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Gene 1 of the coronavirus associated with severe acute respiratory syndrome (SARS) encodes replicase poly-
proteins that are predicted to be processed into 16 nonstructural proteins (nsps 1 to 16) by two viral proteases,
a papain-like protease (PLpro) and a 3C-like protease (3CLpro). Here, we identify SARS coronavirus amino-
terminal replicase products nspl, nsp2, and nsp3 and describe frans-cleavage assays that characterize the
protease activity required to generate these products. We generated polyclonal antisera to glutathione S-
transferase-replicase fusion proteins and used the antisera to detect replicase intermediates and products in
pulse-chase experiments. We found that nspl (p20) is rapidly processed from the replicase polyprotein. In
contrast, processing at the nsp2/3 site is less efficient, since a ~300-kDa intermediate (NSP2-3) is detected, but
ultimately nsp2 (p71) and nsp3 (p213) are generated. We found that SARS coronavirus replicase products can
be detected by 4 h postinfection in the cytoplasm of infected cells and that nsps 1 to 3 colocalize with newly
synthesized viral RNA in punctate, perinuclear sites consistent with their predicted role in viral RNA synthesis.
To determine if PLpro is responsible for processing these products, we cloned and expressed the PLpro domain
and the predicted substrates and established PLpro trans-cleavage assays. We found that the PLpro domain is
sufficient for processing the predicted nsp1/2 and nsp2/3 sites. Interestingly, expression of an extended region
of PLpro that includes the downstream hydrophobic domain was required for processing at the predicted
nsp3/4 site. We found that the hydrophobic domain is inserted into membranes and that the lumenal domain
is glycosylated at asparagine residues 2249 and 2252. Thus, the hydrophobic domain may anchor the repli-
cation complex to intracellular membranes. These studies revealed that PLpro can cleave in trans at the three

predicted cleavage sites and that it requires membrane association to process the nsp3/4 cleavage site.

During the spring of 2003, in an unprecedented, rapid re-
sponse to a mysterious respiratory illness, teams of scientists
assembled by the World Health Organization identified a
novel coronavirus as the cause of severe acute respiratory
syndrome (SARS) (15, 16, 23, 24, 31). Coronaviruses are en-
veloped viruses that contain a large (27 to 32 kb) positive-
strand RNA genome (reviewed in Lai and Holmes [17]). Cur-
rently, there are no effective vaccines or antiviral drugs to
inhibit SARS coronavirus replication and pathogenesis. There-
fore, the rapid identification of targets for the development of
antiviral drugs is a high priority. Here, we describe the activity
of one such target, the SARS coronavirus papain-like protease
(PLpro), which is predicted to process the amino-terminal
region of the replicase polyprotein during assembly of the viral
replication complex.

SARS coronavirus replicates in the cytoplasm of the infected
cell. The 5'-most 21 kb of the ~29.7-kb viral genomic RNA is
translated to produce two replicase polyproteins, termed ppla
and pplab (20, 24). ppla is a ~486-kDa polyprotein that is
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predicted to contain a papain-like protease (PLpro), a picor-
navirus 3C-like protease (3CLpro), two putative membrane
proteins, MP1 (nsp4) and MP2 (nsp6), and several additional
products of unknown function. pplab (=790 kDa) is generated
by ribosomal frameshifting and extends the ppla product to
include open reading frame (ORF) 1b, which contains the
helicase domain (nsp13) (11) and predicted core RNA poly-
merase (nsp12), exonuclease (nsp14), endoribonuclease (nsp15),
and methyltransferase (nspl6) activities (26). The ppla and
pplab polyproteins are predicted to be processed to generate
16 protein products (termed nonstructural proteins nspl to
nspl6) which are predicted to assemble into a membrane-
associated viral replication complex (28-30).

For the murine coronavirus mouse hepatitis virus, we
showed that replicase products localize in double-membrane
vesicles and that these vesicles are the sites of viral RNA
synthesis (7). Furthermore, Kim and coworkers showed that
the addition of cysteine protease inhibitor E64d to mouse
hepatitis virus-infected cells blocked proteolytic processing and
synthesis of viral RNA (14). Proteolytic processing of the coro-
navirus replicase polyproteins is essential for ongoing viral
RNA synthesis. Therefore, the SARS coronavirus proteases
are attractive targets for the development of antiviral drugs to
reduce viral replication and pathogenicity. The structure and
activity of the coronavirus 3CLpro have already been eluci-
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dated, and efforts to design inhibitors to 3CLpro are under way
(1, 30, 32). Regarding SARS coronavirus PLpro, Thiel and
coworkers demonstrated protease activity at the putative ppla
nsp2/3 cleavage site (30), but analysis of two other predicted
cleavage sites and the identification of critical determinants
recognized by this protease have not yet been done.

Here, we identify SARS coronavirus replicase products
nspl, nsp2, and nsp3 and describe trans-cleavage assays that
characterize the protease activity required to generate these
products. SARS coronavirus replicase products can be de-
tected as early as 4 h postinfection and accumulate in punctate,
perinuclear sites in infected cells. We found that PLpro cleaves
the three predicted cleavage sites but with different kinetics
and cofactors. We show that nspl (p20) is rapidly processed
from the replicase polyprotein. In contrast, processing at the
nsp2/3 site is less efficient, since a ~300-kDa intermediate
(NSP2-3) is detected, and the intermediate is ultimately pro-
cessed to generate nsp2 (p71) and nsp3 (p213). By expressing
the SARS coronavirus PLpro and the predicted substrates, we
found that the PLpro domain alone is sufficient to process the
predicted nsp1/2 and nsp2/3 sites. In contrast, we found that
the expression of an extended region of PLpro that included
the downstream hydrophobic domain was required for process-
ing at the predicted nsp3/4 site. These results indicate that
sequences downstream of the catalytic domain are important
for facilitating PLpro-mediated processing at the nsp3/4 cleav-
age site.

MATERIALS AND METHODS

Virus and cells. The Urbani strain of SARS-associated coronavirus was used
in all experiments (15). All work with infectious SARS coronavirus was per-
formed inside a biosafety cabinet in the biosafety containment level 3 facilities at
the Centers for Disease Control and Prevention, Atlanta, Ga. The SARS coro-
navirus was propagated in Vero E6 cells maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, Grand Island, N.Y.) supplemented with
penicillin and streptomycin (Invitrogen) and 10% heat-inactivated fetal bovine
serum (HyClone, Logan, Utah).

