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The severe acute respiratory syndrome coronavirus (SARS-CoV) encodes proteins required for RNA tran-
scription and genome replication as large polyproteins that are proteolytically processed by virus-encoded
proteinases to produce mature replicase proteins. In this report, we generated antibodies against SARS-CoV
predicted replicase protein and used the antibodies to identify and characterize 12 of the 16 predicted mature
replicase proteins (nspl, nsp2, nsp3, nsp4, nsp5, nsp8, nsp9, nspl12, nspl3, nspl4, nspl5, and nspl6) in
SARS-CoV-infected Vero cells. Inmunoblot analysis of infected-cell lysates identified proteins of the predicted
sizes. Immunofluorescence microscopy detected similar patterns of punctate perinuclear and distributed
cytoplasmic foci with all replicase antibodies and as early as 6 h postinfection. Dual-labeling studies demon-
strated colocalization of replicase protein nsp8 with nsp2 and nsp3 in cytoplasmic complexes and also with
LC3, a protein marker for autophagic vacuoles. Antibodies directed against mouse hepatitis virus (MHYV)
virions and against the putative RNA-dependent RNA polymerase (Pol) detected SARS-CoV nucleocapsid and
nspl2 (Pol), respectively, in SARS-CoV-infected Vero cells. These results confirm the predicted protein
processing pattern for mature SARS-CoV replicase proteins, demonstrate localization of replicase proteins to
cytoplasmic complexes containing markers for autophagosome membranes, and suggest conservation of pro-
tein epitopes in the replicase and nucleocapsid of SARS-CoV and the group II coronavirus, MHV. Further, the
results demonstrate the ability of replicase antibodies to detect SARS-CoV-infected cells as early as 6 h
postinfection and thus represent important tools for studies of SARS-CoV replication, inhibition, and

diagnosis.

The etiologic agent of severe acute respiratory syndrome
(SARS) has been shown to be a new human coronavirus
(SARS-CoV) (18, 21, 23, 25). The significant morbidity and
mortality, and potential for reemergence, make SARS-CoV a
continued worldwide public health threat. Genome sequences
of SARS-CoV isolates have provided important information
regarding the organization of the genome and its relationship
to other coronaviruses (21, 25). The significant conservation of
deduced amino acid sequence and predicted protein domains
in the replicase polyprotein across multiple coronaviruses in-
dicates that these proteins likely play important, conserved
roles in replication (29, 32).

Coronavirus replication in cells is initiated by translation of
the two overlapping open reading frames (ORFla and
ORF1b) of the 5’ replicase gene to yield two polyproteins,
ppla and pplab (see Fig. 1) (25, 32). Based on studies of other
coronaviruses, co- and posttranslational proteolytic processing
of the nascent SARS-CoV replicase polyproteins is predicted
to be mediated by two virus-encoded proteinases, a 3C-like
proteinase (3CLpro) and a papain-like proteinase (PLP) (12,
29, 32). The proteolytic precursors and mature replicase pro-
teins likely mediate the processes of replication complex for-

* Corresponding author. Mailing address: Vanderbilt University
Medical Center, Pediatric Infectious Diseases, D6217 MCN, Nashville,
TN 37232. Phone: (615) 343-9881. Fax: (615) 343-9723. E-mail: mark
.denison@vanderbilt.edu.

9977

mation, subgenomic mRNA transcription, and genome repli-
cation. Comparison of known polyprotein cleavage sites of
other coronaviruses with the deduced amino acid (39) se-
quence of the SARS-CoV replicase polyprotein has resulted in
prediction of 16 mature replicase nonstructural proteins (nsps)
(32). However, detection of these mature products in SARS-
CoV-infected cells has not been reported.

The number of mature proteins produced from coronavirus
replicase polyproteins suggests a level of complexity and pos-
sible virus-encoded functions greater than that of any other
known positive-strand RNA virus family. Enzymatic activities
have been demonstrated for coronavirus proteinases and the
RNA helicase and have been predicted for an RNA-dependent
RNA polymerase (Pol) and several RNA processing enzymes
(19, 27, 39) (see Fig. 1). Recent bioinformatics analyses of the
SARS-CoV replicase gene also have predicted functions for
mature replicase proteins in RNA processing (29). The devel-
opment of reverse genetic systems for SARS-CoV and other
coronaviruses should make it possible to experimentally deter-
mine the role of replicase proteins in replication and patho-
genesis (9, 15, 31, 36-38).

In addition to their functions in RNA synthesis, new roles
for replicase proteins as potential determinants of pathogenic-
ity and tropism have been identified. Studies with the JHM and
A59 strains of mouse hepatitis virus (MHYV), which differ in
their tropism and pathogenesis, have suggested that the repli-
case gene may contribute to tropism and pathogenicity (22).
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TABLE 1. SARS-CoV replicase antibodies
. Predicted Cloned Amino . . Predicted/observed
Protein amino acids nucleotides acids Antiserum (rabbit) Use® mass (kDa)

nspl M1-180G 265-945 1-227 VU231 IB/IF 20/20
nsp2 Al181-818G 946-2718 228-818 VU239 IB/IF 70/70
nsp3 (PLP) A819-2740G 2719-3726 819-1154 VU233 IB/IF 213/213
nsp4 K2741-3240Q 8572-9235 2770-2990 VU237 IB/IF 56/38
nsp5 (3CLpro) $3241-3546Q 9986-10590 3241-3442 VU261 1B 33/30
nsp8 A3920-4117Q 12022-12615 3920-4117 VU249 IB/IF 22/22
nsp9 N4118-4230Q 12616-12954 4118-4230 VU245 IB/IF 12/12
nsp12 (Pol) S$4370-5301Q 14334-15266 4690-5001 VU257 1B 106/106
nsp13 (Hel) A5302-5902Q 17053-17969 5597-5902 VU253 IB/IF 67/67
nspl4 (ExoN) A5903-6429Q 18600-19444 6112-6393 VU265 1B 60/60
nspl5 (XendoU) S6430-6775Q 19746-20425 6494-6720 VU263 1B 38/38
nspl6 (2'-O-MT) A6776-7073N 20674-21483 6804-7073 VU251 1B 33/33

