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Murine coronaviruses such as mouse hepatitis virus (MHV) infect mouse cells via cellular receptors that are

isoforms of biliary glycoprotein (Bgp) of the carcinoembryonic antigen gene family (G. S. Dveksler, C. W.
Dieffenbach, C. B. Cardellichio, K. McCuaig, M. N. Pensiero, G.-S. Jiang, N. Beauchemin, and K. V. Holmes,
J. Virol. 67:1-8, 1993). The Bgp isoforms are generated through alternative splicing of the mouse Bgpl gene

that has two allelic forms called MHVR (or mmCGM1), expressed in MHV-susceptible mouse strains, and
mmCGM2, expressed in SJL/J mice, which are resistant to MHV. We here report the cloning and
characterization of a new Bgp-related gene designated Bgp2. The Bgp2 cDNA allowed the prediction of a

271-amino-acid glycoprotein with two immunoglobulin domains, a transmembrane, and a putative cytoplasmic
tail. There is considerable divergence in the amino acid sequences of the N-terminal domains of the proteins
coded by the Bgpl gene from that of the Bgp2-encoded protein. RNase protection assays and RNA PCR showed
that Bgp2 was expressed in BALB/c kidney, colon, and brain tissue, in SJL;J colon and liver tissue, in BALB/c and
CD1 spleen tissue, in C3H macrophages, and in mouse rectal carcinoma CMT-93 cells. When Bgp2-transfected
hamster cells were challenged with MHV-A59, MHV-JHM, or MHV-3, the Bgp2-encoded protein served as a

functional MHV receptor, although with a lower efficiency than that of the MHVR glycoprotein. The Bgp2-mediated
virus infection could not be inhibited by monoclonal antibody CC1 that is specific for the N-terminal domain of
MHVR. Although CMT-93 cells express both MHVR and Bgp2, infection with the three strains ofMHV was blocked
by pretreatment with monoclonal antibody CC1, suggesting that MHVR was the only functional receptor in these
cells. Thus, a novel murine Bgp gene has been identified that can be coexpressed in inbred mice with the Bgpl
glycoproteins and that can serve as a receptor for MHV strains when expressed in transfected hamster cells.

Murine hepatitis viruses (MHVs) are positive-stranded en-

veloped RNA viruses of the Coronaviridae family (37). MHV
infection causes inapparent infection, hepatitis, and respira-
tory, neurological, and gastrointestinal disorders (4, 42). The
first receptor for the MHV-A59 virus (MHVR) was identified
on intestinal brush border membranes and liver membranes of
MHV-susceptible BALB/c mice (46). MHVR is an isoform of
the mouse biliary glycoprotein 1 (Bgpl) gene (BgpA or

MHVR) of the carcinoembryonic antigen (CEA) gene family.
It is also expressed in C57BL/6 and C3H mice (10). Transfec-
tion of MHVR cDNA into MHV-resistant hamster cells made
the cells susceptible to infection with MHV-A59, MHV-JHM,
and MHV-3 (11). A monoclonal antibody (MAb CC1) directed
against the N-terminal domain ofMHVR blocked virus attach-
ment to murine fibroblasts, thus preventing infection, and
partially protected neonatal BALB/c mice against MHV-A59
(36, 45).

In the case of humans, a single BGP gene has been mapped
in a large cluster of at least 22 CEA-related genes on chromo-
some 19 (40). The human BGP gene can generate at least 12
different transcripts by alternative splicing (2, 3, 18). A rat Bgp
gene (ecto-ATPase) displays many of the features of the
human BGP gene (24). Although no regulatory elements have
yet been mapped, expression of the rat Bgp gene can be
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modulated by hormonal regulation (39). Our group has cloned
and characterized a Bgp gene (Bgpl) in mice that displays the
same attributes as the rat and human BGP genes, including
generation of many splice variants (10, 22, 24a, 41, 48). Four
isoforms of Bgpl have been reported (22); they will be referred
to as the Bgpla gene products. A variant of Bgpl (originally
designated mmCGM2 or BgpB) was initially thought to be an

alternate splice variant of the same gene but was later shown to
be a codominant allele of the Bgpl gene (10, 41). Isoforms of
this variant, expressed in SJL/J and outbred CD1 mice (10, 22,
41, 48), will be referred to as Bgplb gene products. The BGP
proteins are expressed in a wide variety of tissues and cell
types. Epithelial cells in intestine, kidney, liver, uterus, and
stomach tissue and endothelial and hematopoietic cells express
one or more BGP isoforms (6, 25). It is at present unclear
which BGP isoforms or splice variants are involved in the
numerous cellular functions associated with these proteins.
Four isoforms of Bgpla or Bgplb have been shown to serve as

receptors for MHV after either transfection of their cDNA
into MHV-negative BHK cells or into SJL/J embryonic fibro-
blasts (10). The highest levels of expression of Bgpl proteins
are found in intestine and liver tissues, which are some of the
principal target tissues for MHV replication (45).

In this paper, we report on the characterization of a second
mouse Bgp gene (Bgp2), which is expressed in BALB/c brain,
colon, and spleen tissue, C3H macrophages, and SJL/J colon
and liver tissue. From the rectal carcinoma cell line CMT-93,
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TABLE 1. Nomenclature of mouse CEA-related genes, transcripts, and proteins

Transcript and/or protein (reference)a b GenBank accession

Montreal Bethesda Los Angeles number(s)

BgpIa BgpA (22), mmCGMla (23) MHVR1 (11) mmCGMl (49), MHVR1 (47) Nl', Al', Bla, A2a, TM, S X15351, M77196
BgpC (22) MHVR1 (2d)C (10) mmCGM2 B6d (48) NVa, A2a, TM, S X67278, M96934
BgpD (22) MHVR1 (4d)Le (10) Nla, Ala, Bia, A2a, TM, L X67279
BgpG (22) MHVRl(2d)L Nla, A2', TM, L X67282

Bgp1 BgpB (22), mmCGM2 (41) mmCGM2(2d) (10) mmCGM2 (49) MHVR2 (47) Nlb, A2b, TM, S X53084
BgpE (22) mmCGM2(4d) (10) mmCGMi SJLf (48) NIb, Alb, Blb, A2b, TM, S X67280, M96935
BgpF (22) mmCGM2(4d)L Nlb, Alb, Blb, A2b, TM, L X67281
BgpH (22) mmCGM2(2d)L Nib, A2b, TM, L X67283

Bgp2 Bgp2C (this paper) Bgp2(2d) N2, A2, TM, S X76085

a Names of cities refer to locations of research groups having published mouse CEA-related sequences.
b N, N-terminal domain; NlV and Nib, N-terminal domains of the Bgpl a and b alleles, respectively; N2, N-terminal domain of the Bgp2 gene; Al, BI, and A2, C2-set

Ig domains; TM, transmembrane domain; S, short (10 amino acids) intracytoplasmic tail; L, long (73 amino acids) intracytoplasmic tail.
' 2d, two Ig domains.
d B6, C57BL/6 mouse.
e 4d, four Ig domains.
f SJL, SJL/J mouse.

we have cloned a Bgp2 cDNA that encodes a protein with two
immunoglobulin (Ig)-like domains. Although the gene organi-
zation is conserved, the N-terminal and A2 domain sequences
are divergent from those of the previously reported Bgp
isoforms, suggesting that this novel Bgp gene may have arisen
by recombination and gene duplication of a prototype Bgp
gene. We also demonstrate that the Bgp2-encoded protein can
serve as a receptor for three strains of MHV.

