
JOURNAL OF VIROLOGY, Oct. 2010, p. 10148–10158 Vol. 84, No. 19
0022-538X/10/$12.00 doi:10.1128/JVI.00901-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

A New Cistron in the Murine Hepatitis Virus Replicase Gene�

Helen L. Stokes,1‡ Surendranath Baliji,2‡ Chang Guo Hui,1† Stanley G. Sawicki,3*
Susan C. Baker,2 and Stuart G. Siddell1*

Department of Cellular and Molecular Medicine, University of Bristol, Bristol BS8 1TD, United Kingdom1; Department of
Microbiology and Immunology, Loyola University of Chicago, Stritch School of Medicine, Maywood, Illinois2; and

Department of Medical Microbiology and Immunology, University of Toledo College of Medicine, Toledo, Ohio 436143

Received 27 April 2010/Accepted 19 July 2010

We report an RNA-negative, temperature-sensitive (ts) mutant of Murine hepatitis virus, Bristol ts31 (MHV-
Brts31), that defines a new complementation group within the MHV replicase gene locus. MHV-Brts31 has
near-normal levels of RNA synthesis at the permissive temperature of 33°C but is unable to synthesize viral
RNA when the infection is initiated and maintained at the nonpermissive temperature of 39.5°C. Sequence
analysis of MHV-Brts31 RNA indicated that a single G-to-A transition at codon 1307 in open reading frame 1a,
which results in a replacement of methionine-475 with isoleucine in nonstructural protein 3 (nsp3), was
responsible for the ts phenotype. This conclusion was confirmed using a vaccinia virus-based reverse genetics
system to produce a recombinant virus, Bristol tsc31 (MHV-Brtsc31), which has the same RNA-negative ts
phenotype and complementation profile as those of MHV-Brts31. The analysis of protein synthesis in virus-
infected cells showed that, at the nonpermissive temperature, MHV-Brtsc31 was not able to proteolytically
process either p150, the precursor polypeptide of the replicase nonstructural proteins nsp4 to nsp10, or the
replicase polyprotein pp1ab to produce nsp12. The processing of replicase polyprotein pp1a in the region of
nsp1 to nsp3 was not affected. Transmission electron microscopy showed that, compared to revertant virus, the
number of double-membrane vesicles in MHV-Brts31-infected cells is reduced at the nonpermissive temper-
ature. These results identify a new cistron in the MHV replicase gene locus and show that nsp3 has an essential
role in the assembly of a functional MHV replication-transcription complex.

Coronaviruses are positive-stranded RNA viruses with ge-
nomes ranging in size from 27 to 32 kb. Approximately two-
thirds of the genome encodes proteins that are involved in viral
RNA synthesis. The majority of these proteins are encoded in
two 5�-proximal, overlapping open reading frames (ORFs),
ORF1a and ORF1b, and are translated as polyproteins, pp1a
and pp1ab, which are then processed by virus-encoded pro-
teinases into 16 nonstructural proteins (nsp’s): nsp1 to nsp11,
encoded in ORF1a, and nsp12 to nsp16, encoded in ORF1b.
The translation products of ORF1a and ORF1ab, together
with other viral proteins (41, 60) and, possibly, cellular proteins,
assemble into replication-transcription complexes (RTCs) re-
sponsible for the synthesis of genome-sized RNA and a set of
3�-coterminal subgenome-sized mRNAs. The subgenome-
sized mRNAs are produced by an unusual mechanism that
involves discontinuous transcription during negative-strand
RNA synthesis (for recent reviews, see references 39 and 43).

The coronavirus RTCs accumulate at perinuclear regions
and are associated with a network of endoplasmic reticulum-

derived, modified membranes (16, 20, 28). The interconnected
structures within this network are known as convoluted mem-
branes (CMs) and double-membrane vesicles (DMVs). Both
structures are associated with viral replicase proteins and dou-
ble-stranded RNA (16, 28, 53), but it is not yet entirely clear if
both are the sites of active RNA synthesis. Hydrophobic trans-
membrane domains are present in nsp3, nsp4, and nsp6 and
likely serve to anchor the nascent pp1a/pp1ab polyproteins to
membranes during the first steps of RTC formation (1, 6, 16,
21, 26, 32–34, 54). A variety of studies suggest that most, if not
all, coronavirus nsp’s are recruited to the viral RTCs (16, 21,
35, 45), and a complex and dynamic pattern of interactions
between intermediate and mature RTC proteins is thought to
play a role in the regulation of viral RNA synthesis. Crystallo-
graphic analysis of individual and oligomeric complexes of
coronavirus nsp’s, as well as studies involving Saccharomyces
cerevisiae two-hybrid, coimmunoprecipitation, cosedimenta-
tion, and cross-linking analysis (3, 47, 48, 55, 56), provides
insights into some of the structural aspects of these RTC in-
teractions.

Many of the coronavirus nsp’s have been shown, or are pre-
dicted, to have enzymatic functions, including papain-like cysteine
proteinases (nsp3), ADP-ribose 1�-phosphatase (nsp3), 3C-like
cysteine proteinase (nsp5), RNA-dependent RNA polymerase
primase (RdRP-primase) (nsp8), RdRp (nsp12), 5�-to-3� heli-
case (nsp13), 3�-to-5� exonuclease (nsp14), N7-methyltransferase
(nsp14), endoribonuclease (nsp15), and S-adenosylmethionine-
dependent 2�-O-methyltransferase (nsp16) (5, 22, 39, 44, 49).
Clearly, some of these activities are common to many RNA
viruses and are directly related to the biogenesis of the RTC
and viral RNA synthesis. However, others (e.g., the endoribo-
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nuclease of nsp15) are unique to coronaviruses or viruses
closely related to them (23) and may be involved in unusual
activities that are related to the size of the coronavirus genome
or virus-host interactions (15). Also, the finding that 2�-O-
ribose-methylated RNA substrates are resistant to cleavage by
the severe acute respiratory syndrome coronavirus (SARS-
CoV) endoribonuclease indicates that there may be functional
links between different nsp’s: for example, the endonuclease
activity of nsp15 and the S-adenosylmethionine-dependent 2�-
O-methyltransferase activity of nsp16 (23).

The nsp3 protein is the largest and, possibly, most complex
of the proteins encoded in the murine hepatitis virus (MHV)
replicase gene. It is comprised of 2,005 amino acids (222 kDa)
and is thought to contain as many as 15 domains that can be
defined by structure, function, and phylogeny (31). These do-
mains include amino-terminal ubiquitin-related (UB1) and hy-
pervariable acidic (AC) domains, a papain-like cysteine pro-
teinase domain (PLP1), an X domain with poly(ADP-ribose)
binding activity (X or ADRP domain), a second ubiquitin-
related domain (UB2), a second papain-like cysteine protein-
ase domain (PLP2), group 2 specific nucleic acid binding
(NAB) and marker (G2M) domains, a transmembrane domain
(TMD) that includes at least 2 membrane-spanning helices, a
putative metal-binding domain (ZF), and a carboxyl-terminal
Y domain that contains three subdomains (Y1, Y2, and Y3)
with characteristic patterns of conserved Cys/His residues. The
nsp3 protein is excised from its precursors, pp1a and pp1ab, by
the concerted activity of the PLP1 and PLP2 domains, with PLP1
being responsible for the amino-terminal cleavage (cleavage site 2
[CS2]) and PLP2 being responsible for the carboxyl-terminal
cleavage (cleavage site 3 [CS3]) (2, 12, 26, 59).

