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Mouse hepatitis virus-A59 (MHV-AS59), a murine coronavirus, can utilize as a cellular receptor MHVR, a
murine glycoprotein in the biliary glycoprotein (BGP) subfamily of the carcinoembryonic antigen (CEA) family
in the immunoglobulin superfamily (G. S. Dveksler, M. N. Pensiero, C. B. Cardellichio, R. K. Williams, G.-S.
Jiang, K. V. Holmes, and C. W. Dieffenbach, J. Virol. 65:6881-6891, 1991). Several different BGP isoforms
are expressed in tissues of different mouse strains, and we have explored which of these glycoproteins can serve
as functional receptors for MHV-A59. cDNA cloning, RNA-mediated polymerase chain reaction analysis, and
Western immunoblotting with a monoclonal antibody, CC1, specific for the N-terminal domain of MHVR
showed that the inbred mouse strains BALB/c, C3H, and C57BL/6 expressed transcripts and proteins of the
MHVR isoform and/or its splice variants but not the mmCGM, isoform. In contrast, adult SJL/J mice, which
are resistant to infection with MHV-A59, express transcripts and proteins only of the mmCGM,-related
isoforms, not MHVR. These data are compatible with the hypothesis that the MHVR and mmCGM,
glycoproteins may be encoded by different alleles of the same gene. We studied binding of anti-MHVR
antibodies or MHV-AS9 virions to proteins encoded by transcripts of MHVR and mmCGM, and two splice
variants of MHVR, one containing two immunoglobulin-like domains [MHVR(2d)] and the other with four
domains as in MHVR but with a longer cytoplasmic domain [MHVR(4d), ]. We found that the three isoforms
tested could serve as functional receptors for MHV-A59, although only isoforms that include the N-terminal
domain of MHVR were recognized by monoclonal antibody CC1 in immunoblots or by MHV-AS9 virions in
virus overlay protein blot assays. Thus, in addition to MHVR, both the two-domain isoforms, nmCGM, and
MHVR(2d), and the MHVR(4d), isoform served as functional virus receptors for MHV-AS9. This is the first

report of multiple related glycoprotein isoforms that can serve as functional receptors for a single enveloped

virus.

Murine coronaviruses cause a variety of syndromes in
susceptible strains of mice, including inapparent enteric
infection, respiratory infection, hepatitis, acute and chronic
demyelinating disease, and wasting in nude mice (4, 32). Our
laboratory demonstrated that the A59 strain of the corona-
virus mouse hepatitis virus (MHV-A59) recognizes a recep-
tor determinant that is expressed on membranes from cells
and tissues of MHV-AS59-susceptible BALB/c mice but not
on membranes from cells and tissues of MHV-AS59-resistant
adult SJL/J mice or on brush border membranes (BBM) from
nonmurine species that are resistant to MHV-A59 infection
(9, 10). Monoclonal antibody (MAb) CC1, which is directed
against the N-terminal domain of this receptor (12), blocks
virus attachment to murine fibroblasts, prevents infection of
several murine cell lines, and partially protects neonatal
BALB/c mice against infection with MHV-AS59 (22, 34).

From a BALB/c liver cDNA library, we cloned a cDNA,
MHVR], that encodes a cell membrane receptor for MHV-
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AS9, called MHVR (11). MHVR is a 110- to 120-kDa
member of the biliary glycoprotein (BGP) subgroup of
the carcinoembryonic antigen (CEA)-related glycoprotein
(CGM) family in the immunoglobulin (Ig) superfamily (6, 11,
33). Human (21), rat (2), and mouse (31) BGPs have been
shown to function in vitro as cell adhesion proteins, and the
rat homolog was reported to have ecto-ATPase activity (14).
Transfection of MHVRI1 into MHV-resistant hamster or
human cells made them susceptible to infection with MHV-
A59 (11). MAb CC1 recognized a 110-kDa glycoprotein
encoded by the MHVR1 cDNA clone and blocked MHV-
A59 infection of BHK-21 cells transfected with MHVRI1 (11,
34, 35). These experiments demonstrated that MHVR is a
receptor for MHV-AS59 in cells and tissues of BALB/c mice.
In humans and rodents, many different CGM isoforms are
expressed at different developmental stages (3, 7). The
human homolog of MHVR is one of at least 12 isoforms of
BGP that have been identified by molecular cloning and
immunochemistry. These variants apparently result from
complex alternative splicing patterns of a single BGP gene
(3). In mice, nine isoforms of BGP have been identified by
immunoblotting, immunoprecipitation, cloning, sequencing,
and expression of cDNAs (11, 16). This report addresses the
question of whether the CGM encoded by MHVRI is the
only isoform of the murine CGMs that can serve as a
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receptor for MHV-AS9 or whether different murine CGMs
are also functional receptors.

Williams et al. (34, 35) showed that although MHV-A59-
resistant adult SJL/J mice do not express a CGM that binds
MAb CC1 or MHV-AS9 virions in immunoblots or virus
overlay protein blot assays (VOPBAs), their intestinal BBM
and liver membranes express a related glycoprotein that is
recognized by antibody directed against the N-terminal
peptide of MHVR and by antibodies to human CGMs. We
postulated that adult SJL/J mice were resistant to MHV-AS9
because their MHVR homolog lacked the virus-binding
determinant of MHVR (9, 35). We have now characterized
the murine CGMs expressed in BALB/c, SJL/J, and CD-1
liver and intestine cells, developed probes specific for mR-
NAs encoding several different murine CGMs, analyzed the
expression of these mRNAs and the proteins that they
encode in tissues of BALB/c, SJL/J, C3H, and C57BL/6
mice, and tested three additional murine CGMs for the
ability to bind MHV-AS59 or MAb CC1 and to serve as
functional receptors for MHV-A59 when transfected into
hamster cells. We found that several naturally occurring
splice variants of MHVRI1 and the two-domain homolog
(mmCGM,) expressed in CD-1 and SJL/J mice can function
as receptors for MHV-A59. The observation that BALB/c
mice expressed only MHVR1 mRNA and its splice variants,
while SJL/J mice expressed only mRNA for mmCGM, and
its splice variants, suggests that MHVR and mmCGM, may
be encoded by different alleles of the same gene.