The 50% tissue culture infectious dose (TCIDs,) of the SARS coronavirus
stock was determined by serially diluting the SARS coronavirus stock 1:10 per
dilution and infecting eight wells per dilution of Vero E6 cells in a 96-well plate.
Four days postinfection, the supernatant was removed, the cells were washed
twice with phosphate-buffered saline (PBS) and stained with 2 ml of crystal violet
working solution (stock solution: 10% formaldehyde, 1.3 g of crystal violet
dissolved in 50 ml of methanol, in a final volume of 1 liter with distilled water; the
stock solution is diluted 1:1 in PBS to generate the working solution) for 1 h.
After staining, the cells were washed twice with PBS and allowed to air dry. The
wells were inspected for virus-induced cytopathic effect and the TCIDs, was
calculated with the Karber method (8).

Generation of SARS coronavirus antireplicase sera. Three regions (R1, amino
acids 2 to 178; R2, amino acids 183 to 457; and R3, amino acids 1463 to 1746)
were targeted for the development of antireplicase antisera (Fig. 1). The R1, R2,
and R3 regions were generated by reverse transcription-PCR (RT-PCR) from
SARS coronavirus RNA with the primers listed in Table 1, according to the
manufacturer’s instructions (Superscript RT-PCR for long templates; Invitro-
gen). The SARS coronavirus RNA was kindly provided to S.C.B. by the SARS
Working Group at the Centers for Disease Control. PCR products were digested
with appropriate restriction enzymes, ligated in-frame into the pGEX-5X-1 vec-
tor (Amersham Pharmacia Biotech), and transformed into Escherichia coli. The
fusion proteins were induced, purified, and injected into rabbits for the genera-
tion of polyclonal antibodies as previously described (12, 25).

Radioimmunoprecipitation assays. Vero E6 cells (=6 X 10* cells/well in a
six-well plate) were infected with ~1.3 X 10* TCIDs, of SARS coronavirus
Urbani. For the pulse-chase experiments, the supernatant was removed at 20.5 h
postinfection, the cells were washed once with PBS, and methionine-free DMEM
(ICN Biomedicals, Inc., Aurora, Ohio) was added to the cells for 1 h. At 21.5 h
postinfection, 100 p.Ci of 3*S-labeled methionine (ICN Biomedicals, Inc.) was
added to each well for 30 min. At 22 h postinfection, the radiolabel was removed,
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the cells were washed twice with PBS, and DMEM supplemented with penicillin
and streptomycin and 10% heat-inactivated fetal bovine serum was added to the
wells. One set of cells was immediately harvested as the time zero sample, and
subsequently cells were harvested 30, 60, 90, and 120 min after the unlabeled
chase was added. The cells were harvested by adding 300 .l of lysis buffer A (4%
sodium dodecyl sulfate, 3% dithiothreitol, 40% glycerol, 0.065 M Tris-HCI, pH
6.8, and 0.01% bromophenol blue) to each well. The cells were then scraped
together with a rubber policeman, and the lysate was passed through a 25-gauge
needle to shear the DNA. The lysates were either used directly for immunopre-
cipitation assays or stored at —70°C for future studies.

To immunoprecipitate radiolabeled proteins, 50 pl of the cell lysate was
diluted in 445 pl of radioimmunoprecipitation assay buffer (RIPA buffer: 0.5%
Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 300 mM NaCl, 4 mM EDTA,
and 50 mM Tris-HCI, pH 7.4), 5 pl of the prebleed rabbit serum was added to
clear the lysate, and the samples were incubated for 45 min at 4°C with rocking.
Following incubation, 30 pl of GammaBind G Sepharose beads (Amersham
Pharmacia Biotech AB, Uppsala, Sweden) were added to each sample and then
rocked for 20 min at 4°C. The beads were then pelleted for 1 min at 5,000 rpm,
and the supernatant was transferred to a new microcentrifuge tube. The desig-
nated antibody (5 pl) was added to each precleared lysate and then processed as
described above. After pelleting the beads, the supernatant was removed, and
the beads were washed twice with 500 pl of RIPA buffer and once with PBS. The
beads were again pelleted, and 20 pl of lysis buffer A was added to each sample
and incubated for 30 min at 37°C. The immunoprecipitated proteins were ana-
lyzed by electrophoresis on SDS-polyacrylamide gels. The gel was then fixed for
45 min in 10% methanol-10% acetic acid in water, treated with Amplify (Am-
ersham Biosciences) for 30 min, dried, and exposed to X-ray film for 1 to 5 days.

Immunofluorescent staining. Vero E6 cells (=4 X 10* cells per chamber) were
plated onto eight-chamber Falcon glass culture slides (Becton Dickinson, Frank-
lin Lakes, N.J.). When the cells were approximately 80 to 90% confluent, the
cells in each chamber were infected with 1,000 TCIDs, of SARS coronavirus
Urbani. Cells were fixed, permeabilized, and stained at 4, 8, 11, 16, 20, and 24 h
postinfection. For fixation and permeabilization of the cells, the medium was
removed, the slides were washed once with PBS, fixed for 10 min with 2%
paraformaldehyde, washed three times with PBS containing 10 mM glycine, and
permeabilized for 10 min in PBS containing 0.1% Triton X-100. The cells were
then washed three times with PBS containing 10 mM glycine, allowed to air dry,
and either used immediately for indirect immunofluorescence assays or stored at
—20°C.

To block nonspecific binding, the fixed cells were treated with blocking solu-
tion (1% bovine serum albumin, 0.5% fetal bovine serum, and 0.1% Tween 20 in
PBS) for 30 min at room temperature. After removal of the blocking solution, 30
wl of anti-R3 serum (1:1,000 dilution in blocking solution) was added to each well
and incubated for 30 min at room temperature in a humidified chamber. The
cells were then washed three times for 1 min with blocking solution. Anti-rabbit
immunoglobulin G (heavy and light chain) Alexa Fluor 488 secondary (Molec-
ular Probes, Eugene, Oreg.) was diluted 1:500 in blocking solution, and 30 .l was
added per well and incubated in the dark for 30 min at room temperature in a
humidified chamber. The wells were washed three times for 1 min with blocking
solution. For nuclear staining, 30 pl of propidium iodide (diluted 1:5,000 in
blocking solution) was added to each well and incubated for 10 min. The slides
were washed four times with PBS, allowed to air dry, and mounted with Dako
fluorescent mounting medium (Dako Corporation, Carpinteria, Calif.) and cov-
erslips. Cell staining was visualized with a Zeiss Axioskop with an Axiovert
BlueH 485 filter, and pictures were taken with an RT Color Spot charge-coupled
device camera (Diagnostic Instruments, Inc.).

