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The Murine hepatitis virus (MHV) strain A59 ns2 protein is a 30-kDa nonstructural protein that is expressed
from a subgenomic mRNA in the cytoplasm of virus-infected cells. Its homologs are also encoded in other
closely related group 2a coronaviruses and more distantly related toroviruses. Together, these proteins
comprise a subset of a large superfamily of 2H phosphoesterase proteins that are distinguished by a pair of
conserved His-x-Thr/Ser motifs encompassing catalytically important residues. We have used a vaccinia
virus-based reverse genetic system to produce recombinant viruses encoding ns2 proteins with single-amino-
acid substitutions in, or adjacent to, these conserved motifs, namely, inf-ns2 H46A, inf-ns2 S48A, inf-ns2-
S120A, and inf-ns2-H126R. All of the mutant viruses replicate in mouse 17 clone 1 fibroblast cells and mouse
embryonic cells to the same extent as the parental wild-type recombinant virus, inf-MHV-A59. However,
compared to inf-MHV-A59, the inf-ns2 H46A and inf-ns2-H126R mutants are highly attenuated for replication
in mouse liver following intrahepatic inoculation. Interestingly, none of the mutant viruses were attenuated for
replication in mouse brain following intracranial inoculation. These results show that the ns2 protein of
MHV-A59 has an important role in virus pathogenicity and that a substitution of the histidine residues of the
MHV-A59 ns2 His-x-Thr/Ser motifs is critical for virus virulence in the liver but not in the brain. This novel
phenotype suggests a strategy to investigate the function of the MHV-A59 ns2 protein involving the search for
organ-specific proteins or RNAs that react differentially to wild-type and mutant ns2 proteins.

Coronaviruses are positive-stranded RNA viruses with ge-
nomes ranging in size from 27 to 32 kb. They are generally
associated with respiratory and enteric infections and have
long been recognized as important pathogens of livestock and
companion animals (48). One of the hallmarks of coronavi-
ruses is the pattern of multiple subgenomic mRNAs that are
produced in infected cells by an unusual mechanism involving
discontinuous genome transcription during minus-strand RNA
synthesis (44). The recent emergence of the Severe acute respi-
ratory syndrome coronavirus (SARS-CoV) (4) and an increased
awareness of the extent of human coronavirus-associated dis-
ease (57) have renewed interest in this group of viruses.

The size and complexity of the coronavirus genome and the
ability of coronaviruses to adapt to a range of different host
species are remarkable. In this respect, it has been suggested

that the gradual acquisition of several RNA-processing en-
zymes by the ancestors of contemporary coronaviruses may
have improved the fidelity of RNA replication and transcrip-
tion to allow for genome expansion (15). This, in turn, would
provide coronaviruses with the opportunity to extend their host
range and adapt rapidly to changing environmental conditions.
For example, genome expansion may have allowed for the
acquisition of genes that are able to antagonize host cell de-
fense mechanisms or genes that facilitate virus replication by
modulating cellular functions.

Basically, the coronavirus genome encodes three classes of
proteins (30). First, it encodes structural proteins of the virus.
These are the spike (S), membrane (M), envelope (E), and
nucleocapsid (N) proteins and, for some viruses of group 2a,
an additional hemagglutinin-esterase (HE) protein. Second, it
encodes proteins that have a critical role in viral RNA synthe-
sis. The majority of these are nonstructural proteins (nsp’s)
that are referred to as replicative proteins or proteins of the
replicase-transcriptase complex (44). They include proteins
common to many RNA viruses, such as proteinases (PL1/2pro

in nsp3 and Mpro in nsp5), RNA-dependent RNA polymerase
(RdRp in nsp12), and 5�-to-3� helicase (HEL in nsp13), as well
as others that are unique to some or all coronaviruses and
related viruses belonging to the order Nidovirales (15). These
include a 3�-to-5� exonuclease (ExoN in nsp14) and a uridylate-
specific endoribonuclease (EndoU in nsp15) (62). Third, the
genome encodes proteins that are not essential for virus rep-
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lication in cell culture but appear to confer a selective advan-
tage in vivo. These are referred to as niche-specific, group-
specific, or accessory proteins (9, 32, 44).

Although useful, this view of coronavirus proteins is obvi-
ously oversimplified. For example, there are virion proteins,
such as the nucleocapsid (N) protein, that are clearly involved
in intracellular viral RNA synthesis (45) and the modulation of
cellular responses (59). Conversely, there are replicase-tran-
scriptase proteins, such as the nsp3 protein, that are found in
purified virions of, for example, SARS-CoV (37). Also, in
terms of function, there are proteins that are apparently asso-
ciated with only a single enzymatic activity, for example, Mpro

in nsp5, and there are complex, multifunctional proteins, such
as nsp3, which may have domains involved with enzymatic and
structural roles in the biogenesis of the replicase-transcriptase
complex, protease domains such as PL1/2pro with the addi-
tional potential to modify cellular proteins by deubiquitination,
domains such as the poly(ADP-ribose)-binding domain (also
known as ADP ribose 1�-phosphatase, ADRP, or X domain)
with as-yet-undefined roles in the virus life cycle, and “orphan”
domains such as the SARS-CoV-unique domain and other
similarly positioned domains that are exclusively conserved in
genetically compact subsets of coronaviruses (1, 20, 24, 25, 37,
39) (A. E. Gorbalenya, unpublished data). As we learn more,
and extend the techniques and assays used to study coronavi-
ruses, the simple distinctions between structural, nonstruc-
tural, and niche-specific proteins and the concept of essential
and nonessential functions may become even less clear.