The genetic analysis of functions associated with the coro-
navirus RTC has employed both classical and reverse ap-
proaches. Reverse genetics has, for example, been used to
introduce mutations at the active site of the coronavirus nsp14
exonuclease domain, which results in a failure to rescue re-
combinant virus (30) or the rescue of mutant viruses with
significant growth and RNA synthesis defects (11). Similarly,
mutant MHVs that are unable to liberate nsp1 from the nas-
cent polyprotein (i.e., nsp1/nsp2 cleavage mutants) and mutant
MHVs that lack extensive regions of the nsp1 or, indeed, the
entire nsp2 coding region could be rescued but exhibited de-
creased or delayed replication (18). In contrast to these atten-
uated phenotypes, mutation of the active site of the Human
coronavirus strain 229E (HCoV-229E) nsp3 ADRP domain has
no significant effect on virus RNA synthesis or virus titer (36).

The analysis of classical temperature-sensitive (ts) mutants is
also a powerful tool for investigating the complexities of coro-
navirus RNA synthesis. We have recently reported a genetic
and functional analysis of a panel of MHV ts mutants that are
unable to synthesize viral RNA when the infection is initiated
and maintained at the nonpermissive temperature, i.e., mu-
tants with an RNA-negative phenotype. One of the main con-
clusions of this analysis is that mutations in the nsp12, nsp14,
and nsp16 proteins define distinct cistrons (cistrons II, IV, and
VI) while mutations in the nsp4, nsp5, and nsp10 proteins
define a single cistron (cistron I). On the basis of these results,
we have predicted that most of the ORF1a gene products
(more specifically, nsp4 to nsp10) function as a polyprotein
before cleavage into individual polypeptides, or they are as-

sembled into the RTC and are then cleaved, with a gain of
function expressed in individual polypeptides. In contrast, the
ORF1b-encoded nsp’s (nsp12 to nsp16) are diffusible and as-
semble and function in viral RNA synthesis after cleavage from
pp1ab. We have also suggested that replicase polyprotein pro-
cessing may have an important role in regulating the different
functions associated with the coronavirus RTC: for example,
minus- and plus-strand RNA synthesis and the aging of the
active complex (40).

The model that we have presented is consistent with our
understanding of the organization and expression of the coro-
navirus replicase gene. However, there are still many unan-
swered questions. For example, it has not been shown that, as
we predict, the nsp6, nsp7, nsp8, and nsp9 proteins function in
cis, together with nsp4, nsp5, and nsp10. To do this, it will be
necessary to find MHV RNA-negative ts mutants with causal
mutations in the relevant proteins and to complement them
with existing mutants. Similarly, our model leaves open the
question of whether or not other ORF1a-encoded proteins will
be able to complement defects in cistron I mutants. As men-
tioned above, it is known that particular domains of nsp1 and
nsp3 are not essential for virus replication, but it is, of course,
still possible that these proteins do have functions in RNA
synthesis. Finally, the classical genetic approach can be further
exploited to provide mechanistic insights into the functional
inactivation of nsp’s at the nonpermissive temperature. For
example, a recent biochemical analysis of the MHV RNA-
negative mutant LA ts6 has suggested that nsp10 acts as a
regulatory cofactor of nsp5 proteinase activity (9). It would be
interesting to investigate the polyprotein processing pattern of
additional mutants in order to establish whether similar inter-
actions exist between other proteins encoded in the MHV
replicase gene locus.

MATERIALS AND METHODS

Cells and viruses. 17Cl-1 (17 clone 1) mouse fibroblast cells (46) and HeLa-
D98OR (27) cells were cultured at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% fetal calf serum (FCS), 100 U/ml penicillin, 100
�g/ml streptomycin, and 5% tryptose phosphate broth (TPB). Monkey kidney
(CV-1) cells and baby hamster kidney (BHK-21) cells were obtained from the
European Collection of Cell Cultures (ECACC) and cultured in minimal essen-
tial medium (MEM) supplemented with HEPES (25 mM), 5% FCS, and anti-
biotics. MHV strain A59 (MHV-A59) was originally obtained from the labora-
tory of L. Sturman, Wadsworth Center for Laboratories and Research, Albany,
NY. The characterized ts mutant viruses used in this study have been described
previously (40) and were derived from the original mutant isolates after plaque
purification and propagation in 17Cl-1 cells cultured at 33°C in low-pH MEM
(pH 6.6 to 6.8) containing 5% FCS, 100 U/ml penicillin, 100 �g/ml streptomycin,
and 5% TPB (38). Revertant viruses were picked from plaques of mutants whose
titers were determined at 39.5°C and were plaque purified three times at 39.5°C.
Virus stocks were obtained by using virus from a single plaque (�107 PFU) to
infect �4 � 106 cells to yield 6 ml of stock virus, which was then used to infect
�1 � 107 cells at 33°C for 16 h to yield passage 2 virus stocks with a titer of �5
� 108 PFU/ml. Vaccinia virus (WR strain) and vaccinia virus recombinants were
propagated, titrated, and purified as described previously (50).

Isolation of Bristol ts mutants. 17Cl-1 cells were infected with MHV-A59 at a
multiplicity of infection (MOI) of 5 PFU/cell in Hanks’ balanced salt solution
(HBSS) containing 50 �g/ml DEAE-dextran and 0.2% bovine serum albumin
(BSA). After 30 min at 33°C, the inoculum was removed and the cells were
incubated in DMEM containing 10% FCS, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, and 150 �g/ml of 5-fluorouracil at 33°C for 16 h. This concentration of
pyrimidine analogue was determined to inhibit virus replication by 80%. The
mutagenized virus stock (�2 � 106 PFU/ml) was stored at minus 80°C. The
mutagenized virus was diluted to 1.5 PFU/ml, and 200-�l aliquots were incubated
with �104 17Cl-1 cells at 33°C for 48 h. Supernatants from cultures displaying
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cytopathic effects were taken and used to infect duplicate cultures of 17Cl-1 cells
that were incubated at 33°C and 39.5°C for 24 h. Supernatants from cultures
showing cytopathic effect at 33°C but not 39.5°C were taken as potential ts
mutants and isolated by two rounds of plaque purification.

Characterization of ts mutant stocks for titer and efficiency of plating. 17Cl-1
cells in six-well plates were infected in duplicate at room temperature with 0.5 ml
of 10-fold dilutions of virus in HBSS containing 50 �g/ml DEAE-dextran and
0.2% BSA. The inoculum was removed after 30 min, and the cells were washed
with 2 ml of DMEM. Monolayers were overlaid with MEM containing 5% FCS,
100 U/ml of penicillin, 100 �g/ml streptomycin, and 0.1% Gelrite gellan gum
(Sigma-Aldrich, Poole, Dorset, United Kingdom) and incubated at the appro-
priate temperature with 7.5% CO2. Infected cells were incubated at 33°C for 3
days or 37°C/39.5°C for 2 days. Cells were fixed with 5% formaldehyde in
phosphate-buffered saline (PBS) and stained with a solution of 0.2% toluidine
blue, 0.2% azure blue, and 1% boric acid. The efficiency of plating (EOP) was
determined by dividing the titer at 39.5°C by the titer at 33°C.