MATERIALS AND METHODS

Nomenclature. Table 1 summarizes the names previously
used to designate products of the mouse Bgpl gene and shows
the names that will be used in this paper for the purpose of
clarity. The genomic locus of mmCGM1 or MHVR will be
called Bgpla. The protein with four Ig domains and a short
cytoplasmic domain encoded by Bgpla is called MHVR(4d) or
BgpA, and the splice variant that joins the first and fourth Ig
domains is called MHVR(2d) (10) or BgpC (22). The genomic
locus of the allele of the Bgpla gene expressed in SJL/J and
CD1 mice will be called Bgpl'; its protein product was
formerly named mmCGM2 (41) or BgpB. The new Bgp gene
reported here expresses a third type of N-terminal domain.
Because this is, in fact, the second Bgp gene described, we have
named it Bgp2; its protein isoform bearing two Ig domains,
described herein, will be referred to as Bgp2C.
Genomic Southern analysis. Genomic DNA isolated from

BALB/c, C57BL/6, and SJL/J spleen tissue was purchased from
Jackson Laboratories, Bar Harbor, Maine. An 8-jig portion of
genomic DNA was digested with EcoRI, BamHI, and HindIIl,
separated on a 1% agarose gel, and transferred to GeneScreen
Plus membranes (Du Pont, NEN Research Products, Mont-
real, Canada). The filters were hybridized with a 391-bp NcoI
restriction fragment from the Bgpl gene proximal promoter
region (24a) and with a 153-bp PCR-generated fragment
corresponding to residues 270 to 363 of the Bgp2 cDNA (see
Fig. SB).

Labeling of probes and hybridization. DNA restriction
fragments were separated on low-melting-point agarose and
labeled with [ot-32P]dATP by random priming (13). Oligonu-
cleotides were synthesized on a Pharmacia synthesizer at the
Sheldon Biotechnology Centre, McGill University, and end
labeled with [y-32P]ATP as described previously (32). Filters

were hybridized as previously described (23) by using either
106 cpm of labeled restriction fragments per ml or 2 x 106 cpm
of oligonucleotides per ml. Washes were done either in 0.1X
SSC solution-0.1% sodium dodecyl sulfate (SDS) (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate) at 65°C for 30 min
when restriction fragments were used or in 6x SSC-0.1% SDS
for 30 min at temperatures corresponding to 5°C below the
calculated melting temperature of the oligonucleotides.
Genomic cloning and characterization. To obtain a full-

length gene sequence for the mouse Bgp2 gene, the following
two BALB/c mouse genomic libraries were screened: a
XEMBL3 mouse genomic library, obtained from Clontech,
Palo Alto, Calif., and a pWE15 cosmid library, graciously
provided by Edwin Geissler, Boston, Mass. A total of 106
independent phage clones and 3.6 x 105 independent cosmid
clones were plated on Nytran filters (Schleicher & Schuell,
Keene, N.H.) which were hybridized in duplicate with an
EcoRI-SacI restriction fragment corresponding to the leader,
the N-terminal domain, and the Al and Bi internal domains of
the BgpA cDNA (23). The Bgp2 gene was identified in the
various clones obtained from the first round of screening by
hybridizing Hindlll-restricted DNA prepared from these
clones with an NcoI restriction fragment from the Bgpl gene
proximal promoter region (24a) and a -y-32P-labeled 21-mer
oligonucleotide specific to the BgpB cDNA that encodes the N
domain (formerly mmCGM2) (oligonucleotide 5 in Table 2)
(41). The restriction map of the phage 7.3 clone was defined by
using a LambdaMap kit available from Promega. The first 5
exons of the Bgp2 gene were localized in phage 7.3 and cosmid
10.2 to a 2.4-kb BamHI restriction fragment which was iso-
lated, subcloned into a pBluescript SK+ vector (Stratagene),
and sequenced.
DNA sequencing. Restriction fragments were subcloned into

unique sites of the pBluescript SK+ phagemid (Stratagene).
Two micrograms of plasmid DNA was denatured, and 30 ng of
either T7 or T3 promoter primers or internal primers was
annealed to the DNA to sequence both strands by the dideoxy
chain termination method (33) using T7 DNA polymerase
(Pharmacia). DNA sequencing was also performed directly on
DNA prepared from cosmid clones by using essentially the
same method, but 150 ng of specific oligonucleotides was
annealed to the DNA. Sequences were analyzed by using the
DNAsis, Prosis (Pharmacia), and Devereux (9) programs.
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TABLE 2. Sequences of oligonucleotides used in this study

Oligonucleotidc Sequence Orientation" Position in
no. cDNA (nt)'
1 5' GGAGAATCAATTCTGCTATGAA 3' S 6-27
2 5' GGCTTAGCAGTAGTGTTGG 3' S 44-62
3 5' ATGGCTTTTCCACTCCACGC 3' S 213-232
4 5' CGAGACTCCCTTCATCAT 3' A 270-288
5 5' GTCTTATTAGTGCCTGTTAC 3' A 345-365
6 5' GGTGTTGGTGACTTGGAG 3' A 543-561
7 5' AACAATGATACTCTTCTAATC 3' S 636-656
8 5' GATTAGAAGAGTATCATTGTT 3' A 636-656
9 5' CAGAATAGACCCTATTAAGAGGGAAGATGCCGG 3' S 695-726
10 5' CCGGCATCTTCCCTCTTAATAGGGTCTATTCTG 3' A 695-726
11 5' GACTCAACATATGACATTTCA 3' S 801-821
12 5' TGAAATGTCATATGTTGAGTC 3' A 801-821
13 5' AGCGAGACTTCCTGGAACAGAGGCG 3' A 891-915
14 5' CCCAGCAACCCAACC 3' S 986-1000
15 5' GGCTCCAGGATCCACCTTTTCTTC 3' A 1239-1263
16 5' TTGATACCTCACTCTCAGCCA 3' A
17 5' ACACTACGGCTATAGACAAAGA 3' S Bgpl'{
18 5' GTAGACTCCCATATCCTTCATGG 3' A 435-458
19 5' AGACTACAACAGGGCCTG 3' S Bgpl1

"S, sense; A. antisense.
h Nucleotide numbers are those in Fig. 5B.

Polymerase chain reaction amplifications. Exon-intron lo-
calization was performed by PCR amplification with exon-
specific oligonucleotides listed in Table 2. Reactions were
incubated in a 100-KlI total volume containing 50 ng of cosmid
10.2 template DNA in 20 mM Tris- Cl (pH 8.8), 10 mM KCI,
2 mM MgSO4, 10 mM ammonium sulfate, 0.1% Triton X-100,
0.1 ,ug of bovine serum albumin, 0.2 mM deoxynucleoside
triphosphates, 20 pmol of phosphorylated primers, and 2 U of
Vent DNA polymerase (New England Biolabs, Beverly,
Mass.). Primers were annealed at 50°C for 2 min, and chain
extension was performed at 72°C for 3 min for a total of 30
cycles. The resulting PCR fragments were separated on a 0.8%
agarose gel, extracted, and cloned into the pCR-Script SK+
vector (Stratagene) as recommended by the supplier.
RNA preparation. Total cellular or tissue RNA was ex-

tracted with guanidine isothiocyanate and then centrifuged
through a cesium chloride gradient, as previously described
(23). Poly(A) + RNA was prepared by two passages through
oligo(dT) cellulose columns (Collaborative Research, Bedford,
Mass.) (5). RNA was also prepared from BALB/c and SJL/J
tissues and from thioglycolate-elicited C3H and SJL/J perito-
neal macrophages with RNA Stat-60 (Tel-Test "B" Inc.,
Friendswood, Tex.) according to the manufacturer's instruc-
tions.
RNase protection assays and Northern (RNA) analysis.