One of the earliest proteins identified as a coronavirus
niche-specific protein was the Murine hepatitis virus (MHV) ns2
protein. This protein is encoded in open reading frame 2a
(ORF2a) of most, but not all, coronaviruses of group 2a and is
expressed from the largest subgenomic mRNA. The ns2 pro-
tein has a molecular mass of about 30 kDa (261 residues for
MHV strain A59 [MHV-A59]), and it is localized to the cyto-
plasm (63). The protein is expressed in infected cells with the
same kinetics as the virus structural proteins, but it has a
relatively short half-life (2). It has been reported that the
Bovine coronavirus ns2 protein is phosphorylated (6). Compar-
ative sequence analysis has placed the coronavirus ns2 proteins
within a family in a large superfamily of 2H phosphoesterase
proteins including cellular RNA ligases and cyclic nucleotide
phosphoesterases (CPD) that are distinguished by a pair of
conserved His-x-Thr/Ser motifs implicated in catalysis (31, 50).

The function of the coronavirus ns2 protein has been a
matter of speculation for many years. It was previously shown
by Schwarz et al. (46) that the ns2 protein of MHV-JHM was
not essential for virus replication in transformed mouse (DBT)
cells, and those authors predicted that the function of the ns2
gene may be manifested only in vivo. However, this mutant
strain of MHV-JHM, which is a neurotropic coronavirus, was
found to be fully virulent for mice following intracranial (i.c.)
inoculation (J. Leibowitz, personal communication; S. Per-
lman, personal communication). Subsequently, de Haan et al.
(9) used targeted recombination to produce an MHV-A59
recombinant in which the coding region between ORF1b and
the S protein-coding ORF (i.e., the region encoding ns2 and
the HE protein) was deleted. Again, those authors showed that
there was no difference in the single-step growth kinetics of this
recombinant virus in mouse LR7 cells compared to parental

wild-type virus. However, this mutant virus was significantly
attenuated when inoculated into mice i.c. Finally, Sperry et al.
(53) showed more recently that a recombinant MHV-A59 mu-
tant with a single-amino-acid substitution of Leu with Pro at
ns2 residue 94 is moderately attenuated for replication in mice
following i.c. inoculation.

The results described above clearly suggest that MHV-A59
ns2 is a virulence factor for replication in vivo. However, the
design of these experiments does not allow definitive conclu-
sions. For example, the MHV-�2aHE mutants described pre-
viously by de Haan et al. have both the ns2 and HE genes
deleted. This large genomic deletion could have subtle effects
on viral replication due to its sheer size and regardless of the
functions of the deleted genes, and these effects could be
magnified during in vivo infections. Also, in both in vivo stud-
ies, only i.c. inoculation was investigated as a route of infection,
and the virulence of the relevant mutants was determined only
by the survival of animals in a 50% lethal dose assay.

In this paper, we report a bioinformatic-based, reverse ge-
netic approach to study in more detail the in vivo phenotypes
of viruses that have single, site-specific mutations in codons
encoding residues predicted to be critical for the putative ns2
CPD activity of MHV-A59. We also investigated the patho-
genesis of mutant virus following infection by both intrahepatic
(i.h.) and i.c. routes of inoculation and assayed for virus
replication by the measurement of organ-specific titers and
immunohistochemistry. The results reveal that mutations of
codons encoding catalytic-site ns2 residues selectively atten-
uate MHV-A59 infection in liver but not in the brain, im-
plying that the presumed CPD activity of ns2 is important
for virus replication in at least one organ. This finding also
suggests that the role played by ns2 in the virus life cycle
could be elucidated by the analysis of virus-host cell inter-
actions in specific tissues of the infected animal.

MATERIALS AND METHODS

Structural modeling. A structural model of the amino-terminal two-thirds of
the MHV-A59 ns2 protein was generated by using the HHpred server (http:
//toolkit.tuebingen.mpg.de/hhpred). HHpred builds a profile hidden Markov
model from a query sequence and compares it with a database of hidden Markov
models representing domains with known structures (52). The closest template
proposed was the central domain of the rat A-kinase-anchoring protein, AKAP
18 delta (13). This aligned template was then used to predict a structural model
for the MHV-A59 ns2 protein using MODELLER, which implements compar-
ative protein structure modeling by satisfaction of spatial restraints (42). The
accuracy of this model was assessed using Verify3D (29). PyMol (0.99rc6) (http:
//pymol.sourceforge.net/) was used for molecular graphics.

Cells and viruses. Mouse 17 clone 1 fibroblast cells (17Cl-1) (54), HeLa-
D980R cells (26), and primary fibroblast cultures (mouse embryonic fibroblasts)
derived from 129/SvJ mouse embryos (38) were cultured at 37°C in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum, penicillin
(100 U/ml), and streptomycin (100 �g/ml). Mouse L2 fibroblast cells were cul-
tured in the same medium with HEPES (10 mM). Monkey kidney (CV-1) cells
and baby hamster kidney (BHK-21) cells were obtained from the European
Collection of Cell Cultures and cultured in minimal essential medium supple-
mented with HEPES (25 mM), 5% fetal bovine serum, and antibiotics. Plaque
assays were done using 17Cl-1 or L2 cells as described previously (18, 43).
Vaccinia virus (WR strain) and vaccinia virus recombinants were propagated,
titrated, and purified as described previously (55).

