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The spike protein (S) of severe acute respiratory syndrome coronavirus (SARS-CoV) is responsible for
receptor binding and membrane fusion. It contains a highly conserved transmembrane domain that consists
of three parts: an N-terminal tryptophan-rich domain, a central domain, and a cysteine-rich C-terminal
domain. The cytoplasmic tail of S has previously been shown to be required for assembly. Here, the roles of the
transmembrane and cytoplasmic domains of S in the infectivity and membrane fusion activity of SARS-CoV
have been studied. SARS-CoV S-pseudotyped retrovirus (SARSpp) was used to measure S-mediated infectivity.
In addition, the cell-cell fusion activity of S was monitored by a Renilla luciferase-based cell-cell fusion assay.
Svsv-cyt, an S chimera with a cytoplasmic tail derived from vesicular stomatitis virus G protein (VSV-G), and
Smmv-tvpoyt, an S chimera with the cytoplasmic and transmembrane domains of mouse hepatitis virus, displayed
wild-type-like activity in both assays. Svsv-rvocy, @ chimera with the cytoplasmic and transmembrane domains
of VSV-G, was impaired in the SARSpp and cell-cell fusion assays, showing 3 to 25% activity compared to the
wild type, depending on the assay and the cells used. Examination of the oligomeric state of the chimeric S
proteins in SARSpp revealed that Svsv-tmpcye trimers were less stable than wild-type S trimers, possibly

explaining the lowered fusogenicity and infectivity.

In the winter of 2002 to 2003, a new type of pneumonia, severe
acute respiratory syndrome (SARS), emerged in Guangdong
province, China. The etiological agent causing this disease was
found to be an unknown coronavirus, which was named SARS
coronavirus (SARS-CoV) (10, 18, 23, 30).

Among the structural proteins of SARS-CoV, the spike (S)
protein is the largest, comprising 1,255 amino acids. Research
on SARS and other coronavirus S proteins has shown that S is
involved in receptor binding and membrane fusion and is a
major determinant of the immune response and pathogenesis
(12). The spike protein is a type I membrane protein and is
anchored in the membrane of the virion. Peplomers, oligomers
of two or three spike proteins (9), form the distinctive “co-
rona” on the virus.

The main receptor for SARS-CoV has been identified as
angiotensin-converting enzyme 2 (ACE-2) (20). ACE-2 is ex-
pressed in several tissues, among which are epithelia in the
lung and small intestine (15). It has been shown that amino
acids 318 to 510 of SARS-CoV S are sufficient to bind to
ACE-2 (1, 44, 45). L-SIGN has been shown to function as an
alternative receptor, albeit with a significantly lower affinity
than ACE-2 (17). Another lectin, DC-SIGN, has been impli-
cated in enhancement of infection by dendritic cell transfer, a
process earlier described for other viruses such as human im-
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munodeficiency virus (HIV) and hepatitis C virus (HCV) (16,
24, 49).

In most but not all coronaviruses, S is cleaved during viral
maturation by a host cell protease to create the subunits S1 and
S2 (11, 40). It is unclear at this moment whether this type of
cleavage of the SARS-CoV spike protein occurs. Recently,
however, evidence has emerged showing that SARS S is cleaved
during entry of the virus rather than during maturation. Low-pH-
dependent, endosome-resident cysteine proteases (i.e., cathepsin
L) have been shown to be involved in SARS-CoV entry by cleav-
age of S. Specific inhibitors of cathepsin L block entry of SARS
pseudotypes and also infection with SARS-CoV (36).

Coronavirus S proteins have been proposed to be class I viral
membrane fusion proteins (4). Class I proteins contain a fusion
peptide at or close to the N terminus of the integral membrane
fragment of the spike protein, consisting of about 20 hydro-
phobic amino acids, that enters the target membrane to initiate
fusion. Furthermore, the class I proteins contain two 4,3-hy-
drophobic heptad repeats (HR) (6, 8) and often an aromatic-
rich domain within or close to the transmembrane domain
(TMD), which anchors the protein in the viral membrane.

The S2 subunit of the spike protein contains two heptad
repeats (HR1 and HR2) with a high affinity for each other.
HRT1 is located downstream of the (internal) putative fusion
peptide, and HR2 is located just upstream of the transmem-
brane domain (see Fig. 1a). Upon onset of fusion, a confor-
mational change takes place in the spike oligomer, and the
HRs form a so-called six-helix bundle—three a-helices formed
by HR1 and three antiparallel HR2 a-helices—thus bringing
the fusion peptide and the TMD of the spike protein in close
proximity (4). This structure represents the “postfusion” con-
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FIG. 1. Schematic presentation of the SARS-CoV spike protein. (a)
The spike protein has an N-terminal signal sequence (SS), a putative
fusion peptide (FP), two heptad repeats (HR), a transmembrane domain
(TMD), and a C-terminal cytoplasmic domain (Cyt). The arbitrary border
between S1 and S2 is indicated. The ACE-2 binding region is specified as
part of S1. (b) Amino acid sequence of the transmembrane domain of
SARS-CoV S (top), VSV-G (middle), and MHV S (bottom). The Trp-
rich domain is depicted in a dark gray box, and the Cys-rich domain is light
gray boxed. (c) Schematic representation of the wt S (Swr) and S chimeras
that are used in the experiments.

formation. The affinity of the two HRs for each other stabilizes
this conformation and ensures fusion of the virus and target
membrane. The trigger for this conformational change in the
coronavirus spike protein is usually the interaction with the
receptor (51). However, initiation of the membrane fusion
process of SARS-CoV by low pH cannot be ruled out at this
time (16, 49).