MATERIALS AND METHODS

Viruses and cells. MHV-AS59 was propagated in the 17 Cl 1
line of spontancously transformed BALB/c 3T3 cells and
plaque assayed in L2 cells (28). Vaccinia virus strain WR
was obtained from B. Moss (National Institutes of Health,
Bethesda, Md.) and propagated in CV-1 cells. CV-1 cells and
TK™ cells were propagated as described previously (20). A
recombinant vaccinia virus carrying MHVR1 cDNA was
propagated as previously described (19). The LTA line of
C3H mouse fibroblasts and the S15 line of LTA cells stably
transfected with the two-domain mmCGM,, containing a
short cytoplasmic domain expressed under the adenovirus
major late promoter of plasmid p91023B, were propagated as
previously described (31).

An SJL/J embryo fibroblast cell line was established from
decapitated 9-day embryos. Tissues were minced, triturated,
and incubated in trypsin-EDTA for 15 min at 37°C. The cells
were filtered through sterile cheesecloth, washed, and Elatcd
in T-75 flasks at a density of 10° viable cells per cm®. The
cultures were passaged at a dilution of 1:2 or 1:4 until crisis
at passages 5 to 7. During crisis, the flasks were refed twice
weekly and cells were passaged only when confluent. Within
3 weeks after crisis, the culture returned to vigorous growth,
establishing a cell line. SJL/J embryo fibroblasts and the
BHK-21 line of baby hamster kidney fibroblasts were grown
in Dulbecco’s modified Eagle’s minimal essential medium
supplemented with 10% heat-inactivated fetal calf serum and
antibiotics (GIBCO Laboratories, Grand Island, N.Y.).

Northern (RNA) analysis. Ten micrograms of total RNA
was separated in a 1.2% agarose gel (29) and transferred to a
Nytran membrane (Schleicher & Schuell, Keene, N.H.).
The membrane was hybridized at 42°C with 32P-labeled
probes indicated in the figure legends. After hybridization,
the filter was washed at 60°C at a final stringency of 0.1%
SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaPO,, and 1 mM
EDTA, pH 7.7)-0.1% sodium dodecyl sulfate (SDS). For
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some experiments, poly(A)* RNA was isolated with the
polyATtract mRNA isolation system (Promega).
RNA-mediated PCR (RNAPCR) and digestion and sequenc-
ing of PCR products. Four micrograms of total RNA or 0.5
ng of poly(A)* RNA was reverse transcribed with 250 U of
Moloney murine leukemia virus reverse transcriptase (Life
Technologies, Gaithersburg, Md.), 0.5 pg of antisense
primer, and 0.5 mM concentrations of each of the four
deoxynucleoside triphosphates at 37°C for 60 min in a 25-pl
reaction mixture. The reaction was terminated by inactiva-
tion of the enzyme at 95°C. The cDNA product was then
amplified with 0.5 pg of each primer and 0.65 mM concen-
trations of mixture each of the four deoxynucleoside triphos-
phates in a 100-pl reaction mixture with Vent DNA poly-
merase (New England Biolabs, Beverly, Mass.). Controls
for contamination and for residual genomic DNA were
always included. For analysis of the polymerase chain
reaction (PCR) products, 10% of the reaction was electro-
phoresed on a 2% agarose gel, transferred to a membrane,
and hybridized with the appropriate 3?P-labeled oligonucle-
otide. The probes were washed at a final stringency of 5°C
below their calculated melting temperatures in 5xX SSPE-
0.1% SDS or with 3 M tetramethylammonium chloride buffer
(3 M tetramethylammonium chloride, 50 mM Tris-Cl [pH
8.0], 2 mM EDTA, 0.1% SDS) at the calculated melting
temperature according to their lengths (36). Sequencing of
the two strands of the subcloned PCR products was per-
formed with a model 373A DNA sequencing system (Applied
Biosystems, Foster City, Calif.). For digestion of the PCR
products, the remaining 90 pl of the PCR mixture was
diluted to 2 ml in water and concentrated to 50 ul with a
Centricon-100 microconcentrator (Amicon, Beverly, Mass.).
Half of the recovered PCR product was digested with Accl
and the other half was digested with Drall for 3 h, after
which the digestion products were separated on a 4%
NuSieve 3:1 agarose gel (FMC BioProducts, Rockland,
Maine), Southern blotted (24), and hybridized to a pool of
oligonucleotide probes. The oligonucleotides were synthe-
sized with an Applied Biosystems DNA synthesizer; their
sequences (in 5'-to-3’ orientation) were as follows:

1, GGTCGACTGGGGCTTCTCATTGATAAG
CCAGGTTGCTGAAGACAAC
CGATTTCATGTACACTCG
TGAATTTCACGGGGCAAG
AGACTACAACAGGGCCTG
GCTGGCATCGTGATTGGA
GTTCTTCTACTTGTTCACAATCT
GAAATTGCACGATTTGTACCG
ACACTACGGCTATAGACAAAG

10, CGGCAGAGAGATAATATACAG

11, TTCCTGCTCTTCCAAATGATCACC
12, CCATGAAGGATATGGGAGTCTAC

Transfection of cDNAs and challenge with MHV-A59.
Transfections were done with the following cDNA clones:
MHVRI1 (GenBank number M77196 [11]), a clone isolated
from BALB/c liver cDNA (GenBank number X67279) which
encodes a glycoprotein with four Ig-like domains on the
external side of the plasma membrane and a short (10-amino-

- -

-

- - -

0 0 N N e W

-



VoL. 67, 1993

acid) cytoplasmic domain; MHVR(2d), isolated from
BALB/c colon cDNA, the two-domain splice variant of
MHVRI1 with a short cytoplasmic domain; MHVR1(4d), ,
isolated from CD-1 mouse colon cDNA, which encodes a
four-domain glycoprotein with a cytoplasmic tail longer than
that in MHVR; and mmCGM, (GenBank number X53084),
isolated from CD-1 mouse colon cDNA and from SJL/J
mouse colon cDNA, a two-domain glycoprotein with the
same short cytoplasmic domain as in MHVR (31). The
cytoplasmic domain of MHVR(4d), differs from that of
MHVR in that the last 3 amino acids of the MHVR sequence
are substituted in MHVR(4d), to D, Q, and R and
MHVR(4d), contains 62 additional amino acids at the car-
boxyl terminus (17).