“ Hel, helicase; ExoN, exonuclease of DEDD superfamily; XendoU, poly(U)-specific endoribonuclease; 2'-O-MT, 2'-O-methyltransferase.

> 1B, immunoblot; IF, immunofluorescence.

The pathology associated with SARS-CoV infection in humans
differs from that seen with other human coronavirus infections.
Specifically, SARS-CoV causes an atypical pneumonia, and the
virus has been detected in multiple organ systems (3, 23),
whereas the human coronaviruses 229E and OC43 cause com-
mon colds and are found primarily in the pharynx, although
neuroinvasion has been reported (1, 10). The role that SARS-
CoV replicase proteins have in the broader tropism and in-
creased pathogenicity of SARS-CoV remains to be deter-
mined.

In this study, we generated antibodies against predicted
SARS-CoV mature replicase proteins and used the antibodies
to identify and characterize replicase proteins in SARS-CoV-
infected Vero cells by immunofluorescence and immunoblot
assays. In immunoblot experiments, antibodies against nspl,
nsp2, nsp3, nsp4, nsp5, nsp8, nsp9, nsp12, nsp13, nspl4, nspl5,
and nspl6 detected specific proteins with masses consistent
with bioinformatics predictions. Immunofluorescence labeling
for multiple replicase proteins demonstrated punctate cyto-
plasmic complexes by 6 h postinfection (p.i.). Dual-labeling
experiments showed colocalization of replicase proteins in cy-
toplasmic complexes with each other and with light chain 3
(LC3), a protein marker of autophagosome membranes (24).
Finally, antibodies against mouse hepatitis virus Pol (nsp12)
detected SARS-CoV nsp12 in infected Vero cells, demonstrat-
ing epitope conservation between MHV Pol and SARS-CoV
nspl2. These results confirm the expression and processing of
SARS-CoV replicase proteins and demonstrate their colocal-
ization to cytoplasmic complexes that contain markers for au-
tophagy or autophagy-like processes. Together, these results
suggest significant conservation of replicase protein expression
and replication complex formation and form the basis for ge-
netic and biochemical studies of SARS-CoV replicase proteins
during replication and pathogenesis.

MATERIALS AND METHODS

Cells and antibodies. Vero-E6 cells were used in all assays in this report (30).
Cells were passaged in OptiPRO serum-free medium supplemented with 4 mM
glutamine (Gibco). The MHV-Pol and MHV antibodies have been described
previously (8, 11). For generation of antibodies against putative SARS-CoV
replicase proteins, the SARS-CoV genome was used as a template for reverse
transcription-PCR amplification of targeted areas, cloning into pET-23 protein

expression vectors, and purification as previously described (4, 8, 11, 20) (Pro-
mega). Proteins generated for antibody production were the following: nspl,
nsp2, nsp3 nsp4, nsp5, nsp8, nsp9, nsp12, nsp13, nspl4, nsp15, and nsp16. The
specific nucleotides and amino acids cloned are shown in Table 1. New Zealand
‘White rabbits were immunized with the purified proteins for antibody production
(Cocalico, Inc.). After initial inoculation, rabbits were boosted at day 14 and day
21, and test bleeds were performed. Rabbits were boosted again at day 49, and
sera from production bleeds on day 56 were used in the experiments in this
report. For all studies, preimmune sera from the same rabbits were matched with
immune sera. For dual-labeling studies, the same antigens and immunization
schedule were used to raise antibodies in guinea pigs. In this study, guinea pig
anti-nsp8 was used for dual-labeling experiments.