BrUTP labeling and confocal microscopy. Newly synthesized viral RNA was
labeled with 5-bromouridine 5'-triphosphate (BrUTP; Sigma, St Louis, Mo.) as
previously described for mouse hepatitis virus infection (7). Briefly, Vero E6 cells
were added to chamber slides, and when the cells were ~60% confluent, they
were mock infected or infected with 1,000 TCIDs, of SARS coronavirus and
incubated in complete medium. At 20 h postinfection, 5 wg of actinomycin D
(Sigma) per ml was added to the culture medium to block cellular RNA synthe-
sis. At 21 h postinfection, cells were incubated for 1 h with 10 mM BrUTP and
Lipofectamine (Invitrogen) according to the manufacturer’s protocol for plasmid
DNA transfection. Actinomycin D was present during the entire labeling period.
Labeled RNA was visualized by indirect immunofluorescence detection with a
mouse monoclonal antibody (anti-bromodeoxyuridine; Roche) and the second-
ary antibody goat anti-mouse-tetramethylrhodamine isothiocyanate (Jackson Im-
munoResearch Laboratories). The cells were also incubated with anti-R1, anti-
R2, or anti-R3 antibody and anti-rabbit immunoglobulin G (heavy and light
chain) Alexa Fluor 488 secondary antibody to detect SARS coronavirus replicase
products.
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FIG. 1. Identification of SARS coronavirus ORFla intermediate NSP2-3 and products nspl, nsp2, and nsp3 by pulse-chase analysis. (A)
Schematic diagram illustrating the SARS coronavirus open reading frames (ORFs), the predicted processing of polyprotein la (ppla) to
nonstructural protein (nsp) products, and regions used to generate anti-R1, anti-R2, and anti-R3 sera. The papain-like proteinase domain (PLpro),
hydrophobic domain (HD), and picornavirus 3C-like proteinase domain (3CLpro) are designated. (B) Detection of nspl by immunoprecipitation
with anti-R1 serum from SARS coronavirus-infected (I) and mock-infected (M) cells radiolabeled with [>**S]methionine for 60 min from 21 to 22 h
postinfection. For the pulse-chase analysis, SARS coronavirus-infected Vero E6 cells were pulse-labeled with [**S]methionine from 21.5 to 22.0 h
postinfection. The labeling medium was then replaced with complete DMEM. Cells were lysed at the chase times indicated in lanes 3 to 7, and
total lysates were subjected to immunoprecipitation with anti-R1 serum. Products were analyzed on an SDS-12.0% polyacrylamide gel and
subjected to autoradiography. (C) Detection of NSP2-3 intermediate and processed products nsp2 and nsp3 by immunoprecipitation with anti-R2
and anti-R3 sera. SARS coronavirus-infected, radiolabeled cell lysates were prepared as above, and products were analyzed on an SDS-8.0%
polyacrylamide gel and subjected to autoradiography. The positions of molecular size markers are shown on the left of each gel (in kilodaltons).
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TABLE 1. Primers used for amplification or mutagenesis of SARS coronavirus sequences

. . . , na Nucleo- Polari
Purpose Primer Oligonucleotide sequence (5" to 3') tides or chantge
Generation of GST-R1 fusion protein S-5 TTGAATTCGAGAGCCTTGTTCTTGGTG 268-286 Forward
S-6 TTCTCGAGATTGAGCTCACGAGTGAG 781-795 Reverse
Generation of GST-R2 fusion protein S-9 TTGGATCCTCACTCGCTATGTCGACAAC 809-829 Forward
S-10 TTCTCGAGTTCACGACTCAGTATCTC 1618-1635 Reverse
Generation of GST-R3 fusion protein S-3 TTGAATTCAATGGATACCTCACTTC 4651-4667 Forward
S-4 AACTCGAGCATCACAGCTTCTACAC 5486-5502 Reverse
Generation of pPLpro-HD expression SR-1 AAGGATCCGCCATGGAACAAAAACTCATATCAGAAG Forward
construct SR-2 CTCATATCAGAAGAGGATCTGCGGGAGGTTAAGACTATAAA  4882-5001 Forward
SR-4 TAGAATTCTTGTGAGTCTTGCAGAAGCC 7522-7541 Reverse
Generation of pPLpro expression SR-49 AAGGATCCACTATGGAGGTTAAGACTATAAAAG 4884-5003 Forward
construct SR-50 GGCTCGAGAACAATTTAGAAAATTTGGGTGA 6853-6876 Reverse
Generation of pNSP1-3: expression SR-47 GAGGATCCCCTTGTTCTTGGTGTCAACGAG 273-294 Forward
construct SR-48 CCGAATTCCACATAGCGATTGTGAAC 6873-6891 Reverse
SR-60 GGAAGCTTACCATGGATTACAAGGATGAC Forward
SR-61 CCGAATTCCGAACCGTCTGCACGCACAC 3688-3707 Reverse
Generation of pNSP: 3-4 expression SR-51 CCGGATCCATCATGGATGGTTGCACCTC 7393-7412 Forward
construct SR-3 TAGAATTCAGAACAGCAGAAGTGATTGATG 9959-9981 Reverse
Generation of EGFP-HD expression SR-110 TTCTCGAGCTAAATTGTTCACAATCG 6866-6883 Forward
construct SR-111 TTGGATCCCCATATGTAGTAGAAAGAAGC 7357-7377 Reverse
Site-directed mutagenesis” of SR-6 GGGCTGATAACAATGCTTATTTGTCTAGTG 5201-5230 C1651A
pPLpro-HD SR-8 CTGCTAACTTTGCTGCACTCATACTCGC 5315-5342 C1688A
SR-35 GGTAACTATCAGTGTGGTGCTTACACTCATATAAC 5680-5714 HI812A
SR-37 GTGTGGTCATTACACTGCTATAACTGCTAAGGAG 5691-5724 HI815A
SR-39 GAGAATTGTATCTTGCTTCGTCTAACGTTACTAC 6995-7028 N2249A
SR-41 TATCTTAATTCGTCTGCCGTTACTACTATGG 7003-7033 N2251A
Site-directed mutagenesis of SR-20 CTCACTCAAGGGTGCTAAGATTGTTAGTACTT 8469-8500 G2740A

pNSP:3-4

¢ Underlined nucleotides were added for cloning purposes or mutated sequences.