RNase protection assays were performed by using three dif-
ferent fragments of the Bgp2 gene, anAccl fragment present in
the exon encompassing the N-terminal domain (nucleotides
[nt] 319 to 455 in Fig. 5B), a TaqI fragment of the A2 exon (nt
600 to 750 in Fig. 5B), and a 153-bp fragment of the second
exon corresponding to the region of greatest divergence from
the Bgpl gene (nt 270 to 363 in Fig. 5B). These fragments were
inserted into the pBluescript SK+ vector and sequenced to
determine the appropriate orientation. After linearization, the
inserts were transcribed for 1 h at 37°C by using either T7 or T3
RNA polymerase and [32P]UTP under conditions described in
reference 17. The transcription products were submitted to
digestion with 10 U of RNase-free DNase (Boehringer Mann-
heim, Dorval, Canada) for 15 min at 37°C, and the resulting
transcripts were ethanol precipitated. A 105-cpm portion of

labeled probe was added to either 20 ,ug of total RNA or 5 to
20 ,ug of poly(A)' RNA from different tissues or cell lines and
hybridized at 50°C for 18 h. The hybrids were treated with 40
,ug of RNase A per ml and 100 U of RNase Ti for 30 min at
37°C, and then they were treated with 100 ng of proteinase K
and 0.25% SDS for 30 min at 37°C and ethanol precipitated.
The resulting hybrids were electrophoretically separated by
being passed through 8 M urea-6% polyacrylamide gels, which
were dried and exposed to XAR film. Northern analysis was
performed on 2.2 M formaldehyde-1.5% agarose gels essen-
tially as described by McCuaig et al. (23).

Reverse transcription-polymerase chain amplification reac-
tion. Cloning of the Bgp2 cDNA was performed by reverse
transcription reactions, as described by McCuaig et al. (22), by
using avian myeloblastosis virus reverse transcriptase (Life
Sciences, St. Petersburg, Fla.), 15 ,ug of poly(A)< RNA
extracted from mouse rectal carcinoma cell line CMT-93, and
oligonucleotide 16 (Table 2). PCR amplification was per-
formed by using either Vent DNA polymerase (New England
Biolabs) or Taq DNA polymerase (Pharmacia) on single-
stranded cDNA with a primer (oligonucleotide I in Table 2)
designed for the putative 5' untranslated exon of the Bgp2 gene
and another primer (oligonucleotide 15 in Table 2) located in
the 3' untranslated region, as described above. The resulting
fragments were separated on a 1% agarose gel, and the DNA
was extracted and cloned into the pCRII vector (Invitrogen,
San Diego, Calif.). Additionally, 2 ,g of total RNA extracted
from the CMT-93 cells, BALB/c brain tissue, or peritoneal
macrophages was reverse transcribed by using primer 6 (Table
2) and random primers and then amplified by PCR with primer
2 (Table 2), which hybridizes to the 5' untranslated region, and
primer 6 (Table 2). Primers used in the PCRs were designed to
amplify both Bgpl and Bgp2 cDNAs with the same efficiency.
After amplification, the products were separated in duplicate
on a 1% agarose gel and transferred to Nytran membranes.
Each membrane was probed with a 32P-labeled oligonucleotide
specific for the Bgpla cDNA (oligonucleotide 17 in Table 2) or
the Bgp2 cDNA (oligonucleotide 3 in Table 2), and possible
cross-hybridization with the Bgpla or Bgp2 cDNA was moni-
tored. For amplification of SJL/J and BALB/c colon tissue
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cDNAs, an antisense primer found within the second exon of
the Bgp gene (oligonucleotide 18 in Table 2) and a primer
specific to the 5' untranslated region exon (oligonucleotide 2 in
Table 2) were used, and the PCR products were electropho-
resed in triplicate, Southern blotted, and hybridized to either
B1gpl- (oligonucleotide 17), Bgplb- (oligonucleotide 19), or

Bgp2-specific (oligonucleotide 3) oligonucleotides as indicated
in the legend to Fig. 4.

Viruses and cells. All MHV strains were propagated in the
17 Cl 1 line of spontaneously transformed BALB/c 3T3 cells
and plaque assayed in L2 cells (38). Vaccinia virus strain
vTF7-3 was kindly provided by B. Moss (National Institutes of
Health, Bethesda, Md.) and propagated in CV-1 cells. The
CMT-93 cells, obtained from the American Type Culture
Collection, and the BHK-21 line of baby hamster kidney
fibroblasts were grown in Dulbecco's modified Eagle's minimal
essential medium supplemented with heat-inactivated 10%
fetal calf serum and antibiotics (GIBCO Laboratories, Grand
Island, N.Y.). Mouse colon carcinoma cell lines CT 36 and CT
51 (8) were a generous gift from Michael Brattain, and mouse

breast carcinoma MmSMT cells were obtained from the Amer-
ican Type Culture Collection.
Assays of transient expression in hamster cells and virus

challenge. For transient expression assays, the Bgp2 cDNA was

excised from the TA vector and subcloned into the HindIll-
Notl sites of pRcCMV (Invitrogen). A Bgp2-Bgp1a hybrid
cDNA molecule was constructed by replacing the first 71
amino acids encoded by the Bgpl' cDNA with those encoded
by the Bgp2 cDNA, taking advantage of the common BamHI
site and the HindIII site present in the polylinker of the vector.
Transfections into hamster (BHK) cells were performed by
using lipofectAMINE (Life Technologies, Gaithersburg, Md.)
as indicated by the manufacturer. Thirty to thirty-five hours
posttransfection, the cells were challenged for 1 h at 37°C with
MHV-A59, MHV-3, or MHV-JHM at a multiplicity of infec-
tion of 1 PFU per cell. For MAb CC1 protection experiments,
BHK cells transiently transfected with the Bgp2 cDNA or

CMT-93 cells grown on coverslips were treated with a 1:2
dilution of anti-receptor MAb CC1 hybridoma supernatant or

control MAb to an irrelevant antigen for 1 h prior to and
during virus adsorption (except for MHV-JHM, for which the
antibody was not present during the virus adsorption). At 12 h
postinoculation, the cells on coverslips were fixed with cold
acetone. Viral antigens in the cytoplasm were detected by
immunofluorescence with a 1:50 dilution of mouse polyclonal
anti-MHV-A59 convalescent serum followed by rhodamine-
labeled goat anti-mouse IgG as described by Dveksler et al.
(11).
Immunoblot and virus overlay protein blot analysis. BHK

cells were infected with vaccinia virus expressing T7 RNA

polymerase (vTF7-3) at a multiplicity of infection of 10 PFU
per cell. At 3 h after vTF7-3 inoculation, plasmids containing
the cDNA of interest or plasmids with no insert were trans-

fected into the cells by using lipofectAMINE. At 24 h after
transfection, the cells were lysed with 0.3 ml of radioimmuno-
precipitation assay buffer (0.1 M NaCl, 0.001 M EDTA [pH
7.4], 0.1% Nonidet P-40, 0.1% deoxycholate, 1% aprotinin).
The proteins were electrophoresed on SDS-8% polyacryl-

amide gels, transferred to nitrocellulose membranes, and, after

being blocked, were incubated with either a 1:500 dilution of

rabbit polyclonal anti-MHVR 655 antibody preadsorbed with

vaccinia virus-infected BHK cells (11), a 1:50 dilution of MAb

CC1 followed by a rabbit anti-mouse antibody (7), a 1:100

dilution of rabbit antibody to human CEA (DAKO, Carpinte-

ria, Calif.), or a 1:1,000 dilution of rabbit polyclonal anti-mouse
Bgpl antibody 231 (23). The blots were then incubated with 105

cpm of 251I-labeled staphylococcal protein A, washed, and
exposed to film. For virus overlay protein blot assays the blots
were incubated with MHV-A59 followed by goat antibody
against the virus spike protein S and radiolabeled staphylococ-
cal protein A as described by Boyle et al. (7).