It is not known what conformational changes are occurring
within the S protein to acquire the six-helix bundle. Since the
native structure of the whole S protein has not been solved yet,
in contrast to the HR1-HR2 complex (42, 47, 48), it remains
unclear what other domains of S2 are involved in fusion. It has,
however, become clear that, in contrast with other class I viral
membrane fusion proteins, the N terminus of coronavirus S2 is
not the fusion peptide, since it lacks the characteristic features
described for fusion peptides. Rather, in coronaviruses the
fusion peptide is an internal hydrophobic amino acid stretch.
Putative coronavirus fusion peptides have been proposed (4)
based on hydrophobicity plots and on peptide studies (32), but
no conclusive evidence has been presented to date which
points out the fusion peptide of coronaviruses.

Besides the HRs and the fusion peptide, another character-
istic feature of the coronavirus S2 subunit is the length of its
TMD. Although the exact borders of the TMD have never
been experimentally identified, we assume that the TMD is
located between the two charged lysine residues at amino acid
positions 1194 and 1227 (see Fig. 1b). This means that the
TMD would comprise 34 amino acids, which is longer than
necessary to cross the membrane. Within the TMD there are
three conserved, distinctive domains: an N-terminal tryptophan
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TABLE 1. Oligonucleotides used in this study

Name Sequence
SAV027.............. CATCAACTGCATTGGGC
SAV031.............. ATATGAATTCGGATCCGCGGACGCGTA
CCATGTTTATTTTCTTATTATTTCTTACTC
SAV032.............. ATATCTCGAGCATGCGGGCCCGGATCCCGG

GTACCTTATGTGTAATGTAATTTGACACCC

SAV(033 CTGAAACATCAAGCGAAAAGGC

SAV039.. .GATCCGGTACCCTCGAGC

SAV040.. .GATCGCTCGAGGGTACCG

SAV054 AATTGCATGCTCGAGAGGGGACGA
TGTCAAGCTCTTCCTG

SAVO05S.............. AATTTCTAGAGGGCCCCTAAAAGG
AGGTCTGAACATCATC

SAVO05S.............. CTACAGTACTGGAAAAGTTTG

SAV059.............. CAGTCCAATTGGATGCCTCC

SAV060.. .GGACGACTTCCTGACAGCTC

SAV(61 .. .CATACTGTGACCCCGCATCTC

SAV062.. .GATGGAGTACCGACTGGAGTCC

SAV065 GCATGACTAGTTGTTGCAGTTGCCTCC
GAGTTGGTATCCATCTTTGC

SAV066.............. GGGGTACCGAGTTACTTTCCAAGTCGG

SAV067.............. AGTGTGCTAAATGATATCCTITTCGCG

SAV068S.. .GATGCACAGAGAATATTCAAG

SAV069.. .CTTGAATATTCTCTGTGCATC

SAV070.. .GCAGTCTGCCATCCCACAGC

SAVO071.. .GCTGTGGGATGGCAGACTGC

SAV072 GGGAAAATATGAGCAATATATTAAAAGCTC

TATTGCCTCTTTTTTCTTTATCATAGGG

(Trp)-rich region, a hydrophobic central region, and a cysteine-
rich C-terminal domain.

In this study, we set out to investigate the role of the unusu-
ally long TMD and the cytoplasmic tail of the spike protein in
the membrane fusion activity and infectivity of SARS-CoV.

MATERIALS AND METHODS

Cells and viruses. 293T cells were obtained from the ATCC and cultured in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal calf serum (FCS).
VeroE6R cells were a kind gift of A. D. M. E. Osterhaus, and they were cultured
in DMEM with 10% FCS. SARS-CoV strain Frankfurt was a kind gift of H. F.
Rabenau and H. W. Doerr.

Construction of SARS spike expression vectors. The SARS spike gene of the
Frankfurt-1 isolate was cloned by reverse transcriptase PCR (RT-PCR) on RNA
isolated from infected Vero cells as previously described (38) and cloned into the
gateway vector pDEST-14 (Invitrogen). The gateway construct was completely
sequenced and used as a basis for further cloning. The T7-driven SARS spike
expression vector pLSS3 was obtained by cloning the 5" end of the SARS spike
gene into vector pL1A (38) after RT-PCR on isolated viral RNA using primers
SAV31 and SAV033, located downstream of the unique Ncol site, resulting into
construct pLSS1. (Sequences of primers used in this study are given in Table 1.)
The 3’ end of the SARS spike gene was cloned into vector pLSS1 after RT-PCR
with primers SAV032 and SAV027, located upstream of the unique EcoRV site,
resulting in vector pLSS2. The internal Ncol-EcoRV SARS spike fragment from
the gateway clone was cloned into vector pLSS2, leading to the full-length spike
expression construct pLSS3. Construct phCMV-Swr was made by first modifying
vector phCMV (27) by insertion of a BamHI-KpnI-Xhol linker (SAV039/
SAV040), leading to vector phCMV(BKX). The SARS spike gene was inserted
into vector phCMV(BKX) in a 3-point ligation containing the BamHI-BInI and
BlnI-Xhol fragments from pLSS33, leading to vector phCMV-Swr. Once cloned,
the sequences of the 5’ and 3’ borders of the S-encoding region were verified.