 The sequence of one primer of each complementary primer pair is shown.

Confocal microscopy was performed with a Zeiss LSM 510 laser-scanning
confocal microscope equipped with an argon laser and an HeNe laser and
appropriate filters. The thickness of each digital section obtained by the micro-
scope was 1.5 um. Approximately 100 cells were examined to ensure that the
results were representative. Image analysis was performed with the standard
system-operating software provided with the microscope. Fluorescent images
were superimposed digitally to allow fine comparison. Colocalization of green
(Alexa Fluor 488) and red (tetramethylrhodamine isothiocyanate) signals in a
single pixel produce yellow, while separated signals remain green or red.

Generating SARS pPLpro and substrate expression constructs and site-di-
rected mutations. Constructs expressing the SARS coronavirus replicase coding
regions were generated with specific primers (Table 1) to reverse transcribe and
PCR amplify the designated region from RNA isolated from SARS coronavirus-
infected cells. RT-PCRs were performed with Superscript One-step RT-PCR for
long templates according to the manufacturer’s instructions (Invitrogen). For
some constructs, a second round of PCR was performed to add an ATG start
codon and an epitope tag to the amino-terminal end of the construct. The
amplified products were then digested with appropriate restriction enzymes and
ligated into the corresponding sites in the pcDNA3.1/V5-His expression vector
version B (Stratagene, La Jolla, Calif.). The ligated DNA was transformed into
E. coli XL-1 Blue competent cells according to the manufacturer’s instructions
(Stratagene), except that the bacteria were grown at 25°C. To generate specific
mutations in the catalytic domain or substrate cleavage sites, mutagenic primers
(Table 1) were incorporated into newly synthesized DNA with the QuikChange
site-directed mutagenesis protocol (Stratagene, La Jolla, Calif.) and as previously
described (12). All introduced mutations were confirmed by DNA sequencing.

SARS coronavirus PLpro trans-cleavage assays. SARS coronavirus PLpro and
substrates cloned into plasmids under T7 promoter control were cotransfected
into HeLa-MHVR cells infected with recombinant vaccinia virus expressing the
bacteriophage T7 polymerase as previously described (12). Briefly, newly synthesized
proteins were metabolically labeled with 50 uCi of Trans**S-label (ICN, Costa Mesa,
Calif.) per ml from 5.5 to 10.5 h postinfection. Cells were washed in PBS, and cell
lysates were prepared by scraping the cells in 300 wl of lysis buffer A. The cell lysate
(50 pl) was diluted in 1.0 ml of RIPA buffer and subjected to immunoprecipitation
with anti-V5 antibody (Invitrogen, Carlsbad, Calif.) and protein A-Sepharose beads
(Amersham Bioscience, Piscataway, N.J.). The immunoprecipitated products were
analyzed by electrophoresis on a 5.0 to 12.5% polyacrylamide gel containing 0.1%
sodium dodecyl sulfate. Following electrophoresis, the gel was fixed in 25% meth-

anol-10% acetic acid, enhanced with Amplify (Amersham Biosciences) for 60 min,
dried, and exposed to Kodak X-ray film at —70°C.

In vitro transcription and translation. The TNT T7-coupled reticulocyte ly-
sate system (Promega, Madison, Wis.) was used according to the manufacturer’s
instructions. In vitro transcription and translation was performed for 90 min at
30°C in the presence of 0.8 uCi of Trans-*>S label per ml in a volume of 25 pl.
Where indicated, 1.0 pl of canine pancreatic microsomes (Promega) was added
prior to the incubation. For analyses of membrane association, the products of in
vitro transcription and translation were subjected to high-speed centrifugation
(15,000 rpm in an Eppendorf microcentrifuge for 10 min). The supernatant was
removed, the pellet (which may contain aggregated or membrane-associated
proteins) was resuspended in lysis buffer A, and both fractions were analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE).

Endoglycosidase H treatment. For endoglycosidase H treatment, lysates from
vTF7.3-infected and pPLpro-HD-transfected cells were prepared and subjected
to immunoprecipitation as described above. Protein A-Sepharose-antibody-an-
tigen complexes were washed once in RIPA buffer, and endoglycosidase H
treatment was performed as suggested by the manufacturer (Roche, Indianap-
olis, Ind.). Briefly, the complexes were resuspended in 20 wl of 50 mM sodium
phosphate buffer, pH 6.0, and incubated in the presence or absence of a final
concentration of 1 unit of endoglycosidase H per microliter for 16 h at 37°C.
Following the incubation, an equal volume (25 wl) of lysis buffer A was added to
each sample, mixed, and incubated for 30 min at 37°C. The Sepharose beads
were pelleted by a brief, high-speed spin in a microcentrifuge, and the superna-
tant was loaded directly for analysis by SDS-PAGE.

Expression of EGFP and EGFP-HD. The hydrophobic domain (HD) region of
nsp3 was PCR amplified from pPLproHD with primers SR-110 and SR-111
(Table 1), cloned into the expression vector for eukaryotic green fluorescent
protein (EGFP), pEGFP (BD Biosciences), and designated pEGFP-HD. The
pEGFP and pEGFP-HD DNAs were transfected into HeLa cells with Lipo-
fectamine (Invitrogen) according to the manufacturer’s instructions, and the
protein product was detected by confocal microscopy as described above.

RESULTS

Identification of SARS coronavirus ORFla intermediates
and products. The SARS coronavirus replicase polyproteins
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ppla and pplab are predicted to be processed into 16 non-
structural proteins by two distinct proteases, PLpro and 3CLpro
(28, 30). Because proteolytic processing is required for coro-
navirus RNA synthesis (14), these proteases are attractive tar-
gets for the development of antiviral drugs. As a first step
toward characterizing one of these proteases, we focused on
PLpro and identified the replicase products processed by this
protease in virus-infected cells and developed frans-cleavage
assays to assess PLpro activity.