RESULTS

Identification of Bgp2, a novel CEA-related gene. In the
characterization of the regulatory region of the gene encoding
the mouse CEA-related gene family member called Bgp (Bgpl
or MHVR1; Table 1), a unique NcoI proximal promoter probe
of 391 bp was generated. This probe was previously used to
define regulatory controls involved in the down-regulation of
Bgp gene expression in transformed cells and had identified
three distinct fragments of 1.35, 3.8, and 6.5 kb in HindIll-
digested genomic DNA (30). When the probe was hybridized
to either BamHI-, EcoRI-, or HindIII-digested genomic DNA
of three inbred mouse strains (BALB/c, SJL/J, and C57BL/6),
a complex pattern of bands was observed (Fig. 1A). The
BALB/c and C57BL/6 patterns were indistinguishable in all
digests. In the BamHI digests from the three mouse strains,
two fragments of 2.2 and 2.4 kb were apparent, with the longest
one being present in two copies as determined by the relative
radioactive intensities. However, the EcoRI digests produced
three hybridizing fragments of 2.3, 8.6, and 10.0 kb with the
BALB/c and C57BL/6 strains, while fragments of 2.3, 8.6, and
>15.0 kb were apparent in SJL/J DNA digests. Among the
HindlIl digests, three fragments (1.35, 3.8, and 6.5 kb) were
detected in the BALB/c and C57BL/6 digests, while SJL/J
HindlIl digests produced hybridizing fragments of 3.5, 3.8, and
6.4 kb. We have found that a 1.35-kb HindIll fragment is
contained within the proximal promoter, first exon, and first
intron of the BALB/c mouse Bgpl gene (24a). Therefore, this
restriction pattern suggests the existence of three highly ho-
mologous Bgp-related genes in the BALB/c and C57BL/6
mice. The SJL/J mouse however, has a restriction fragment
length polymorphism such that the 1.35-kb HindIll fragment is
absent and a new 3.5-kb fragment is present (Fig. 1A, lane 2).
Dveksler et al. have previously shown that the Bgpla gene
products are not expressed in this mouse strain (10).
The Bgp2 gene assignment was confirmed after the exon

encompassing the N-terminal domain of this new gene was
cloned. A 153-bp fragment of the Bgp2 DNA located at nt 270
to 363 (Fig. SB), in a region that shows maximum divergence
from other published Bgp DNA sequences (22), was hybridized
with genomic DNA from the three mouse strains. This frag-
ment bound to a 2.4-kb BamHI fragment, an 8.6-kb EcoRI
band, and a 3.8-kb HindIII band of the BALB/c, C57BL/6, and
SJL/J DNA (Fig. 1B). Thus, the Bgp2 gene does not appear to
be grossly rearranged in the SJL/J mouse, as the same hybrid-
ization pattern was observed in the three mouse strains.

Cloning and characterization of the Bgp2 gene. DNA pre-
pared from several cosmid and phage clones isolated in the
first screening of the genomic libraries for the mouse Bgpl
gene (24a) was digested with HindIll and probed with the NcoI
proximal promoter fragment to detect the presence of a 3.8-kb
fragment specific to the Bgp2 gene. Phage 7.3 and cosmid 10.2
demonstrated the appropriate fragment. After several restric-
tion enzyme sites within the phage 7.3 insert were mapped, a
2.4-kb BamHI band which hybridized strongly to both a
Bgplb-specific oligonucleotide (oligonucleotide S in Table 2)
and an EcoRI-BamHI fragment of the Bgpla (BgpA) cDNA
encompassing the 5' untranslated region, the leader sequence,
and the N-terminal domain was identified. This fragment was
subcloned and sequenced. Several nucleotide differences were
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A
Bam Hl EcoRl Hind ill

1 2 3 l 2 3 2

23.0

9.4 -

67-6./"-

5.0 -

4.4 -

3.59 -

2.3 -

2.0 -
t .95 -

1.55 -

1.37 -

B
Bam Hl EcoRl Hind lil

1 2 3 1 2 3 1 2 3

4sm

a a _i

.95 -

.83 -

FIG. 1. Genomic analysis of BALB/c, SJL/J, and C57BL/6 mouse Bgp genes. An 8-,ug portion of genomic DNA obtained from either BALB/c
(lanes 1), SJL/J (lanes 2), or C57BL/6 (lanes 3) mice was digested with either BamHI, EcoRI, or HindlIl. Resulting fragments were then
electrophoresed in a 0.8% agarose gel, transferred to a GeneScreen Plus membrane, and probed with either a 32P-labeled BALB/c Bgpl 391-bp
NcoI proximal promoter probe (A) or a 32P-labeled 153-bp PCR-generated fragment corresponding to residues 270 to 363 of the Bgp2 cDNA (B).
The blots were washed in a 0.1x SSC solution containing 0.1% SDS at 65°C for 30 min. Markers on the left are in kilobases.

found when the fragment was compared with the MHVR
cDNA (11); some of these nucleotide changes led to amino
acid substitutions. The Bgp2 gene was not a pseudogene, since
an intron was present between the first two exons, no in-frame
stop codons were found within the putative coding region, and
this gene was expressed (see below). Identification of this new
exon in an inbred strain that has a Bgplb allele (the SJL/J
mouse) showed that this gene was a novel Bgp gene family
member.
We then characterized the downstream organization of

Bgp2. Exons 1 and 2 were first localized on the mouse Bgp2
gene by sequencing of the 2.4-kb BamHI fragment isolated
from phage 7.3. Their DNA sequences exhibited 76% homol-
ogy to that of the Bgpl gene. Most of the first intron was also
sequenced and demonstrated greater than 90% DNA se-
quence homology to the first intron of the mouse Bgpl' (24a)
and human BGP (15) genes. Similar results were obtained
when the upstream regulatory sequences were compared (data
not shown), suggesting overall conservation of the 5' region
during evolution. Other putative exons were localized by
directly sequencing DNA of the cosmid 10.2 insert with
oligonucleotides designed for the Bgpl gene and cDNAs
(oligonucleotides 5, 9, 10, and 14 to 16 in Table 2). Compari-
sons of exon sequences with the DNA sequences of the Bgp2
cDNA clones obtained after reverse transcription PCR (RT-
PCR) (see below) showed them to be identical. The mouse
Bgp2 gene (Fig. 2) has an overall organization very similar to
that of the mouse Bgpl gene (24a), the rat Bgp gene (called
ecto-ATPase; 24), and the human BGP gene (2, 15). An
uncharacterized gap of 4.3 kb separates the L/N and A2 exons
of the Bgp2 gene. By using a probe encompassing the Al and
Bi domains of Bgpl' cDNA, putative Al and Bi exons have
been detected upon Southern analyses of the 4.3-kb region.
However, cloning of a four-domain Bgp2-encoding cDNA that
would include these two exons after RT-PCR amplification of

RNA extracted from several mouse tissues with primers in the
N and A2 exons of the Bgp2 gene has so far been unsuccessful.
Another feature of the Bgp gene organization that is well

conserved throughout evolution is found in the exon structure
at the 3' end of the gene. In the human (2) and rat (24) Bgp
genes as well as in the mouse Bgpl gene (24a), the long
intracytoplasmic tail of either 71 or 73 amino acids is generated
by alternative splicing and insertion of a 53-bp exon which
disrupts the original reading frame. Although the amino acid
sequences vary slightly for each species, the overall homology
of this long intracytoplasmic domain is the most conserved
feature of the Bgp genes. The mouse Bgp2 gene also exhibits
the same features, although a Bgp2 transcript encoding a long
intracytoplasmic tail has not yet been identified.
The lengths of the introns shown in Fig. 2 and Table 3 were

determined by PCR amplification using primer pairs found
within each exon. The DNA sequences of exon-intron splice
junctions are shown in Table 3. These conform to splice donor
and acceptor consensus sequences. As previously demon-
strated with the human CEA and BGP genes (2, 15, 16, 34, 43),
the identity of the last amino acid encoded by an exon depends
on the completion of the codon with one or two nucleotides
from the next exon (Table 3).