All cDNAs were subcloned in the HindIII-Eagl sites of
pRSVneo for transient expression studies in tissue culture
cells. Transfections into hamster cells (BHK) were per-
formed by electroporation (Life Technologies), and transfec-
tions into SJL/J fibroblasts were performed with electropo-
ration or with DOTAP as instructed by the manufacturer
(Boehringer Mannheim, Indianapolis, Ind.). Seventy-two
hours after transfection with pRSVneo containing the cDNAs
or no transfection, the cells were incubated with MHV-A59
(4 x 10° PFU) for 1 h at 37°C. The inoculum was removed,
and cells were incubated at 37°C for an additional 6.5 h,
examined for cytopathic effects by phase-contrast micros-
copy, and fixed in cold acetone for immunofluorescence
analysis of viral antigens as previously described (11).

Generation of a vaccinia virus recombinant. The cDNA
clone of mmCGM, was excised with EcoRI, blunt ended,
and subcloned into the Smal site of the vaccinia virus shuttle
vector pSC11 (20) to generate pSCl1-mmCGM,, and its
correct orientation was confirmed by asymmetric restriction
digestion. pSC11-mmCGM, was used to transfect CV-1 cells
already infected with vaccinia virus, and a thymidine kinase-
vaccinia virus recombinant was isolated (20). The recombi-
nant was subjected to three rounds of plaque purification in
the presence of 25 ng of bromodeoxyuridine per ml. The
resultant vaccinia virus recombinant was named vac-CGM2.
For analysis of the vac-CGM2-generated protein, BHK cells
grown on 60-mm-diameter plates were infected with vac-
CGM2 at a multiplicity of infection of 10 PFU per cell and
incubated at 37°C for 24 h. Cells were then lysed in 0.5 ml of
2.3% SDS-10% glycerol-5% B-mercaptoethanol-62.5 mM
Tris-Cl (pH 6.8), and proteins were analyzed on SDS-
polyacrylamide gels.

Antisera. Two antibodies directed against murine CGMs
were used in these studies. Anti-MHVR MADb CC1, prepared
from SJL/J mice immunized with a deoxycholate extract of
BALB/c BBM, blocks infection of 17 Cl 1 and L2 mouse
fibroblasts with MHV-A59 and detects the N-terminal do-
main of MHVR and its two-domain splice variant, MHVR,
from liver and intestine tissues of BALB/c mice but not from
SJL/J tissues (34, 35). Polyclonal anti-MHVR antibody 655
was raised against MHVR and its two-domain splice variant,
MHVR(2d), which were immunoaffinity purified with MAb
CC1 from Swiss Webster mouse liver cells.

Immunoblot analysis, VOPBAs, and immunofiuorescence.
Cell lysates prepared as described above were used for
analysis of antibody- and virus-binding activities of CGMs.
Forty microliters of the cell lysates (approximately equiva-
lent to 1.6 X 10° cells) was used for immunoblot and VOPBA
analysis. The lysates were separated on an SDS-10% poly-
acrylamide gel, transferred to nitrocellulose sheets, and after
blocking, incubated with either a 1:500 dilution of rabbit
polyclonal anti-MHVR preadsorbed with vaccinia virus-
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FIG. 1. Northern blot analysis of MHVR-related transcripts
from adult BALB/c and SJL/J colon tissues. Total RNA (10 pg per
lane) isolated from colon tissues of BALB/c mice (lanes A and A#)
and SJL/J mice (lanes B and B#*) was probed with the insert of
MHVR1. MHVR-related transcripts were detected by autoradiog-
raphy when the film was exposed for 24 h (lanes A and B); less
abundant transcripts were also detected when the film was exposed
for 7 days (lanes A+ and B#).

infected BHK cells or a 1:50 dilution of MAb CC1, and then
incubated with rabbit anti-mouse antibody. The blots were
then incubated with 10° cpm of **’I-labeled staphylococcal
protein A (Du Pont, NEN Research Products), washed, and
exposed to film. MHV-A59-binding activities of proteins
separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and blotted to nitrocellulose were detected by the
VOPBA as previously described (9). MHV-AS9 antigens in
acetone-fixed infected cells were detected by immunofluo-
rescence with anti-MHV-A59 serum from convalescent
mice.

Receptor blockade experiments. Coverslip cultures of cells
stably transfected with the murine CGM2 cDNA clone were
pretreated with anti-MHVR MAb CC1, a 1:5 dilution of
supernatant medium from the hybridoma culture, for 1 h
prior to challenge with MHV-AS9. After the virus inoculum
was removed, cultures were incubated without MAb CC1
until 7 to 9 h after MHV inoculation, when the cells were
fixed in cold acetone. Development of MHV-AS9 antigens in
the cytoplasm was detected by immunofluorescence. Con-
trols included cells pretreated with medium alone or with an
equivalent amount of a MADb directed against an irrelevant
antigen (cholera toxin) of the same IgGl isotype as MAb
CC1. The numbers of cells positive for virus antigen in the
presence or absence of MAb CC1 were compared to deter-
mine whether this antibody blocked infection of the cells
with MHV-A59 (11).

RESULTS

Identification of mRNAs encoding murine CGMs in BALB/c
and SJL/J tissues. Williams et al. (35) reported that the two
SJL/J glycoproteins homologous to MHVR and its 58-kDa
isoform showed a slightly lower molecular size (3 to 5 kDa)
in SDS-PAGE than did the BALB/c proteins. To determine
whether the apparently smaller sizes of the SJL/J proteins
were due to a large deletion in the coding region of the SJIL/J
gene, we compared Northern blots of RNA from BALB/c
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N-DOMAIN
MHVR EVTIEAVPPQVAEDNNVLLLVHNLPLALGAFAWYKGNTTATDKET
mnCGM2 EVTIEAVPPQVAEDNNVLLLVHNLPLALGAFAWYKGNPVSTNAET

ARFVPNSNMNEIGQAYSGREI IYSN.G.SLLFQMITMKDMGVTTLDMTDENYRRTQATVRFHVH

VHFVTGTNKITTGPAHSGRETVYSNSSLLIQRVTVKDTGVYTIEMTDENFRRTEATVQFHVH

FIG. 2. Comparison of the amino acid sequences of the first
domains of MHVR and mmCGM,. Potential N-linked glycosylation
sites are underlined.