To identify the replicase products cleaved by PLpro, we
generated rabbit polyclonal anti-R1, anti-R2, and anti-R3 an-
tibodies to the three predicted amino-terminal cleavage prod-
ucts nspl, nsp2, and nsp3 (Fig. 1 and Table 1) as described in
Materials and Methods. We then used these antisera to immu-
noprecipitate SARS coronavirus replicase intermediates and
products from radiolabeled infected cells. Our previous studies
of mouse hepatitis virus replicase processing demonstrated
that intermediates and products can be detected by pulse-
chase analysis (7, 25). Therefore, we pulse-labeled SARS coro-
navirus-infected cells for 30 min and then removed the radio-
label and chased with unlabeled medium for 30 to 120 min.
Cells were labeled from 20 to 20.5 h postinfection, a time when
>90% of the cells were infected and expressing replicase prod-
ucts, as indicated by immunofluorescence studies (shown in
Fig. 2).

With the anti-R1 serum directed against the amino-terminal
replicase domain, we identified nsp1 as a ~20-kDa protein that
was detected from the pulse-labeled lysates and stable through-
out the 120-min chase period (Fig. 1B). No specific proteins
were immunoprecipitated from mock-infected cells with the
anti-R1 serum (lane 2) or from SARS coronavirus-infected
cells with the preimmune serum (data not shown). The 20-kDa
protein detected in SARS coronavirus-infected cells by anti-R1
is consistent with the size of the product expected if PLpro
cleaves the replicase ppla at the glycine-180/alanine-181 cleav-
age site (28, 30). No precursor was detected, suggesting that
nspl is rapidly processed from the ppla polyprotein.

In contrast to the rapid processing of nspl, we found that
processing at the nsp2/3 cleavage site occurs more slowly, since
an intermediate of ~300 kDa is detected with both anti-R2 and
anti-R3 sera (Fig. 1C, lanes 1, 3, and 5 to 14). The NSP2-3
intermediate is ultimately processed into nsp2 (=71 kDa),
which was detected with anti-R2 serum (Fig. 1C, lane 1 and 5
to 9), and nsp3 (=213 kDa), which was detected with anti-R3
serum (Fig. 1C, lanes 3 and 10 to 14). Processing of the NSP2-3
intermediate was apparent by 60 min of chase and continued at
90 and 120 min. The sizes of the nsp2 and nsp3 proteins are
consistent with the expected sizes of the products if processing
occurs at the predicted glycine-818/alanine-819 and glycine-
2740/lysine-2741 PLpro cleavage sites (28, 30). Overall, we
were able to use the antireplicase antisera to identify nspl,
nsp2, and nsp3 final products and the NSP2-3 intermediate
from SARS coronavirus-infected cells.

Previous studies with mouse hepatitis virus have shown that
coronavirus replicase proteins localize in punctate, perinuclear
sites in the cytoplasm of virus-infected cells (5, 7, 25). To
determine where SARS coronavirus replicase products local-
ized, we performed immunofluorescence studies and colocal-
ization experiments. First, we looked at the expression and
localization of replicase proteins in SARS coronavirus-infected
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Vero E6 cells (Fig. 2). We found that replicase products could
be detected as early as 4 h postinfection (Fig. 2B) and that the
number of infected cells increased throughout the 24-h time
course (Fig. 2B to G), likely from the spread of infectious virus
from the initially infected cells. By 20 to 24 h postinfection, all
the cells were infected and expressing viral replicase products,
as shown by staining with anti-R3 antibody (Fig. 2F and G).
The SARS coronavirus infection spread throughout the mono-
layer, although there was no obvious syncytium formation.
Immunofluorescent staining experiments with anti-R1 and an-
ti-R2 antibodies revealed a very similar pattern of punctate,
perinuclear localization, as shown by confocal microscopy in
Fig. 3E and H. The time course and spread of viral infection
shown here are in agreement with studies that used electron
microscopy to monitor SARS coronavirus replication from 1 to
30 h postinfection in Vero cells (21).

To determine if the nonstructural proteins are detected at
the sites of viral RNA synthesis, we performed colocalization
experiments. Previously, we showed that newly synthesized
coronavirus RNA could be visualized after incorporation of
BrUTP and indirect immunofluorescent staining with a mono-
clonal antibody that recognizes bromodeoxyuridine-containing
RNA (27). These previous studies showed that mouse hepatitis
virus RNA colocalized with replicase products in double-mem-
brane vesicles, which are the site of replication for nidoviruses
such as mouse hepatitis virus and equine arteritis virus (7, 22).
To determine if the amino-terminal replicase products colo-
calized with sites of viral RNA synthesis, we treated SARS
coronavirus-infected cells with actinomycin D to block host cell
mRNA synthesis and transfected the cells with BrUTP to label
newly synthesized viral RNA as described in Materials and
Methods.

The cells were fixed and stained with anti-R1, anti-R2, or
anti-R3 antibody to detect SARS coronavirus replicase prod-
ucts or antibromodeoxyuridine antibody to detect newly syn-
thesized viral RNA and visualized by confocal microscopy (Fig.
3). We found that the punctate, perinuclear staining of the
viral replicase products colocalized with the sites of SARS
coronavirus RNA synthesis as detected by staining with anti-
bromodeoxyuridine antibody (Fig. 3, overlay). For the cells
stained with anti-R3, we show the highly punctate staining
typically detected early in infection. For the cells stained with
anti-R2, we show the more intense, perinuclear staining de-
tected later in infection, when replicase products accumulate in
the cytoplasm of the cell. For the cells stained with anti-R1, we
note that the majority of the areas that are positive for nsp1 are
also positive for newly synthesized viral RNA. However, nspl
is not detected at all sites of RNA synthesis, which may indi-
cate low levels of protein that cannot be detected by our an-
tibody or that nspl is only transiently associated with RNA
synthesis.