Primers. Primers used for SARS-CoV replicase protein reverse transcription-
PCR were as follows (underlined sequence represents restriction endonuclease
site): Nspl (left, 5" CATGCCATGGAGAGCCTTGTT 3’ [Ncol]; right, 5" TT
GCTCGAGACCTCTCTTCGACTC 3’ [XhoI]), Nsp2 (left, 5" TTGGATCCAT
GGTCTACTGCTGCCGT 3’ [BamHI]; right, 5" CGCAAGCTTACCCCCTTTT
AAGCG 3' [HindIII]), Nsp3 (left, 5" CGCCCATGGCACCAATTAAAGGT 3’
[Ncol]; right, 5" CGCCTCGAGTGCAATATAAACCTG 3’ [XhoI]), Nsp4 (left,
5" CGCCCATGGTACATACATTGTCA 3’ [Ncol]; right, 5" CTTCTCGAGAG
CTCTGTAATGCTC 3’ [Xhol]), Nsp5 (left, 5 CGCCCATGGGTGGTTTTA
GGAAAA 3" [Ncol]; right, 5 CGCCTCGAGTAATGTTATGGTTGT 3’
[Xhol]), Nsp8 (left, 5" CGCCCATGGCTATTGCTTCAGAA 3’ [Ncol]; right, 5’
CCTCTCGAGCTGTAGTTTAACAGC 3’ [Xhol]), Nsp9 (left, 5" GCGCCAT
GGATAATGAACTGAGTCCA 3’ [Ncol]; right, 5" CTTCTCGAGCTGAAGA
CGTACTGT 3’ [XhoI]), Nsp12 (left, 5" CCTCCATGGTTCCACCTACAAGTT
3" [Ncol]; right, 3' CGCCTCGAGTATCCTAAGCATGTT 3’ [Xhol]), Nsp13
(left, 5" CATCCATGGCTCTCTATTACCCA 3’ [Ncol]; right, 5 CCTCTCGA
GTTGTAATGTAGCCAC 3’ [Xhol]); Nsp14 (left, 5" CCACCATGGACAAA
CGTGCAACT 3’ [Ncol]; right, 5 CCTCTCGAGTCGGTACTCATTTGC 3’
[Xhol]), Nsp15 (left, 5" CTTCCATGGTGCCAGAGATTAAG 3’ [Ncol]; right,
5" CGCAAGCTTCACAGAACACACACA 3’ [HindIII]), and Nspl6 (left, 5
CGCCCATGGATTATGGTGAAAATGC 3’ [Ncol]; right, 5" CGCCTCGAG
GTTGTTAACAAGAAT 3’ [Xhol]).

Immunoblot. SARS-CoV infected-cell lysates were generated by infecting
Vero cell monolayers with SARS-CoV (Urbani strain) at a multiplicity of infec-
tion (MOI) of one 50% tissue culture infective dose (TCIDs,) per cell for 24 h
and then lysing cells in NP-40 lysis buffer. Lysates were heated to 65°C for 30 min,
and sodium dodecyl sulfate (SDS) was added to a final concentration of 2%.
Inactivation of virus was confirmed by testing of dilutions of lysates by TCIDs,.
For immunoblot analysis, 20 ul of lysate (equivalent of 2 X 10° cells) was
electrophoresed on 4 to 20% gradient SDS-polyacrylamide gel electrophoresis
(PAGE) gels (Bio-Rad). Proteins were transferred to nitrocellulose (Protran;
Schleicher & Schuell) according to the manufacturer’s recommendations. Mem-
branes were incubated in blocking buffer (5% nonfat dried milk in TBS-Tween
[50 mM Tris, pH 7.6, 150 mM NaCl]) for 1 h at room temperature (RT).
Antibodies were diluted 1:500 in blocking buffer and incubated with the mem-
brane for 1 h at RT. Membranes were washed three times for 15 min at RT with
TBS-Tween. Goat anti-rabbit horseradish peroxidase-conjugated antibodies
(Promega) were diluted 1:2,000 in blocking buffer and incubated with the mem-
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FIG. 1. Predicted SARS-CoV replicase gene organization, mature proteins, and antibodies. The location of the SARS-CoV replicase gene in
the genome is depicted, with ORF1a and ORF1b shown. The protein domains of polyprotein 1a (ppla) and the frameshift-fusion polyprotein lab
(ppla/b) are shown. Protein domains are indicated by vertical bars, by nonstructural protein number (nsp), and by activities or putative or known
functions. The processing of the replicase polyprotein is mediated by two proteinases, the PLP and the 3CL-pro. Black rectangles below proteins
indicate regions cloned and expressed as proteins for induction of antibodies (numbers 231 to 265).

brane for 1 h at RT. Membranes were washed three times for 15 min at RT with
TBS-Tween. Antibody label was detected by chemiluminescence using Lumi-
Light (Roche) as per the manufacturer’s instructions.

Immunofluorescence. Replicate Vero cell monolayers on glass coverslips were
infected with SARS-CoV at an MOI of one TCIDs/cell. Inoculum was removed
at 1 h p.i. and replaced with fresh OptiPRO serum-free medium. At the indicated
times p.i., cells were fixed and permeablized by addition of —20°C 100% meth-
anol. Virus inactivation was confirmed by incubation of coverslips in medium on
monolayers of fresh Vero cells. For immunofluorescence, cells were rehydrated
in phosphate-buffered saline (PBS) containing 5% bovine serum albumin (BSA).
The primary antibody was diluted 1:500 (except MHV Pol [VU145, used at
1:1,000]) in PBS-2% goat serum-0.05% NP-40-1% BSA. Antibodies were al-
lowed to adsorb for 1 h at RT and then washed two times with PBS-0.05%
NP-40-1% BSA. Cells were then incubated for 1 h at RT with a 1:1,000 dilution
of anti-rabbit secondary antibodies conjugated to Alexa 488 (Molecular Probes,
Eugene, Ore.). Cells were washed twice with PBS-0.05% NP-40-1% BSA and
then once with PBS prior to being rinsed in deionized H,O and mounted onto
glass slides with Aquapolymount (Polysciences, Inc.). Images were acquired on a
Zeiss 510 LSM microscope using a X40, oil immersion lens and a 488-nm
krypton-argon laser for excitation. All immunofluorescence infection and label-
ing experiments were performed at least three times.

SARS-CoV growth in Vero Cells. In two independent experiments, plates of
Vero cells were infected at an MOI of 1 TCIDs/cell. The inoculum was allowed
to adsorb to cells for 1 h at 37°C. Inoculum was removed, and cells were washed
three times with prewarmed medium. Medium samples were obtained at 0, 1, 3,
6, 12, and 24 h p.i. Samples were serially diluted, and titers were determined in
quadruplicate on Vero cell monolayers by TCIDs,.