and SJL/J colon (Fig. 1). In both mouse strains, 3.4- and
1.7-kb transcripts encoding these CGMs were found. In
these RNA samples from colon cells, the 3.4-kb mRNA
species was much more abundant than the 1.7-kb species,
which was detected only by prolonged exposure of the blots.
Multiple additional faint bands of related transcripts were
observed in mRNAs from both mouse strains. Thus, no
deletion in the transcripts of SJL/J glycoproteins was iden-
tified by this technique.

cDNA cloning of additional murine CGM isoforms. To
obtain cDNA clones encoding additional CGM isoforms of
MHVR, we used RNAPCR with oligonucleotides based on
the MHVRI1 sequence (11) to amplify cDNA derived from
SJL/J and BALB/c colon cells. The nucleotide sequence of
the open reading frame of the BALB/c clone, MHVR(2d), is
identical to the sequence of BGPlc obtained from CD-1
mouse colon cDNA (16), and the sequence of the open
reading frame of the SJL/J clone was identical to that of
mmCGM,, also obtained from CD-1 colon cDNA (31). The
clone [MHVR(2d)] that we obtained from BALB/c colon
cDNA contained the leader, domains 1 and 4, the transmem-
brane sequence, and the shorter cytoplasmic domain of
MHVR. The only sequence of MHVR(2d) that is not found
in MHVRI is the result of the splicing event that joins
domains 1 and 4 together. The first base of the proline codon
at position 108 of MHVR and the last two bases of the
glutamic acid codon at position 288 of MHVR form a new
triplet that encodes glutamine, which corresponds to amino
acid 109 of MHVR(2d). The nucleotide and amino acid
sequences of MHVR(2d) and mmCGM, were very similar.
The largest region of sequence differences between these
two clones was in the N-terminal domain (Fig. 2). These
nucleotide differences permit distinction between MHVR
and mmCGM, transcripts with probes targeted to this re-
gion. Amino acid sequence differences in this region showed
one less potential N-linked glycosylation site in the SJL/J
than in the BALB/c proteins, which could account for their
smaller molecular weight. Two additional amino acid
changes were found between MHVR(2d) and mmCGM, in
the last Ig-like domain.

Comparison of CEA-related mRNAs from BALB/c and
SJL/J tissues by RNAPCR. While adult outbred CD-1 mice
expressed several murine CGM transcripts, including tran-
scripts of both MHVR and mmCGM, and their spliced
variants, immunoblotting of liver and intestine BBM with
MAb CCl1 or polyclonal antisera suggested that adult
BALB/c expressed MHVR-related glycoproteins, while
SJL/J mice expressed a different set of MHVR-related
glycoproteins (35). We used a more sensitive assay to
determine whether the two inbred mouse strains expressed
both MHVR and mmCGM, transcripts. We synthesized two
oligonucleotides within the N-terminal domain which hy-
bridized specifically under stringent washing conditions to
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FIG. 3. Identification of restriction fragment length polymor-
phisms in MHVR-related transcripts analyzed by RNAPCR of RNA
from BALB/c, C3H, and SJL/J colon and liver tissues. cDNA
obtained from liver (lanes 1 and 2) or colon (lanes 3 and 4) tissues of
these mouse strains was amplified with primers 2 and 3, which map
within the N-terminal domain of MHVR and mmCGM,. The result-
ing 297-bp products were digested with Accl (lanes 1 and 3) or Drall
(lanes 2 and 4), electrophoresed on a 2% agarose gel, blotted to
Nytran, and probed with a pool of 32P-labeled ollgonucleotldes
(oligonucleotides 4, 5, and 7 through 12) that recognize sequences in
the N-terminal domain of MHVR and mmCGM,. For MHVR], the
Accl digestion products should be 225 and 72 bp. Since no Drall
recognition sites are present in the sequence between the primers,
the 297-bp product would not be expected to be cleaved by Drall.
On the basis of the nucleotide sequence of mmCGM,, digestion of
the PCR product with Accl would result in 89-, 82-, 72-, and 54-bp
fragments, and digestion with Drall would result in 143- and 154-bp
fragments. Bars indicate the undigested 297-bp PCR products, and
arrows indicate the bands obtained after digestion of the PCR
products with restriction enzymes.

either mmCGM, or MHVRI1 but not to both (oligonucle-
otides 5 and 4, respectively). RNA isolated from the colon,
small intestine, and liver of the two mouse strains was
amplified with primers 2 and 1. PCR products from the SJL/J
tissues did not hybridize to the oligonucleotide specific for
MHVRI, while PCR products from BALB/c tissues, as
expected, showed strong hybridization to this probe under
the same washing conditions (data not shown). The PCR
products obtained from BALB/c tissues did not hybridize to
the mmCGM,-specific probe, which hybridized strongly to
the PCR products from SJL/J tissues.

To analyze further the difference in expression of the CEA
family members in these two mouse strains and to extend the
study to the C3H and C57BL/6 strains of mice, we analyzed
the fragments of the N-terminal domains of the CGMs
obtained by digestion of RNAPCR products with restriction
enzymes. RNA prepared from liver and colon tissues of the
four strains of mice was reverse transcribed, and the result-
ing cDNA was amplified with primers 2 and 3. The 297-bp
PCR products obtained were digested with either Accl or
Drall. Figure 3 shows a Southern blot of the fragments
obtained upon restriction enzyme digestion of the PCR
products from BALB/c, C3H, and SJL/J mice strains hybrid-
ized to a pool of oligonucleotide probes (probes 4, 5, and 7
through 12). The digestion patterns from DNA prepared
from C57BL/6 cDNA were identical to those observed for
BALB/c and C3H mice (data not shown). The 225-bp
MHVRI1 Accl fragment was detected in both liver and colon
tissues. The 72-bp fragments from Accl digestion of
BALB/c, C3H, and C57BL/6 PCR products were visualized
in the ethidium bromide-stained gels but were not detected in
the autoradiograph because of the absence of an oligonucle-
otide probe in the pool that will hybridize to this region.
None of the PCR products from these three strains of mice
was digested with Drall. The data show that these three



