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Letter

Sequence Diversity and Genomic Organization
of Vomeronasal Receptor Genes in the Mouse

Karina Del Punta, Andrea Rothman, Ivan Rodriguez, and Peter Mombaerts'
The Rockefeller University, New York, New York 10021, USA

The vomeronasal system of mice is thought to be specialized in the detection of pheromones. Two multigene
families have been identified that encode proteins with seven putative transmembrane domains and that are
expressed selectively in subsets of neurons of the vomeronasal organ. The products of these vomeronasal
receptor (Vr) genes are regarded as candidate pheromone receptors. Little is known about their genomic
organization and sequence diversity, and only five sequences of mouse VIr coding regions are publicly available.
Here, we have begun to characterize systematically the VIr repertoire in the mouse. We isolated 107 bacterial
artificial chromosomes (BACs) containing VIr genes from a 129 mouse library. Hybridization experiments
indicate that at least 107 Vir-like sequences reside on these BACs. We assembled most of the BACs into six
contigs, of which one major contig and one minor contig were characterized in detail. The major contig is
630-860 kb long, encompasses a cluster of 21-48 VIr genes, and contains marker DéMit227. Sequencing of the
coding regions was facilitated by the absence of introns. We determined the sequence of the coding region of 25
possibly functional ViIr genes and seven pseudogenes. The functional Virs can be arranged into three groups;
VlIrs of one group are novel and substantially divergent from the other Vlrs. The genomic and sequence

information described here should be useful in defining the biological function of these receptors.

The olfactory system provides sensory information
about the chemical composition of the external world
(Farbman 1992). Olfactory chemoreception initiates in
mammals at the level of sensory neurons that are lo-
cated in either of two sites. Sensory neurons of the
main olfactory epithelium detect volatile odorants
(Buck 1996); those of the vomeronasal organ (VNO)
are believed to respond mainly, but not exclusively, to
pheromones (Halpern 1987; Keverne 1999; Holy et al.
2000; Leinders-Zufall et al. 2000). Pheromones are
chemical signals that provide information about gen-
der, dominance, and reproductive status between indi-
viduals of the same species (Karlson and Liischer 1959;
Keverne 1983). They elicit innate and stereotyped re-
productive and social behaviors in the recipients,
along with profound neuroendocrine and physiologi-
cal changes.

The chemosensory receptors of the main olfactory
system are called odorant receptors (ORs). They are
seven-transmembrane proteins, encoded by a family
that may comprise as many as 1000 genes in rat and
mouse (Buck and Axel 1991; for review, see Mombaerts
1999a,b). The chemosensory receptors of the vomero-
nasal system are termed vomeronasal receptors (Vrs).
Two families of Vr genes, also encoding putative seven-
transmembrane proteins, are proposed to represent
genes for pheromone receptors, but direct evidence has
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yet to be delivered. The first discovered family of Vr
genes was estimated initially to consist of 30-100 V1r
genes, expressed selectively in sensory neurons of the
apical zone of the epithelium of the VNO (Dulac and
Axel 1995; Saito et al. 1998). The family of V2r genes
comprises between 30-140 genes that are expressed in
neurons of the basal zone (Herrada and Dulac 1997;
Matsunami and Buck 1997; Ryba and Tirindelli 1997).
There are no conserved motifs between the V1r and
V2r gene families, and Vrs have no significant se-
quence homology with ORs. Differential expression of
Vr genes in neurons of the apical and basal zones cor-
relates with that of G protein subunits Gai2 and Gao,
(Halpern et al. 1995; Berghard and Buck 1996), but it is
not clear if these G proteins are involved in chemosen-
sory signal transduction in these neurons.

The V1r genes were initially cloned in rats, and
seven full-length open reading frames (ORFs) were re-
ported (Dulac and Axel 1995). Subsequently mouse
V1r homologs were identified by cross-hybridization to
a VNO cDNA library (Saito et al. 1998), a YAC library
(Belluscio et al. 1999), and BAC library (Rodriguez et al.
1999). Recently we described the first human V1r-like
gene, termed VIRLI1, mapping to chromosome 19 (Ro-
driguez et al. 1999). The genomic location of only a
single mouse V1r gene, termed VR;2, has been deter-
mined; it maps to chromosome 6 (Rodriguez et al.
1999). Only five sequences of mouse V1r ORFs are pub-
licly available (Saito et al. 1998; Rodriguez et al. 1999).
Thus, little information is available about this multi-
gene family, whose biological function is poorly un-
derstood. Here, we have made an attempt to fill this
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void, taking a strictly genomic approach. The absence
of introns in the ORFs of V1rs (Dulac and Axel 1995)
permits sequence determination from genomic clones.