Recombinant viruses. Recombinant inf-MHV-A59 and the recombinant mu-
tants inf-ns2 H46A, inf-ns2 S48A, inf-ns2-S120A, and inf-ns2-H126R 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 a reverse genetics system described previously (5). Briefly, two rounds
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of vaccinia virus-mediated homologous recombination were done using the Esch-
erichia coli guanine-phosphoribosyltransferase (GPT) gene as a selection marker.
First, the ns2 protein-coding region within the vMHV-inf-1 cDNA was replaced
by the GPT gene using homologous recombination with plasmid pGPT-ns2.
pGPT-ns2 encodes the GPT gene flanked on its left by MHV-A59 nucleotides
(nt) 20606 to 21641 and on its right by MHV-A59 nt 22679 to 24009. Second, the
GPT gene within the recombinant vaccinia virus vMHV-ns2GPT cDNA was
replaced by one of four mutated ns2 protein-coding regions using homologous
recombination with plasmids pns2-H46A (MHV-A59 nt 21907 to 21909;
CAT3GCT), pns2-S48A (MHV-A59 nt 21913 to 21915; AGT3GCT), pns2-
S120A (MHV-A59 nt 22129 to 22131; UCC3GCC), and pns2-H126R (MHV-
A59 nt 22147 to 22149; CAC3CGC). These plasmids were produced by site-
directed PCR-mutagenesis of plasmid pns2rec, which contains MHV-A59 cDNA
sequences corresponding to nt 19438 to 24004, including the ns2 protein-coding
region (ORF2a) between nt 21772 and 22557. The identities of plasmids and
recombinant vaccinia viruses were confirmed by sequence analysis of the mu-
tated regions. Further cloning details, plasmid maps, and sequences are available
from the authors on request.

Recombinant coronaviruses inf-MHV-A59, inf-ns2-H46A, inf-ns2-S48A, inf-
ns2-H126R, and inf-ns2-S120A were rescued from cloned cDNA using purified,
EagI-cleaved vaccinia virus DNA as a template for the transcription of recom-
binant, full-length MHV genomic RNA, which was electroporated in to BHK-
MHV-N cells as described previously (5). Following electroporation, the trans-
fected BHK-MHV-N cells were mixed with a fourfold excess of 17Cl-1 cells and
cultured at 37°C. At days 1 and 2 postelectroporation, tissue culture supernatants
were taken, and recombinant coronaviruses 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 con-
firmed by sequence analysis of the mutated regions.

Northern blotting. RNA for Northern blotting was obtained by infecting
17Cl-1 cells with virus at a multiplicity of infection (MOI) of 10, incubating the
cells for 4 or 8 h at 37°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 previously described (56) and incubated with formamide (50%)
and formaldehyde (2.2 M) at 70°C for 10 min. For each sample, the poly(A)-
containing RNA from 2 � 106 cells was electrophoresed in 1% agarose gel
containing 20 mM MOPS (3-N-morpholino-propanesulfonic acid) and 600 mM
formaldehyde. After electrophoresis, the gel was soaked in 0.05 N NaOH, neu-
tralized, and equilibrated with 20� SSC (3 M NaCl, 0.3 M sodium citrate, 1 mM
EDTA) before vacuum blotting onto a nylon membrane (Optitran BA-S 83;
Schleicher & 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 product corre-
sponding to sequences in the nucleocapsid protein ORF of the MHV-A59
genome (49).

Viral replication in the brain and liver. Three- to four-week-old male virus-
free C57BL/6 mice purchased from the National Cancer Institute (Frederick,
MD) were anesthetized with isoflurane (IsoFlo; Abbott Laboratories) for i.h. or
i.c. inoculations. Virus was diluted in phosphate-buffered saline containing
0.75% bovine serum albumin. For i.h. infections, mice were inoculated with 500
PFU of inf-MHV-A59, inf-ns2-H46A, inf-ns2-S48A, inf-ns2-H126R, or inf-ns2-
S120A in a total volume of 50 �l, and for i.c. infections, mice were inoculated
with 50 PFU of inf-MHV-A59, inf-ns2-H46A, inf-ns2-S48A, inf-ns2-H126R, or
inf-ns2-S120A in a total volume of 20 �l in the left cerebral hemisphere. At days
3, 5, and 7 postinoculation (p.i.), animals were sacrificed, livers were harvested
from animals infected i.h., and brains and livers were harvested from animals
infected i.c. Organs were placed in isotonic saline containing 0.167% gelatin (gel
saline) and homogenized. Viral titers were determined by plaque assay on L2
fibroblasts (14). All mouse experiments were reviewed and approved by the
University of Pennsylvania IACUC.

Immunohistochemistry. A small piece of the top left lobe of the liver and the
right half of sagittally sectioned brain from animals sacrificed at day 5 p.i. were
fixed in formalin, embedded in paraffin, sectioned, and stained for viral antigen.
Antigen staining was done by the avidin-biotin-immunoperoxidase technique
(Vector Laboratories) by using diaminobenzidine tetrahydrochloride as the sub-
strate and a 1:20 dilution of a monoclonal antibody raised against MHV nucleo-
capsid (N) (kindly provided by Julian Leibowitz). Slides were counterstained
with hematoxylin.