Construction of other vectors. A cDNA clone containing ACE-2 cDNA was
obtained from the German Resource Center for Genome Research (clone
TRAKp96111334Q2). PCR on this plasmid was carried out using primers
SAV054 and SAV055. The PCR fragment was cloned into pcDNA3 using the
introduced Xbal and Xhol sites. Sequencing of this clone using primers SAV054-
SAV062 showed two point mutations. They were restored back to wild type by
QuikChange mutagenesis (Stratagene) using primers SAV068-SAV071, yielding

AINN SMIYANY 1S Aq GTOZ ‘9 |udy uo /Bio°wseIAlj/:dny woiy papeojumoq


http://jvi.asm.org/

1304 BROER ET AL.

pcDNA3/FLACE2. Subsequently, the T7 promoter of the plasmid was deleted by
Spel digestion and self-ligation (p)cDNA3/FLACE2ASpel). Then a cassette con-
taining a T7 promoter, the Renilla luciferase gene, the 3’ nontranslated region
(NTR) of hepatitis C virus, and a T7 termination signal (the fragment was
originally obtained from plasmid pHCVwt-RLuc-3'UTR [C. B. E. M. Reusken,
personal communication]) was cloned into this plasmid using the NotI and Xhol
sites, yielding plasmid pFLACE2/T7rLuc.

Plasmid pBP9/CMVT7 contains a cytomegalovirus (CMV) promoter-driven
T7 polymerase gene (7) followed by a simian virus 40 polyadenylation signal and
was cloned using conventional cloning procedures.

Recombinant SARS spike expression. VeroE6R cells were seeded into 35-mm
wells (0.5 X 10° cells/well) and 16 h later transfected with 2 pg of DNA per
35-mm plate using Lipofectamine (Invitrogen) according to the manufacturer’s
protocol. A typical labeling experiment was performed as follows. Cells were
starved 18 h posttransfection (hpt) for 30 min in RPMI 1640 without Met and
Cys and were subsequently labeled metabolically with RPMI 1640 without Met
and Cys plus [*°S]Cys and [**S]Met (ICN Biomedicals Inc.). After a 2-h labeling,
the medium was removed and replaced by chase medium (DMEM plus 10% FCS
and extra [2.5-fold] Met and Cys). Cells were lysed in RIPA buffer (3) after a
chase period of 0, 3, 5, or 7 h. The lysates were centrifuged for 5 min at 13,000
rpm to remove nuclei and cell debris. Immunoprecipitations were performed on
the supernatants as previously described (3) by using a polyclonal rabbit antibody
against SARS-CoV kindly provided by M. Niedrig (16). Protein samples were
EndoH digested according to the manufacturer’s protocol (New England Bio-
labs) and analyzed on 8% polyacrylamide gels.

Biotinylation of spike proteins. 293T cells were transfected with a spike-
encoding plasmid. At 24 h posttransfection, the cells were trypsinized and pel-
leted. After three washes with phosphate-buffered saline (PBS), cells were incu-
bated in PBS plus 0.5 mg/ml Sulfo-NHS-LC-biotin (Pierce) for 20 min at 4°C.
Subsequently, the cells were washed with PBS plus 0.1 M glycine and incubated
in the same buffer for 15 min at 4°C. Cells were then washed twice with PBS and
finally lysed in TENT buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NacCl,
0.5% Triton X-100).

Construction of spike chimeras. Chimeras Svsv-c, and Svsv-runc, were made by
fusion PCR. Fusion primer SAV065, 3" primer SAV066, and 5’ primer SAV067
were used for Svsv-c.. Fusion primer SAV072, 3’ primer SAV066, and 5’ primer
SAV067 were used for Svsv-ruoe.. PCR products were digested with EcoRV and
Kpnl and inserted into vector phCMV-Syr. Chimera Swuv-rwoc: was made by
replacing the StyI-BamHI fragment from vector pSP72-SS-EV-X (containing the
SARS spike EcoRV-Xhol fragment of phCMV-Sy) by the homologous frag-
ment from mouse hepatitis virus (MHV) spike vector pTUGM-S (43), resulting
in shuttle vector pSP72-Swnv-nioey-EV-X. The MHV sequence was introduced
into vector phCMV-Swt by exchanging EcoRV-Xhol fragments with pSP72-
S‘AHV-TMD(}’l'EV‘X.

Synthesis of SARS CoV-pseudotyped MLV particles (SARSpp). SARS spike
murine leukemia virus (MLV) retrovirus particles were produced as described
for HCVpp (2). Briefly, 293T cells were transfected using a CaCl, transfection kit
(Clontech) with a set of retrovirus Gag and Pol expression constructs, a green
fluorescent protein (GFP) reporter plasmid, and the SARS-CoV spike chimeras
to be expressed. Supernatants were harvested 2 days after transfection and used
to transduce VeroE6R cells. The percentage of GFP-positive cells was deter-
mined by fluorescence-activated cell sorter (FACS) analysis 4 days after trans-
duction. A C-type reverse transcriptase activity kit (Innovagen, Sweden) was
used to correct for the amount of retrovirus particles per ml of supernatant
between transfections.

FACS analysis. Transduced VeroE6R cells (M6) were washed with PBS and
harvested using trypsin. Cell were diluted in DMEM plus 10% FCS and pelleted
for 5 min at 250 X g.