RESULTS

Construction of a Major BAC Contig Containing

a VIr Gene Cluster

We first screened a 129 mouse BAC library with probes
corresponding to rat V1r coding regions (Dulac and
Axel 1995), and isolated eight BACs that were con-
firmed to contain V1r genes by Southern blot hybrid-
ization. Because these BACs could not be assembled
into a contig, we initiated multiple chromosome walks
using nonrepetitive BAC insert end probes. We also
determined the sequence of several V1r ORFs located
on these eight BACs, allowing us to design degenerate
PCR primers corresponding to the most conserved re-
gions. With these primers we obtained a pool of PCR
products from mouse genomic DNA (designated as
pool #1; see Methods for details). The chromosome
walks were complemented with a new screening of the
BAC library using pool #1 probes. By combining these
two approaches, we isolated 48 BACs that contain V1r
genes, as evidenced by Southern blot hybridization
and sequencing of several ORFs.

Relying largely on BAC insert end probes and V1r
ORF probes, we were able to assemble most of these
BAGC:s into a single contig, with the exception of three
BAC:s (see below). This contig, termed the major contig
or contig I (Fig. 1A), was mapped with a mouse radia-
tion hybrid panel next to marker D6Mit261 at 37cM of
chromosome 6 (see also Rodriguez et al. 1999).
Twenty-four MIT markers in the vicinity were tested
against BACs covering the entire contig. This analysis
resulted in the mapping of marker D6Mit227 (Fig. 2) to
overlapping BACs 27E23 and 112M5 (Fig. 1A). By mea-
suring the size of individual BACs in pulse-field gel
electrophoresis experiments, we estimate that the BAC
contig is 630-860 kb long. We walked a few hundred
kb outward in both directions, but did not identify
BACs that hybridize to pools of V1r ORF probes. As-
suming that no major gap separates this V1r gene clus-
ter from another one, we can tentatively assign ends to
the cluster. Genes flanking the V1r cluster in the
mouse have orthologous positions on human 2p13-
p13 (Fig. 2).

Estimates of the number of V1r genes located in
this cluster range from 21 to 48. The lower number
represents the V1r ORFs that have been cloned and
sequenced; the upper estimate represents the number
of distinct bands, observed after digestion of the BACs
with the restriction enzyme HindIII (see Methods) and
hybridization to V1r probes at low stringency. Figure
1A shows the approximate position of 22 V1r genes
within the cluster.

Localization of Two VIr Genes on the

X Chromosome

The three BACs that did not fit into contig I were found
to overlap and seeded contig II (Fig. 1B), containing
two V1r genes as evidenced by Southern blot hybrid-
ization at low stringency (data not shown). One of
these genes, termed VIrb10 (for nomenclature, see be-
low), was cloned and its ORF sequenced, but we were
unable to clone the other presumptive V1r gene. This
contig was mapped between markers DXMitl117 and
DXMit67 with a radiation hybrid panel. Chromosome
walking was performed in both directions using insert
end probes from two BACs. No further BACs were
found to cross-hybridize to V1r probes.

Identification of a Novel Group of Vir Genes
When the BAC filters were screened with pool #1, two
types of signals were detected: strong or very faint, al-
most undistinguishable from background. The strong
signals correspond to the 45 BACs that form the major
contig on chromosome 6 (Fig. 1A), and to the three
BACs of the minor contig on the X chromosome (Fig.
1B). When the BACs that yielded very faint signals
were subjected to Southern blot hybridization with
pool #1, very weakly cross-hybridizing bands were de-
tected. The correspondence of these faint signals to
genuine V1r members was confirmed by shotgun sub-
cloning of the BACs and sequencing the entire insert of
the smaller subclones. However, these genes appear to be
very divergent from the previously sequenced V1r genes.
Therefore, a second set of probes (designated as
pool #2) was prepared. These probes correspond to the
most conserved sequences within the ORFs of this
novel V1r group and were generated by PCR with a set
of distinct pairs of primers (see Methods for details).
Screening of the BAC library with pool #2 resulted in
59 new positive BACs. Overlaps between the BACs and
relative positions of V1r ORFs were assessed by South-
ern blot hybridization. Most of the BACs could be as-
sembled into four minor contigs (III-VI, see Table 1).
The map location of these contigs could not be deter-
mined with certainty. The number of V1r genes in con-
tigs III, IV, V, and VI is estimated to be 21, 15, 9, and
12, respectively, or 57 in total (data not shown). These
estimates reflect the number of different HindIIl bands
detected by Southern blot hybridization with pool #2.
Strong bands were not detected with pool #1, suggest-
ing that these BACs do not contain V1r genes of the
groups that are located within the major contig
(groups a and b, see below). Conversely, no signals
were detected on Southern blots of BACs from contig I
with pool #2, indicating that genes of the novel group
are not present in this major contig.