RESULTS

Rationale for design of mutants that target the active-site
residues of the MHV-A59 ns2 protein. To study the role of ns2
in MHV infection, we decided to characterize mutants carrying
substitutions in the active site of the putative enzyme. The
MHV ns2 protein belongs to the 2H phosphoesterase protein
superfamily, whose sequence signature includes a pair of con-
served His-x-Thr/Ser motifs (Fig. 1). On the basis of the se-
quence alignments shown in Fig. 1A, we decided to produce
four MHV-A59 mutant viruses: mutant inf-ns2-H46A (MHV-
A59 nt 21907 to 21909; CAT3GCT), mutant inf-ns2-S48A
(MHV-A59 nt 21913 to 21915; AGT3GCT), mutant inf-ns2-
S120A (MHV-A59 nt 22129 to 22131; UCC3GCC), and mu-
tant inf-ns2-H126R (MHV-A59 nt 22147 to 22149;
CAC3CGC). The mutants inf-ns2-H46A and inf-ns2-H126R
target the His residues of the conserved His-x-Thr/Ser motifs,
which were substituted by either Ala (residue 46) or Arg (res-
idue 126). The replaced residues were predicted to be part of
the catalytic network of 2H phosphoesterase proteins (31, 50),
implying that their replacement should be evident in test sys-
tems that rely upon CPD activity. The mutant inf-ns2-S48A
targets a Ser residue of the first His-x-Thr/Ser motif. This
residue is not thought to have a catalytic role but may be a
co-coordinating residue involved in, for example, substrate
binding (33). In our view, the effect of this mutation would
depend upon the sensitivity of a test system and could range
from unapparent to a phenotype equivalent to that caused
by the substitution of a catalytic-site His residue. The mu-
tant inf-ns2-S120A targets a Ser residue that is not thought
to have any role in the catalytic or substrate binding activity
of 2H phosphoesterase proteins but is located adjacent to
the second His-x-Thr/Ser motif. We predicted this mutation
to be neutral and without an associated phenotype.

Our mutation strategy was designed using a multiple-se-
quence alignment that was produced a number of years ago, a
time at which none of the proteins of the 2H superfamily had
been structurally characterized. In the meantime, crystallo-
graphic structures have been reported for several of these
proteins, including a central domain of rat A-kinase-anchoring
protein 18 delta (AKAP18CD) (13). This domain is identified
as being the closest template when the PDB70 protein struc-
ture database is queried with the MHV-A59 ns2 sequence.
Figure 1B shows an alignment of MHV-A59 ns2 protein resi-
dues 6 to 187 and AKAP18 protein residues 89 to 291. This
alignment reveals an approximate colinearity of the two His-
x-Thr/Ser motifs, CM1 and CM2, as well as five alpha-helical
regions (�1 to �5) and five beta-sheet regions (	1 to 	5) that
have been determined in the AKAP18CD molecule and are
predicted for the MHV-A59 ns2 secondary structure. This
extended alignment supports the placement of the MHV-A59
ns2 protein within the eukaryotic-viral LigT-like family (family
II) of 2H phosphoesterases (31). We then continued to model
the ns2 protein using the AKAP18 template in order to assess
the effect of our mutation strategy in the context of the pre-
dicted tertiary organization of the MHV-A59 ns2 protein. Fig-
ure 1C shows that the ns2 protein can be modeled to produce
an incomplete barrel-like structure with a large water-filled
cavity that is characteristic of the 2H phosphoesterase super-
family of proteins. This structure places the conserved His46
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FIG. 1. Comparative structural analysis of the MHV-A59 ns2 protein. (A) Sequence-based alignment of the regions adjacent to the relevant
His residues in cellular and viral proteins that belong to the CPD family of enzymes. The alignment is an extension of that reported previously (50).
Residues are highlighted independently: black indicates absolutely conserved residues, and different shades of gray indicate different levels of
conservation. Positions occupied by identical or similar residues in all proteins are indicated with an asterisks and colons. The MHV-A59 residues
mutagenized in this study are highlighted with red. Hsap AKA, A-kinase-anchoring protein 18 gamma of Homo sapiens (GenBank accession
number AAF28106) (this sequence is identical in the rat A-kinase-anchoring protein 18 delta); Athal CPD1, putative CPD1 of Arabidopsis thaliana
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and His126 residues of the His-x-Thr/Ser motifs juxtaposed
within the water-filled cavity. Ser48 is also facing into this
cavity, while Ser120 lies in an adjacent loop region (31). The
accuracy of this model can be assessed by comparison to a
so-called three-dimensional profile (17), which is computed
from the atomic coordinates of correct protein structures and
is independent of whether the model has been derived by
experimental or computational procedures (29). The model
shown in Fig. 1C has a high profile score, especially in the
region between residues 30 and 140, but is less reliable be-
tween residues 6 and 40 and in the region carboxyl terminal to
residue 140 (Fig. 1B). Using the same criteria, in silico substi-
tution of the relevant residues does not significantly decrease
the quality of the model and suggests that the introduced
changes, including the H126R substitution, would not have an
impact upon the global structure of the MHV-A59 ns2 protein.