Overall, these experiments indicate that viral nsp1, nsp2, and
nsp3 are intimately associated with the viral RNA replication
machinery, the membrane-associated viral replication com-
plex. These results are consistent with recent electron micros-
copy studies that identified double-membrane vesicles in the
cytoplasm of SARS coronavirus-infected cells (6). These mem-
branous structures were also detected in a bronchial alveolar
lavage specimen from a patient with SARS (6). Our results
indicate that the amino-terminal replicase intermediates and/
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20 hpi

FIG. 2. Detection of SARS coronavirus replicase products by indirect immunofluorescent staining. Vero E6 cells were infected with 1,000
TCIDs, of SARS coronavirus Urbani, fixed and permeabilized at 4, 8, 11, 16, 20, or 24 h postinfection, and stained with anti-R3 and fluorescein
isothiocyanate-conjugated anti-rabbit immunoglobulin as described in Materials and Methods.
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overlay

FIG. 3. Colocalization of SARS coronavirus replicase products with de novo-synthesized viral RNA. SARS coronavirus-infected cells were
transfected with Lipofectamine containing BrUTP at 21 h postinfection. Cells were treated with actinomycin D (5 pg/ml) to block cellular mRNA
synthesis. The cells were double stained with rabbit polyclonal antisera against nspl (anti-R1), nsp2 (anti-R2), or nsp3 (anti-R3) and a mouse
monoclonal antibromodeoxyuridine antibody to detect newly synthesized RNA.

or processed products assemble as part of the membrane-
associated viral replication complex that mediates SARS coro-
navirus RNA synthesis.

Characterizing SARS coronavirus PLpro activity with trans-
cleavage assays. SARS coronavirus PLpro was proposed to
process the amino-terminal end of the ppla polyprotein at
three sites: glycine-180/alanine-181 (nsp1/2 cleavage site), gly-
cine-818/alanine-819 (nsp2/3 cleavage site), and glycine-2740/
lysine-2741 (nsp3/4 cleavage site) (28, 30) (Fig. 1). In vitro
transcription and translation studies provided evidence of
PLpro-mediated processing at the glycine-818/alanine-819
cleavage site (30), but PLpro-mediated processing at the other
putative cleavage sites has not been experimentally confirmed.

To establish an assay for SARS coronavirus PLpro activity,
we cloned and expressed the PLpro domain (termed PLpro,
amino acid residues 1541 to 2204) and a substrate encompass-

ing both the nsp1/2 and nsp2/3 cleavage sites (termed NSP1-3*%,
amino acid residues 4 to 1148). The targeted domains were
amplified by RT-PCR from SARS coronavirus-infected cell
RNA with the primers listed in Table 1 and ligated into a
pcDNA expression vector as described in Materials and Meth-
ods and diagramed in Fig. 4A. A trans-cleavage assay was
performed by cotransfection of plasmids encoding pPLpro and
pNSP1-3* into cells infected with vaccinia virus expressing T7
polymerase. Newly synthesized proteins were radiolabeled
with Trans®>S label for 5 h, cells were lysed, and the lysates
were subjected to immunoprecipitation with anti-R1, anti-R2,
or anti-V5 antibodies (Fig. 4B).

PLpro mediated processing of the NSP1-3* substrate, re-
leasing nspl (Fig. 4B, lane 3), nsp2 (Fig. 4B, lane 6), and the
truncated product nsp3* (Fig. 4B, lane 9). In addition, we
identified a putative intermediate in processing, NSP2-3*, that
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FIG. 4. Analysis of products expressed from SARS coronavirus pPLpro and pNSP1-3* constructs alone and during coexpression in a
trans-cleavage assay. (A) Schematic diagram of the predicted processing of SARS coronavirus ORF1a, the constructs expressing the NSP1-3*
substrate and PLpro, and the expected final products. (B) Detection of processing by PLpro of the nsp1/2 and nsp2/3 cleavage sites in ORF1la.
HeLa-MHVR cells were infected with vIF7.3 and transfected with plasmid DNAs as indicated above each lane. Newly synthesized proteins were
labeled with Trans®S label from 5.5 to 10.5 h postinfection. Lysates were prepared and subjected to immunoprecipitation with anti-R1, anti-R2,
or anti-V5 antibody. Immunoprecipitated proteins were analyzed by electrophoresis on an SDS-5.0 to 12.5% polyacrylamide gel, processed, and
subjected to autoradiography. Products were immunoprecipitated with anti-R1, anti-R2, or anti-VS5 epitope tag antibody from cells transfected with
DNA encoding the SARS coronavirus NSP1-3* substrate region alone (lanes 1, 4, and 7), the SARS coronavirus PLpro alone (lanes 2, 5, and 8),
or cotransfected with both constructs (lanes 3, 6, and 9) or an inactive mutant of PLpro (lane 12). The positions of molecular size markers are
shown on the left of each gel (in kilodaltons).

is detected with anti-R2 and anti-V5 antibodies (Fig. 4B, lanes
6 and 9). These results demonstrate that the PLpro domain can
act in trans to process the amino-terminal end of the ppla
polyprotein. To verify that the PLpro catalytic domain was
required for protease activity, we performed site-directed mu-
tagenesis and changed the catalytic cysteine-1651 to alanine, a
substitution that has been shown previously to abolish PLpro
activity (30). As expected, we found that PLproC1651A was
unable to process NSP1-3* (Fig. 4B, lane 12).

To determine if PLpro mediates processing at the down-
stream nsp3/4 cleavage site, we generated a substrate expres-
sion construct, designated pNSP*3-4, that contained the C-
terminal region of nsp3 and extended to residue 3239 of nsp4
(Fig. 5A). This substrate was cotransfected with either PLpro
or an extended version of PLpro that encompassed the down-
stream hydrophobic domain (pPLpro-HD). Interestingly, we
found that PLpro was insufficient to mediate processing at the
nsp3/4 cleavage site (Fig. 5B, lane 5). However, PLpro-HD
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FIG. 5. Analysis of products expressed from SARS coronavirus pPLpro-HD, pPLpro, and pNSP*3-4 constructs alone and during cotransfection
in a trans-cleavage assay. (A) Schematic diagram of the predicted processing of SARS coronavirus ORFla, the constructs expressing PLpro,
PLpro-HD, and the NSP*3-4 substrate. (B) Detection of processing by PLpro-HD at the nsp3/4 cleavage site of ORF1a. The frans-cleavage assay
was performed as described for Fig. 4 and in Materials and Methods. (C) Effect of amino acid substitutions on PLpro activity. Predicted catalytic
and control residues (indicated above the lanes) were changed to alanine, plasmid DNA was cotransfected with pNSP*3-4, and products were
analyzed by SDS-PAGE (lanes 1 to 4). The effect of changing glycine to alanine in the P1 position of the nsp3/4 cleavage site is shown in lane 6.
The positions of molecular size markers are shown on the left of each gel (in kilodaltons).

processed the NSP*3-4 substrate, as shown by the release of
the cleavage product nsp4 (Fig. 5B, lane 4). Predicted catalytic
residues cysteine-1651 and histidine-1812 are required for pro-
cessing, because substitution of these residues to alanine abol-
ishes activity (Fig. 5C, lanes 1 and 3).