Comparison of SARS-CoV and MHYV replicase protein. Deduced amino acid
sequences from the replicase genes of SARS-CoV and MHV were compared
using pairwise alignment in MacVector (Accelrys) with a Blosum 30 matrix, an
open gap penalty of 10, and an extend gap penalty of 0.1 in ClustalW alignment.
Sequences of predicted mature proteins were based on published bioinformatics
analysis (29, 32).

RESULTS

Generation of antibodies to predicted mature SARS-CoV
replicase proteins. Comparison of the SARS-CoV deduced
replicase polyprotein with known coronavirus cleavage sites,
processing steps, and mature replicase proteins has led to pre-
dicted models of polyprotein processing (Fig. 1) (29). These
putative cleavage sites were used as a template for cloning and
expression of the predicted mature SARS-CoV replicase pro-
teins to generate specific antibodies in rabbits (Table 1). Pub-
lished bioinformatic analyses predicted the first polyprotein
cleavage site (CS1) at 150G | A;s; (32). However, a 3-amino-
acid (aa) sequence identical to MHV CS1 (,,,RG | V,,5) sug-
gested a possible additional or alternative cleaveage site. Thus,
the recombinant expressed protein for generation of anti-nspl
antibody incorporated aa 1 to 228.

The antigenic regions expressed for generation of antibodies
to the remaining replicase proteins were based on predicted
cleavage sites (29, 32). When possible, the entire predicted
mature protein of interest was expressed as an antigen for
antibody production. For proteins with a predicted molecular
mass of >30 kDa or for proteins whose full-length expression
in Escherichia coli was toxic, fragments containing predicted
antigenic regions were generated. In this report we have stud-
ied antibodies against nsp1, -2, -3, -4, -5, -8, -9, -12, -13, -14, -15,
and -16. Proteins and antibodies against nsp6, -7, and -10 have
been generated but not yet tested (data not shown).

Detection of ORF1a mature protein products by immuno-
blotting and immunofluorescence. To determine the identity
and intracellular localization of ORFla-encoded mature rep-
licase proteins, antibodies against nsp1, nsp2, nsp3, nsp4, nsp5,
nsp8, and nsp9 were used in immunoblot and immunofluores-
cence experiments. When lysates from SARS-CoV-infected
Vero cells at 24 h p.i. were probed by immunoblotting, the
anti-nspl antibody detected a 20-kDa protein in infected cells
(Fig. 2). This is identical to the predicted mass for the nspl
protein cleaved at 5G| A, whereas cleavage at
2,7RG | V,,5 would predict a protein of 25 kDa. The anti-nsp1
serum also detected a discrete band of 35 kDa, as well as a
more diffuse signal between 50 and 160 kDa. The identity of
these additional bands is unknown, but they may represent
oligomers of nspl. Proteins were not detected in the mock-
infected cells or in infected cells probed with preimmune se-
rum from the same animal, indicating that the additional bands
detected in infected-cell lysates were not nonspecifically de-
tected viral or cellular proteins.

The anti-nsp2 antibody detected a 70-kDa protein, consis-
tent with the predicted size of nsp2 cleaved at ,5,G | A;g; and
5150 | Ago. A protein with a molecular mass of ~48 kDa was
also detected from infected-cell lysates, although with less in-
tensity than the 70-kDa product. Whether this represents a
processing or degradation product of nsp2 could not be re-
solved by immunoblotting (Fig. 2). The anti-nsp3 antibody
detected a protein of 213 kDa from infected-cell lysates, con-
sistent with the predicted size of a protein spanning g,,A to
G,,40- No immunoreactivity was detected from mock-infected
lysates or from infected lysates probed with preimmune serum,
demonstrating the specificity of the immune serum (Fig. 2).

The anti-nsp4 antibody detected a protein with an observed
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FIG. 2. Identification of ORFla SARS-CoV replicase proteins by
immunoblotting. Lysates of SARS-CoV-infected (I) and mock-in-
fected (M) Vero cells were separated by SDS-PAGE, transferred to
nitrocellulose, and probed with the anti-nspl (a-nspl), -nsp2, -nsp3,
-nsp4, -nsp5, -nsp8 or -nsp9 antibody. Additionally, preimmune
(P) sera from the same rabbits were used to immunoblot infected-cell
lysates. Marker proteins are to the left of the blots, and observed
masses of specific products are to the right of the blots.

mass of 35 kDa, compared with a predicted size of 55 kDa
based on a putative cleavage at ,,,0G | K,4; and 55,0Q | Sz4;
(Fig. 2). nsp4 predominantly contains hydrophobic amino ac-
ids, similar to the MHV MP1 protein, which, despite a pre-
dicted mass of 56 kDa, has an observed molecular mass of 44
kDa (17). The anti-nsp5 antibody, directed against the 3CLpro
of SARS-CoV, detected a 30-kDa protein in infected-cell ly-
sates but did not detect any proteins in mock-infected cells or
in infected cells probed with preimmune serum (Fig. 2). The
anti-nsp8 antibody predominantly detected a 22-kDa protein
but also detected a protein of ~15 kDa from infected lysates.
nsp8 has been predicted to be cleaved from the replicase
polyprotein at 55,0Q |, Asg50 and 4;,,Q | Ny, ;5 and have a mass
of 22 kDa. The anti-nsp9 antibody detected a protein with mass
of 12 kDa, consistent with a protein spanning ,;;sN to Q5
(Fig. 2). The MHV proteins analogous to nsp8 and nsp9 (p22
and p12) are detected in an intermediate precursor with a mass
of 150 kDa (26). Neither the anti-nsp8 nor anti-nsp9 antibodies
detected a precursor of this size by immunoblotting, suggesting
either that the majority of the nsp8 and nsp9 proteins in a
SARS-CoV-infected cell are cleaved and the analogous pre-
cursor was not present or that precursors could not be recog-
nized by these antibodies in immunoblotting.