Viruses with mutations in the MHV-A59 ns2 gene replicate
in mouse 17Cl-1 fibroblast cells and mouse embryonic cells.
First of all, we tested the ability of recombinant MHV-A59 ns2
mutants to replicate in a transformed mouse cell line and
primary embryonic cell cultures. Figure 2A shows that at an
MOI of 10, the levels of replication of the parental inf-MHV-
A59 and the recombinant MHV ns2 mutants inf-ns2-S48A,
inf-ns2-H126R, and inf-ns2-S120A in 17Cl-1 cells were essen-
tially indistinguishable. At both hour 6 postinfection and hour
12 postinfection, the supernatants from cultures infected with
mutant viruses had reached titers that were equal to or greater
than the titers of supernatants from cultures infected with the
parental virus. Similarly, the replications of the parental inf-
MHV-A59 and the recombinant MHV ns2 mutants inf-ns2-
S48A, inf-ns2-H126R, and inf-ns2-S120A in primary embry-
onic mouse cells were also comparable, although at the same
MOI of 10, the titers of virus reached in the embryonic cell
cultures were 10- to 100-fold lower than those the 17Cl-1 cells
(Fig. 2B). Immunofluorescence staining of the infected 17Cl-1
and primary embryonic cell cultures with MHV S-protein-
specific monoclonal antibody 11F (41) showed that whereas
more than 95% of the cells in the 17Cl-1 cultures had been
infected, only about 5 to 10% of the cells in the primary
cultures were infected (data not shown).

At the time that the experiments described above were done,
the inf-ns2-H46A mutant was not available. However, subse-
quently, this mutant was analyzed and found to be indistin-
guishable from inf-MHV-A59 with respect to replication ki-

netics and plaque morphology in 17Cl-1 cell cultures (data not
shown).

Viruses with mutations in the MHV-A59 ns2 gene synthesize
viral RNA in infected 17Cl-1 cells. To confirm that the ns2
gene mutations in the recombinant viruses did not have a
significant effect on virus replication in vitro, we analyzed viral
RNA synthesis in 17Cl-1 cells infected with inf-MHV-A59 and
the recombinant MHV-A59 ns2 mutants. Figure 3 shows that
the mutant and wild-type viruses accumulated virus genomic
and subgenomic poly(A)-containing RNA to equivalent levels
at 8 h postinfection. The samples taken at 4 h postinfection
suggest that the rates of RNA accumulation are also compa-
rable, although it appears that wild-type inf-MHV-A59 may
have synthesized slightly more virus RNA by this earlier time
point. However, this result is not supported by the virus rep-
lication data shown in Fig. 2, and importantly, there is no
obvious difference in the amounts of RNA synthesized in cells
infected with the recombinant MHV-A59 ns2 mutants.

Viruses with mutations in the His46 and His126 codons of
the MHV-A59 ns2 gene are attenuated in the liver. To assess
the in vivo phenotype of the recombinant MHV-A59 ns2 mu-
tants, C57BL/6 mice were inoculated i.h. with inf-MHV-A59,
inf-ns2-H46A, inf-ns2-S48A, inf-ns2-H126R, or inf-ns2-S120A.
Viral replication in the livers of infected animals was quanti-
fied by plaque assay of liver lysates from mice sacrificed at days
3, 5, and 7 p.i. (Fig. 4A). While the replication of inf-ns2-S48A
and inf-ns2-S120A reached levels equivalent to those of inf-
MHV-A59 at day 3 p.i., the replication of both inf-ns2-H46A
and inf-ns2-H126R was significantly reduced (P 
 0.035). This
difference is even more evident at day 5 p.i., when inf-MHV-
A59, inf-ns2-S48A, and inf-ns2-S120A reached peak titers in
the liver, while the replication of inf-ns2-H46A and inf-ns2-
H126R was significantly attenuated (P 
 0.0017). All of the
viruses were cleared from the liver by day 7 p.i.

To assess to abilities of these viruses to spread in the liver,
the presence of MHV antigen was measured by immunohisto-
chemical analysis of liver sections from mice sacrificed at day
5 p.i. (Fig. 4B), which corresponds to the peak of viral repli-
cation. Infection with inf-MHV-A59, inf-ns2-S48A, and inf-
ns2-S120A resulted in focal areas of hepatocellular necrosis
that colocalized with MHV antigen staining, consistent with
the ability of these viruses to replicate to high titers in the liver.
However, livers from animals infected with inf-ns2-H46A and
inf-ns2-H126R had no obvious signs of antigen staining, con-