VoL. 67, 1993

>
@
O

112SA
1128A
300w
ZHW9D-2eA

" HAHW-28A

1 10S8A
}oow
HAHW-2BA
ZIW9D-2.A
ZW9D-2eA
¥oow

O
N

92~

46-

46- 05

FIG. 4. Abilities of the mmCGM,- and MHVR-encoded proteins
to bind antibodies directed against the MHV-AS59 receptor or
MHYV-AS59 virions. Membranes from BHK cells infected with a
recombinant vaccinia virus expressing MHVR1 (vac-MHVR) or
mmCGM, (vac-CGM,) were analyzed on Western immunoblots
with rabbit polyclonal anti-MHVR antibody 655 (A) and with
anti-MHVR MADb CC1 (B) and in VOPBAs with MHV-A59 virions
(C). Controls were mock-infected BHK cells and BHK cells infected
with a vaccinia virus vector without any murine cDNAs (vSC11).
Sizes are indicated in kilodaltons.

strains of mice expressed mRNA encoding the N-terminal
domain of MHVRI1 but not the corresponding domain of its
homolog, mmCGM,. In contrast, PCR of colon and liver
cDNA of SJL/J mice did not yield any MHVR1 products but
did amplify mmCGM, transcripts which were cleaved by
Drall.

Virus- and MAb CCl-binding activities of MHVR and
mmCGM,. To determine the virus- and antibody-binding
activities of the two-domain form of mmCGM,, we overex-
pressed the protein encoded by the mmCGM, cDNA by
using a vaccinia virus vector (vac-CGM2) and analyzed its
ability to bind virus, MAb CC1, and rabbit anti-MHVR. The
55-kDa mmCGM, glycoprotein was recognized only by
polyclonal anti-MHVR, not by the virus or MAb CC1 (Fig.
4). In contrast, the 58-kDa glycoprotein encoded by
MHVR(2d) and expressed transiently in BHK cells with a
vaccinia virus T7 system reacted with the MAb CC1, the
polyclonal anti-MHVR antibody, and the virus (data not
shown).

Abilities of MHVR1 splice variants and mmCGM, to act as
functional receptors for MHV-A59. The abilities of an SJL/J-
derived CGM, mmCGM,, and two splice wvariants of
MHVRI1, MHVR(4d); and MHVR(2d), to act as virus re-
ceptors when transiently transfected into receptor-negative,
MHYV-A59-resistant BHK cells were explored. Transfection
of BHK cells with mmCGM,, MHVR(2d), or MHVR(4d),_in
pRSVneo made the cells susceptible to MHV-A59 infection
(Fig. 5), while BHK cells transfected only with pRSVneo
remained resistant (11). This result for mmCGM, was sur-
prising in view of the absence of MAb CC1 binding and virus
binding in immunoblots and VOPBAs of proteins from SJL/J
tissues that express mmCGM, glycoproteins (35) and in view
of the resistance to MHV-A59 and MHV-JHM infection of
adult SJL/J mice and peritoneal macrophages from these
animals (13, 23, 27). We therefore prepared a continuous line
of SJIL/J embryo fibroblasts and tested its ability to support
MHYV-AS59 infection and the ability of the murine CGMs in
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FIG. 5. Abilities of MHVR, splice variants and mmCGM, to
act as functional receptors for MHV-A59. BHK cells were tran-
siently transfected with cDNA clones encoding MHVR(2d) (a),
MHVR(4d), (b), and mmCGM, (c). Forty-eight hours posttransfec-
tion, the cells were challenged with MHV-AS59, and the presence of
viral antigens was detected 7.5 h later with mouse anti-MHV serum
and rhodamine-labeled goat anti-mouse IgG.

its membranes to bind MHV-A59, MAb CCl1, or anti-
MHVR. Two-domain and four-domain transcripts of
mmCGM, were detected in the SJL/J cell line by RNAPCR
using primers 2 and 6 (data not shown). At passage 3, the
SJL/J cells were completely resistant to infection with
MHV-A59, as shown by immunofluorescence with an anti-
viral antibody at 7.5 h after virus challenge (Fig. 6).

To determine whether the observed resistance of the
SJL/J cell line to infection with MHV-A59 was due to an
SJL-specific posttranslational modification of the MHVR
homolog(s), we introduced MHVR1 cDNA into SJL/J cells
in two ways: we transiently transfected the cells with
MHVRI1 cDNA in pRSVneo, and we infected the cells at
passage 3 with vac-MHVR (19). We then studied the expres-
sion of MHVR on the plasma membrane of SJL/J cells and
its ability to act as a functional receptor for MHV-AS9. The
results showed that in transfected or vac-MHVR-infected
SJL/J cells, MHVR could be expressed on the plasma
membrane in a form that made the cells susceptible to
infection (Fig. 6¢). Thus, SJL/J cells were able to process the
MHVR glycoprotein normally so that it could serve as a
functional virus receptor.

We then investigated whether SJL/J cells infected with
vac-CGM2 (Fig. 6b) or transfected with mmCGM,,
MHVR(4d), , and MHVR(2d) (data not shown) in pRSVneo
became susceptible to MHV-A59 infection. Surprisingly, we
found that the SJL/J cells became susceptible to infection
with MHV-AS9 after transfection with mmCGM,, which
encodes one of the same CGMs expressed in SJL/J liver and

FIG. 6. Abilities of MHVR, and mmCGM, to act as receptors for
MHV-AS59 in an SJL/J embryo fibroblast cell line. SJL/J cells were
infected with a vaccinia virus containing no insert (vSC11) (a),
mmCGM, (vac-CGM2) (b), or MHVR, (vac-MHVR) (c). After
MHV-A59 challenge, the cells were fixed with acetone and exam-
ined for the presence of viral antigens by immunofluorescence as
described for Fig. 5.
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FIG. 7. Protection from virus infection by pretreatment with
MADb CC1. LTA cells and S15 cells (LTA cells stably transfected
with mmCGM,) were challenged with MHV-A59 (a and c, respec-
tively) or pretreated with MAb CC1 prior to virus challenge (b and
d, respectively). After 7.5 h of infection, the cells were fixed and the
presence of viral antigens was examined by immunofluorescence as
described for Fig. 5.

intestine cells, as well as with all the MHVR variants. Thus
MHVR, MHVR(2d), MHVR(4d), , and mmCGM, can serve
as functional receptors for MHV-A59 when expressed in
SJL/J cells. These data demonstrate that SJL/J fibroblasts
process these glycoproteins in a manner appropriate to
permit their use as receptors for MHV-A59.