Tissue-specific expression of the Bgp2 gene. Because of the
high level of homology of the Bgp2 DNA sequences to those of
the Bgpl alleles and those of the mouse Cea gene complex
known as homologs of the pregnancy-specific genes (31),
RNase protection assays were used to define the expression
patterns of the Bgp2 mRNA(s) in mouse tissues and cell lines.
Three different fragments were used for this analysis (Fig. 3A).
(i) A Taql fragment, subcloned from the A2 domain, coincides
with the region exhibiting greatest divergence from similar
domains within the mouse Bgp and Cea genes; (ii) an AccI
fragment was produced after digestion of DNA encoding the
Bgp2 N-terminal domain and corresponds to the latter two-
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FIG. 2. Genomic organization of the Bgp2 gene. The Bgp2 gene was cloned from mouse cosmid and phage libraries as described in Materials
and Methods. The full-length Bgp2 gene was found on cosmid clone 10.2, and its genomic organization was established by cloning and sequencing
restriction fragments hybridizing to the Bgpl cDNA or PCR fragments amplified with exon-specific primers. On the basis of homology with BGP
genes of humans and other Bgp genes of mice and as indicated by its use of consensus splice acceptors and donors, the Bgp2 gene appears to have
seven exons. These correspond to the 5' untranslated region (5'UT) and half leader (L) sequence, half leader and N-terminal domain (N), a C2-set
Ig domain (A2), a linker and transmembrane exon encoding eight putative intracytoplasmic amino acids (TM), a 53-bp open reading frame which
tentatively could encode 19 amino acids of a long intracytoplasmic tail (Cyt), and a 32-bp exon as well as another longer exon encoding a region
of the 3' untranslated region (3'UT). Putative Al and BI exons have been identified by hybridization to similar exons of the Bgpl gene but have
not been precisely localized and are shown as dashed boxes. The initiation of translation codon (ATG) as well as the stop codon (TGA) are

indicated. The dashed lines indicate the possible alternate splicing of exons to generate the Bgp2 transcript. The sizes of the introns were deduced
from the PCR fragments, which were sequenced and shown to be exon specific. The region of the cosmid 10.2 (CoslO.2) clone encompassing the
phage 7.3 clone is delineated by thick arrows. The partial gene organization on the phage 7.3 clone is shown at the bottom of the figure. Restriction
sites were mapped by using a LambdaMap kit or defined through DNA sequencing. The dark line indicates the position of the 3.8-kb HindlIl
genomic fragment hybridizing to the Bgpl NcoI proximal promoter probe. The 2.4-kb BamHI fragment encoding the first and second exons as well
as restriction sites referred to in the text is enlarged at the bottom of the panel.

TABLE 3. Exon-intron organization of the Bgp2 gene

Exon Exon size Exon and intron sequence' Approximate intron Amino acid
(bp) 5' splice donor 3' splice acceptor size (bp) interrupted

1 NDb CTACTGCTCACAG .. gtaagg tcttag.CCAGGCTTTTA 820 A
L L L T A S L L

2 369 TTTCATGTACACA ..gtaagt ccacag.AGCCAGTGACT ND K
F H V H K P V T

5 275 CTGGAAGTAATAT ..gtgagg tgacag.TTGACTCAACA 6,000 F
L E V I F D S T

6 116 AGGAAGTCTCGCTG.gtagga atttag.. [GGGAAGTGAC 850 Stop codon
R K SR *

7 53 GCCTCCAACCACA] ..gtaagt ccctag ..ATCTGGCTCCT 1,060
8 32 TCTCCTAACAAGgtgagc tttcagGTGGATGACGTC 890

a Capital letters represent exon nucleotide sequences; lowercase letters are intron nucleotide sequences. Single-letter code amino acid sequences are indicated under
the exon nucleotide sequences. Dots represent nucleotides necessary to complete the codon. Italicized letters in brackets represent a 53-bp open reading frame which
could encode part of a putative long intracytoplasmic tail. Lines joining the short intracytoplasmic tail to the 32-bp exon represent the actual splicing occurring in the
Bgp2 mRNA.

b ND, not determined.
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FIG. 3. RNase protection assays performed to define Bgp2 mRNA expression patterns. The RNA probes used in the RNase protection assays

are shown in panel A. These correspond to a 151-bp TaqI fragment of the A2 exon, a 136-bp Accl fragment encompassing a region of the
N-terminal domain, and a 153-bp PCR-generated fragment corresponding to nt 270 to 363 of the Bgp2 cDNA, the region of highest divergence
from the same region of the Bgpl gene. A total of 105 cpm of 32 P-labeled probes was hybridized at 50°C for 18 h to 20 ,ug of total RNA or 10 to

20 [Lg of poly(A)+ RNA from the designated tissues or cell lines. The RNA duplexes were submitted to RNase digestion as described in Materials
and Methods and electrophoresed on an 8 M urea-6% acrylamide gel. The markers at the left of panels B and C are in base pairs. The first ten

tissues from the left in panel B were taken from BALB/c mice.

thirds of the N domain; and (iii) a 153-bp fragment was

generated by PCR amplification using the 2.4-kb BamHI
genomic fragment (consisting of the 5' untranslated region-,
leader-, and N-terminal domain-encoding exons) as the tem-
plate. This PCR fragment represents the region of greatest
divergence of the Bgp2 cDNA from sequences available for
other members of the mouse Cea gene family. Figure 3B shows
that the RNA probe specific for the A2 domain (probe I in Fig.
3A) protected a 151-nt fragment (Fig. 3B) as expected on the
basis of the nucleotide sequence of the cDNA (Fig. 5B) in
BALB/c colon and kidney RNA and in the (C57BL/6 x Af)FI
progeny-derived CMT-93 rectal carcinoma RNA. Upon longer
exposure of the blot, faint signals were detected in BALB/c
spleen and SJL/J liver RNA. No other tissue or cell line
expressed RNA that reacted with this probe, even after a

prolonged exposure of the blot to a Fuji Phosphorimager plate.
A second probe, corresponding to the latter two-thirds of the
N-terminal domain (probe 2 in Fig. 3A), also protected a