(accession number CAA16750); Athal CPD2, putative CPD2 of Arabidopsis thaliana (accession number CAA16751); yeast YG59, hypothetical
26.7-kDa protein of yeast (accession number P53314); Ecoli LIGT, 2�-5� RNA ligase of Escherichia coli (accession number P37025); ns2,
nonstructural protein (ORF2 encoded) of the coronaviruses CCoV-4182 (accession number ABG78746), HCoV-O43 (accession number
AAA74377), bovine coronavirus strain Quebec (accession number P18517), PHEV-VW572, and MHV-A59 (accession number P19738); equine
torovirus pp1a, C-terminal fragment of equine torovirus pp1a (accession number S11237); HRoV VP3, VP3 of human rotavirus (accession number
BAA84964); ARoV VP3, VP3 of avian rotavirus PO-13 (accession number BAA24128). (B) Alignment of MHV-A59 ns2 protein residues 6 to 187
and AKAP18 protein residues 89 to 291. SP denotes the PSI-PRED secondary-structure prediction (21), and SD is the secondary structure assigned
to the AKAP18 protein by DSSP (23). The symbols indicate the quality of the column-column match: 2, very good; �, good; ●, neutral; �, bad.
Predicted or determined regions of alpha-helix (H), beta-sheet (E), and random-coil (C) structures are indicated and numbered. The His-x-Thr/Ser
motifs CM1 and CM2 are indicated, and critical residues are highlighted with dark gray or gray. The MHV-A59 residues mutagenized in this study,
His46, Ser48, Ser120, and His126, are highlighted with red. The P94L mutation previously reported by Sperry et al. (53) is highlighted with yellow.
(C) Ribbon representation of the predicted model of the MHV-A59 ns2 protein, amino acids 6 to 187, which was generated on the basis of the
structure of the rat AKAP 18 delta protein, amino acids 89 to 291 (PDB accession number 2VFY). Both structures have been colored to highlight
common regions of secondary structure. The His132 and His224 residues of AKAP 18 and the His46, Ser48, Ser120, and His126 residues of
MHV-A59 ns2, which were substituted in this study, are shown as sticks in red.
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sistent with minimal levels of viral replication. In fact, the
hepatic parenchyma looked normal in the livers from animals
infected with inf-ns2-H46A and inf-ns2-H126R. These data
indicate that the substitution of either of the conserved His
residues of the canonical His-x-Thr/Ser motifs of MHV-A59
ns2 results in a severe attenuation of virus replication in the
liver. In contrast, the substitution of either of the MHV-A59
ns2 residues Ser48 and Ser120 with alanine does not affect viral
replication in the liver.

Viruses with mutations in the His46 and His126 codons of
the MHV-A59 ns2 gene are not attenuated for replication in
the brain. To investigate the ability of the recombinant MHV-
A59 ns2 mutant viruses to replicate in the brain, another target
of MHV replication, C57BL/6 mice, were inoculated i.c. with
inf-MHV-A59, inf-ns2-H46A, inf-ns2-S48A, inf-ns2-H126R, or
inf-ns2-S120A. Virus replications in both the brain (Fig. 5A)
and the liver (Fig. 5B) were quantified by plaque assay at days

3, 5, and 7 p.i. All of the viruses replicated to equivalent titers
in the brains of infected animals at all times p.i. Brain sections
from mice infected with inf-MHV-A59, inf-ns2-H46A, inf-ns2-
S48A, inf-ns2-H126R, or inf-ns2-S120A and sacrificed at day
5 p.i. exhibited similar levels of viral antigen when stained with
anti-nucleocapsid antibody (Fig. 5C) and showed similar ex-
tents of inflammation (data not shown). However, consistent
with the results obtained from mice infected by the i.h. route,
the levels of replication of inf-ns2-H46A and inf-ns2-H126R
were reduced in the livers compared to levels of replication of
inf-MHV-A59, inf-ns2-S48A, or inf-ns2-S120A (Fig. 5B).
These data show that while the His residues of the MHV-A59
ns2 His-x-Thr/Ser motifs are critical for virulence in the liver,
they are not essential for replication in the brain.

We also point out that since the i.c. inoculations were car-
ried out at a relatively low input of virus (50 PFU/animal), it is
not surprising that, as exemplified by inf-MHV-A59, the kinet-
ics of replication are slower and that the final levels of virus in
the liver are lower than the 500 PFU/animal used for i.h.
inoculation (Fig. 4A). Also, it is clear from Fig. 5B that the
levels of replication of inf-ns2-S48A and inf-ns2-S120A in the
liver following i.c. infection are lower than that of inf-MHV-
A59 although statistically significant only for inf-ns2-S120A.
Further studies are in progress, but it is possible that there is a
subtle defect in spread from the brain to the liver of these
mutants.

DISCUSSION

The results of this study lead to three main conclusions.
First, as suggested by previous studies, we have now shown that
the ns2 protein of MHV-A59 has an important role in virus
pathogenicity, although it is not essential for virus replication
in cell culture (9, 46, 53). Therefore, the MHV-A59 ns2 protein
is similar to, for example, the nsp2 proteins of MHV and
SARS-CoV (16) or the NS1 protein of avian influenza viruses
(61), all of which are dispensable for in vitro replication but are

FIG. 2. Replication of recombinant inf-MHV-A59 and MHV-A59
ns2 mutants in mouse 17Cl-1 cells and mouse embryonic cells. Cultures
of 17Cl-1 cells and mouse embryonic cells were infected with inf-
MHV-A59, inf-ns2-S48A, inf-ns2-H126R, and inf-ns2-S120A at an
MOI of 10 and incubated at 37°C. At hour 0, hour 6, and hour 12,
samples of the culture supernatant were taken, and the titer of virus
was measured. The error bars represent the standard deviations of
means of data from triplicate plaque assays. There were no differences
in the sizes or appearances of the plaques formed by inf-MHV-A59
and MHV-A59 ns2 mutants (data not shown).