Viral RNA synthesis. Viral RNA synthesis was measured by [3H]uridine in-
corporation into acid-precipitable material in the presence of 20 �g/ml actino-
mycin D. [5-3H]uridine (�1.0 TBq/mmol; Amersham Radiochemicals, Chalfont,
United Kingdom) was added to the medium at 1.85 MBq/ml or 7.4 MBq/ml.
After incubation, the radioactive medium was removed and the cells were lysed
with 5% lithium dodecyl sulfate and 200 �g/ml proteinase K in LEH buffer (0.1
M LiCl, 0.001 M EDTA, 0.01 M HEPES [pH 6.6]) at 2 � 105 to 5 � 105 cells per
ml. DNA was sheared by repeated passage of the lysate through a 27-gauge
needle attached to a 1-ml tuberculin syringe. Duplicate or triplicate samples of
5 � 104 cells were precipitated with trichloroacetic acid, the precipitates were
collected on glass fiber filters (Fisher Scientific, Leicestershire, United Kingdom)
and dried under a heat lamp, and the radioactivity was determined by liquid
scintillation spectroscopy.

Northern blotting. RNA for Northern blotting was obtained by infecting �107

17Cl-1 cells with virus at an MOI of 10, incubating the cells for 8 h at 33°C or 6 h
at 39.5°C, and isolating total RNA using the Trizol reagent (Invitrogen, Paisley,
United Kingdom) as described by the manufacturer. The poly(A)-containing
RNA was isolated using oligo(dT)25 Dynabeads (Dynal, Oslo, Norway) as pre-
viously described (52). The RNA was then incubated with formamide (50%) and
formaldehyde (2.2 M) at 70°C for 10 min and electrophoresed in a 1% agarose
gel containing 20 mM MOPS (3-N-morpholinopropanesulfonic acid) and 600
mM formaldehyde. After electrophoresis, the gel was soaked in 0.05 N NaOH,
neutralized, and equilibrated with 20� SSC (3 M NaCl, 0.3 M sodium citrate, 1
mM EDTA) before being vacuum blotted onto a nylon membrane (Optitran
BA-S 83; Schleicher and Schuell, Sigma-Aldrich, Poole, United Kingdom). The
RNA was cross-linked to the membrane using UV light, and MHV RNAs were
detected by hybridization with a 466-bp, �-32P-random-prime-labeled PCR prod-
uct corresponding to sequences in the nucleocapsid protein ORF of the MHV-
A59 genome (10).

Complementation analysis. Complementation analysis was done by infecting
17Cl-1 cells in 35-mm dishes either singly with one ts mutant or doubly with two
ts mutants to give a total MOI of 20 PFU/cell. After incubation at room tem-
perature for 30 min, the inoculum was removed and the monolayers were washed
three times with HBSS. The cells were then incubated with low-pH MEM
containing 5% FCS, 100 U/ml penicillin, 100 �g/ml streptomycin, and 5% TPB
prewarmed to 39.5°C. Infected cells were incubated at 39.5°C for 8 h. Superna-
tants were harvested and clarified by centrifugation at 10,000 rpm for 5 min. The
virus titer was determined by plaque assay at 33°C. The complementation indices
(CI) were calculated as described previously (40), and a CI of �2 between
mutant pairs was consistent with complementation, i.e., �4-fold difference above
background, while a CI of 	2 was negative for complementation.

RT-PCR and sequencing. Viral RNA for reverse transcription-PCR (RT-
PCR) and sequencing was obtained by infecting �107 17Cl-1 cells with virus at
an MOI of 10, incubating the cells for 8 h at 33°C, and isolating total RNA using
the Trizol reagent as described by the manufacturer. The replicase gene coding
region (ORF1a and ORF1b) of MHV-Brts31 and MHV-Br31R1 virus (nucleo-
tides [nt] 211 to 21751) was amplified and sequenced using a set of 121 oligo-
nucleotides (P1 to P121) that are complementary to sequences spaced at ap-
proximately 350-nucleotide intervals along the positive- and negative-strand
copies of the viral RNA (sequences available on request). A part of the nsp3
protein coding region of MHV-Brtsc31 and MHV-Br31cR1 (nt 3704 to 4517) was
amplified and sequenced using six oligonucleotides of the oligonucleotide set.
RT-PCR of viral RNA and sequencing were done using standard protocols.
Sequencing analysis was done by MWG Eurofins (Ebersberg, Germany). Com-
puter-assisted analysis of sequence data was done using the Lasergene biocom-
puting software (DNAStar).

Recombinant viruses. Recombinant MHV-inf-1 and MHV-Brtsc31 were de-
rived from vaccinia virus vMHV-inf-1, which contains a cloned, full-length
MHV-A59 cDNA (GenBank accession number AY700211). Mutagenesis was
done using the reverse genetics system described previously (7). Briefly, two
rounds of vaccinia virus-mediated homologous recombination were done using
the Escherichia coli guanine-phosphoribosyltransferase (GPT) gene as a selec-
tion marker. First, part of the nsp3 protein coding region within the vMHV-inf-1
cDNA was replaced by the GPT gene using homologous recombination with
plasmid pGPT-nsp3(N). pGPT-nsp3(N) encodes the GPT gene flanked on its left
by MHV-A59 nt 3751 to 4161 and on its right by MHV-A59 nt 5044 to 5460.
Second, the GPT gene within the recombinant vaccinia virus vMHV-nsp3GPT
cDNA was replaced by a mutated nsp3 protein coding region using homologous
recombination with plasmid pnsp3-M475I (MHV-A59 nt 4129 to 4131;
ATG3ATA). The plasmid pnsp3-M475I was produced by overlap PCR using
mutagenic primers (details are available from the authors upon request) and
vMHV-inf-1 DNA as template. The resulting PCR product, which encompasses
MHV-A59 nt 3751 to 5460, was then cloned into pCR-Blunt II-TOPO (Invitro-
gen) to produce pnsp3-M475I. The identities of plasmids and recombinant vac-
cinia viruses were confirmed by sequence analysis of the mutated regions. Fur-
ther cloning details, plasmid maps, and sequences are available from the authors
on request.

Recombinant coronaviruses, MHV-inf-1 and MHV-Brtsc31, were rescued
from cloned cDNA using purified, EagI-cleaved vaccinia virus DNA as a tem-
plate for the transcription of recombinant, full-length MHV genomic RNA,
which was electroporated into BHK-MHV-N cells as described previously (7).
Following electroporation, the transfected BHK-MHV-N cells were mixed with
a 4-fold excess of 17Cl-1 cells and cultured at 33°C. At days 1 and 2 postelec-
troporation, tissue culture supernatants were taken and recombinant coronavi-
ruses were plaque purified three times. Virus stocks were obtained by using virus
from a single plaque to infect 17Cl-1 cells to yield passage 1 virus stocks with a
titer greater than 1 � 108 PFU/ml. The identities of recombinant MHV-A59 and
recombinant mutant viruses were confirmed by sequence analysis of the mutated
regions.