To determine the intracellular localization of SARS-CoV
ORFIla replicase proteins, the anti-nsp1, anti-nsp2, anti-nsp3,
anti-nsp4, anti-nsp8, and anti-nsp9 antibodies were used in
immunofluorescence assays (Fig. 3). Vero cells cultured on

J. VIROL.

glass coverslips were mock infected or infected with SARS-
CoV at an MOI of one TCIDsg/cell for 12 h, followed by
fixation with —20°C methanol and processing for immunoflu-
orescence. When infected cells were stained with preimmune
sera and mock-infected cells were stained with immune sera,
low-level, diffuse, background fluorescence was observed in all
cells (Fig. 3, columns 3 and 4). In contrast, when SARS-CoV-
infected Vero cells were stained with immune sera against
ORFla proteins, discrete cytoplasmic foci of bright fluores-
cence were observed (Fig. 3, column 1). The cytoplasmic foci
of fluorescence were both perinuclear and distributed through-
out the cytoplasm. When infected-cell monolayers were im-
aged at higher magnification, the cytoplasmic foci resolved into
discrete, small structures characteristic of endoplasmic reticu-
lum (ER) or small vesicles (Fig. 3, column 2). With the anti-
nsp4 antibody, fluorescence signal also was detected in the
nucleoli of infected cells in addition to the cytoplasmic foci.
Such nucleolar localization has not been observed for the or-
thologous MHYV protein (MP1). However, anti-nsp4 did detect
only a single protein by immunoblotting, and the nucleolar
fluorescence was observed only in infected cells with immune
serum. Nevertheless, it will be important to use multiple anti-
bodies from different species and different detection ap-
proaches before the localization of nsp4 to nucleoli can be
concluded.

Replicase proteins can be detected early in infection and
prior to increases in virus yield. To determine the timing of
replicase protein expression, SARS-CoV-infected Vero cells
on replicate coverslips were fixed at 3, 6, 9, 12, and 24 h p.i. and
stained with anti-nspl antibody (Fig. 4A). No specific nspl
fluorescence was detected at 3 h p.i., but at 6, 9, 12, and 24 h
p-i., perinuclear and cytoplasmic foci were readily detected. At
6 h p.i., nearly all Vero cells stained for nspl, demonstrating
the synthesis and targeting of nsp1 early in infection. By 12 and
24 h p.i., more intense, widespread, and in some cases diffuse
fluorescence was observed, suggesting a possible change in the
distribution or accumulation of nsp1 or degradation of specific
foci at later times of infection.

To determine the relationship of the timing of replicase
protein detection to that of virus release, a growth assay was
performed (Fig. 4B). When Vero cells were infected at an
MOI of 1.0 TCIDs, per cell and analyzed for supernatant virus
at different times postinfection, the maximal rates of virus
production were from 9 to 12 h p.i. This exponential release of
virus therefore occurred 3 to 6 h after the first detection of
nspl by immunofluorescence. Interestingly, this experiment
also demonstrated that with standard Vero cells, the single-
cycle growth of SARS-CoV was very similar to that of MHV in
culture, and the results were in apparent contrast to those in
the study by Yount et al., showing exponential virus production
and peak yields between 24 and 48 h p.i (37), using the same
virus strain (Urbani) and cells. However, in the study of Yount
et al., an MOI of 0.1 PFU per cell was used for infection, and
the results therefore likely reflect multiple rounds of infection.
In any case, the comparison of immunofluorescence detection
and virus growth in our study strongly suggests a SARS-CoV
growth cycle similar to that of MHV and shows that replicase
proteins can be readily detected before increases in virus yield.

Identification of ORF1b replicase proteins by immunoblot-
ting and immunofluorescence. Having shown that ORF1a pro-
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FIG. 3. Localization of SARS-CoV ORF1la replicase proteins in Vero cells. Vero cells on glass coverslips were infected with SARS-CoV or
were mock infected for 12 h prior to fixation with methanol. Cells were incubated with the indicated antibodies (e.g., anti-nspl [a-nsp1]) and a
secondary Alexa 488 and imaged by indirect fluorescent-antibody assay, using a Zeiss 510 confocal microscope as described in Materials and
Methods. Images in the second column were obtained at higher magnification to show single-cell details of fluorescence labeling.

teins were detectable by immunoblot and immunofluorescence
analysis, we next generated antibodies against the putative
mature ORF1b proteins, nspl2, nsp13, nspl4, nspl5, and
nspl6. Expression of ORF1b proteins requires a —1 ribosomal

frameshift at the 5’ end of ORF1b. This frameshift has been
predicted to be ~30% efficient for other coronaviruses (6, 7).
To determine the expression pattern of the ORF1b proteins,
we performed immunoblot and immunofluorescence experi-
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FIG. 4. (A) Time course of nsp1 detection. Vero cells were infected
with SARS-CoV, fixed at 3, 6, 9, 12, and 24 h p.i., and labeled with
anti-nspl antibodies. No specific signal was observed at 3 h p.i. (not
shown). (B) Single-cycle growth of SARS-CoV growth in Vero cells.
Vero cell monolayers were infected with SARS-CoV at an MOI of one
TCIDs/cell, and samples of medium were obtained at times indicated
postinfection and assayed by TCIDs,. Error bars indicate standard
deviations of four measurements in each of two independent experi-
ments.