FIG. 3. Virus RNA synthesis in mouse 17Cl-1 fibroblast cells in-
fected with recombinant MHV-A59 ns2 mutants. Cultures of 17Cl-1
cells were infected inf-MHV-A59, inf-ns2-S48A, inf-ns2-H126R, and
inf-ns2-S120A at an MOI of 10 and incubated at 37°C. At hour 4 and
hour 8, poly(A)-containing RNA was isolated from the infected cells
and analyzed by Northern blotting. The sizes of MHV-A59 genomic
and subgenomic RNAs are indicated in kilobases.
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required for virulence in vivo. It is likely that many more
coronavirus proteins will be added to this list as more-discern-
ing animal models of coronavirus pathogenesis and virulence
are developed (27, 60). Second, our results suggest that the
function of the MHV-A59 ns2 protein is important for virus
replication in the liver of infected animals but is not important
for virus replication in the brain. Again, this phenotype has
been recognized only because the murine models of MHV-A59
infection are well characterized and encompass both viral hep-
atitis and viral encephalitis as well as demyelinating, respira-
tory, and ocular disease (7, 47, 58). Third, our data provide
further, albeit indirect, evidence that ns2 is enzymatically ac-
tive. Specifically, the data that we have obtained are compat-
ible with data from the original bioinformatics-based model

predicting that the substitution of the probed residues would
produce effects that correlate in magnitude with the conserva-
tion of the residues and their roles in other homologous pro-
teins. In this study, the strongest attenuated phenotype was
revealed only for mutants with a substitution of either of the
two fully conserved and catalytic His residues, implying that
the associated enzymatic activity, whatever it may be, is essen-
tial for MHV-A59 infection in liver.

The obvious question posed by our findings is the role of ns2
in the pathogenesis and virulence of MHV-A59 infection and
the underlying molecular mechanism of ns2 action. As men-
tioned above, the MHV-A59 ns2 protein belongs to a large
superfamily of proteins known as 2H phosphoesterases. Spe-
cifically, the MHV-A59 ns2 protein falls within the eukaryotic-

FIG. 4. Replication of wild-type and mutant viruses in the liver following i.h. inoculation. B6 mice were infected i.h. with 500 PFU of
inf-MHV-A59, inf-ns2-H46A, inf-ns2-S48A, inf-ns2-H126R, or inf-ns2-S120A. (A) At days 3, 5, and 7 p.i., mice were sacrificed, and viral titers in
the liver were determined by plaque assay on L2 cells. The dashed bar represents the limit of detection, and error bars represent standard errors
of means (n � 5). Statistics were determined using a Student’s t test. *, P 
 0.035; **, P 
 0.0017. (B) At day 5 p.i., livers were removed, fixed,
and sectioned. MHV was detected with a monoclonal antibody against the nucleocapsid (N) protein using the avidin-biotin-immunoperoxidase
technique. All data are derived from one representative experiment of two.
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viral LigT-like family (family II) of 2H phosphoesterases,
which is typified by the human CGI-18 protein (31). This pro-
tein is a component of the Asc-1 (activating signal cointegra-
tor) transcription coactivator complex that facilitates the inter-
action of transcription factors with the basal transcription
machinery (22). The LigT-like phosphoesterases include en-
zymes that are involved in nucleic acid metabolism, such as the
2�,3�-cyclic nucleotide phosphodiesterase activity associated
with Saccharomyces cerevisiae tRNA ligase (trl1) during pre-
tRNA splicing as well as enzymes that are involved in the
metabolism of cyclic nucleotides and oligonucleotides, such as
yeast CPD1p, which converts ADP-ribose-1�,2�-cyclic phos-
phate (Appr
p) to ADP-ribose-1�-phosphate (Appr-1�-p)
(31). None of these activities have been demonstrated for the
ns2 protein of coronaviruses or its distant torovirus homolog
(10, 51).

While the MHV-A59 ns2 function remains to be elucidated,
our results can be rationalized within the framework of several
models. First, our data are compatible with data for a previ-
ously described model (50), which proposed the ns2 protein to
be a 1�,2�-CPD that (in concert with ADRP activity residing in
the X domain of nsp3) may drive the production of RNA
molecules that undergo splicing or splicing-related processing
events. In this context, there is the possibility that the synthesis
of coronavirus RNAs may involve the endoribonuclease activ-
ity of nsp15, which would produce RNA molecules with 2�,3�-
cyclic phosphate termini, similar to the 5� exon fragment of
tRNA splicing. The MHV ns2 protein could play a role in this
hypothetical processing pathway, acting through either a 2�,3�-
esterase activity, processing the 5�-end product of the nsp15-
mediated endonuclease reaction, or a 1�,2�-esterase activity
that converts Appr
p to Appr-1�-p. Interestingly, yeast
CPD1p can process both types of cyclic phosphates (50). It is
important that in any model implicating ns2 in the regulation
of RNA processing (50), ns2 is expected to play only a modu-
latory role. This relatively minor role is in line with ns2 being
encoded in a small subset of coronaviruses, but as such, the
role could be sufficient to secure a niche-specific effect.

If MHV-A59 ns2 CPD activity does convert Appr
p to
Appr-1�-p, it may not only influence upstream events but (pos-
sibly together with the putative ADRP activity of nsp3) also
alter the patterns of mono(ADP-ribosyl)ation or poly(ADP-
ribosyl)ation within the infected cell. It is interesting that re-
combinant MHV mutants with amino acid substitutions in the
catalytic residues of the ADRP domain have also been shown
to have an attenuated phenotype in vivo (12). It is clearly
important to verify the predicted CPD activity of the MHV-
A59 ns2 protein and identify its substrate and the molecular
effects leading to the phenotypes of the mutant viruses de-
scribed herein. Also, as with some other CPD-containing pro-

teins, e.g., AKAP18 (13), the MHV-A59 ns2 protein may also
have a nonenzymatic function. If ns2 is a multifunctional pro-
tein, its enzymatic and nonenzymatic activities may not be
mutually exclusive.