Viral protein synthesis and immunoprecipitation of MHV replicase products.
17Cl-1 cells (�106 cells) in 60-mm-diameter cell culture dishes were either mock
infected or infected with viruses at an MOI of 20.0 and incubated at 33°C in
serum-free medium. After 1 h, the medium was replaced with DMEM supple-
mented with 5% FCS and containing 5 �g/ml of actinomycin D. At 4.0 h
postinfection, the medium was replaced with medium lacking methionine and
cysteine and supplemented with 2% dialyzed fetal calf serum. At 4.5 h postin-
fection, 35S-trans label (100 �Ci/ml) was added and one dish was transferred to
39.5°C. At 6.5 h postinfection, cells were washed with PBS and then lysed in 250
�l of lysis buffer A (4% SDS, 3% dithiothreitol [DTT], 40% glycerol, and 0.065
M Tris-HCl, pH 6.8). Cell lysates were immunoprecipitated as described previ-
ously (42). Briefly, radiolabeled cell lysates (1 � 105 cell equivalents) were
diluted in 1 ml RIPA buffer (0.5% Triton X-100, 0.1% SDS, 300 mM NaCl, 4 mM
EDTA, and 50 mM Tris-HCl, pH 7.4) and immunoprecipitated with 2 �l of
nsp-specific antibodies and protein A Sepharose beads (GE Healthcare). Pro-
tein-bead conjugates were washed four times in RIPA buffer, and the proteins
were eluted from beads by incubation with 2� sample buffer (4% SDS, 20%
glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol blue, 0.125 M Tris HCl,
pH 6.8) at 37°C for 30 min. Protein products were separated by SDS-PAGE in
5 to 12.5% gradient polyacrylamide gels and were analyzed by autoradiography.
The 14C molecular mass marker (GE Healthcare) was used as a molecular mass
standard.

TEM analysis. 17Cl-1 cells were infected with virus at an MOI of 20.0 and
incubated at 33°C. At 3.5 h postinfection, one set of infected cells was shifted to
39.5°C. At 5.5 h postinfection, the cells were washed two times with PBS, scraped
from the dish, and pelleted in a microcentrifuge tube at 1,000 � g for 5 min at
room temperature. PBS was replaced with 0.1 M cacodylate-buffered 4% glu-
taraldehyde before processing for transmission electron microscopy (TEM) anal-
ysis as previously described (16). Briefly, cells fixed in glutaraldehyde were rinsed
two times for 10 min each in 0.1 M cacodylate buffer and postfixed in 0.1 M
cacodylate-buffered 1% osmium tetroxide for 1 h. After two rinses in buffer, the
cells were serially dehydrated in increasing concentrations of ethanol. After the
dehydration step, the ethanol was replaced with 100% propylene oxide (transi-
tion fluid) by 3 changes of 10 min each. The cells were then immersed in a 1:1
solution of resin-propylene oxide and left on a rotator overnight at room tem-
perature. Next day, the solution was replaced with a 3:1 solution of resin-
propylene oxide for 7 to 8 h, after which the solution was changed to 100% resin
and left on a rotator overnight at room temperature. The samples were then
embedded in a freshly prepared 100% Embed 812 resin (Electron Microscopy
Sciences) for 7 to 8 h. The molds were then placed in a 56°C oven overnight.
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Sections 0.5 �m thick were stained with 1% toluidine blue, and selected areas
were thin sectioned (80 nm), mounted on copper grids, and stained with 5%
uranyl acetate and Reynolds’ lead citrate (37). The grids were examined and
photographed on a Hitachi H600 at 75 kV. Negatives were scanned into digital
files using a Microtek i800 scanner.

RESULTS

Isolation and phenotype of MHV-Brts31. MHV-Brts31 was
isolated as described in Materials and Methods and identified
as a putative RNA-negative, ts mutant due to its inability to
cause cytopathic effects in 17Cl-1 cells that were infected and
maintained at the nonpermissive temperature. To analyze the
phenotype of MHV-Brts31 in more detail, we determined first
the EOP of a high-titer (passage 2) virus stock. At 33°C, the
stock had a titer of 1 � 108 PFU/ml, and at 39.5°C, the stock
had a titer of 1.5 � 103 PFU/ml, which is an EOP of 1.5 �
10
5. This value is indicative of a single point mutation. Of the
plaques that formed at the nonpermissive temperature, all that
we tested were no longer ts and are, therefore, revertants. One
of these revertants was designated MHV-Br31R1. The plaque
size and morphology of MHV-Brts31 and MHV-Br31R1 at
33°C and of MHV-Br31R1 at 39.5°C were identical to those of
the parental MHV-A59 (Fig. 1A, left panel). MHV-Brts31 also
failed to form plaques at 37°C.

Next, we next asked whether or not MHV-Brts31 is an RNA-
negative mutant. First, we determined the amounts of viral

RNA synthesized in cells infected with MHV-A59, MHV-
Brts31, or MHV-Br31R1 and maintained at the permissive and
nonpermissive temperatures of 33°C and 39.5°C, respectively.
Figure 1B shows that at 33°C, all three viruses produce ge-
nome-sized and subgenome-sized virus RNA in the expected
ratios, although the Northern blot suggests that MHV-Brts31
may synthesize slightly less viral RNA than does MHV-A59 or
MHV-Br31R at the permissive temperature. At the nonper-
missive temperature of 39.5°C, MHV-Brts31 did not synthesize
a detectable level of RNA. In contrast, MHV-Br31R1 synthe-
sizes amounts of virus RNA that are comparable to those of
parental MHV-A59. These results confirm that MHV-Brts31 is
an RNA-negative mutant.

In order to look more closely at the RNA synthesis pheno-
type of MHV-Brts31 and MHV-Br31R1, we next analyzed the
kinetics of viral RNA synthesis in cells infected with MHV-
A59, MHV-Brts31, or MHV-Br31R1 and maintained at the
permissive and nonpermissive temperatures. Figure 2A (left
panel) shows that, at the permissive temperature, the kinetics
and levels of virus RNA synthesis in 17Cl-1 cells infected with
MHV-Brts31 and MHV-A59 are very similar. Figure 2A (right
panel) shows that the kinetics and levels of RNA synthesis are
also similar when cells infected with MHV-Br31R1 and MHV-
A59 are maintained at the nonpermissive temperature, al-
though, as expected, the peak of RNA synthesis is earlier at the

FIG. 1. (A) Plaque morphology of MHV-A59, MHV-Brts31, MHV-Br31R1, MHV-inf-1, MHV-Brtsc31, and MHV-Br31cR1. 17Cl-1 cells were
infected with 10 to 20 PFU of virus, overlaid with solid medium, and maintained at 33°C for 3 days or 37°C and 39.5°C for 2 days. The overlay
was removed, and the cells were fixed and stained as described in Materials and Methods. (B) Virus RNA accumulation in MHV-Brts31 and
MHV-Br31R1 virus-infected cells at permissive and nonpermissive temperatures. RNA was extracted from cells that had been infected with
MHV-A59, MHV-Brts31, or MHV-Br31R1 and maintained at either 33°C or 39.5°C. After electrophoresis and transfer to membrane, the virus
RNA was detected with an �-32P-random-prime-labeled PCR probe derived from the MHV-A59 nucleocapsid protein gene. (C) Virus RNA
accumulation in MHV-inf-1 and MHV-Brtsc31 virus-infected cells at permissive and nonpermissive temperatures. RNA was extracted from cells
that had been infected with MHV-inf-1 or MHV-Brtsc31 and maintained at either 33°C or 39.5°C. After electrophoresis and transfer to membrane,
the virus RNA was detected with an �-32P-random-prime-labeled PCR probe derived from the MHV-A59 nucleocapsid protein gene.