Cell pellets were washed in PBS and repelleted for 5 min at 250 X g. Cells were
then resuspended in a final volume of 2.0 ml PBS. The percentage of GFP-
positive cells was determined on a FACSCalibur (Becton Dickinson).

MLV SARS spike pseudoparticle neutralization assay. A total of 1 X 10* to
2 X 10* cells were incubated with 50-fold dilutions of human SARS-CoV sera
(a kind gift of M. Niedrig, Robert Koch Institute) for 45 min at room temper-
ature prior to infection of VeroE6R cells. Subsequently, infection was performed
as described above.

Transduction of cells with SARSpp and titer determination. Retrovirus
SARSpp supernatants were used to transduce target cells. Briefly, 2 X 10° cells
were seeded 1 day prior to transduction in M6 wells. Equal amounts of SARSpp,
as determined by a reverse transcriptase enzyme-linked immunosorbent assay,
were used to transduce cells in a final volume of 600 pl in DMEM containing 4
png/ml Polybrene. Medium containing SARSpp was replenished after overnight
incubation with normal growth medium. Cells were harvested 3 to 4 days after
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transduction and the percentage of GFP-positive cells determined by FACS
analysis.

Cell-cell fusion assay. One pool of 293T cells was transfected with pFLACE2/
T7rLuc, and another pool was transfected with phCMV-Sy (or an S chimera)
and pBp9/CMVT?7 using Lipofectamine 2000 (Invitrogen) using the manufactur-
er’s protocol. After 17 to 20 h of incubation at 37°C, both pools of cells were
trypsinized and mixed in equal amounts. After another 24-h incubation at 37°C,
cells were lysed according to the manual of the Renilla luciferase assay system
(Promega). Luciferase activity was measured using a luminometer (TD —20/20;
Turner Designs). On the remainder of the cell lysate a Bradford assay was
performed, to measure the protein concentration. Relative Renilla luciferase
activity was calculated as the measured value divided by the protein concentra-
tion minus the measured value of the control (no S) divided by the protein
concentration.

Determination of the oligomeric state of spike present on SARSpp. >*S-labeled
SARSpp retrovirus supernatants were purified with a 20% sucrose cushion
(SW41 rotor, 2 h, 25 krpm). Pellets containing SARSpp were resuspended in
PBS. Prior to immunoprecipitation, 1% sodium dodecyl sulfate (SDS) was added
to the samples to solubilize the SARSpp. Immunoprecipitations were performed
as previously described, using an anti-SARS-CoV polyclonal antiserum. Immu-
noprecipitates were resuspended in Laemmli loading buffer (19) without dithio-
threitol and kept at room temperature or incubated 5 min at 80°C prior to
loading of the samples on a 4% polyacrylamide gel.

RESULTS

Expression of SARS-CoV (Frankfurt) S protein and chime-
ras. The SARS-CoV (strain Frankfurt) S protein-encoding
sequence was cloned into phCMYV, yielding phCMV-Swr. In
addition, several chimeras were constructed to investigate the
role of the TMD and the cytoplasmic domain of S in mem-
brane fusion activity and infectivity. In chimera Svsv-cy, the
cytoplasmic tail of SARS-CoV S was replaced by its vesicular
stomatitis virus G protein (VSV-G) counterpart. In Svsv-rvpey,
the transmembrane and cytoplasmic domains of SARS-CoV S
were replaced by the VSV-G transmembrane and cytoplasmic
domains. In Swmv-tvpcy, the transmembrane and cytoplasmic
domains of SARS-CoV S were replaced by the MHV-A59 S
transmembrane and cytoplasmic domains (see Fig. 1c).

First, expression and maturation of wild-type (wt) S and the
S chimeras was studied. After transfection of VeroE6R cells
with the proper plasmids, pulse-chase labeling was carried out.
Cell lysates were subjected to immunoprecipitation with an
S-specific antibody and subsequent EndoH digestion to check
the maturation. At the start of the chase (Fig. 2a, lanes 0), the
majority of wt S and S chimeras was EndoH sensitive (bands
marked Sg.,), indicating that most of the S proteins had not
passed the endoplasmic reticulum. However, a small portion of
all S variants already had become EndoH resistant (bands
marked Sg.) during the 2-h pulse, indicating that a fraction of
S and the chimeras already was transported to the Golgi com-
plex or further downstream the exocytosis route (compare
lanes — and + EndoH). After a 7-h chase, the majority of S
and the chimeras had become EndoH resistant. In summary,
the expression and maturation of the S chimeras displayed the
same kinetics as wt S protein. As a negative control, VSV-G
was expressed from the same plasmid, resulting in only back-
ground bands in the gel when S-specific antibodies were used.