We next tested whether cells expressing mmCGM,, could
be protected from MHV-A59 infection by pretreatment with
anti-MHVR MAb CC1 in a receptor blockade experiment.
The mouse LTA cell line stably transfected with mmCGM,
was used for this purpose, and untransfected LTA cells were
used as a control. The cells were pretreated with MAb CC1
or a control MAb of the same IgGl isotype for 1 h, the
antibody was removed, and the cells were challenged with
MHYV-A59. Immunofluorescence was used to detect synthe-
sis of viral antigens in susceptible cells. A small fraction of
control LTA cells, whether pretreated or not pretreated with
the control MAb, was susceptible to MHV infection. This
infection was completely blocked by pretreatment with MAb
CCl. In contrast, LTA cells expressing mmCGM, were
highly susceptible to MHV-A59 and formed large syncytia,
and MAb CC1 did not prevent virus infection or fusion of
these cells (Fig. 7).

DISCUSSION

Molecular genetics of the murine BGPs. The molecular
genetics of the CGMs of humans, rats, and mice has been
challenging to study because of the large number of very
closely related transcripts and proteins that may be ex-
pressed in a single cell or tissue. Until quite recently, there
were no adequate markers such as MAbs to differentiate the
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protein isoforms, nor were there functional assays or nucleic
acid probes to distinguish the genes encoding these proteins
and their many transcripts. Because MHVR is a member of
the BGP subfamily of CGMs, in this discussion we will
consider only the molecular genetics of BGPs. Cloning and
sequencing of many transcripts of human BGP as well as
genomic structural organization studies confirm that there is
a single human BGP gene on chromosome 19 from which a
complex pattern of spliced transcripts can be generated to
yield at least 12 different BGP protein isoforms (3, 30). The
regulation of splicing and protein expression in different
tissues and at different times in development is not yet
understood.

Similarly, for mice, the work of Beauchemin and col-
leagues (6, 7, 16, 17, 31) and the data presented in this report
support the working hypothesis that a single murine BGP
gene could be responsible for generation of the many iso-
forms of glycoproteins related to MHVR that are found in
many murine tissues and that MHVR and mmCGM, may be
different alleles of this gene. Turbide et al. (31) and McCuaig
et al. (16, 17) isolated cDNA clones for various isoforms of
MHVR (mmCGM,) and mmCGM, from colon tissue of
outbred CD-1 mice, whereas we found only MHVR tran-
scripts in liver, colon, and small intestine tissues of inbred
BALB/c, C3H, and C57BL/6 mice, which all permit replica-
tion of MHV-A59, and only mmCGM,, transcripts in these
tissues of adult SJL/J mice, which are resistant to infection
with MHV-AS9. Interestingly, intestinal BBM and hepato-
cyte membranes from F; progeny from BALB/c x SJL/J
matings showed about 40% of the MHV-A59-binding activity
of the BALB/c parent, while the SJL/J mice showed no
virus-binding activity in VOPBAs or solid-phase virus bind-
ing assays using undenatured membrane proteins (9). This
result is close to the 50% predicted if the receptor-related
glycoproteins were expressed as two codominant alleles of a
single gene. With these data, we cannot rule out the possi-
bility that the various isoforms observed are products of
alternative splicing in different strains of mice. However,
extensive cDNA cloning and PCR amplification of adult
CD-1 colon cDNA suggest that the N-terminal domain of
MHVR is always spliced to the same domains, i.e., 2, 3 and
4, or 4 only, and never to the corresponding domains from
mmCGM,, while the transmembrane region and the short or
long cytoplasmic domains are identical for MHVR and
mmCGM, (16).

Studies on recombinant domain-specific deletions of
MHVR showed clearly that MAb CC1 recognized the first
domain of MHVR (12). Since MAb CC1 does not recognize
SJL/J tissues that express mmCGM, isoforms (35) or
BHK-21 cells transfected with mmCGM, cDNA, it is now
clear that MAb CCl is specific for the N-terminal domain of
MHVR and its splice variants. Sequence differences be-
tween the N-terminal domains of MHVR and mmCGM,
probably account for this difference in MAb CC1 binding.
Similarly, the immunoblots with polyclonal anti-MHVR an-
tibody 655 performed in this study, together with the nucle-
otide sequence data for mmCGM,, indicate that this anti-
body recognizes at least one epitope common to mmCGM,
and MHVR which could be in either domain 1 or domain 4.

Ability of multiple isoforms of MHVR from BALB/c mice to
serve as functional receptors for MHV-A59. The glycopro-
teins MHVR and MHVR(2d) from BALB/c mice or CD-1
mice were recognized by MAb CCl, as expected since both
of these glycoproteins have the N-terminal domain that
contains the binding site of the antibody (12). At least three
isoforms of MHVR [MHVR, MHVR(4d), , and MHVR(2d)],



VoL. 67, 1993

when expressed in BHK cells, can serve as functional
receptors for MHV-AS9. Studies with recombinant chimeric
proteins of other virus receptors in the Ig superfamily,
including CD4 and ICAM-1, suggest that the cytoplasmic
domain of the protein does not play an essential role in virus
receptor functions (8, 15, 25). Nevertheless, it remains to be
determined whether the different intracytoplasmic domains
of the MHVR isoforms affect the cellular functions of these
glycoproteins.