VOL. 84, 2010 GENETICS OF MHV RNA SYNTHESIS 10151



higher temperature. We have also confirmed that the kinetics
and levels of virus RNA synthesis in MHV-Brts31-infected
cells maintained at the nonpermissive temperature cannot be
distinguished from those of mock-infected cells and that cells
infected with MHV-Br31R1 and MHV-A59 are indistinguish-
able in terms of virus RNA synthesis at the permissive tem-
perature (data not shown). These results show that MHV-
Brts31 has near-normal levels of total RNA synthesis at the
permissive temperature. They also suggest that MHV-Br31R1

is most likely to be a true revertant. To show definitively
whether or not the kinetics and levels of viral RNA synthesis in
MHV-Brts31-infected cells at the permissive temperature are
identical to those of MHV-A59-infected cells will require a
more detailed analysis, possibly using different multiplicities of
infection and a more accurate measure of RNA levels, e.g.,
quantitative RT-PCR (qRT-PCR).

A major advantage of using ts mutants is that they can be
analyzed by temperature shift protocols, i.e., by allowing them
to gain function at the permissive temperature, shifting them
to the nonpermissive temperature, and then determining if the
function is lost. Thus, we determined the effect of temperature
shift on the levels of total viral RNA synthesis in MHV-Brts31-
and MHV-Br31R1-infected 17Cl-1 cells. To do this, infections
were initiated at 33°C and infected cells were incubated until
RNA synthesis reached about 20% of the maximum rate,
which is approximately 4 to 5 h postinfection. At this time, one
set of cells were pulse-labeled with [3H]uridine in the presence
of actinomycin D. Another set of virus-infected cells were
shifted to 39.5°C and pulse-labeled for 30 min at 0 and 30 min
after shifting to the nonpermissive temperature. The cells were
pulse-labeled with [3H]uridine in the presence of actinomycin
D and in the presence or absence of 100 �g/ml of cyclohexi-
mide. It should be noted that at 5 h postinfection the virus
RTC produces mainly (�90%) plus-strand RNA (38).

The results are shown in Fig. 2B. The pulse-labeling prior to
temperature shift shows again that MHV-Brts31- and MHV-
BR31R1-infected cells have comparable levels of RNA synthe-
sis. After temperature shift, total RNA synthesis increased in
MHV-Br31R1-infected cells in the absence of cycloheximide.
This reflects the amplification of virus RTCs and the increased
metabolic rate at higher temperatures. In the presence of cy-
cloheximide, the activity fails to increase, but after shift, sig-
nificant activity remains. We conclude that the MHV-Br31R1
replicase-transcriptase activity formed before temperature
shift is relatively resistant to higher temperature. In MHV-
Brts31-infected cells, there is also significant RNA synthesis
activity after temperature shift, irrespective of the presence or
absence of cycloheximide. We interpret this to mean that for
MHV-Brts31, preexisting complexes are also relatively resis-
tant and continue to synthesize plus-strand RNA at the non-
permissive temperature. To decide whether or not RTCs in
MHV-Brts31-infected cells are able to synthesize minus-strand
RNA at the nonpermissive temperature will require further
experiments.

Complementation analysis. Previous work by Sawicki et al.
(40) has divided a large panel of RNA-negative, ts mutants of
MHV into four complementation groups. We crossed MHV-
Brts31 with at least one virus from each of these known
complementation groups using a classical complementation
assay. The results are shown in Table 1. Basically, MHV-Brts31
was able to complement all of the mutant viruses tested from
each complementation group, with complementation indices
(CI) of between 28 and 638. This contrasts with a CI of 1.8
obtained for a cross involving mutants in the same comple-
mentation group (MHV-Albts6, CG1, versus MHV-Albts16,
CG1) and a CI of 240 for a cross involving mutants from
different complementation groups (MHV-Albts16, CG1, ver-
sus MHV-Albts22, CG2). These results indicate that MHV-
Brts31 forms the first member of a new complementation

FIG. 2. (A) RNA synthesis phenotype of the MHV-Brts31 mutant.
RNA synthesis was determined using 1-h pulse-labels with [3H]uridine
in the presence of actinomycin D, given to mock (f)-, MHV-A59 (Œ)-,
and MHV-Brts31 (E)-infected cells 4 to 10 h postinfection at 33°C (left
panel) or mock (f)-, MHV-A59 (Œ)-, and MHV-Br31R1 (�)-infected
cells 1 to 7 h postinfection at 39.5°C (right panel). Duplicate samples
of 5 � 104 cells were precipitated with trichloroacetic acid, and the
incorporated radioactivity was determined. The duplicates were repro-
ducible to within 2% of each other. (B) Temperature sensitivity of RNA
synthesis in MHV-Brts31 and MHV-Br31R1 virus-infected cells. RNA
synthesis was determined using 30-min pulse-labels with [3H]uridine in
the presence of actinomycin D, with or without the addition of cyclohex-
imide (CH), after shifting the incubation temperature of MHV-Brts31- or
MHV-Br31R1-infected cells from 33°C to 39.5°C at 4.75 h postinfection
(p.i.). Dark gray bars, 0- to 30-min pulse; light gray bars, 30- to 60-min
pulse. Triplicate samples of 5 � 104 cells were precipitated with trichlo-
roacetic acid, and the incorporated radioactivity was determined. The
triplicates were reproducible to within 2% of each other.
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group and defines a new MHV replicase gene cistron, which we
wish to provisionally designate cistron 0.

Identification of the mutation responsible for the ts pheno-
type of MHV-Brts31. Thiel et al. have shown that MHV repli-
case gene products suffice for subgenome-length mRNA syn-
thesis (51). We reasoned, therefore, that MHV-Brts31 would
have a mutation somewhere in the replicase gene, and to
identify this mutation, we sequenced the entire replicase genes
of both MHV-Brts31 and MHV-Br31R1 (data not shown; se-
quence available on request). This comparative analysis iden-
tified a single coding mutation, G to A at nucleotide 4131
(codon 1307 in ORF1a, amino acid 1307 in pp1a), which re-
sulted in a conservative replacement of methionine-475 with
isoleucine in nsp3. The methionine residue at position 475 in
the MHV nsp3 is conserved among group 2a coronaviruses
(e.g., MHV, bovine coronavirus [BCoV], and human corona-
virus OC43) but is not conserved in other coronaviruses. Both
MHV-A59 and the revertant MHV-Br31R1 have a methionine
at this position, showing that MHV-Br31R1 is a true revertant.
The numbering system used was that assigned to our infectious
clone of the MHV-A59 genome (GenBank accession number
AY700211).