Sequence Diversity of VIr Genes

The ORFs of V1r genes are intronless (Dulac and Axel
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Figure 1 (A) Physical map of the major BAC contig | on chromosome 6. The thick black line at the top of the figure represents the
chromosome. The arrangement of 22 V1r genes along the cluster is shown with circles: (solid circles)V1r coding regions that have been
sequenced; (empty circle) V1r gene whose order in the cluster was determined but was not cloned or sequenced; (pink circles) members
of group a; (green circles) members of group b. Pseudogenes are shown in black and indicated by the symbol W. BACs, with their
respective names, are represented by horizontal lines below the chromosome. BACs whose sizes were estimated by pulsed-field gel
electrophoresis are indicated by thick lines and drawn to scale. Estimated sizes of BACs are: 181D4, 90 kb; 293F24, 250 kb; 295K14, 160
kb; 30K19, 170 kb; 292L7, 125 kb; 252K18, 110 kb; 44K9, 200 kb; 344M8, 130 kb; 306A14, 170 kb; 283C1, 130 kb; 247A9, 160 kb;
246C14, 160 kb; 412)24, 160 kb; 104P6, 80 kb; 469C1, 45 kb; 27E23, 200 kb; 112M5, 95 kb; 363E24, 60 kb; 45B14, 60 kb; 45A17,
60 kb; T61N13, 70 kb. BACs whose sizes were not determined are indicated by thin lines and are not drawn to scale. The red bracket
below the BACs indicates the estimated extent of the V1r cluster. The positions of the BAC end sequences are indicated at the bottom as
the name of the BAC clone followed by the SP6 or T7 side of the BAC vector. (B) BAC contig Il on the X chromosome. The thick black
line at the top of the figure represents the chromosome. V1r genes are represented by circles: (solid circle) sequenced V1rb10 gene. The
green color indicates that it belongs to group b. (Open circle) V1r gene that cross-hybridizes weakly with pool #1 probe by Southern blot
hybridization but was not cloned and sequenced. The asterisk above the neighboring V1r genes indicates unknown marker order. BACs
whose sizes were estimated by pulsed-field gel electrophoresis are indicated by thick lines and drawn to scale. Estimated sizes of BACs are:
63D6, 130 kb; 105B10, 250 kb; 118E10, 130 kb. BACs whose sizes were not determined are indicated by thin lines and are not drawn
to scale. The positions of the BAC end sequences are indicated at the bottom as the name of the BAC clone followed by the SP6 or T7

side of the BAC vector.

1995). Therefore contiguous sequence information can of 32 V1r genes: 21 genes from contig [; one gene from
be obtained directly from cloned genomic DNA. contig IT on the X chromosome; and 10 genes from the
Clones containing V1r ORFs were obtained by shotgun contigs III-VI (Table 1). In contig I, six of the 21 se-
subcloning of BACs followed by dot blot analysis. We quences (29%) correspond clearly to pseudogenes: the
determined the nucleotide sequence of the ~1 kb ORF ORFs are interrupted by stop codons and/or frame-
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Figure 2 Mapping of the major BAC contig in mouse and or-
thologous position in human. Linkage map at ~37cM of mouse
chromosome 6, showing the position of V1r contig | and nearby
MIT markers and genes. The arrow indicates that D6Mit227 maps
to the V1r contig I. Flanking genes have orthologous positions on
human 2p13-p13.

shifts. In contigs I1I-V, only one sequence corresponds
to a pseudogene.