Adult SJL/J mice are much more resistant to MHV strains
than are other mouse strains such as BALB/c. For example,
the median infectious dose of MHV-S that leads to serocon-
version of adult SJL/J mice following intranasal inoculation
is more than 1,000 times that required for seroconversion of
BALB/c mice (5); 80% of adult SJL/J mice survive intrace-
rebral challenge with 1,000 50% lethal doses of MHV-THM
assayed in suckling Swiss Webster mice, and the survivors
do not show any virus antigens or infectious virus in any
organ for 8 days postinoculation (27). In addition, peritoneal
macrophages derived from SJL/J mice are resistant to infec-
tion with MHV-AS9 (13, 23, 26, 27) and SJL/J tissues fail to
bind MHV-AS59 virions in VOPBAs (9, 35). It therefore
appeared likely that the SJL/J homologs of MHVR glyco-
proteins would not be functional receptors for MHV (35).
Hence, it was surprising that expression in BHK cells of
cloned mmCGM,, one of the isoforms of SJL/J mice, ren-
dered these cells susceptible to infection with MHV-AS9.
This observation suggested either that the posttranslational
processing of mmCGM,, MHVR, MHVR(4d), , and MHVR
(2d) in SJL/J cells might in some manner prevent the
glycoproteins from serving as functional receptors for MHV-
A59, that some other host protein or factor could be blocking
the ability of these glycoproteins to serve as virus receptors,
or that interaction of MHV-AS59 with cell surface receptors
was not the step determining the resistance to MHV-A59
of SJL/J cells. However, we found that expression of
mmCGM, or MHVR isoforms in the SJTL/J embryo fibroblast
cell line allowed processing of the glycoproteins in these
SJL/J cells in such a way that they could function as virus
receptors. Thus, no host-dependent posttranslational pro-
cessing event or receptor-blocking factor was detected in
SJL/J cells. Further quantitative studies on virus binding and
penetration in these SJL/J cells will be needed to determine
how they restrict the functioning of MHVR or mmCGM, as
a virus receptor.

The studies described in this report have investigated the
ability of various splice variants of two different, probably
allelic, murine BGPs to serve as receptors for MHV-AS59.
The observed biological differences in susceptibility to
MHV-A59 among BALB/c, C3H, C57BL/6, and SJL/J mice
may be explained by variation in the quantities and distribu-
tion of the isoforms on the cell surface as well as the relative
efficiency with which each isoform can serve as a receptor.
Even relatively small differences in the efficacy of a virus
receptor could result in very large biological differences in
the multiple cycle infections that are required to cause
disease in animals (1).

To our knowledge, the MHYV receptor is the first receptor
glycoprotein for an enveloped virus that has been shown to
have multiple functional variants expressed in the tissues of
the natural host of the virus, although two different tran-
scripts of the poliovirus receptor (which, like MHVR, is a
member of the Ig superfamily) can function as virus recep-
tors (18). For the murine coronaviruses, expression in the
same host of multiple alternative glycoprotein receptors may
play an important role in determining the wide variation in
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the tissue tropism, virulence, and pathogenesis of different
MHYV strains in murine hosts of different strains and ages.

ACKNOWLEDGMENTS

We are grateful for the excellent technical assistance of Alexis
Basile, Patrick Elia, Charles Scanga, and Hanh Nguyen.

This research was supported in part by grants from NIH (Al-
25231), USUHS (CO74EF), the Medical Research Council of Can-
ada (PG11410), and the Cancer Research Society, Inc.

REFERENCES

1. Arnheiter, H., T. Baechi, and O. Haller. 1982. Adult mouse
hepatocytes in primary monolayer culture express genetic re-
sistance to mouse hepatitis virus type 3. J. Inmunol. 129:1275-
1281.

2. Aurivillius, M., O. C. Hansen, M. B. S. Lazrek, E. Bock, and B.
Obrink. 1990. The cell adhesion molecule cell-CAM 105 is an
ecto-ATPase and a member of the immunoglobulin superfamily.
FEBS Lett. 264:267-269.

3. Barnett, T. R., A. Kretschmer, D. A. Austen, S. J. Goebel, J. T.
Hart, J. J. Elting, and M. E. Kamarck. 1989. Carcinoembryonic
antigens: alternative splicing accounts for the multiple mRNAs
that code for novel members of the carcinoembryonic antigen
family. J. Cell Biol. 108:267-276.

4. Barthold, S. W. 1986. Mouse hepatitis virus: biology and
epizootiology, p. 571-601. In P. N. Bhatt, R. O. Jacoby, H. C.
Morse III, and A. E. New (ed.), Viral and mycoplasmal
infections of laboratory rodents. Effects on biomedical re-
search. Academic Press, Orlando, Fla.

5. Barthold, S. W., D. S. Beck, and A. L. Smith. 1986. Mouse
hepatitis virus nasoencephalopathy is dependent upon virus
strain and host genotype. Arch. Virol. 91:247-256.

6. Beauchemin, N., C. Turbide, D. Afar, J. Bell, M. Raymond,
C. P. Stanners, and A. Fuks. 1989. A mouse analogue of the
human carcinoembryonic antigen. Cancer Res. 49:2017-2021.

7. Beauchemin, N., C. Turbide, J. Q. Huang, S. Benchimol, S.
Jothy, K. Shirota, A. Fuks, and C. P. Stanners. 1989. Studies on
the function of carcinoembryonic antigen, p. 49-64. In A. Yachi
and J. E. Shively (ed.), The carcinoembryonic antigen gene
family. Elsevier Science Publishers BV (Biomedical Division),
New York.

8. Bedinger, P., A. Moriarty, R. C. von Borstel, N. J. Donovan,
K. S. Steimer, and D. R. Littman. 1988. Internalization of the
human immunodeficiency virus does not require the cytoplas-
mic domain of CD4. Nature (London) 334:162-165.

9. Boyle, J. F., D. G. Weismiller, and K. V. Holmes. 1987. Genetic
resistance to mouse hepatitis virus correlates with absence of
virus-binding activity on target tissues. J. Virol. 61:185-189.

10. Compton, S. R., C. B. Stephensen, S. W. Snyder, D. G.
Weismiller, and K. V. Holmes. 1992. Coronavirus species spec-
ificity: murine coronavirus binds to a mouse-specific epitope on
its carcinoembryonic antigen-related receptor glycoprotein. J.
Virol. 66:7420-7428.

11. Dveksler, G. S., M. N. Pensiero, C. B. Cardellichio, R. K.
Williams, G.-S. Jiang, K. V. Holmes, and C. W. Dieffenbach.
1991. Cloning of the mouse hepatitis virus (MHV) receptor:
expression in human and hamster cell lines confers susceptibil-
ity to MHV. J. Virol. 65:6881-6891.