Transport of S and the S chimeras to the plasma membrane
was confirmed by a biotinylation experiment. Surface proteins
of S-transfected 293T cells were biotinylated, and cell lysates
were subjected to immunoprecipitation with anti-S antibody.
Subsequently, Western-blot analysis was carried out using
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FIG. 2. Expression and maturation of S and S chimeras. (a) CMV-driven S expression plasmids were transfected into VeroE6R cells. After a
24-h incubation, cells were pulsed for 2 h with [*>S]Met-Cys and chased for the indicated periods (in hours). After the chase, cells were lysed and
the S proteins were immunoprecipitated with anti-SARS serum. Samples were analyzed on an 8% PAA gel. Endo H-resistant S (Sg.,) and
EndoH-sensitive S (Sg.,s) are indicated. Lanes: 1, Swr; 2, Svsv-cy; 3, Svsv-rvpay; 4, Smuv-tvney; 5, VSV-G. (b) Cell surface expression of S was
demonstrated by biotinylation of S proteins. Transfected 293T cells were incubated with sulfo-NHS-LC-biotin 24 h posttransfection. Subsequently,
S-specific immunoprecipitation was carried out, followed by Western blot analysis using HRP-conjugated streptavidin. Bands were visualized by
chemiluminescence. S-specific bands are indicated. Lanes: 1, Swr; 2, Svsv-cy; 3, Svsv-rmpey; 4, Smuv-tvpey; 5, mock.

horseradish peroxidase (HRP)-conjugated streptavidin. Figure
2b shows that the S chimeras were biotinylated at least to the
same extent as wt S (Swr), indicating that the S chimeras were
transported to the plasma membrane in the same manner as
the wt S protein.

Synthesis and characterization of SARS-CoV pseudotyped
retrovirus. Next, we wanted to investigate the potential of S
and the chimeras to mediate the infection of a cell. To do this,
a SARS pseudotype system based on the retrovirus MLV was
used. SARSpp were analyzed for their ability to transduce
permissive VeroE6R cells. Since the particles contain a GFP-
encoding RNA, the number of transduced cells could be mea-
sured by FACS analysis. Titers of 10° to 10° were reached,
depending on the infection method (with or without spinocu-
lation) (see Fig. 3a). Control particles, pseudotyped with
RD114, the envelope of a feline endogenous retrovirus,
reached titers of 10° to 10”. To check whether the infectivity of
the SARSpp was dependent on the SARS-CoV S protein, a
neutralization assay was done with sera of several SARS patients,
a SARS-specific rabbit serum, and control sera. Figure 3b shows
that the infectivity of the SARSpp was specifically inhibited by the
SARS patient sera and the S-specific polyclonal rabbit serum.
This indicates that the infectivity of the SARSpp was dependent
on SARS-CoV S and that the S protein was fully functional in the
SARSpp. Western blot analysis of EndoH- or EndoF-treated
SARSpp showed that all the S protein in the SARSpp was EndoH
resistant and EndoF sensitive, indicating that all the S molecules
in SARSpp matured properly (see Fig. 3c).

The transmembrane domain and not the cytoplasmic domain
of SARS-CoV S protein is essential for infectivity of SARSpp in
VeroEo6R cells. Since it was clear from the previous experiments
that the SARSpp could be used to test the activity of SARS-
CoV S, chimeric S-containing SARSpp were made. We first
made sure that the chimeric S SARSpp contained same
amounts of S protein as wt-S SARSpp. S-specific immunopre-
cipitation was carried out on equal amounts (based on the
RT assay) of purified radioactively labeled particles. Subse-
quent SDS-polyacrylamide gel electrophoresis (PAGE) analy-
sis showed (Fig. 4) that chimeric S proteins were incorporated
in the pseudotyped particles, at least to the same extent as wt
S (Svsv-tmpcy) or more (Svsv-cye and Smuv-mvpeyt).

VeroE6R cells were infected with equal amounts of parti-
cles, and the titers of the chimeric SARSpp were determined
and plotted as percentages of the wt SARSpp titer (see Fig. 5).

Svsv-ce-containing SARSpp, in which the cytoplasmic domain of S
was replaced by the cytoplasmic domain of VSV-G, were infec-
tious, up to 40% of wild type. This shows that the cytoplasmic
domain of SARS-CoV S is not essential for infectivity, although it
appears to have a slightly enhancing effect. In contrast, SARSpp
containing Svsv-vpcy, the chimera that contains both the TMD
and the cytoplasmic domain of VSV-G, were severely impaired in
infectivity (<5%). This shows that the TMD of S is somehow
involved in the entry process of SARS-CoV. In contrast, SARSpp
containing Swnv-tvpcy, a chimera that contains the TMD and
cytoplasmic domain of another coronavirus, MHV A59, were
almost as infectious as the particles containing Sy (60%). This
indicates that the TMD and cytoplasmic domain of MHV A59
can functionally replace the domains in SARS-CoV.

SARS-CoV S-expressing cells fuse with cells expressing
ACE-2. In SARS patients, syncytia in lung tissue have been
observed (18). These syncytia are most likely due to the fact
that the infected cells express the SARS-CoV spike and the
SARS receptor ACE-2 and that interaction between cells ex-
pressing these two molecules results in fusion. In contrast with
this observation, we were unable to observe any syncytia in
VeroE6R cells infected with SARS-CoV (results not shown).
We investigated whether the SARS-CoV S protein was able to
induce cell-cell fusion in vitro, as has been previously observed
by Li et al. (20) by overexpressing ACE-2 and SARS-CoV S.
293T cells were transfected with either pFLACE2/T7rLuc or
phCMV-S and pBp9/CMVT7. pFLACE2/T7rLuc encoded
CMV promoter-driven ACE-2 and a Renilla luciferase gene
under a T7 polymerase promoter. In the case of fusion be-
tween ACE-2- and S-expressing cells, Renilla luciferase could
be synthesized. Consequently, the Renilla luciferase activity
represented the level of cell fusion. Twenty-four hours post-
transfection, the cells were mixed and incubated for 17 to 20 h.
Microscopic examination of the cells was carried out, and small
syncytia were observed (results not shown). Cells were lysed,
and the luciferase activities and protein concentrations of the
samples were determined.