In order to confirm that G4131 to A is the mutation respon-
sible for the ts phenotype of MHV-Brts31, we used a vaccinia
virus-based reverse genetics system to produce a recombinant
virus, MHV-Brtsc31, that has a single G-to-A nucleotide ex-
change at position 4131 compared to the parental recombinant
MHV-A59, which we call MHV-inf-1. MHV-Brtsc31 was res-
cued and plaque purified three times at 33°C, and a passage 2
virus stock was obtained. Sequence analysis of RNA from this
stock of virus confirmed the presence of the G4131-to-A muta-
tion (data not shown). At 33°C, the MHV-Brtsc31 stock had a
titer of 6 � 108 PFU/ml, and at 39.5°C, the stock had a titer of
1.0 � 104 PFU/ml, which is an EOP of 1.7 � 10
5. MHV-
Brtsc31 also failed to form plaques at 37°C (Fig. 1A, right
panel). One of the plaques that formed in cells infected with
MHV-Brtsc31 and maintained at the nonpermissive tempera-
ture of 39.5°C was picked and designated MHV-Br31cR1. The

plaque size and morphology of MHV-Brtsc31 and MHV-
Br31cR1 at 33°C and those of MHV-Br31cR1 at 39.5°C were
identical to those of the parental MHV-inf-1 (Fig. 1A, right
panel). Sequence analysis of RNA isolated from 17Cl-1 cells
infected with a passage 2 stock of MHV-Br31cR1 showed that
it was, indeed, a true revertant (data not shown). Next, we
determined the amounts of viral RNA synthesized in cells
infected with MHV-inf-1 and MHV-Brtsc31 and maintained at
the permissive and nonpermissive temperatures of 33°C and
39.5°C, respectively. Figure 1C shows that at 33°C both viruses
produce genome-sized and subgenome-sized virus RNA in the
expected ratios. At the nonpermissive temperature of 39.5°C,
MHV-Brtsc31 did not synthesize a detectable level of RNA.
Finally, we repeated the same complementation analysis de-
scribed above using MHV-Brtsc31 (Table 1). Again, the ts
mutant virus was able to complement all of the mutant viruses
tested from each complementation group, with complementa-
tion indices (CI) of between 27 and 717. Taken together, these
results confirm that a single G4131-to-A mutation is responsible
for the ts phenotype of MHV-Brts31, conclusively locate cis-
tron 0 in ORF1a, and show that nsp3 has, at least, one essential
role in MHV RNA synthesis.

Analysis of replicase polyprotein processing in MHV-
Brtsc31- and MHV-31cR1-infected cells. To determine if pro-
teolytic processing of the replicase polyprotein(s) is affected in
MHV-Brtsc31- and MHV-Br31cR1-infected cells at the non-
permissive temperature, we did temperature shift experiments
with metabolic labeling and immunoprecipitation using nsp-
specific antibodies (Fig. 3). As described in Materials and
Methods, 17Cl-1 cells were infected with either MHV-Brtsc31
or MHV-Br31cR1 at 33°C and incubated for 4 h. At this time,
one set of virus-infected cells was shifted to 39.5°C and a
duplicate set was left at 33°C. All the virus-infected cells were
then radiolabeled with 35S-trans label from 4.5 to 6.5 h postin-
fection. At the end of the radiolabeling, whole-cell lysates were
prepared, the viral nsp’s were immunoprecipitated with nsp-
specific antisera, and the products were analyzed by SDS-
PAGE.

Our first experiment (Fig. 4) showed that, in MHV-Brtsc31-
infected cells incubated at the nonpermissive temperature,
compared to the permissive temperature, there is a major
disruption of replicase polyprotein processing with respect to
the processing of the pp1a p150 intermediate to its products,
nsp4, nsp5 and nsp8 (compare boxed areas in Fig. 4A, lanes 3
to 5, with those in lanes 8 to 10). This disruption of p150
processing was not seen in cells infected with MHV-Br31cR1
(Fig. 4B, lanes 3 to 5 and lanes 8 to 10). In contrast, there was
no obvious impairment of the processing of nsp1, nsp2, and
nsp3 in the MHV-Brtsc31-infected cells at the nonpermissive
temperature (Fig. 4A, lanes 1 and 2 and lanes 6 and 7). Also,
there was no temperature-sensitive effect on nsp1, nsp2, and
nsp3 processing in MHV-Br31cR1-infected cells at either per-
missive or nonpermissive temperatures (Fig. 4B, lanes 1 and 2
and lanes 6 and 7). These results indicate that, at the nonper-
missive temperature, the replacement of methionine-475 with
isoleucine in nsp3 of MHV-Brtsc31 is affecting nsp5-mediated
processing of pp1a and, more specifically, the processing of
p150 to generate nsp4, nsp5, and nsp8. These results were
unexpected and the first demonstration of a relationship be-

TABLE 1. Complementation analysis of MHV-Brts31 and
MHV-Brtsc31a

Cross
CI

Expt 1 Expt 2

MHV-Albts6 (C1) � MHV-Albts16 (C1) 1.83 0.61
MHV-Albts6 (C1) � MHV-Albts22 (C2) ND 705
MHV-Albts16 (C1) � MHV-Albts22 (C2) 240 ND
MHV-Brts31 � MHV-Albts6 (C1) 500 ND
MHV-Brts31 � MHV-Albts16 (C1) 28 ND
MHV-Brts31 � MHV-Albts22 (C2) 130 ND
MHV-Brts31 � MHV-Albts17 (C4) 267 ND
MHV-Brts31 � MHV-Wüts36 (C6) 638 ND
MHV-Brtsc31 � MHV-Albts6 (C1) ND 27
MHV-Brtsc31 � MHV-Albts16 (C1) ND 33
MHV-Brtsc31 � MHV-Albts22 (C2) ND 717
MHV-Brtsc31 � MHV-Albts17 (C4) ND 488
MHV-Brtsc31 � MHV-Wüts36 (C6) ND 710

a MHV-Brts31 and MHV-Brtsc31 were crossed with viruses from each of the
four known complementation groups. The complementation indices (CI) for two
independent experiments are shown. ND, cross not done. An index greater than
2 is taken as indicative of complementation (40).
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tween nsp3 function and pp1a processing by the 3CLpro cys-
teine protease activity of nsp5.

In addition to mediating the proteolytic processing of the
pp1a polypeptide, nsp5 also mediates the processing of the
ORF1b-encoded region of pp1ab, i.e., the production of nsp12
to nsp16. To see if the replacement of methionine-475 with
isoleucine in nsp3 of MHV-Brtsc31 has any effect on pp1ab
processing, we repeated the experiment described above using
an antiserum specific for nsp12, the viral RdRp. The results
shown in Fig. 5 lead us to conclude that the processing of nsp12
is also impaired at the nonpermissive temperature compared
to the permissive temperature in cells infected with MHV-
Brtsc31 but not in MHV-Br31cR1-infected cells (Fig. 5, lanes

2 and 4 and lanes 6 and 8). As a control, we once again
demonstrated the impaired processing of nsp5 in MHV-
Brtsc31-infected cells at the nonpermissive temperature (Fig.
5, lanes 1 and 3 and lanes 5 and 7).