ments in SARS-CoV-infected Vero cells. The anti-nsp12 anti-
body, directed against the putative RNA-dependent RNA Pol,
detected a single protein with an observed mass of 106 kDa,
identical to the predicted mass of a protein cleaved at
1369Q ¥ Sa370 and 530,Q | Asso, (Fig. 5A). The anti-nsp13 an-
tibody, directed against the RNA helicase, predominantly de-
tected a protein with an observed mass of 67 kDa, consistent
with cleavage at 535,Q | Aszp, and s90,Q | Asogs, but to a lesser
extent also detected proteins of 22 and 15 kDa (Fig. 5A). The
nspl4 protein has been reported to have distant homology with
a cellular 3'-to-5" exonuclease of the DEDD superfamily (29).

J. VIROL.

The anti-nsp14 antibody detected a protein of 60 kDa, identi-
cal to the size predicted by analysis of the deduced amino acid
sequence. A protein band of 38 kDa was also detected from
infected-cell lysates with anti-nsp14 antisera, but neither the
38-kDa nor 60-kDa proteins were detected in mock-infected
cells or in infected cells probed with preimmune serum (Fig.
5A). The anti-nsp15 antibody detected a 38-kDa protein from
infected-cell lysates and, to a lesser extent, several proteins of
lower molecular mass. The nsp15 protein is predicted to have
a mass of 38 kDa and has been reported to have domains of a
poly(U)-specific endoribonuclease (29) (Fig. 5A). The anti-
nspl6 antibody strongly detected a 33-kDa protein in infected
cells as well as some proteins of larger molecular masses (ap-
proximately 49 kDa, 60 kDa, and several proteins of >110
kDa) (Fig. 5A). Whether any of these proteins represent po-
tential nsp16 precursors could not be determined by immuno-
blot analysis.

The anti-nsp12, -13, -14, -15, and -16 antibodies were next
tested in immunofluorescence experiments to determine the
subcellular localization of the proteins expressed from ORF1b.
In these initial studies, only the nspl3 antibody stained in-
fected cells. At 12 h p.i., nsp13 was detected exclusively in the
cytoplasm in bright foci that were predominantly perinuclear
but also had foci throughout the cytoplasm, similar to the
localizations demonstrated for the ORFla-expressed proteins.
Fluorescence was not detected in mock-infected cells or in
infected cells probed with preimmune serum, demonstrating
the specificity of the antibody in this assay (Fig. 5B). The
remaining ORF1b protein antibodies (anti-nsp12, anti-nsp14,
anti-nspl5, and anti-nspl6) did not strongly stain infected
Vero cells for immunofluorescence; however, they were de-
tected equivalently to nsp13 in immunoblot analysis, suggest-
ing that protein abundance is not the reason for the lack of
detection.

SARS-CoV replicase proteins colocalize with each other and
with a marker for autophagic membranes. All SARS-CoV
anti-replicase antibodies detected similar punctate cytoplasmic
complexes by immunofluorescence analysis. In MHV-infected
cells, all tested replicase proteins have been shown to colocal-
ize to cytoplasmic replication complexes that are also sites of
viral RNA synthesis and that are established on double-mem-
brane vesicles likely derived by induction and usurpation of
pathways of cellular autophagy (8, 16, 24, 34). Recent ultra-
structural studies of SARS-CoV-infected cells have shown the
presence of double-membrane vesicles as well (14). To deter-
mine if SARS-CoV replicase proteins colocalized with each
other, guinea pig anti-nsp8 antibodies were used in dual-label-
ing experiments with anti-nsp2 and anti-nsp3 (Fig. 6). Dual
labeling with anti-nsp8 and anti-nsp2 in SARS-CoV-infected
Vero cells at 6 h p.i. demonstrated readily detectable punctate
foci with both antibodies. The signals showed colocalization of
nsp8 and nsp2 in all cells where specific signal was detected
(Fig. 6C). Similarly, nsp8 and nsp3 were detected in punctate
foci with colocalization of signal (Fig. 6A and B). These results
corroborated the early detection of replicase proteins observed
with nspl and demonstrated that the patterns seen with dif-
ferent replicase antibodies actually represented the same com-
plexes. The results suggest that like MHV, the SARS-CoV
replicase complexes all localize to cytoplasmic complexes that
are sites for viral RNA synthesis.
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FIG. 5. Identification of ORF1b SARS-CoV replicase proteins by immunoblotting and immunofluorescence. (A) Lysates of SARS-CoV-
infected (I) and mock-infected (M) cells were separated by SDS-PAGE, transferred to nitrocellulose, and probed with the anti-nsp12 (a-nsp12),
-nsp13, -nsp14, -nsp15, or -nsp16 antibody. Additionally, preimmune (P) sera were used to probe blots. Mass markers are to the left of the blots,
and observed masses of specific proteins are to the right of the blots. (B) Vero cells were infected with SARS-CoV or were mock infected for 12 h
prior to fixation with methanol. Cells were labeled with the anti-nsp13 antibody and imaged as described in Materials and Methods. The second
column is the image obtained at increased magnification to show detail of the fluorescence image.