To determine if this processing is indeed occurring at the
predicted nsp3/4 cleavage site, we performed site-directed mu-
tagenesis and changed glycine-2740 to alanine. As expected,
this mutant substrate was not processed by PLpro-HD (Fig.
5C, lane 6), since a glycine at the P1 position of the cleavage
site is generally required for coronavirus papain-like protease-
mediated processing (13, 19). These trans-cleavage assays re-
vealed a significant difference in the ability of PLpro to process
the upstream cleavage sites (nsp1/2 and nsp2/3) and the down-
stream cleavage site (nsp3/4). Processing at the downstream
cleavage site required expression on PLpro-HD, suggesting
that membrane association may be important for processing at
the nsp3/4 site or that the hydrophobic domain may modulate
PLpro activity.

The designation hydrophobic domain refers to the fact
that this region (amino acid residues 2207 to 2365) contains

stretches of predominantly hydrophobic amino acids that may
serve to anchor nsp3 to intracellular membranes (Fig. 6A). To
determine if the HD mediates membrane association and if the
NSP*3-4 substrate is membrane associated, we performed in
vitro transcription and translation experiments in the presence
and absence of canine microsomal membranes and determined
if the translated products became membrane associated. After
translation, the products were subjected to high-speed centrif-
ugation to separate the soluble proteins and proteins that pel-
let due to aggregation or membrane association. The soluble
and pellet fractions were analyzed by SDS-PAGE and visual-
ized by autoradiography.

As expected, in the absence of canine microsomal mem-
branes, PLpro-HD and NPS*3-4 remain soluble (Fig. 6B,
CMM-). However, in the presence of canine microsomal
membranes, 60% of PLpro-HD and 47% of NPP*3-4 were
associated with the membranous pellet (Fig. 6B, CMM+). In
addition, the membrane-associated PLpro-HD product mi-
grated more slowly than the protein from the soluble fraction,
suggesting that it was modified after membrane association.

While scanning the HD amino acid sequence, we identified
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FIG. 6. Membrane association of PLpro-HD and NSP*3-4 proteins and N-linked glycosylation of asparagine residues in the hydrophobic
domain. (A) Sequence of the SARS coronavirus nsp3 hydrophobic domain (HD, amino acid residues 2207 to 2365). Consensus sites for N-linked
glycosylation are indicated by *. Underlined amino acid residues are potential transmembrane sequences (bioinformatics analysis with www.expasy
.org). (B) Detection of membrane association of the PLpro-HD and NSP*3-4 substrate. Plasmid DNAs were linearized and subjected to in vitro
transcription and translation in the absence or presence of canine microsomal membranes (CMM). Proteins were labeled with Trans->>S label,
immunoprecipitated with anti-V5 antibody, analyzed by electrophoresis on SDS-10% polyacrylamide gels, visualized by autoradiography, and
quantitated by phosphorimaging. The percentage of total protein detected in the soluble (S) versus the pelleted (P) fraction is indicated below the
gel. (C) Effect of amino acid substitution of asparagine residues 2249 and 2252 on the migration of the PLpro-HD protein. Asparagine residues
were changed to alanine residues by site-directed mutagenesis as described in Materials and Methods. Wild-type and mutant plasmid DNAs were
expressed via the vaccinia virus-T7 expression system, and immunoprecipitated products were analyzed by electrophoresis on SDS-10% poly-
acrylamide gels. The effect of treatment with endoglycosidase H (Endo H) to remove N-linked glycosylation is shown in lane 6. (D) Detection of
EGFP from cells transfected with either pEGFP or pEGFD-HD. HeLa cells were transfected with the indicated DNA, fixed, and visualized by
confocal microscopy at 6 h after transfection.
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two consensus sequences for N-linked glycosylation (NXS/T)
at positions 2249 and 2252 (indicated by asterisks in Fig. 6A).
If the hydrophobic amino acids in the HD are membrane-
spanning sequences, these asparagine residues would be lume-
nal and available for modification. To determine if aspargine-
2249 and -2252 were targeted for N-linked glycosylation, we
mutated these residues to alanine (individually or as a double
mutant), expressed the proteins with the vaccinia virus T7
expression system, and analyzed the products by SDS-PAGE.
We found that PLpro-HD-N2249A and PLpro-HD-N2252A
migrated more quickly in the gel than wild-type PLpro-HD
(Fig. 6C, lanes 1 to 3) and that the double mutant migrated
faster than each single mutant (Fig. 6C, lane 4).

To confirm that these differences in migration were due to
differences in glycosylation, we treated PLpro-HD with en-
doglycosidase H to remove N-linked glycosylation and ana-
lyzed the products by SDS-PAGE. We found that PLpro-HD
treated with endoglycosidase H migrated more quickly than
the untreated protein (Fig. 6C, compare lanes 5 and 6), con-
firming that PLpro-HD is modified by N-linked glycosylation.
Thus, the HD contains transmembrane sequences that are
important for PLpro-mediated processing at the nsp3/4 cleav-
age site and that may serve to direct and anchor nsp3 and the
associated replication complex to intracellular membranes. Fu-
ture studies will be directed to resolving the glycosylated and
unglycosylated forms of the 213-kDa nsp3 protein from SARS
coronavirus-infected cells to confirm the membrane associa-
tion and glycosylation of the native protein.

To determine if the HD can target a protein to intracellular
membranes, we generated a reporter construct with eukaryotic
green fluorescence protein (EGFP). We cloned the HD in-
frame with the C-terminal end of EGFP and designated the
plasmid pEGFP-HD. pEGFP and pEGFP-HD DNAs were
transfected into HelLa cells, and the subcellular localization of
the protein product was visualized by confocal microscopy
(Fig. 6D). As expected, EGFP is detected throughout the cell,
in both the cytoplasm and nucleus. In contrast, EGFP-HD is
excluded from the nucleus and localizes in perinuclear patches
consistent with membrane association. These results indicate
that the HD may be a signal sequence that directs proteins to
membranes. Similar studies were performed to identify an
internal signal sequence in the hepatitis C virus polymerase
(NS5B) protein (26). Future studies will be aimed at charac-
terizing the putative coronavirus internal signal sequence that
resides in nsp3.