Figure 6 shows the results obtained with this cell-cell fusion
assay. The values of the chimeric S proteins are given relative
to that for wt S and are corrected for non-S-related back-
ground luciferase activity. Consistent with the results obtained
with the SARSpp, Svsv-cyi and Smnv-tvpey displayed 50 to 60%
of the activity of wt S, indicating that the cytoplasmic domain
is not important for fusion and that the TMD and cytoplasmic
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FIG. 3. Characterization of SARSpp. (a) Titer determination of
SARS and control pseudotypes. Pseudotypes were prepared as described
in Materials and Methods. To determine the titer, VeroE6R cells were
transduced and the percentage of GFP-positive cells was determined by
FACS. The total amount of GFP-positive cells represented the amount of
infectious units (IU), provided that the percentage of positive cells did not
exceed 10%. Black bars represent infection without a centrifugation step,
and white bars represent infection with a centrifugation step. (b) Neutral-
ization assay with SARS S-specific sera shows that the infectivity of
SARSpp is S specific. Prior to titer determination, SARSpp and control
RD114pp were incubated with the indicated sera for 45 min. Titers were
calculated as for panel a. White bars, SARSpp values; black bars,
RD114pp values. Serum numbers: 1, DMEM; 2, normal human serum
640; 3, normal human serum 641; 4, rabbit anti-SARS Marburg Univer-
sity; 5, goat anti-RD114 79S756; 6, human serum Hku 1a; 7, human serum
Hku 1b; 8, human serum Hku 2; 9, human serum London; 10, human
serum Dellseith. Values are means from three independent experiments.
(c) Maturation of S in SARSpp. Maturation of S in the SARSpp was
examined by Western blotting of EndoH- or EndoF-treated SARSpp
using a rabbit anti-SARS serum for detection. *, EndoH-resistant S; **, S
digested by EndoF.

domain of MHV can be used by the SARS-CoV S protein. The
result obtained with Svsv-rvpcy was remarkably different from
the result found with SARSpp Svsv-mvpcy. The cell-cell fusion
value measured for this chimera was around 25%, while the
infectivity of Svsv-tmpey-containing SARSpp was only about 5%
(5 times lower), indicating that the TMD of S is less important
for the cell-cell fusion activity than for the infectivity of the
SARSpp.

The TMD of SARS-CoV S is less critical for the infectivity of
SARSpp in cells expressing human ACE-2 at a high level than

J. VIROL.

MW 1 2 3 4 5

gﬂu__,u.....

220

FIG. 4. Incorporation of S chimeras in SARSpp. 3S-labeled
SARSpp were purified by centrifugation over a sucrose cushion. The
pellets were resuspended, and the concentration of particles was ana-
lyzed by the RT assay. Equal amounts of particles were solubilized, and
S-specific immunoprecipitation was performed. The samples were run
on an 8% PAA gel. Lanes: MW, molecular weight marker; 1, Svsv-cy;
2, Svsv-tmpay 3, Smuv-tvpey; 4, Swr; 5, mock.

in VeroEGR cells. There are several possible explanations for
the difference we observed between the SARSpp assay and the
cell-cell fusion assay (see Discussion). One of them is the fact
that the ACE-2 molecules in the two assays were not the same:
human ACE-2 (cell-cell fusion) versus ACE-2 of the African
green monkey (VeroE6R cells in SARSpp assay). Also, the
expression levels of ACE-2 may differ in the two assays. The
expression level of human ACE-2 in the cell-cell fusion is
probably very high, whereas the ACE-2 expression level in
VeroE6R cells is lower. It has been shown by Simmons et al.
(37) that S-transfected 293T cells do not fuse with VeroE6
cells. Therefore, we decided to use the 293T cells transiently
expressing ACE-2 in the SARSpp assay in order to be able to
fairly compare cell-cell fusion activity and SARSpp infectivity.
Transduction of the ACE-2-transfected cells was carried out
24 h posttransfection, and GFP expression was measured 72 h
posttransduction. Figure 7 shows the relative infectivity of the
SARSpp containing S chimeras compared to the wild type. The
dramatic lack of infectivity of the Svsv-rmpcye SARSPp, as ob-
served with VeroE6R cells, was less pronounced in the ACE-
2-transfected cells (3 versus 10% relative infectivity). However,
the influence of the TMD and cytoplasmic domain of VSV-G
on infectivity was still quite substantial. In addition, the
SARSpp displaying one of the other two chimeras, Svsv-c« and
Smuv-tvpey, had a much higher infectivity than wild-type S-
containing SARSpp. In summary, the influence of the TMD on
infectivity is more pronounced than that on cell-cell fusion.
The TMD of SARS-CoV S is important for S trimer stability.
It has been shown before that SARS-CoV S oligomerizes into
dimers and trimers (39, 39, 46, 52). We investigated the oligo-
meric state of the S chimeras Svsv-cy, Svsv-tmpey, and Smuv-Tvpeye
in the SARSpp by immunoprecipitation of S after purification
of SARSpp. Samples were run on SDS-PAGE (4%) gels under