We also report (S. R. Weiss and V. Thiel, unpublished data)
that we have not found any evidence to suggest that the MHV
ns2 protein is able to interfere with the production or signaling
of type I interferon following virus infection. The inf-ns2-
H126R mutant, like inf-MHV-A59, is unable to induce beta
interferon, nor is its replication inhibited by beta interferon
pretreatment, in L2 murine fibroblasts. Also, inf-MHV-A59
and the inf-ns2-H126R mutant induce beta interferon to sim-
ilar extents following infection of bone marrow-derived mac-
rophages, one of two cell types shown thus far to produce type
I interferon in response to MHV infection (3, 40). Further
studies will be carried out to determine if the MHV-A59 ns2
mutants are more sensitive to interferon in the relevant pri-
mary cell types.

The second major conclusion of our studies is that the func-
tion of the MHV-A59 ns2 protein is important for virus rep-
lication in the liver of infected animals but is not important for
virus replication in the brain, although our studies cannot rule
out more subtle defects in the pathogenesis of MHV-A59 ns2
mutants in the central nervous system. Also, it is interesting
that nonhepatotropic MHV strain JHM (MHV-JHM) ex-
presses an ns2 protein highly homologous to that of MHV-
A59, encoding the same putative catalytic residues (46, 63).
This implies that the ns2 protein alone is not sufficient to
confer the ability to induce hepatitis. Consistent with this, we
previously observed that a chimeric virus in which ORFs 1a,
1b, and 2 (including the ns2 gene) are derived from MHV-
JHM and in which the rest of the genome is derived from
MHV-A59 has a pathogenic pattern very similar to that of
MHV-A59; that is, it causes hepatitis. The reciprocal chimera,
in which ORFs 1a, 1b, and 2 are derived from MHV-A59 and
the rest of the genome is derived from MHV-JHM, is non-
hepatotropic (36). Thus, in the context of MHV-A59/MHV-
JHM chimeric viruses, MHV-A59 ns2 is neither necessary nor
sufficient for the induction of hepatitis.

This liver-specific attenuation phenotype described for inf-
ns2-H46A and inf-ns2-H126R is reminiscent of that reported
previously for a range of MHV mutants (8, 28, 34, 35) and
indicates that replication in the liver may be a particularly
sensitive in vivo assay of virus fitness. Although this conclusion
does not, in itself, provide us with any further insight into the
role of ns2 in the pathogenesis and virulence of MHV-A59
infection, it is important. For example, it shows how a niche-
specific protein, which has probably been acquired from an
outside source in a relatively recent ancestor of a genetically
compact and small subset of coronaviruses, can be adapted to

FIG. 5. Replication of wild-type and mutant viruses in the brain and liver following i.c. inoculation. B6 mice were infected i.c. with 50 PFU of
inf-MHV-A59, inf-ns2-H46A, inf-ns2-S48A, inf-ns2-H126R, or inf-ns2-S120A. At days 3, 5, and 7 p.i., mice were sacrificed, and viral titers in the
brain (A) and liver (B) were determined by plaque assay on L2 cells. The dashed bar represents the limit of detection, and error bars represent
standard errors of the means (n � 5). All data are derived from one representative experiment of two. (C) B6 mice were infected i.c. with 50 PFU
of inf-MHV-A59, inf-ns2-H46A, inf-ns2-S48A, inf-ns2-H126R, or inf-ns2-S120A. The mice were sacrificed at days 5 and 7 p.i., and the brains were
removed, fixed, and sectioned. MHV antigen was detected with a monoclonal antibody against the nucleocapsid (N) protein using the avidin-
biotin-immunoperoxidase technique. Part of the midbrain, pons, medulla, and cerebellum are shown. The pattern of antigen staining in this region
of the brain is similar to that observed previously for MHV-A59-infected animals (19).
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profoundly alter the cell tropism and/or pathogenicity of
MHV-A59. We acknowledge that further studies are needed to
decipher whether or not the liver is the only organ where ns2
enzymatic activity is essential for MHV-A59 infection, and
more studies are needed to assess the role and importance of
ns2 as a virulence determinant among other coronaviruses that
encode this protein. However, in our view, the ns2 protein is a
remarkable illustration of virus evolution resulting from the
interplay between the processes of RNA recombination and
genome expansion. In this respect, it is also, perhaps, relevant
to note that the expression of the MHV-A59 ns2 protein, like
many but not necessarily all coronavirus niche-specific pro-
teins, is mediated via a subgenomic mRNA. This observation
implies that a niche-specific expansion in coronaviruses may
require only a minor adjustment in the (preexisting) mecha-
nisms that regulate gene expression. In other words, the unique
gene repertoire, including enzymes such as the 3�-to-5� exonu-
clease (ExoN in nsp14) that may be involved in controlling the
fidelity of coronavirus RNA replication (11), combined with
the versatility of expression afforded by the use of translation-
ally independent subgenomic mRNAs, may empower corona-
viruses to acquire and accommodate genes that readily expand
their ecological niche.

Finally, the data presented here also suggest a strategy to
investigate the function of the MHV-A59 ns2 protein. We
propose that the search for organ-specific proteins that interact
with wild-type and substituted ns2 proteins, together with com-
parative transcriptomic profiling of mouse liver, mouse brain,
and mouse immune cells infected with inf-MHV-A59, inf-ns2-
H46A, or inf-ns2-H126R, in vivo and in cell culture, will be one
route to elucidating how the ns2 protein contributes to the
pathogenesis of MHV-A59 in vivo. These experiments are in
progress.
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