DISCUSSION

In this study, we identified SARS coronavirus amino-termi-
nal replicase products nspl, nsp2, and nsp3 and characterized
the PLpro activity that processes these products from the rep-
licase polyprotein. We identified the replicase products by im-
munoprecipitation with specific antisera and used confocal mi-
croscopy to show that these replicase products colocalize with
newly synthesized viral RNA in punctate, perinuclear patches
in the cytoplasm of SARS coronavirus-infected cells. These
results confirm the predicted role of nonstructural proteins as
components of the SARS coronavirus replication complex. We
found that nspl, nsp2, and nsp3 are all processed from the
replicase polyprotein by the PLpro domain that resides in nsp3.

J. VIROL.

This domain had been termed PL2pro because of its homology
with other coronavirus PL2pro domains (26), but we found
that the SARS coronavirus papain-like protease domain has
activity consistent with both PL1pro and PL2pro and therefore
designate it PLpro.

We established frans-cleavage assays to characterize SARS
coronavirus PLpro activity and found that PLpro is sufficient to
process the nsp1/2 and nsp2/3 sites but that the downstream
hydrophobic domain is required for PLpro-mediated process-
ing at the nsp3/4 cleavage site. We show that the hydrophobic
domain sequence is glycosylated, that it mediates membrane
association, and that it can act as a signal sequence to target
EGFP to intracellular membranes. The hydrophobic domain
may be important for directing and anchoring the replicase
products to intracellular membranes where the replication
complex is assembled. The development of frans-cleavage as-
says and the characterization of PLpro activity are important
for future studies aimed at identifying antiviral drugs that will
block the proteolytic processing of the replicase polyprotein,
which is required for viral RNA synthesis (14).

The proteolytic processing map for the SARS coronavirus
replicase polyprotein was generated by comparison of the
SARS coronavirus sequence to other well-characterized coro-
naviruses (28, 30). Although the overall amino acid identify
between SARS coronavirus and other coronaviruses is only
~40% (20, 24), the positions and sequences of the protease
cleavage sites are highly conserved. The identification of SARS
coronavirus replicase products nspl, nsp2, and nsp3 reported
here confirms the accuracy of the predictions. Currently, the
function of these nonstructural proteins is not known. How-
ever, biochemical and colocalization studies of a murine coro-
navirus indicate that these nonstructural proteins are part of a
membrane-associated replication complex (5, 7).

Our confocal microscopy studies show that these SARS
coronavirus replicase intermediates and/or products colocalize
with newly synthesized viral RNA in punctate, perinuclear sites
(Fig. 3). The punctate, perinuclear localization pattern is con-
sistent with what has been seen for both coronaviruses and
arteriviruses which have been shown to assemble double-mem-
brane vesicles that are the sites of viral RNA synthesis (5, 7,
22). Indeed, double-membrane vesicles have been detected in
SARS coronavirus-infected cells (6), and studies are ongoing
to determine the role of each SARS coronavirus nonstructural
protein in the assembly and function of double-membrane
vesicles.

PLpro domains are conserved in all coronaviruses se-
quenced to date (reviewed in Ziebuhr et al. [34]). The murine
coronavirus mouse hepatitis virus and human coronavirus
229E encode two PLpro domains, termed PL1pro and PL2pro
and PLP1 and PLP2, respectively. For these viruses, PL1pro
has been shown to process the nsp1/2 and nsp2/3 sites (2-4, 9,
10). For mouse hepatitis virus, PLP2 (also termed PL2pro) was
shown to be responsible for processing the downstream nsp3/4
site (12, 13). For human coronavirus 229E, both PL1pro and
PL2pro can process the nsp2/3 site in vitro, but it is unclear if
PL1pro and PL2pro have redundant functions during viral
replication (35). Infectious bronchitis virus of chickens encodes
only one active PLpro domain, which processes one cleavage
site upstream of the protease domain and one cleavage site
downstream of the protease domain (18, 19).
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Our studies showed that we can use frans-cleavage assays to
assess SARS coronavirus PLpro activity. We found that SARS
coronavirus PLpro cleaves the replicase polyprotein at the
three predicted sites but with different kinetics and cofactors.
The reason for the differences in processing activity is currently
unclear, but we speculate that differential processing may be
important for establishing a functional replication complex.
For example, the NSP2-3 intermediate may have a role in the
assembly of the replication complex that is independent of the
nsp2 and nsp3 products. The frans-cleavage assay will be useful
for determining the minimal domain required for PLpro activ-
ity and for identifying sequences that affect the kinetics of
processing at the nspl/nsp2 and nsp2/nsp3 cleavage sites.

Although the PLpro domain is sufficient for processing the
upstream cleavage sites, we found that it is not able to process
the downstream nsp3/4 cleavage site. Processing at the down-
stream cleavage site required expression of PLpro-HD (Fig. 5).
The hydrophobic domain is conserved in all coronaviruses
replicase sequences (32) and may play an important role in the
assembly of the viral replication complex. We hypothesize that
the SARS coronavirus replicase polyprotein becomes mem-
brane-associated by the insertion of the hydrophobic domain
into intracellular membranes. The hydrophobic domain con-
tains stretches of predominantly hydrophobic amino acids and
a lumenal domain that is modified by N-linked glycosylation.
The insertion of PLpro-HD into intracellular membranes may
allow colocalization of the protease and the cleavage site for
processing. Our studies indicate that SARS coronavirus PLpro
activity can be anchored to intracellular membranes and pro-
cess a membrane-associated substrate.

The role of proteolytic processing in the assembly and func-
tion of the coronavirus replication complex is currently un-
clear. However, the recent development of a system that gen-
erates a complete cDNA clone of SARS coronavirus (33) will
allow researchers to assess the role of proteolytic processing in
viral RNA synthesis. Specific mutations in the proteases and
cleavage sites can be introduced into the SARS coronavirus
cDNA clone, and viral RNA can be synthesized and tested for
its ability to replicate in transfected cells. These studies will
allow us to identify the sequences and processing steps that are
critical for the assembly and function of the SARS coronavirus
replication complex. A detailed understanding of the structure
and function of the SARS coronavirus proteases will provide
critical information for the design of antiviral drugs that block
viral replication and pathogenesis.
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