When SARS-CoV-infected Vero cells were dually labeled
for nsp8 and the protein marker for autophagic vacuoles, mi-
crotubule-associated protein LC3 (kindly provided by Tamotsu
Yoshimori and Noboru Mizushima) (24), LC3 was identified
both in large discrete foci and in smaller and distributed foci,
consistent with an ER distribution and similar to the pattern
seen in MHV-infected DBT cells. In mock-infected Vero cells,
only the small distributed foci were observed (data not shown).
Dual labeling with anti-nsp8 demonstrated nsp8 in large dis-
crete foci that colocalized with LC3, while the more distributed
small foci of LC3 did not colocalize with nsp8 (Fig. 6D). This
pattern indicates that nsp8 and likely other replicase proteins
localize to a subset of LC3-positive membranes, possibly de-
rived from ER by autophagy or autophagy-like processes.

Conservation of replicase protein epitopes between SARS-
CoV and MHYV. The predicted organization and mature prod-
ucts of the SARS-CoV replicase polyproteins resembles that of
the group 2 coronaviruses, such as MHV (29). The deduced
amino acid sequences of mature replicase proteins of SARS-
CoV and MHV were compared using a Clustal-W analysis
(MacVector). Overall, ORFla had 48% identical or similar
residues, while ORF1b had 78% identical or similar residues.
Increasing similarity was predicted near the carboxy terminus

of ORFla and throughout ORF1b. The strongest similarity
was found in the RNA-dependent RNA Pol (80%) and RNA
helicase (83%). In contrast, comparison of SARS-CoV and
MHYV structural proteins spike, membrane protein, and nu-
cleocapsid predicted 32, 19, and 37% similarity. To determine
if predicted similarity between replicase proteins of SARS-
CoV and MHYV proteins was reflected in their antigenic spec-
ificity, antibodies generated against the putative MHV RNA-
dependent RNA Pol (ortholog of SARS-CoV nspl2), and
against MHYV virions were used in immunoblot and immuno-
fluorescence assays in SARS-CoV-infected Vero cells. The
MHY anti-Pol antibodies detected a protein with an observed
mass of 106 kDa in SARS-CoV-infected lysates (Fig. 7A),
identical to the predicted mass (106 kDa) of the putative RNA-
dependent RNA polymerase (nsp12 Pol). The protein was not
detected by preimmune serum or in mock-infected cells by
anti-Pol, demonstrating the specificity of the detection. The
anti-MHV antibodies detect the MHV structural proteins
spike, membrane protein, and nucleocapsid (11). In lysates of
SARS-CoV-infected Vero cells, the MHV antiserum detected
only a 50-kDa protein, corresponding to the predicted size of
the SARS-CoV nucleocapsid protein (Fig. 7A). This result was
interesting because SARS-CoV and MHV nucleocapsid pro-
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FIG. 6. Colocalization of replicase proteins and cellular proteins in
SARS-CoV-infected Vero Cells. Vero cells on glass coverslips were
infected with SARS-CoV (Urbani strain) at an MOI of 1.0 TCIDs, per
cell. At 6 h p.i., cells were fixed with 100% methanol and processed for
dual labeling using guinea pig anti-nsp8 (red, Alexa 546 in all panels)
and rabbit anti-nsp3, anti-nsp 2, or anti-LC3 (green, Alexa 488).
(A) Colocalization of nsp8 (red) and nsp3 (green). (B) Magnification
of panel A cells (white outline) to show single-cell detail. (C) Colo-
calization of nsp8 (red) and nsp2 (green). (D) Colocalization of nsp8
(red) and LC3 (green). See the text for details. The merged column
shows colocalization of red and green signal as yellow pixels. Images
were obtained on a Zeiss LSM 510 confocal microscope.

teins share only 37% amino acid identity; however, this protein
was not detected when the membrane was probed with preim-
mune serum or when mock-infected cells were probed with
anti-MHYV, suggesting that the detected protein was the SARS-
CoV nucleocapsid protein (Fig. 7A).

When SARS-CoV-infected Vero cells on coverslips were
stained with the MHYV antibodies, no fluorescence was detected
in mock-infected cells or with preimmune sera. In contrast, the
anti-MHV and MHYV anti-Pol antibodies specifically stained
SARS-CoV-infected Vero cells in punctate perinuclear and cyto-
plasmic foci (Fig. 7B). More diffuse fluorescence also was ob-
served throughout the monolayer with the MHV antisera, similar
to the pattern of SARS-CoV antibody labeling at 24 h p.i. To-
gether, the immunoblot and immunofluorescence results suggest
epitope conservation between the putative Pol and nucleocapsid
proteins of SARS-CoV and MHV and suggest that antibodies
against replicase proteins of MHV and SARS-CoV may be useful
in studies of protein structure and function.