—
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1 2 3 4 5
SARSpp

Relative infectivity (%

FIG. 5. Infectivity of SARSpp chimeras. SARSpp containing S
or chimeric S were produced by 293T cells, and the titers were
determined on Vero E6R cells as for Fig. 3. Titers of the chimeric
S-containing pseudoparticles are shown as percentages of wild-type
S-containingpseudoparticles.Columns:1,mock;2,Svsv-cy;3,Svsv-rmpey;
4, Smuv-t™pey S, Swr.
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FIG. 6. Fusogenicity of S chimeras as determined by the cell-cell
fusion assay. Fusion activity of the S chimeras was determined using
the Renilla luciferase-based cell-cell fusion assay. Renilla activity of cell
lysates was determined and corrected for the protein concentration.
Subsequently, the background (S-independent rLuc activity) was sub-
tracted and the remaining activity was plotted as a percentage of the
wild type level. Columns: 1, Svsv-cy; 2, Svsv-tmpey 3, Smuv-tvpey; 4, Swr.

nonreducing conditions, with half of the sample being incu-
bated at 80°C and the other half at room temperature. The
results are shown in Fig. 8. When the samples were not heated,
a smear of protein bands was visible, probably representing the
heterogeneity of glycosylation of S. After incubation of the
sample for 5 min at 80°C (39), three distinctive bands, most
likely representing S trimers, dimers, and monomers, were
visible for wt S and all three chimeras. However, the ratio
between the three forms in Svsv-tmpeye differed from the ratio
observed in Swr and the two other chimeras. Quantification of
the bands by phosphorimaging and Quantityone software (Bio-
Rad) showed that the percentage of trimers of Svsv-rmpcy is
only half of the percentage of trimers seen in the other three
samples, suggesting that the Svsv-rmpcy trimers were less stable
at 80°C than wt S protein. Moreover, Fig. 2b showed an extra
S-specific band, most likely an S oligomer. Also on this blot,
the Svsv-twpcy oligomer band is weaker than the oligomer band
in the other lanes. Since Svsv-tmpcy contains the TMD of
VSV-G, this result suggests that the coronavirus S TMD is
involved in stabilization of the S trimer.

DISCUSSION

The entry of SARS-CoV is an essential step in the viral life
cycle. It is evident that the S protein is crucial in this process.
It binds to the cellular receptor, and it is responsible for fusion
of the viral and cell membranes, giving the viral RNA access to
the cytosol.

In this paper, the role of the strongly conserved transmem-
brane domain of SARS-CoV in virus entry has been investi-
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FIG. 7. SARSpp infectivity in 293T cells transfected with human
ACE-2. 293T cells were transfected with pFLACE2/T7rLuc. Twenty-
four hours later, the cells were transduced with SARSpp and incubated
for 3 days. Transduced cells were scored by FACS analysis, and the
infectivity of the chimeric S-containing SARSpp was plotted as a per-
centage of that of wild-type S-containing SARSpp. Columns: 1, mock;
2, Svsv-cy; 3, Svsv-mpey; 4, Smuv-tvpayg S5, Swr.
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FIG. 8. Examination of the oligomeric state of S in SARSpp. *°S-
labeled SARSpp were concentrated through a sucrose cushion, and the
particles were resuspended. Half of the sample was subjected to an
80°C incubation step. Both treated and untreated samples were run on
a 4% polyacrylamide gel under nonreducing conditions and were made
visible by phosphorimaging. S monomers, dimers, and trimers are
indicated, as are the marker bands. Lanes: 1, Svsv-cy; 2, Svsv-rmpcy; 3,
Smuv-tvpay; 4, Swr.

gated by making use of the MLV-based pseudotyping system.
This system has been proven to be a valuable tool for studying
the functions of viral glycoproteins. In addition, it is a safe
system for study of the cell entry of human viruses that can be
lethal and therefore should be cultured in highly restricted
laboratories. Cell-cell fusion activity of SARS-CoV S was also
measured. As an alternative approach to score for syncytium
formation by microscopic determination, we developed an as-
say based on T7-driven luciferase activity to quantify the extent
of cell fusion.

Transfection of 293T cells with phCMV-Swr readily resulted
in expression of S that could be measured by immunofluores-
cence (results not shown) and immunoprecipitation (Fig. 2).
Previously, Simmons et al. have reported that CMV promoter-
driven expression of SARS-CoV S failed to give detectable
levels of S (37). Others have reported that expression of S from
the CMV promoter was detectable only after codon optimiza-
tion (25, 28). Clearly, in our hands, using a CMV promoter to
express SARS-CoV S was no problem. This could be related to
the strain of virus used but could also be due to the phCMV
plasmid, in which a splicing signal has been cloned upstream of
the S-encoding sequence, thereby making a more stable
mRNA (25).

SARSpp were able to infect SARS-CoV-permissive cells,
and infection with these particles was S specific, as evidenced
by inhibition with anti-SARS-CoV antibodies (Fig. 3b). The
titers of the SARSpp reached levels (10° to 10°) previously
described by one other group only (16). Other reports have
shown much lower titers (13, 25, 37). In addition, no assays
have been described in which the cell-cell fusion activity of
SARS-CoV was measured in a quantitative way. Here cell-cell
fusion mediated by SARS-CoV S and ACE-2 was detected
using the luciferase-based assay. No cell-cell fusion was observed
in the absence of ACE-2 or S (data not shown). Microscopic
investigation of the mixed, transfected 293T cells showed that the
extent of cell-cell fusion does not compare with that seen in
MHV-infected cells, which gives rise to massive syncytium forma-
tion (3). Rather, in our SARS S-driven experiments, we could see
small groups of cells fused together. We did not observe any
syncytium formation during SARS-CoV infection of VeroE6R
cells, whereas Ksiazek et al. reported that syncytia could be ob-
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served in infected lung tissue (18). It is unclear why syncytium
formation is observed only in particular cases. It might be related
to the level of ACE-2 and S expression or to the lower affinity of
the African green monkey ACE-2 for the S protein. Indeed,
recent results have shown that a change of only a few residues in
ACE-2 can result in a great difference in affinity for SARS-CoV
S (21). Possibly, other factors might be involved, such as the need
for a coreceptor.