136-bp RNA fragment in CD1 spleen and colon tissue, SJL/J
colon tissue, and CMT-93 cells (Fig. 3C). Similar results were

obtained with the 153-bp probe corresponding to the divergent
region of the N-terminal domain (probe 3 in Fig. 3A; data not
shown). No signals were detected upon Northern analysis using
either 20 ,ug of total tissue RNA or 10 ,ug of poly(A)+ RNA
from the other cell lines tested with either the 153-bp N-

terminal domain restriction fragment or Bgp2 gene-specific
oligonucleotides. Since RNase protection assays have revealed
signals in RNAs from some mouse tissues and cell lines, while
the Northern analysis was negative, Bgp2 mRNA(s) is probably
present in low abundance in these tissues and cell lines.
To confirm that the SJL/J mouse did, in fact, express these

transcripts, an RT-PCR amplification was performed on SJL/J
colon RNA, using BALB/c colon RNA as a control. Oligonu-
cleotides common to the first and second exons encoded in the
Bgpl' and the Bgplb transcripts and the Bgp2 gene were used
to amplify 450-bp fragments from these samples (Fig. 4A, lanes
2 and 3). As shown in Fig. 4, when the PCR fragments were

hybridized with either a BgplJ-specific oligonucleotide (oligo-
nucleotide 17 in Table 2) (Fig. 4B) or a Bgpl"-specific oligo-
nucleotide (oligonucleotide 19 in Table 2) (Fig. 4C), only the
BALB/c colon and SJL/J colon cDNAs, respectively, displayed
positive signals. However, when the same blot was hybridized
with a Bgp2-specific oligonucleotide (oligonucleotide 3 in
Table 2) (Fig. 4D), both BALB/c and SJL/J RNAs exhibited
positive signals, indicating that Bgp2 mRNA(s) is expressed in
both mouse strains.
To determine whether macrophages express the Bgp2

mRNA, RNA was prepared from thioglycolate-elicited C3H
peritoneal macrophages and amplified by RT-PCR with prim-
ers 2 and 6. Since these primers amplify both the Bgpl and
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FIG. 4. Expression of the Bgp2 mRNA in BALB/c, SJL/J, and C3H
mouse tissues. RNAs extracted from BALB/c and SJL/J colon tissue
were submitted to RT-PCR amplification using oligonucleotides 18
(N-terminal domain) and 2 (5' untranslated region) in Table 2. PCR
products were electrophoresed in triplicate on a 1% agarose gel,
transferred to Nytran membranes, and probed with oligonucleotides
specific for the Bgpl" cDNAs (oligonucleotide 17, panel B), the Bgp l1
cDNAs (oligonucleotide 19, panel C), or the Bgp2 cDNA (oligonucle-
otide 3, panel D). Lanes 1 of panels A through D represent an H20
control for the PCR; lanes 2 contain SJL/J colon cDNA; and lanes 3
contain BALB/c colon cDNA. The ladder in panel A is the 100-bp
marker (Life Technologies). Alternatively, 2 ,ug of total RNA ex-

tracted from CMT-93 cells or C3H thioglycolate-elicited macrophages
was submitted to RT-PCR amplification using primers 2 and 6 in Table
2. These primers were designed to amplify both the Bgpl and Bgp2
cDNAs. The CMT-93-derived PCR products were amplified for either
20 (E and F, lanes 3) or 25 (E and F, lanes 4) cycles. The PCR products
were treated as described above, and the membranes were hybridized
with a BgpJa-specific oligonucleotide (oligonucleotide 17, panel E) or

a Bgp2-specific oligonucleotide (oligonucleotide 3, panel F). Lanes I of

panels E and F represent a Bgp2 cDNA control, while lanes 2 contain
a Bgpl cDNA control. Lanes 5 contain PCR products from C3H

macrophages, and lanes 6 are H2O controls for the PCRs. The 513-

and 1,053-bp products correspond to PCR products of cDNAs exhib-

iting two and four Ig domains, respectively.

Bgp2 cDNAs with the same efficiency, the expression of the

mRNAs was analyzed with oligonucleotide probes 17 and 3,

respectively. Figure 4 shows that C3H macrophages (panels E

and F, lanes 5) expressed the two-domain and four-domain

isoforms of Bgpl" mRNAs and at least a two-domain Bgp2

mRNA isoform. A hybridization signal that could account for

a four-domain Bgp2 isoform was also detected. Further anal-

yses and cloning of the putative Bgp2 four-domain isoform are

required to determine its expression.

Although expression of the Bgp2 transcript was not detected
in the brain tissue by RNase protection assay (Fig. 3B), low
levels of Bgp2 transcript were detected in BALB/c brain cDNA
upon 35 cycles of PCR amplification using primers 2 and 6
followed by Southern blot hybridization with oligonucleotide 3.
cDNA cloning. Because the Bgp2 mRNA was detected in

relatively high abundance in the mouse rectal carcinoma cell
line CMT-93, poly(A)+ RNA from these cells was used for
RT-PCR amplification of the corresponding Bgp2 cDNA(s).
To design Bgp2 gene-specific primers, genomic clones encom-
passing the 5' and 3' untranslated regions of BALB/c Bgpl and
Bgp2 genes were compared. Oligonucleotides 15 and 16 were
used to sequence the 3' untranslated region directly on the
cosmid 10.2 insert, generating DNA sequences that are 88%
homologous to the same region of the Bgpl gene. Thus, these
oligonucleotides could serve as primers for the reverse tran-
scription (oligonucleotide 16) and PCR amplification (oligo-
nucleotide 15) reactions. To design a Bgp2-specific primer in
the 5' untranslated region exon, a genomic subclone (XbaI-
EcoRV), present within the 2.4-kb Bgp2 BamHI genomic
fragment that contains the N-terminal domain, was sequenced
and found to be homologous to the same region of the Bgpl
gene. Another primer specific to the Bgp2 N-terminal domain
(oligonucleotide 3) was also used in the PCR amplification
reactions. By using oligonucleotides 1 and 16 as primers, a
1.3-kb fragment was amplified. After subcloning was done,
three different clones were sequenced on both strands of the
resulting cDNAs. As shown in Fig. 5A and B, this 1.26-kb
cDNA fragment included the known features of the mouse Cea
gene family, i.e., a 98-bp 5' untranslated region (not necessarily
full length), a 34-amino-acid signal sequence, a 108-amino-acid
N-terminal domain, a 92-amino-acid A2 domain, a 31-amino-
acid linker region and transmembrane domain followed by an
8-amino-acid putative intracytoplasmic tail, and a 3' untrans-
lated region containing a (CA)26 dinucleotide repeat. The
nucleotide sequence of this cDNA corresponded perfectly to
the exon nucleotide sequences of the Bgp2 gene.
The Bgp amino acid sequence comparisons shown in Fig. SC

highlight some of the distinctive features of this new protein.
Two nucleotide substitutions within the signal sequence lead to
two amino acid changes at the same positions in the Bgpla and
Bgplb proteins. The N-terminal domain presents interesting
characteristics and is the most divergent region. The first 37
amino acids of the Bgp2-encoded protein differ markedly from
the corresponding amino acids of the Bgpl-encoded proteins
(Fig. SC). Twenty amino acid substitutions, seven of which
affect charge or size, are obvious. The latter two-thirds of this
N-terminal domain is 88% similar to that of the Bgpl" allele
while exhibiting only 72% similarity to that of the Bgpla allele.
The Bgp2 N-terminal domain displays two N-linked glycosyla-
tion sites (thin underline in Fig. 5C) at positions identical to
those of sites found within Bgplb. The A2 domain of Bgp2 also
conserves two N-linked glycosylation sites, although the central
site of Bgpl is positioned closer to the 5' end of Bgp2 through
mutations. The middle of the A2 domain of Bgp2 varies
markedly from the conserved sequences found in the BALB/c
and SJL/J alleles with 17 discrepancies out of 32 amino acids.
The two cysteines thought to be involved in intramolecular
disulfide bonds, as well as key amino acids involved in confor-
mational stabilization of the immunoglobulin fold (44), are
conserved. The linker and transmembrane domains are shorter
by four amino acids (indicated by dashes in the sequence) than
the Bgpl' and Bgpl6 proteins and exhibit mainly conserved
substitutions. An eight-amino-acid putative intracytoplasmic
tail was also observed. To maximize alignments, three gaps
have been inserted in the Bgpla and Bgplb sequences before
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FIG. 5. Nucleic acid and predicted amino acid sequences encoded by the Bgp2 gene. (A) The structure of the Bgp2 cDNA is shown. The
PCR-amplified cDNA comprises a 98-bp 5' untranslated region (5'UT), a 34-amino-acid leader sequence (L), a 108-amino-acid N-terminal domain
(N), a 92-amino-acid C2-set Ig domain (A2), a 9-amino-acid linker region (Li), a 22-amino-acid transmembrane domain (TM), and an
8-amino-acid intracytoplasmic tail (Cyt) followed by a 345-bp partial 3' untranslated region (3'UT). (B) The nucleic acid sequence of the Bgp2
cDNA (numbered on the left) and its deduced amino acid sequence (single-letter code; numbered on the right) are shown. The ATG translation
initiation codon is boxed, and the TGA stop codon is identified by *. The four potential N-linked glycosylation sites are underlined. The cysteine
residues potentially involved in disulfide bond formation are circled. The (CA)26 tract is enclosed in parentheses. Arrows and numbers under the
nucleic acid sequence indicate the positions of some of the oligonucleotides referred to in the text and in Table 2. Large arrowheads correspond
to exon borders. (C) Comparison of the BgpC, BgpB, and Bgp2C predicted proteins. Potential N-linked glycosylation sites are underlined. Dashes
in the sequences indicate gaps introduced into the sequences to maximize alignments. Protein domains referred to in panel A are indicated on the
left of the sequences.