12. Dveksler, G. S., M. N. Pensiero, C. W. Dieffenbach, C. B.
Cardellichio, A. A. Basile, P. E. Elia, and K. V. Holmes. Mouse
coronavirus MHV-A59 and blocking anti-receptor monoclonal
antibody bind to the N-terminal domain of cellular receptor
MHVR. Submitted for publication.

13. Knobler, R. L., L. A. Tunison, and M. B. Oldstone. 1984. Host
genetic control of mouse hepatitis virus type 4 (JHM strain)
replication. I. Restriction of virus amplification and spread in
macrophages from resistant mice. J. Gen. Virol. 65:1543-1548.

14. Lin, S. H., and G. Guidotti. 1989. Cloning and expression of a
cDNA coding for a rat liver plasma membrane ecto-ATPase.
The primary structure of the ecto-ATPase is similar to that of
the human biliary glycoprotein 1. J. Biol. Chem. 264:14408-
14414.



8

15.

16.

17.

18.

19.

20.

21.

22.

24.

26.

DVEKSLER ET AL.

Maddon, P. J., J. S. McDougal, P. R. Clapham, A. G. Dalgleish,
S. Jamal, R. A. Weiss, and R. Axel. 1988. HIV infection does not
require endocytosis of its receptor, CD4. Cell 54:865-874.
McCuaig, K., M. Rosenberg, C. Turbide, and N. Beauchemin.
Characterization of mouse biliary glycoprotein isoforms ex-
pressed in colon. Submitted for publication.

McCuaig, K., C. Turbide, and N. Beauchemin. 1992.
mmCGMla: a mouse carcinoembryonic antigen gene family
member, generated by alternative splicing, functions as an
adhesion molecule. Cell Growth Differ. 3:165-174.

Mendelson, C. L., E. Wimmer, and V. R. Racaniello. 1989.
Cellular receptor for poliovirus: molecular cloning, nucleotide
sequence, and expression of a new member of the immunoglob-
ulin superfamily. Cell 56:855-865.

Pensiero, M. N., G. S. Dveksler, C. B. Cardellichio, G.-S. Jiang,
P. E. Elia, C. W. Dieffenbach, and K. V. Holmes. 1992. Binding
of the coronavirus mouse hepatitis virus AS59 to its receptor
expressed from a recombinant vaccinia virus depends on post-
translational processing of the receptor glycoprotein. J. Virol.
66:4028-4039.

Pensiero, M. N., G. B. Jennings, C. S. Schmaljohn, and J. Hay.
1988. Expression of the Hantaan virus M genome segment by
using a vaccinia virus recombinant. J. Virol. 62:696-702.
Rojas, M., A. Fuks, and C. P. Stanners. 1990. Biliary glycopro-
tein, a member of the immunoglobulin supergene family, func-
tions in vitro as a Ca2(+)-dependent intercellular adhesion
molecule. Cell Growth Differ. 1:527-533.

Smith, A. L., C. B. Cardellichio, D. F. Winograd, M. S. deSouza,
S. W. Barthold, and K. V. Holmes. 1991. Monoclonal antibody
to the receptor for murine coronavirus MHV-AS59 inhibits virus
replication in vivo. J. Infect. Dis. 163:879-882.

. Smith, M. S., R. E. Click, and P. G. Plagemann. 1984. Control

of mouse hepatitis virus replication in macrophages by a reces-
sive gene on chromosome 7. J. Immunol. 133:428-432.
Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

. Staunton, D. E., A. Gaur, P. Y. Chan, and T. A. Springer. 1992.

Internalization of a major group human rhinovirus does not
require cytoplasmic or transmembrane domain of ICAM-1. J.
Immunol. 148:3271-3274.

Stohlman, S. A., and J. A. Frelinger. 1978. Resistance to fatal

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

J. VIROL.

central nervous system disease by mouse hepatitis virus strain
JHM. 1. Genetic analysis. Immunogenetics 6:277-281.
Stohlman, S. A., J. A. Frelinger, and L. P. Weiner. 1980.
Resistance to fatal central nervous system disease by mouse
hepatitis virus, strain JHM. II. Adherent cell-mediated protec-
tion. J. Immunol. 124:1733-1739.

Sturman, L. S., and K. K. Takemoto. 1972. Enhanced growth of
a murine coronavirus in transformed mouse cells. Infect. Im-
mun. 6:501-507.

Thomas, P. S. 1980. Hybridization of denatured RNA and small
DNA fragments transferred to nitrocellulose. Proc. Natl. Acad.
Sci. USA 77:5201-5205.

Thompson, J., W. Zimmermann, P. Osthus-Bugat, C. Schleuss-
ner, A. M. Eades-Perner, S. Barnert, S. von Kleist, T. Willcocks,
I. Craig, and K. Tynan. 1992. Long-range chromosomal map-
ping of the carcinoembryonic antigen (CEA) gene family clus-
ter. Genomics 12:761-772.

Turbide, C., M. Rojas, C. P. Stanners, and N. Beauchemin.
1991. A mouse carcinoembryonic antigen gene family member is
a calcium-dependent cell adhesion molecule. J. Biol. Chem.
266:309-315.

Wege, H., S. Siddell, and V. ter Meulen. 1982. The biology and
pathogenesis of coronaviruses. Curr. Top. Microbiol. Immunol.
99:165-200.

Williams, A. F., and A. N. Barclay. 1988. The immunoglobulin
superfamily-domains for cell surface recognition. Annu. Rev.
Immunol. 6:381-405.

Williams, R. K., G. S. Jiang, and K. V. Holmes. 1991. Receptor
for mouse hepatitis virus is a member of the carcinoembryonic
antigen family of glycoproteins. Proc. Natl. Acad. Sci. USA
88:5533-5536.

Williams, R. K., G.-S. Jiang, S. W. Snyder, M. F. Frana, and
K. V. Holmes. 1990. Purification of the 110-kilodalton glycopro-
tein receptor for mouse hepatitis virus (MHV)-A59 from mouse
liver and identification of a nonfunctional, homologous protein
in MHV-resistant SJL/J mice. J. Virol. 64:3817-3823.

Wood, W. L, J. Gitschier, L. A. Lasky, and R. M. Lawn. 1985.
Base composition-independent hybridization in tetramethylam-
monium chloride: a method for oligonucleotide screening of
highly complex gene libraries. Proc. Natl. Acad. Sci. USA
82:1585-1588.