Phylogenetic analysis of the predicted amino acid
sequences of the 25 V1rs studied here reveals that they
fall into three distinct groups, termed groups a, b, and
c (Fig. 3). In consultation with The International Com-
mittee on Standardized Genetic Nomenclature for
Mice, we devised a rational nomenclature that is based
on this division in three groups. The five mouse V1r
genes whose sequences were available in GenBank
were renamed; for instance the VR;2 gene that we re-
ported previously (Rodriguez et al. 1999) now corre-
sponds to VIrb2. Table 2 lists new and old names, ac-
cession numbers, and references.

Both a and b groups are present in contig I. The
one gene we sequenced from contig II, V1rb10, belongs
to group b. Although there is no apparent distribution
or segregation of groups a and b within contig I (Fig.
1A), adjacent genes tend to be more closely related in
sequence; this becomes more obvious when nucleotide
sequences are compared, including those of the pseu-
dogenes (data not shown). Group c genes are absent

from contigs I and II. Conversely, the four minor con-
tigs only contain group ¢ genes. Amino acid identity
within each group ranges from 65% to 94%, with the
exception of genes VIra7, VI1ra8, and V1ra9, which
share between 50% and 55% amino acid identity with
other group a members. Long branches in the phylo-
genetic tree (Fig. 3) reflect this lower degree of se-
quence similarity. The percentage of amino acid iden-
tity between group a and b genes ranges from 40%-—
53%, whereas members of group c share only 22%-
31% amino acid identity with any gene member of the
other two groups.

Deduced amino acid sequences of the ORFs of the
seven rat V1r genes (Dulac and Axel 1995) and five
mouse V1r genes (Saito et al. 1998; Rodriguez et al.
1999) available in public databases were compared
with the sequences produced here. These belong to
groups a and b, except for VN6 (from the rat) which
does not belong to any of these groups (<35% amino
acid identity). Two published mouse sequences, mPR1
(Saito et al. 1998) and VR;2 (Rodriguez et al. 1999), are
identical to our genes Viral and V1rb2, respectively,
with the only difference being that the reported mPR1
amino acid sequence has an extra amino-terminal me-
thionine; this discrepancy may be explained by allelic
variation between the strains BALB/C (Saito et al. 1998)
and 129 (this paper).

Sequence Alignment

Figure 4 shows an alignment of the publicly available
and the new sequences. Putative transmembrane (TM)
domains were predicted using three independent
methods (see Methods for details). V1ra8, Virc4, and
V1rc9 are considerably shorter at the carboxyl termi-
nus. As TM7 does not appear to exist in VI1ra8, we do
not know whether this truncated V1r is biologically
active. It is interesting to note that the three programs
predict for VIra7, V1ra8, V1rc3, VIrc5, and VIrc8 an
extra transmembrane helix (not shown in Figure 4)
between TM IV and TM V.

The alignment in Figure 4 indicates that 11 amino
acid residues are 100% conserved in the 35 mouse and
rat V1r genes. The conserved residues are distributed
among TM I, II, and VI, extracellular loops (EC) 1 and
2, and intracellular loops (IC) 2. Several features can be
discerned that V1rs share with other 7TM proteins: the
asparagine in TM I (N28); two cysteines in EC 1 and 2
(C88 and C176); the phenylalanine in TM VI (F254);
and the highly conserved proline in TM VII (P295).
There are no conserved motifs shared with other 7TM
proteins, as was initially reported (Dulac and Axel
1995).

It should be noted that the presence of multiple
methionines at the amino terminus of several Vlrs
complicates precise assignment of the start site for
translation. Five mouse V1r ORFs (VIral, Vlira2,
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Table 1. Minor Contigs I1I-VI: BAC IDs and Gene Content

Cloned
Number Representative BACs of the contig Cloned Genes Pseudogenes
Contig Il 269A9, 428F20, 35714, 101)4, 101)3, 251G22, 137C17, 386K13, 356L5, 352B3, V1rcl, V1rc3, V1r-ps6
418N24, 279MS5, 420P18, 137P5, 13705, 267N10, 268B11 V1rc4, V1rc5,
V1rcé6, V1rc7
Contig IV 426F15, 430H17, 425D21, 272J09, 269]06, 241A14, 404N12 V1rc8 —
Contig V. 254124, 361)10, 381)14, 248E17, 402L06, 397020, 264C24 V1rc2,V1rc9 —
Contig VI 269K23, 249F9, 353K13, 42407, 243B13, 353K13, 393L01 — —