Analysis of double-membrane vesicles (DMVs) in MHV-
Brts31 and MHV-Br31R1 virus-infected cells. Since coronavi-
rus RNA synthesis occurs upon modified membranes (14, 16,
45), we next investigated if the ts lesion in nsp3 of MHV-Brts31
had any effect on the number of DMVs in virus-infected cells.
Two sets of 17Cl-1 cells were initially infected with MHV-
Brts31and MHV-Br31R1 at 33°C. At 3.5 h postinfection, one
set of infected cells was shifted to 39.5°C. At 5.5 h postinfec-
tion, the cells were harvested and processed for transmission

FIG. 3. Regions recognized by MHV nsp-specific antisera and location of the MHV-Brts31 M475I mutation. The MHV replicase gene
comprises two ORFs, ORF1a and ORF1b, connected by a (
1) ribosomal frameshift, which encode the viral replicase polyproteins. The replicase
polyproteins are processed by papain-like cysteine protease activities 1 and 2 (PLP1 and PLP2, respectively, in nsp3) and the 3C-like cysteine
protease activity (3CLpro in nsp5) to generate intermediates and mature nonstructural proteins (nsp’s), which assemble to generate functional
replication-transcription complexes. The site of the ts lesion in the MHV-Brts31 nsp3 open reading frame is indicated by the star. Domains
recognized by the polyclonal antibodies used in the immunoprecipitation assays are indicated by black bars.

FIG. 4. Analysis of proteolytic products generated in MHV-Brtsc31 and MHV-Br31cR1 virus-infected cells at permissive and nonpermissive
temperatures. Newly synthesized proteins were radiolabeled with 35S-trans label in MHV-Brtsc31- (A) or MHV-Br31cR1-infected cells (B) at
either the permissive (33°C) or nonpermissive (39.5°C) temperature and subjected to immunoprecipitation with polyclonal antisera specific to nsp1
(lanes 1 and 6), nsp2 and nsp3 (lanes 2 and 7), nsp4 (lanes 3 and 8), nsp5 (lanes 4 and 9), and nsp8 (lanes 5 and 10). The products were analyzed
by 5 to 12.5% SDS-PAGE and visualized by autoradiography. 14C molecular mass markers (GE Healthcare) are shown in lanes M.
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electron microscopy (TEM) analysis as described in Materials
and Methods.

TEM analysis of MHV-infected cells reveals that DMVs can
be visualized as dark-ringed vesicles in the cytoplasm adjacent
to the nucleus (16). In cells infected with MHV-Br31R1, the
typical accumulation of DMV structures (indicated by arrows)
was evident after incubation at the permissive (Fig. 6A) and
nonpermissive (Fig. 6B) temperatures, with an increased num-
ber of DMVs in the cells incubated at 39.5°C. In contrast, we
found that although the number of DMVs in MHV-Brts31-
infected cells incubated at the permissive temperature (Fig.
6C) was similar to the number found in revertant virus-infected
cells, the number of DMVs in MHV-Brts31-infected cells that
had been shifted to the nonpermissive temperature was re-
duced (Fig. 6D and F). We also noted a small number of
aberrant vesicles at the nonpermissive temperature (indicated
by asterisks in Fig. 6D and F) that stained with uranyl acetate
and Reynolds’ lead citrate but do not have the typical double-
membrane morphology. Further work will be necessary to de-
termine if these are possibly residual DMVs.

Taken together, these results indicate that the replacement
of methionine-475 with isoleucine in nsp3 of MHV-Brts31 im-
pairs both 3CLpro-mediated processing of replicase polypro-
teins and the assembly or stability of DMVs at the nonpermis-
sive temperature.

FIG. 5. Analysis of proteolytic products generated in MHV-Brtsc31
and MHV-Br31cR1 virus-infected cells at permissive and nonpermis-
sive temperatures. Newly synthesized proteins were radiolabeled with
35S-trans label in MHV-Brtsc31- (A) or MHV-Br31cR1-infected cells
(B) at either the permissive (33°C) or nonpermissive (39.5°C) temper-
ature and subjected to immunoprecipitation with polyclonal antisera
specific to nsp5 (odd-numbered lanes) and nsp12 (even-numbered
lanes). The products were analyzed by 5 to 12.5% SDS-PAGE and
visualized by autoradiography.

FIG. 6. Analysis of double-membrane vesicles in MHV-Brts31 and MHV-Br31R1 virus-infected cells at permissive and nonpermissive tem-
peratures. 17Cl-1 cells were infected with either MHV-Brts31 or MHV-Br31R1 at an MOI of 20.0 and incubated at 33°C for 5.5 h (A, C, and E)
or initially incubated at 33°C and then shifted to 39.5°C at 3.5 to 5.5 h postinfection (B, D, and F). At 5.5 h postinfection, cells were harvested and
processed for TEM analysis. DMVs can be visualized by TEM as dark-ringed vesicles in the cytoplasm of MHV-infected cells (arrows). Asterisks
denote rare aberrant vesicles detected at the nonpermissive temperature in MHV-Brts31-infected cells. Bars, 1 �m (A to D) or 0.1 �m (E and F).
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DISCUSSION

Previously, we have identified four complementation groups
of MHV RNA-negative ts mutants. Three of these groups,
groups II, IV, and VI, were defined by ts viruses with mutations
in the ORF1b-encoded proteins nsp12, nsp14, and nsp16, re-
spectively, while the fourth group, group I, was defined by ts
viruses with mutations in three of the ORF1a-encoded pro-
teins, nsp4, nsp5, and nsp10. This led us to the hypothesis that
each of the five MHV ORF1b cleavage products (nsp12 to
nsp16) may represent distinct cistrons but that the majority of
the ORF1a cleavage products will function as a single cistron.
More specifically, it was proposed that cistron I would encom-
pass the regions of ORF1a that encode nsp4 to nsp10.

The complementation analysis of MHV-Brts31 described
here identifies a new cistron (cistron 0) in the MHV replicase
gene. Furthermore, the identification of the mutation respon-
sible for the ts phenotype of MHV-Brts31 (G4131 to A) shows
that cistron 0 encompasses, at least, the region encoding nsp3.
For a number of reasons, we suggest that cistron 0 will not
extend beyond the coding region of nsp3. First, as mentioned
above, extensive deletion of sequences encoding the carboxyl
region of nsp1 or, indeed, the entire coding region of nsp2 has
an attenuating effect but is not lethal for MHV replication (13,
18). Second, although it has been shown that an RNA stem-
loop in the bovine coronavirus (BCoV) 5� proximal coding
region of nsp1 is essential for RNA replication (4) (which
would explain the lethality of deleting the entire nsp1 coding
region), the majority of evidence suggests that the coronavirus
nsp1 protein primarily has a role in the virus-host interaction
(8, 24, 25, 29) or regulatory, rather than essential, functions in
RNA synthesis (19). Although the possibility that other
ORF1a- or ORF1b-encoded nsp’s (i.e., nsp6, nsp7, nsp8, nsp9,
nsp11, nsp13, or nsp15) could fall into the same complemen-
tation group as MHV-Brts31 cannot be ruled out, it would, in
our opinion, be difficult to reconcile this with our current view
of MHV replicase gene expression and function.