the SRKS sequence (Fig. SC). The sequence of the short mic domain shorter than those of the Bgpla and Bgplb
intracytoplasmic domain of Bgp2 is different from those of the proteins by five amino acids.
Bgplil and Bgplb proteins; this difference results from a The Bgp2-encoded protein functions as a receptor for MHV.
substitution (G-915 -* T-915) within the last codon of this In an attempt to determine the molecular weight of the protein
Bgp2 exon, which generates a stop codon and an intracytoplas- encoded by the Bgp2 mRNA, lysates of Bgp2-transfected BHK
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FIG. 6. (A) Immunofluorescence ofMHV antigens in CMT-93 cells or Bgp2-transfected BHK cells. CMT-93 cells were grown on coverslips and
either not treated (top row) or treated for 1 h and during virus adsorption (second row) with a 1:2 dilution of MAb CCM hybridoma supernatant.
Bgp2-transiently transfected BHK cells (third row) and CMT-93 cells were then challenged for 1 h at 37°C with MHV-A59, MHV-JHM, and

MHV-3 at a multiplicity of infection of 1. Viral antigens were detected 12 h after virus inoculation by using a mouse polyclonal anti-MHV-A59
serum and rhodamine-labeled goat anti-mouse IgG. (B through D) Immunoblot analysis of BHK transfected cells. BHK cells were transfected with

either a plasmid containing the Bgpla (MHVR) cDNA (lanes 1), a plasmid with no insert (lanes 2), a plasmid containing the Bgp2 cDNA (lanes
3), or a plasmid containing the Bgp2-Bgpla hybrid cDNA (lanes 4) by using LipofectAMINE. After 24 h, the cells were lysed and the proteins were
electrophoresed on SDS-PAGE gels and transferred to nitrocellulose membranes. The blots were incubated with MAb CCM followed by rabbit
anti-mouse antibody (panel B), anti-MHVR antibody (655) (panel C), or an anti-Bgp antibody (231) (panel D). The blots were then incubated with
s25I-protein A, washed, and exposed to film. Positions of molecular size standards (in kilodaltons) are shown to the left of each immunoblot.

cells were immunoblotted with MAb CC1 (36) (Fig. 6B); two
anti-MHVR polyclonal antibodies, 655 (11) (Fig. 6C) and 231
(23) (Fig. 6D); and a commercially available polyclonal anti-
human CEA antibody that cross-reacts with MHVR (data not
shown). None of these antibodies bound to the Bgp2-encoded
protein in immunoblots (Fig. 6B through D, lanes 3). A
chimeric protein that consists of 71 amino acids of the Bgp2
protein followed by the remaining 353 amino acids of the
four-domain MHVR coding sequence was not recognized by
MAb CC1 (Fig. 6B, lane 4) but was recognized by the three
polyclonal antibodies tested (Fig. 6C and D, lanes 4). Thus, the

available antisera to murine Bgps did not detect the Bgp2
protein in immunoblots. Intestinal brush border membranes
isolated from BALB/c but not SJL/J mice bind MHV-A59 in a

virus overlay protein blot assay (7). Since transcripts encoding
the Bgp2 protein were detected in colon tissue of both the
BALB/c and SJL/J strains, we investigated whether the Bgp2-
encoded protein could bind MHV-A59 in this assay. The Bgp2
protein was not recognized by MHV-A59 in a virus overlay
protein blot assay (data not shown).
To determine whether the Bgp2 cDNA encodes a functional

MHV receptor glycoprotein, this clone was transiently trans-

MHV-A59 MHV-JHM

J. VIROL.
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fected into MHV-resistant BHK cells under the transcriptional
control of the CMV promoter. Transfected cells were chal-
lenged with MHV-A59, MHV-3, and MHV-JHM. As shown in
Fig. 6A, viral antigens developed in the cytoplasm of some of
the transfected cells, indicating that the Bgp2-encoded protein
served as a receptor for each of the three MHV strains tested.
Although infected cells were detected in each of four indepen-
dent experiments, the number of infected BHK cells trans-
fected with the Bgp2 cDNA was consistently much lower than
those of BHK cells transfected in the same experiment with
equivalent amounts of the cDNAs encoding the two-domain or

four-domain MHVR glycoproteins cloned into the same ex-

pression vector. We then investigated whether pretreatment of
the Bgp2-transfected cells with the anti-MHVR MAb CCI
prevented infection mediated by the Bgp2-encoded protein.
Neither MAb CCI nor an unrelated MAb of the same isotype
was able to protect the Bgp2-transfected cells from virus
infection, whereas, as previously reported, MAb CCI pro-

tected cells expressing MHVR isoforms from infection with
the three MHV strains (10, 11) (Fig. 6A). Thus, the N-terminal
domain of Bgp2 is sufficiently different from Bgpl' isoforms
that MAb CCI does not bind to it. Because CMT-93 cells
expressed transcripts of both MHVR and Bgp2, we used MAb
CCI to determine which Bgp is used as a receptor in CMT-93
cells. MAb CC1 completely protected CMT-93 cells from
infection with MHV-A59, MHV-3, and MHV-JHM (Fig. 6A).
Thus, the Bgpl" protein isoforms were the only functional
receptors in CMT-93 cells.