V1rb9, V1rb10, and V1rc7) have an additional methio-
nine immediately upstream of the one shown in the
sequence alignment of Figure 4. V1rb10 contains two
additional methionines: one immediately upstream,
and another one 18 residues upstream to the one pre-
sented in Figure 4. Thus, V1rb10 could potentially
have a considerably longer amino terminus. Two of the
reported rat V1rs (VN4 and VN2) exhibit an amino
terminus pattern similar to V1rb10. It has been shown
for some genes that alternative ATG codons can be
used as the start site of translation giving rise to mul-
tiple proteins with different amino-terminal lengths
(Ossipow et al. 1993). This may also be the case for
some V1r genes.

Expression of Group ¢ Vir Genes in the VNO

In situ hybridizations were performed with several
members of the three groups. As expected, all genes
were expressed selectively in neurons located within
the apical zone of the vomeronasal epithelium, which
correlates with the expression of the Gai2 subunit.
This is also the case for members of the novel group ¢
(Fig. 5), indicating that these are truly V1r genes by the
criterion of zone-specific expression.

Virc4

v rc1V1 rz;ZV1 rc3 V1rc5

V1rcé

V1rb7 Virb4
b9

Virb10

Figure 3 Phylogenetic tree of predicted amino acid sequences
of mouse V1r genes. The unrooted tree shows the phylogenetic
relationships between predicted V1r amino acid sequences. V1r
genes can be classified in groups a, b, and c.

1962 Genome Research
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DISCUSSION

Genomic Organization of the VIr Gene Repertoire
The V1r gene family was discovered in rat by differen-
tial screening of cDNA libraries, constructed with the
aid of PCR from single vomeronasal sensory neurons
that express the Gai2 subunit (Dulac and Axel 1995).
Extending our initial characterization of the mouse
V1r repertoire (Rodriguez et al. 1999), we have isolated
by cross-hybridization and chromosome walking a to-
tal of 107 BACs that contain V1r genes; 68 of these
BACs are described in this paper. The BACs were ar-
ranged into six contigs. The major contig, located on
chromosome 6, contains between 21 and 48 V1r genes,
exclusively of groups a and b. A contig on chromosome
X contains two V1r genes, one of which has been se-
quenced and shown to be a member of group b. Genes
belonging to group c reside within four minor contigs;
these detailed characterizations were not completed.
Gene density in these clusters appears to be high: In
the major contig, 21-48 genes reside within a region of
630-860 kb, resulting in distances of 13-41 kb between
the coding regions. We sequenced the intergenic re-
gion between the poly(A) signal of the VIrb2 and the
putative translation start site of the downstream Vl1r
(data not shown), and found that the distance between
is 2.5 kb, indicating that some V1r genes are very close
to each other.

Complexity of the VIr Gene Repertoire

Considering the number of hybridizing HindIII frag-
ments to be a reliable indicator of the number of V1r
genes residing on a given BAC, the complexity of the
mouse V1r repertoire exceeds 107 genes. Similar esti-
mates with genomic DNA instead of BAC DNA are not
possible, due to the large number of hybridizing bands
in the genome. Our minimum estimate of 107 is inter-
mediate between the estimates of 35-100 in rat (Dulac
and Axel 1995) and 150-200 in mouse (Saito et al.
1998). Because group c genes cross-hybridize only very
weakly with genes of groups a and b and have thus far
remained unnoticed, it is conceivable that the V1r rep-
ertoire comprises additional groups or families. The
number 107 is thus clearly a minimum estimate. We
have provided the first evidence of the presence of
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Table 2. References of V1r Genes

New Old
Nomenclature Nomenclature

of V1r Genes New of Previously Accession Numbers References for
and Accession Reported V1r of Previously Previously Reported
Pseudogenes Numbers Genes Reported Genes Genes
Viral AF291481 mprl Y12725 Saito et al. 1998
Vlra2 mpr2 Y12724 Saito et al. 1998
Vira3 AF291482

Vira4 AF291483

Vira5 AF291484

Vira6 AF291485

Vira7 AF291486

V1ra8 AF291487

V1ra9 AF291488

Virb1 AF291489

Virb2 VR2/V1r5 AF132114/NP036041 Rodriguez et al. 1999
Virb3 AF291491

Virb4 AF291492

Virb5 mV1R5 Y17566 Saito et al. 1998
Virb6é mV1R6 Y17567 Saito et al. 1998
Virb7 AF291493