Our analysis of replicase polyprotein processing and DMV
structures in MHV-Brtsc31-infected cells at the nonpermissive
temperature allows us to reach two important conclusions.
First, the ts lesion of MHV-Brtsc31 is affecting nsp5-mediated
processing of pp1a and pp1ab, specifically, the processing of
p150 to generate nsp4, nsp5, and nsp8 and the processing of
pp1ab to generate nsp12. However, there is no effect on the
processing of the replicase polyproteins to produce nsp1, nsp2,
and nsp3. We interpret this to mean one of two things. Either
there is an interaction between nsp3 and another component
of the RTC, which is necessary to facilitate nsp5-mediated
polyprotein processing, or the normal structure or function of
nsp3 is needed to provide pp1a/pp1ab substrates upon which
nsp5 can act. In this respect, the precedent for protein-protein
interactions within the coronavirus RTC that result in a mod-
ification of nsp5 activity has been given by Donaldson et al. (9),
who have suggested that nsp10 may act as a cofactor for
3CLpro-mediated processing.

Second, the decrease in the number of DMV structures in
MHV-Brts31-infected cells at the nonpermissive temperature
indicates that the assembly or stability of the RTC is impaired.
A quantitative analysis of DMV numbers in cells infected with
MHV-Brts31, together with experiments to determine the

turnover rate of DMV structures in MHV-A59-infected cells,
will be needed to determine the precise defect in DMV bio-
genesis. However, our data suggest that preformed RTCs are
able to continue plus-strand RNA synthesis at the nonpermis-
sive temperature, and it seems more likely that the failure to
correctly process the replicase polyproteins would affect as-
sembly rather than stability of the RTC. On the other hand, an
earlier analysis of cells infected with the RNA-negative, ts
mutant MHV-Albts6 (6) has shown that DMV formation and
replicase polyprotein processing are not always linked. In this
case, DMV formation was severely impaired even though rep-
licase polyprotein processing appeared to be normal. The find-
ing that both MHV-Brts31 and MHV-Albts6 fail to accumulate
DMVs at the nonpermissive temperature is consistent with the
idea that DMVs either are required for coronavirus RNA
synthesis or are generated as a result of viral RNA synthesis.

In the light of these conclusions, the obvious challenge is to
identify the specific function or functions of nsp3 that are
impaired at the nonpermissive temperature in MHV-Brts31/
MHV-Brtsc31-infected cells and to relate this to the phenotype
of the mutant virus. In this context, it is important to note that
the data do not allow us to discern whether the phenotypic
changes that we observe are directly or indirectly related to the
causal mutation. The M475I mutation, which is located, essen-
tially, at the junction of the PLP1 and X domains of nsp3, could
lead to multiple effects that may then be separately related to
the different phenotypic manifestations. Indeed, Graham and
Denison (17) have shown that recombinant MHV mutants
with changes in the nsp1-to-nsp3 protein coding region may
have a variety of different phenotypes with respect to replicase
polyprotein processing, replication, and RNA synthesis.

In general, we can offer three possible ways in which the
M475I mutation may exert its effect. First, it is possible that
one or more of the enzymatic activities associated with nsp3
are rendered inactive at the nonpermissive temperature. For a
number of reasons, we consider this the least likely explana-
tion. For example, we consider it unlikely that inactivation of
PLP1 activity is responsible for the phenotype of MHV-Brts31
(or MHV-Brtsc31). Our data do not provide any evidence for
a defect in nsp1, nsp2, and nsp3 processing, and previous
studies have shown that MHV PLP1 activity is not essential for
virus replication in cell culture (17). Nevertheless, mutants of
this sort are highly impaired on recovery and we cannot rule
out that the inactivation of PLP1 may somehow be involved.
Similarly, although it has been shown that the HCoV-229E
PLP2 activity is essential for replication (58), our results do not
indicate any defect in this activity at the nonpermissive tem-
perature in MHV-Brtsc31-infected cells. A second type of
function associated with nsp3 is the ADP-ribose 1�-phos-
phatase and poly(ADP-ribose) binding activities of the X do-
main. Again, we consider it unlikely that inactivation of one or
both of these activities can account for the phenotype of MHV-
Brts31 because it has been shown previously that mutation of
the active site of the HCoV-229E nsp3 X domain has no
significant effect on virus RNA synthesis (36). The inactivation
of nsp3-associated deubiquitination activity (57) and other,
as-yet-unidentified enzymatic activities remains a possibility.

A second and perhaps more likely explanation is that, at the
nonpermissive temperature, interactions between nsp3 and
cellular membranes are compromised. Although there is still
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some uncertainty, the current model of MHV nsp3 topology
predicts at least 2 transmembrane helices (26, 31, 32). This
would place the bulk of nsp3 on the same membrane face
occupied by nsp5 and the nsp12 to nsp16 proteins processed
from pp1ab. Kanjanahaluethai et al. (26) recently showed that
removing the nsp3 transmembrane domain abolished PLP2
activity, presumably by preventing the interaction of PLP2 with
its substrate. If the MHV-Brts31/MHV-Brtsc31 nsp3 protein is
no longer stably inserted into the cellular membrane at the
nonpermissive temperature, then this could compromise the
integrity of the whole replicase-transcriptase complex.
The same might be true if the replacement of methionine-475
with isoleucine in nsp3 had a global effect upon the structure of
nsp3, or even the pp1a and pp1ab polyproteins as a whole. Our
current view of nsp3 as a large protein with a functional and
structural domain architecture might argue against a global
effect (31), and the position of this substitution, which is es-
sentially predicted to be in a flexible region separating con-
served functional domains, would be more consistent with the
idea that intramolecular nsp3 domain interactions are affected
at the nonpermissive temperature.

The third possibility is that, at the nonpermissive tempera-
ture, nsp3 protein-protein, or perhaps nsp3 protein-RNA, in-
teractions within the RTC are compromised. This could be
manifested as an inability to assemble new complexes or as the
assembly of a nonfunctional complex. Putative metal-binding
domains are located in the PLP, ZF, and Y domains of the
MHV nsp3, and they may represent zinc-finger motifs that are
involved in the recognition of other protein components of the
RTC. The MHV nsp3 protein also contains a putative nucleic
acid-binding domain. Neuman et al. (31) have shown that the
corresponding SARS-coronavirus NAB domain of nsp3 has
both single-stranded nucleic acid-binding activity and double-
stranded unwinding activity, and they suggest that these activ-
ities are consistent with a nucleic acid chaperone function. It is
easy to see how the disruption of MHV nsp3 protein-protein or
nsp3 protein-RNA interactions could prevent the assembly of
a functional RTC and result in the ts phenotype that we ob-
serve for MHV-Brts31 and MHV-Brtsc31.

Work is under way to investigate some of these possibilities,
and we are confident that RNA-negative ts mutants such as
MHV-Brts31 will prove to be valuable tools for unraveling the
complexities of coronavirus RNA synthesis.
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