DISCUSSION

Structure and expression of the mouse Bgp2 gene. Two
highly polymorphic alleles, Bgpl] and Bgplh, of the Bgpl gene
on mouse chromosome 7 encode numerous glycoprotein iso-
forms that can serve as receptors for MHV strains (10, 11, 28,
45, 48, 49). Some of these glycoproteins play a role in cell
adhesion (23, 29, 41). We have identified a new murine gene
related to Bgpl that is coexpressed with Bgpl in tissues of
inbred mice. The restriction pattern obtained upon digestion
of DNA isolated from SJL/J, BALB/c, and C57BL/6 mice
followed by hybridization to a proximal promoter probe of
Bgpl suggested the existence of at least three Bgp genes. We
report here the identification of one of the two new genes,
named Bgp2. Genomic and cDNA clones of Bgp2 were ob-
tained from BALB/c mice and from the CMT-93 murine cell
line, respectively. Analysis of various fragments of the up-
stream regulatory region and introns of the DNA and the 5'
and 3' untranslated regions of the cDNA showed that the
structure of the Bgp2 gene closely resembles that of Bgpl (2,
15, 24a). These observations suggest that the Bgpl and Bgp2
genes arose from duplication of a common ancestral gene. The
relative order of Bgpl and Bgp2 on mouse chromosome 7 is
being defined by using a YAC insert of chromosome 7.
The structural features of the Bgp2 cDNA and its predicted

protein product are like those of the mouse Bgpl gene as well
as those of rat and human BGP cDNAs and proteins that
include two immunoglobulin-like domains. Common features
include a long signal sequence, an N-terminal domain that is
salt bridged and resembles a variable Ig domain, a C2-set Ig
domain bearing two cysteine residues that are believed to form
intrachain disulfide bonds, a transmembrane domain, and a

putative intracytoplasmic tail.
The most striking difference between the Bgp2 cDNA and

the Bgpla and Bgpl1" cDNAs lies in the first 37 amino acids of
the N-terminal domain, which contains 22 amino acid changes,
including many nonconservative substitutions. The remainder

of the N-terminal domain is more similar to that of Bgp1" than
that of Bgpla. In Bgp2, the N-terminal domain contains two
potential N-linked glycosylation sites in the same positions as
sites found in Bgpl" and Bgp1l'. Bgpl" has one additional
N-linked glycosylation site in the N-terminal domain. The
second Ig domain of Bgp2 also shows significant differences
from the two Bgpl allele products. In particular, one potential
N-linked glycosylation site is moved from the center toward the
distal part of the domain, which could affect the conformation
of the protein. The putative transmembrane and intracytoplas-
mic domains of Bgp2 are shorter than those of the Bgpl allele
proteins. These marked differences in the amino acid sequence
of the Bgp2 protein compared with those of the Bgpl proteins,
particularly the changes in the N-terminal domain, may have
important effects on the functions of the protein. Dveksler et
al. showed that the N-terminal domain of Bgpl contains the
sites that bind MHV S glycoprotein and the protective anti-
receptor MAb CC1 (12), and the N-terminal domain is impor-
tant for the cell adhesion functions of other CEA-related
glycoproteins (27, 50). The extensive amino acid changes
between Bgpl and Bgp2 proteins in this important functional
region suggest that evolutionary divergence of the genes may
have progressed to the point that the proteins that they encode
now recognize different cellular ligands and may serve different
cellular functions. Such divergent proteins might also differ in
the ability to serve as receptors for MHV.
The natural cellular ligands for Bgpl and Bgp2 proteins

have not yet been identified, although some Bgpl glycopro-
teins exhibit homophilic cell adhesion. Other cellular functions
attributed to two rat Bgps that differ markedly in their N-
terminal domains (20, 26) include an enzymatic ecto-ATPase
activity (20, 44), transport of bile acids (35), definition of
hepatocyte polarity by differentiation antigens during embryo-
genesis (14), and activity as receptors in a signal transduction
cascade associated with the insulin receptor or protein kinase
A or C (1, 3, 20, 21).
The expression of Bgp2-encoded transcripts in different

mouse tissues varies considerably and is markedly different
from the expression of Bgpl transcripts as shown by RNase
protection assays and RT-PCR amplification. Bgpl" transcripts
are abundantly expressed in the colon and liver tissue of
BALB/c and outbred CD1 mice, while the Bgp2 transcript is
only expressed at low levels in the colon tissue of BALB/c and
CDI mice. Low levels of expression of the Bgp2 transcript were
found in BALB/c brain and spleen tissue, but no expression of
the Bgp2 mRNA was detected in BALB/c liver tissue. In
contrast, in SJL/J mice, low levels of Bgp2 mRNA expression
are found in both the colon and liver. The factors that regulate
the differential expression of Bgpl and Bgp2 transcripts in
different murine tissues are not yet understood. The expression
of Bgpl proteins on membranes of cells from various tissues
and cell lines appears to be required for susceptibility to MHV
infection (10-12, 45, 47-49), and high levels of receptor
glycoprotein are found on intestine and liver tissues, which are
two of the principal target tissues for MHV infection (45).
Expression of the Bgp2 protein in murine tissues or cell lines
could serve either as an alternative receptor for MHV or as a

factor that might modify the expression or functions of Bgpl
proteins.

Role of the Bgp2 protein as a receptor for MHV. The
expression of Bgp2 protein in hamster cells transfected with
Bgp2 cDNA made the cells susceptible to infection with
MHV-A59, MHV-3, and MHV-JHM. Thus, the Bgp2 protein
can serve as a functional receptor for MHV. It is important to
note, however, that the Bgp2 protein was not as efficient a

receptor for MHV as were the proteins encoded by the Bgpl"
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cDNAs when expressed in BHK cells under the control of the
same promoter. The percentage of Bgp2-transfected cells that
synthesized viral proteins following challenge with MHV was
much lower than that of Bgpl-transfected cells. When Bgp2 is
expressed under the control of its natural promoter in murine
tissues, there may not be enough of this inefficient receptor to
permit infection with MHV virions. An inefficient receptor
might play a role in cell-to-cell spread of virus infection after
initial infection mediated by Bgpl proteins. Because virus-
infected cells present much more of the viral fusion glycopro-
tein, S, on their membranes than do virions, infected cells may
be able to fuse with cells that express low levels of an inefficient
receptor, even though they are resistant to infection by virions.
Bgp2 may be expressed in cell types that do not express Bgpl
and could serve as an alternative receptor permitting cell-to-
cell spread of virus infection in vivo.

In CMT-93 cells which express both Bgpla and Bgp2 tran-
scripts, MHV infection can be completely blocked by pretreat-
ment of the cells with anti-Bgpla MAb CC1, which does not
recognize the N-terminal domain of the Bgp2 protein in
immunoblots. Thus, in CMT-93 cells, the only functional
receptor is the Bgpla protein. Possibly the virus-binding do-
main of the Bgp2 protein is somehow masked on the surface of
CMT-93 cells, perhaps by an excess of a longer Bgpl protein.
Alternatively, the monoclonal antibody might affect the poten-
tial receptor function of the Bgp2 protein indirectly, if it is
closely associated with Bgpl proteins that are blocked by the
antibody. It is not yet known whether the Bgpl and Bgp2
protein isoforms are physically associated in the membranes of
murine cells or tissues.

CEA-related glycoproteins are expressed on epithelial sur-
faces of the gastroenteric and respiratory tracts, which are
major portals for entry of viruses and other pathogens. An E.
coli strain was shown to use a human CEA protein as an
adhesion factor in the intestine (19), and MHV strains use the
murine Bgps as receptors. There is a great variety of CEA-
related glycoproteins which are expressed by complex splicing
patterns from many closely related genes. In humans, 22
CEA-related genes are clustered on chromosome 19 (40). In
the mouse, CEA-related genes include the Bgpl and Bgp2
genes; another Bgp-related, but as yet unidentified, gene
indicated by the Southern blots shown in Fig. 1; and genes that
encode pregnancy-specific glycoproteins (11, 22, 23, 31, 41).
Because of the high degree of sequence homology among
murine CEA-related glycoproteins, RT-PCR can result in
simultaneous amplification of transcripts from several different
genes as shown in Fig. 4. In order to avoid confusion in
interpreting data concerning the CEA-related glycoproteins
expressed in different murine tissues or cell lines, it is necessary
to sequence the PCR products and/or to use allele- and
gene-specific probes to identify the transcripts. Given the
complex, temporally regulated, and tissue-specific patterns of
expression of the many structurally similar CEA-related mu-
rine glycoproteins, defining the number of isoforms that can
serve as MHV receptors and determining their roles in virus
infection in vivo constitute an exciting challenge.
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