
ods. The error bars indicate standard deviations.
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binding molecule. For CS310-608, CS45-608, and CS310-518, the
levels of luciferase activity detected were much higher than
that predicted from the level of S protein incorporated into the
virion, suggesting that the infection assay is more sensitive than
Western blotting. It is also important to note that although a
low level of S protein was present in the virion of CS417-608, it
did not lead to a productive infection.

DISCUSSION

The CoV spike glycoproteins are responsible for cellular-
receptor recognition, cell tropism, and host specificity (7, 9, 19,
25a). Our previous results showed that the SL-CoVs identified
in bats are similar to SARS-CoV in genome sequence and

organization. The key difference between these two groups of
closely related viruses lies in their S protein sequences, specif-
ically, the RBM, in which there are two deletions in the bat
SL-CoV S sequences (29). From previous published studies
indicating the importance of the structural fit between the
receptor ACE2 and the S protein of SARS-CoV variants and
the sensitivity of S proteins to point mutations in the RBM
region, it was speculated that SL-CoV S is unlikely to use
ACE2 as a receptor for cell entry unless the bat ACE2 ho-
molog is significantly different from those of other mammals.

To address these unanswered questions, we cloned and ex-
pressed the bat R. pearsonii ACE2 gene and examined the
abilities of ACE2 proteins from human, palm civet, and R.

FIG. 7. Construction and functional analysis of pseudoviruses derived from different CS protein constructs. (A) Schematic presentation of
constructs of human SARS-CoV S protein (BJ01-S), bat SL-CoV S (Rp3-S), and different CS proteins. The numbers in the subscripts indicate the
amino acid locations of the BJ01-S sequences used to replace the corresponding region of Rp3-S. The open box indicates the location of the RBM.
TPA, signal peptide from tissue plasminogen activator; TM, transmembrane domain derived from the fusion protein of Sendai virus. (B) Western
blot analysis. S proteins in transfected 293T cells (top) or purified pseudoviruses (middle) were probed with MAb F26G8 (S-MAb); at the bottom
is a blot of different pseudoviruses probed with p24 MAb as a control to determine the relative quantity of HIV pseudovirus for each construct.
(C) Measurement of pseudovirus infectivity by determining luciferase activity. Cell lysates were prepared 48 h p.i. from HeLa-huACE2 infected
with pseudoviruses containing different S proteins as indicated below the bar graph. The error bars indicate standard deviations.
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pearsonii to support infection by HIV-based pseudoviruses
containing different S protein constructs. Our results indicated
that the bat SL-CoV (Rp3) S protein is unable to use ACE2 for
cell entry regardless of the origin of the ACE2 molecule. We
also demonstrated that the human SARS-CoV S cannot use
bat RpACE2 as a functional receptor. On the other hand, we
demonstrated that after replacement of a small segment (aa
310 to 518) of Rp3-S by the cognate sequence of BJ01-S, the
CS protein mimics the function of BJ01-S in regard to receptor
usage in the HIV pseudovirus assay system. Although we cur-
rently have no way of confirming that the Rp3-S protein is
functional in binding its cognate receptor due to the lack of a
horseshoe bat cell line, our chimeric-construct analysis sug-
gests that the Rp3-S gene was intact and would be functional if
an appropriate receptor was identified. It is also worth noting
that, although we have no experimental data to demonstrate
direct binding of different S proteins to huACE2 on the HeLa
cell surface, we did confirm that either anti-huACE2 or anti-
SARS-CoV polyclonal antibodies were able to neutralize in-
fection by different pseudoviruses (data not shown).

The significance of these findings is as follows. First, the
failure of SARS-CoV S protein to use bat RpACE2 as a re-
ceptor suggests that despite the presence of a diverse group of
SL-CoVs in horseshoe bats, they are unlikely to be the natural
reservoir of the immediate progenitor virus for SARS-CoV. It
is therefore important to continue the search for the reservoir
of SARS-CoV in other bat and wildlife species. It is also
important to conduct such searches in different geographical
locations because live-animal markets in southern China
source their animals from all over China and from foreign
countries (26, 29, 39) and it is possible that the natural host of
SARS-CoV was not indigenous to the site of the first SARS
outbreak. Second, as predicted, sequence variation in the N-
terminal region of the SL-CoV S protein rendered it incapable
of using ACE2 as a receptor for cell entry. However, the
ACE2-binding activity of SL-CoVs was easily acquired by the
replacement of a relatively small sequence segment of the S
protein from the SARS-CoV S sequence, highlighting the po-
tential dangers posed by this diverse group of viruses in bats. It
is now well documented that bat species, including horseshoe
bats, can be infected by different CoVs. Coinfection by differ-
ent CoVs in an individual bat has also been observed (26, 29,
39). Knowing the capability of different CoVs to recombine
both in the laboratory (2, 14, 15, 32) and in nature (22, 41, 44),
the possibility that SL-CoVs may gain the ability to infect
human cells by acquiring S sequences competent for binding to
ACE2 or other surface proteins of human cells can be readily
envisaged. This could occur if the same bat cells carry re-
ceptors for both types of viruses. In this context, it could be
concluded that the particular horseshoe bat species investi-
gated in the current study is unlikely to be the putative
mixing host. However, one cannot rule out the possibility
that a different horseshoe bat or a different bat species
might have a functional ACE2, thus giving it the ability to
act as a mixing host.