V1rb8 AF291494

V1rb9 AF291495

Virb10 AF291496

Vircl AF291497

Vlrc2 AF291498

Virc3 AF291499

Virc4 AF291500

Virc5 AF291501

Virc6 AF291502

Virc7 AF291503

V1irc8 AF291504

V1rc9 AF291505

Vir-psi AF291506

Vir-ps2 AF291507

Vir-ps3 AF291508

V1r-ps4 AF291509

V1r-ps5 AF291510

V1r-ps6 AF291511

pseudogenes in the V1r gene family: 7/32 sequences, or
22%. The presence of pseudogenes has not been re-
ported in previous studies (Dulac and Axel 1995; Saito
et al. 1998), perhaps because these studies were carried
out with cDNA instead of genomic DNA. It remains to
be seen whether or not these pseudogenes are expressed.
The complexity of the V2r family may be of similar
magnitude (100-140 genes), and about two thirds are
reported to be pseudogenes (Bargmann 1997; Herrada
and Dulac 1997; Matsunami and Buck 1997). The mouse
genome may thus contain 83 functional V1rs (i.e., 78%
of 107 genes) and 33-47 functional V2rs (i.e., 33% of
100-140 genes), or 116-130 functional Vrs in total. It is
not obvious and it was not anticipated that pheromone
detection requires so many receptors. Perhaps some of
these receptors have other chemosensory functions.

Diversity of the VIr Gene Repertoire
Phylogenetic analysis of the sequences provided here

indicates that V1rs fall into three groups (Fig. 3),
prompting us to devise for the first time a rational no-
menclature for mouse V1r genes. One scheme for clas-
sifying multigene families (Nebert et al. 1991; Lancet
and Ben-Arie 1993) defines 40% amino acid identity as
a threshold for forming a “family”; according to this
definition, group a and b genes are members of the
same family, whereas group ¢ would constitute a novel
family of V1r genes. The V1r repertoire would thus
have to be regarded as a “superfamily” consisting of at
least two families: a + b and c. Further division of these
families into “subfamilies”, defined with a threshold of
60% amino acid identity (Nebert et al. 1991; Lancet
and Ben-Arie 1993), is complicated by the borderline
sequence identity of genes VIra7, VIra8, and V1ra9,
although they clearly belong to group a (Fig. 4). It is
clear that these definitions are in flux and may have to
be revisited when the V1r repertoire is further charac-
terized.
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Figure 4 Alignment of predicted amino acid sequences of mouse and rat V1r genes. Predicted amino acid sequences from V1r
sequences were aligned with the other mouse (V1ra2, V1rb5, and V1rb6) and rat (VN1, VN2, VN3, VN4, VN5, VN6, and VN7) Vir
sequences available in public databases. The alignment was performed using the Clustal V method of the MegAlign program. The V1r
sequences were aligned by the first methionine common to all open reading frames. Predicted consensus positions of TM domains are
indicated as TM I-VII. Consensus residues are shown as white lettering on black background. Consensus strength is shown on top. The
shortest, yellow bars represents the least conserved amino acids; the tallest, red bars represent amino acids that are common to all
sequences. V1r genes from groups a, b, and c are indicated in pink, green, and blue, respectively. VN6 from rat does not belong to any
of the three groups and is indicated in gray. The publicly available sequences of VN5 and VN7 from rat seem to be incomplete, precluding

full-length alignment.

Conserved Residues

Eleven of ~296 amino acid residues are 100% con-
served among V1rs, including the human V1RL1 (Ro-
driguez et al. 2000). Of these, five (N28, C88, C176,
F254, P295) correspond to residues that are generally
conserved generally in 7TM proteins. The two con-
served cysteines are located in EC 1 and 2, where they
are thought to participate in a disulphide bridge
(Probst et al. 1992; Baldwin 1994); site-directed muta-
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genesis studies have invoked the presence of the disul-
phide bonds in the stabilization of the active form of
the receptor (Davidson et al. 1994).