Replacement of the S cytoplasmic domain with the VSV-G
cytoplasmic domain had a mild effect on the activity of S both
in the SARSpp assay and in the cell-cell fusion assay. This
confirms a previous report on MHV fusion, based on syncy-
tium formation, in which it was shown that the VSV-G cyto-
plasmic tail can replace the S tail without inhibiting fusion
activity (3).

The Swuv-tvpcye chimera, in which the SARS-CoV S TMD
and cytoplasmic domain have been replaced by those originat-
ing from MHYV, shows fusion activity with a slight reduction (50
to 60% activity). This shows that the TMD of MHV can serve
as a membrane anchor for SARS-CoV S. Clearly, the strong
sequence conservation of the coronavirus S TMD ensures that
its function is also conserved.

When both the TMD and cytoplasmic tail of S were replaced
with those of VSV-G, a remarkable reduction in fusion activity
was observed in the SARSpp assay, using VeroE6R cells, re-
sulting in <5% activity. This shows the importance of the
TMD for SARSpp entry into VeroE6R cells. However, the
cell-cell fusion assay showed a different result. There was 20 to
30% activity in this assay, showing a significant discrepancy
between the two assays. By using ACE-2-transfected 293T cells
instead of VeroE6R cells in the SARSpp assay, the Svsv-mvpcy
chimera exhibited 10% activity. The reason for the difference
in infectivity between the two cell lines may be found in the
difference in receptor expression level and affinity (human
versus African green monkey ACE-2), which may result in a
changed fusion activity. Another reason might be that the
TMD is less important for S-mediated cell-cell fusion than for
S-mediated infectivity.

Based on the three experiments described here, we con-
clude that Svsv-tmpcye has a significantly lower activity than
wild-type S. We and others have reported earlier that the
Cys-rich domain of the TMD is important for fusion (3, 5),
which might explain the lowered activity of the Svsv-rupcy chi-
mera, lacking the Cys-rich domain. Also, the highly conserved
Trp-rich domain is not present in the Svsv-tmpcy chimera, which
might be an additional explanation for the lowered activity of
Svsv-tmpay. Another possible explanation for lowered Svsv-tvpcy
activity may be the lower stability of the Svsv-rmpcy trimer. It
has been suggested before that the oligomeric state of S may be
important for fusion activity (22). At this point we do not know
if the stability of S trimers is directly linked to membrane
fusion activity, but this interesting option cannot be ruled out
at this time.

As mentioned before, the TMD of coronaviruses is highly con-
served. It consists of a N-terminal tryptophan-rich domain, a
central hydrophobic domain, and a C-terminal cysteine-rich do-
main. A tryptophan-rich domain, located close to the TMD of
HIV gp41, has been described to be important for HIV fusion
(35), in particular on the level of pore dilation (26). Since we do
not know where exactly the TMD of SARS-CoV S starts, it
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could be that the tryptophan-rich domain of coronavirus S in
fact precedes the actual transmembrane part and that this
domain can partition into interfacial regions of membranes, as
has been described for the Trp-rich juxtamembrane domain in
gp41 and has been proposed to occur in viral fusion proteins in
other virus families through regions enriched in aromatic res-
idues (29, 41). Moreover, a recent study on SARS-CoV S has
identified the “pretransmembrane” region (i.e., the Trp-rich
domain) as a membrane-active region, possibly involved in
membrane fusion, in analogy with the HIV gp41 Trp-rich do-
main (14). In addition, Sainz et al. (33) propose that the coro-
navirus S Trp-rich region, after the HR six-helix bundle has
formed, aligns with the fusion peptide, thus creating an ex-
tended hydrophobic stretch that aids the lipid flow, thereby
establishing a fusion pore. Finally, it has been suggested that
the Trp-rich region in gp41 might also be involved in prefusion
trimerization (31), which might be related to the S trimeriza-
tion and the Svsv-tvpcy trimer instability we observed.

The cysteine-rich domain has been shown to be necessary
for fusion of MHYV, as evidenced by mutational analysis (3, 5).
Some of these Cys residues are palmitoylated, arguing for a
strong membrane association (3), although it is not clear
whether this region is located within the membrane. It has
been shown that the cysteine residues are involved in the tran-
sition from hemifusion to fusion during MHV-S-mediated cell-
cell fusion (5), a situation reminiscent of the role that acylated
cysteine residues have been described to play in influenza virus
hemagglutinin-mediated membrane fusion (34). In addition,
for MHYV, deletion of three of the seven cysteines in the TMD
results in a defect in cell-cell fusion but not in virus-cell fusion
(50). Despite these reported effects of the cysteine residues on
the membrane fusion activity of coronavirus S proteins, there
is no model by which the mode of action of these residues
during fusion can be explained.

To better understand the membrane fusion process of
SARS-CoV, we are currently further investigating the function
of these Trp-rich and Cys-rich domains in SARS-CoV S.
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