Our results indicated that the overall structure of the SL-
CoV S protein is very similar to that of the SARS-CoV S
protein. It remains to be seen whether a recombinant SL-CoV
containing a CS protein (e.g., CS14-608) will be capable of
infecting experimental animals and causing disease. Such stud-

ies will be important to elucidate the molecular mechanism of
pathogenesis for SARS-CoV and related viruses. The outcome
of such research will also be invaluable in formulating control
strategies for potential future outbreaks caused by viruses that
are similar to, but different from, the SARS-CoVs responsible
for the 2002–2003 outbreaks.

The RBM of SARS-CoV S protein has been localized be-
tween aa 424 and 494 by crystal structure reconstruction and
functional studies (27). When this region alone was used to
replace the cognate sequence in the SL-CoV S protein, the
chimeric protein (CS427-494) was unable to be incorporated
into the pseudovirus at a level detectable by Western blotting.
Similar results were obtained for a few other CS constructs. It
is interesting that these CS constructs are similar to others in
that the chimerization mutagenesis was located exclusively in
the ectodomain. The failure of incorporation was thus most
likely due to conformational changes that prevented the
proper folding and cell surface presentation of the chimeric
proteins. It is unclear at this stage whether these constructs can
be functionally incorporated into a different pseudovirus sys-
tem, such as the vesicular stomatitis virus system (16). At the
same time, we also had CS constructs that showed very low
levels of incorporation into virus but a significant level of
luciferase activity or infection (e.g., CS45-608). This suggests
that there may not be a direct correlation between the effi-
ciency of incorporation and cell entry, which argues for further
investigation of these constructs using different systems.

The RpACE2 protein is composed of 805 aa, the same
number as huACE2, and the level of sequence conservation
among these two ACE2 proteins is significant, with 81% se-
quence identity and 90% similarity. Several published studies
have identified a number of residues in huACE2 that are
important for the S-ACE2 interaction (20, 27, 31). From crys-
tal-structural analysis of an ACE2-S complex (20, 27, 31), 18
amino acid residues have been identified as being in direct
contact with the SARS-CoV S protein. Among them, only
seven are different in RpACE2 (Fig. 1). Residues Tyr-41 and
Lys-353 have been shown to interact with amino acid residues
of SARS-CoV S proteins that are most sensitive in S-ACE2
interaction (20, 27, 31). Since Lys-353 is conserved in
RpACE2, it would be interesting to see whether the Tyr-to-His
change (T41H) in RpACE2 was mainly responsible for the
failure to act as a SARS-CoV receptor. It should be empha-
sized that, in addition to amino acid sequence variation, there
are also differences in the numbers and locations of potential
N glycosylation sites between huACE2 and RpACE2 (Fig. 1).
It remains to be seen whether different glycosylation patterns
also play a role in the utilization of ACE2 proteins of different
species by SARS-CoVs.

Bats have been identified as natural reservoirs for many
emerging zoonotic viruses, such as Hendra virus, Nipah virus,
and lyssaviruses (6). Although an intermediate host is neces-
sary to amplify most bat viruses and deliver them to human
populations, it has been demonstrated that the Nipah virus in
Bangladesh is capable of direct bat-to-human transmission (re-
viewed in reference 13). Since the discovery of SL-CoVs in
bats, a large number of CoVs have been discovered in different
bat species (26, 29, 35, 39, 43, 44a). It is now clear that bats are
reservoirs of a diverse group of CoVs. Considering the docu-
mented observations of coinfection of the same bat species by
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different CoVs, the same CoVs infecting different bat species
(26, 29, 39), the high density of bat habitats, and the propensity
for genetic recombination among different CoVs, it is not un-
reasonable to conclude that bats are a natural mixing vessel for
the creation of novel CoVs and that it is only a matter of time
before some of them cross species barriers into terrestrial
mammal and human populations. The findings presented in
this study serve as the first example of host switching achiev-
able for G2b CoVs under laboratory conditions by the ex-
change of a relatively small sequence segment among these
previously unknown CoVs.
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