DISCUSSION

The results in this report demonstrate identification of 12 of
the 16 predicted mature SARS-CoV replicase proteins by im-

J. VIROL.
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FIG. 7. MHV antibodies detect SARS-CoV proteins. (A) Identifi-
cation of replicase proteins by immunoblotting. SARS-CoV-infected
(I) and mock-infected (M) cell lysates were separated by SDS-PAGE,
transferred to nitrocellulose, and labeled with anti-MHV (a-MHV) or
MHYV anti-Pol («a-Pol) antibody. Additionally, preimmune (P) sera
were used to label blots. Mass markers are to the left, and masses of
specific proteins are given to the right of the blots. (B) Antibodies
against MHV-Pol and MHV were used to label SARS-CoV-infected
or mock-infected Vero cells by immunofluorescence. Infected Vero
cells were stained with immune sera. Fluorescence was not detected in
mock-infected cells with immune sera or in infected cells stained with
preimmune sera.

munofluorescence, immunoblotting, or both, using antibodies
directed against both SARS-CoV and MHV replicase proteins.
All replicase proteins identified in immunoblot experiments,
with the exception of the highly hydrophobic nsp4, had ob-
served masses consistent with the predicted masses of mature
proteins cleaved from the polyprotein. The identities of the
additional protein bands recognized by several antisera have
not been determined, but their detection only from infected-
cell lysates probed with immune serum suggests the possibility
of intermediate precursors, oligomers, or alternative cleavage
events. Metabolic labeling and pulse-chase experiments will be
required define precursor/product relationships among the
proteins.

The first SARS-CoV polyprotein cleavage site is predicted
to be PLP-mediated cleavage of CS1 at the carboxy terminus of
nspl (29, 32). However, the SARS-CoV nspl contains two
putative cleavage sites, at ;50G | A g; and at ,,,G | V,,g, yield-
ing predicted proteins of 20 and 25 kDa, respectively. The
180G | A, cleavage site was predicted based on its homology
to PLP2 cleavage sites in bovine coronavirus, while the
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227G | Vg site matches the CS1 from MHV (32). SARS-CoV
appears to encode only one PLP, which has similarity to PLP2
of other coronaviruses, and the protein identified in SARS-
CoV-infected cells was observed to be 20 kDa in mass. Thus,
the results in this report support the hypothesis that the first
cleavage of the replicase polyprotein occurs at ;5,G | A g, and
provide further evidence that the SARS-CoV-encoded PLP
has substrate specificity most closely matching that of PLP2
from other coronaviruses.

The nsp4 protein was predicted to have a mass of 55 kDa but
was observed to have a mass of 35 kDa on SDS-polyacrylamide
gels. nsp4 is composed almost exclusively of hydrophobic
amino acids and thus may migrate aberrantly on SDS-poly-
acrylamide gels, similar to the MP1 protein of MHV, which has
a predicted mass of 56 kDa but an observed mass of 44 kDa on
SDS-polyacrylamide gels. Direct sequencing of the termini of
nsp4 will be required for identification of the terminal residues
and confirmation of the amino- and carboxy-terminal cleavage
sites.

The replicase proteins detected in immunofluorescence as-
says all displayed similar patterns of localization to discrete
cytoplasmic and perinuclear complexes, suggesting that these
proteins may form multiprotein cytoplasmic complexes. Stud-
ies with MHV have demonstrated that all mature replicase
proteins tested colocalize in cytoplasmic complexes that are
the sites of RNA transcription and replication (2, 4, 8, 11, 16,
28, 34). The high level of conservation between SARS-CoV
and MHYV in significant stretches of the replicase polyprotein
suggests that the organization of the SARS-CoV replication
complexes will have a structure similar to those of MHV and
should colocalize with newly synthesized viral RNA. The dem-
onstration that SARS-CoV nsp8 colocalized with nsp2 and
nsp3 strongly supports this prediction. In addition, almost all
nsp8 signal colocalized with the autophagy marker protein,
LC3. The labeling pattern of LC3 in Vero cells was very similar
to that seen in murine DBT cells, with constitutive ER-like
distribution in mock-infected cells (not shown) and the detec-
tion of larger, punctate complexes in virus-infected cells (24).
nsp8 colocalized to the larger discrete foci of LC3-positive
membranes. This result is consistent with the finding of exten-
sive double-membrane vesicles both in SARS-CoV-infected
Vero cells in culture and in pathology specimens from patients
(14) and suggests that SARS-CoV may share with MHV and
possibly other coronaviruses the strategy of induction and use
of pathways of cellular autophagy for formation of replication
complexes on double-membrane vesicles.

SARS-CoV replicase proteins were detected by 6 h p.i,
prior to exponential increases in supernatant virus. MHYV rep-
licase protein and virus release have been detected at times
very similar to those described here for SARS-CoV (2, 4, 5, 11,
28), but early detection of SARS-CoV-infected cells by numer-
ous replicase antibodies was interesting, since most studies of
SARS-CoV replication published to date have focused on
measurements of titer of virus from 24 to 48 h p.i. In this study,
time points between 3 and 6 h p.i. were not used, so it is
possible that replicase proteins could be detected earlier than
6 h p.i. Furthermore, the detection of SARS-CoV nsp12 (Pol)
by MHV anti-Pol antibody demonstrates antigenic conserva-
tion between Pol proteins of SARS-CoV and MHV. Surpris-
ingly, this was also true for nucleocapsid, despite limited amino
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acid similarity overall. These results suggest that replicase an-
tibodies may be useful tools both for studies of SARS-CoV
replication and pathogenesis and as approaches to early de-
tection of infected cells. Since there are both highly divergent
and highly conserved domains of the replicase gene, it may be
possible to identify panels of antibodies that are virus specific
and others that are group specific or even broadly useful in
detecting multiple coronaviruses. The recent identification of
additional novel human coronaviruses and the likelihood of
identifying more suggest that differentiating SARS-CoV infec-
tion from that from other coronaviruses may be important in
any future outbreaks of coronavirus-associated illness (13, 33,
35).
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