The remaining seven residues that are 100% con-
served among V1rs (G24, L31, R99, L109, K128, N163,
and L250) seem to be unique to this superfamily of
7TM proteins, and may provide a signature for classi-
fication of novel 7TM proteins to the V1r superfamily.
One of these residues, N163 in EC 2, forms part of a
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Figure 5 Insitu hybridization with a V1r gene of group c. (Left)
Coronal section through the vomeronasal organ of an adult male
mouse annealed with a digoxigenin-labeled antisense RNA-probe
for a conserved region of gene V1rc7. Each dark spot represents
the cell body of a vomeronasal sensory neuron expressing a cross-
hybridizing V1r gene. The probe recognizes multiple bands in
Southern blot hybridization of genomic DNA. (Right) Drawing
representing the image on the Jeft. Cell bodies of cells expressing
V1rc7-like genes are located in the apical zone of the vomeronasal
organ. Orientation: L, lateral; M, medial; D, dorsal; V, ventral.

putative N-glycosylation site (N [*P][ST][*P]) that is
present in all V1rs, including the human VIRLI (Ro
driguez et al. 2000). (Two other genes, VIrb2 and
Vl1ra5, have a second putative N-glycosylation site, in
EC 1 and 2, respectively.) One conserved residue is lo-
cated in an intracellular loop (K128 in IC 2); this loop,
together with IC 3 and the carboxyl terminus, has been
implicated in G-protein interaction (Baldwin 1994). Fi-
nally, five Vlr-specific conserved residues (G24, L31,
R99, L109, and L250) are within TM domains or very
close to the membrane in the extracellular side. 7TM
proteins are thought to interact with their ligands in
an internal pocket formed by the TM domains (for re-
views, see Schwartz 1994; Baldwin 1994); conserved
residues in this region may be involved in contributing
to the structure of the pheromone-binding pocket.

Group ¢ VIr Genes and VirblO
Vl1rs from group c appear to have a shorter amino-
terminal domain than those from the other two
groups. Group ¢ Vlrs are the most divergent when
compared as a group to a or b. There are three stretches
of conserved amino acid motifs within group c that
differ from the other two groups: in TM 1V, EC 2, and
EC 3. These regions have been implicated in ligand-
binding (Baldwin 1994), suggesting that the different
groups of receptors may be involved in the recognition
of different classes of pheromones. V1rs from group ¢
have single amino acid insertions or deletions that are
unique to this group when compared to the consensus
of aligned sequences.

Insertions and deletions are also observed in

V1rb10, the gene located on the X chromosome.
V1rb10 is further unique in that TM V contains a
very distinguishable stretch of amino acids:
MASLSHSVSLPCA. The distinct localization on the X
chromosome together with the existence of unique
features in its amino acid sequence make VIrb10 an
attractive gene to study its biological function and
gene regulation. It will be interesting to determine
whether VIrb10 exhibits monoallelic expression, as
has been shown for V1rb2 (Rodriguez et al. 1999), and
if so, if this pattern correlates with X chromosome in-
activation.

Perspectives

The information reported here should prove useful in
defining the biological function of these receptors.
Progress has been slow, and to date their role in phero-
mone perception has not been proven. Our partial
characterization of the V1r repertoire will enable the
application of chromosome engineering techniques
that permit the deletion of large regions of the mouse
genome by genetic manipulation of embryonic stem
cells (Ramirez-Solis et al. 1995). Also, selected genes
can be overexpressed in transgenic mice and may cause
a behavioral phenotype. Furthermore, these sequences
could be used to define motifs that will be useful to
search databases, for instance to identify additional
functional human V1rs (Rodriguez et al. 2000). Specific
PCR primers or specific probes can then be designed to
search for genes that are expressed only in males or
females, or at a particular developmental stage. Finally,
the cloned genes can be inserted into functional ex-
pression systems to identify natural or synthetic li-
gands for Vl1rs.

METHODS

Genomic Libraries and Screening

Filters from a mouse ES-129 BAC genomic library (Release I
and II) were purchased from Genome Systems. The screening
was performed as follows: filters were prewet in hybridization
buffer (5x SSPE, 5Sx Denhardts, 0.1% SDS and 10 pg/mL
salmon sperm DNA) and hybridized overnight at either 55°C
(low stringency) or 65°C (high stringency). Filters were then
washed twice for 20 min in 2x SSC/0.1% SDS at the same
temperature. Positive clones were usually identified after
overnight film exposure.

Establishment of BAC Contigs

The method used to establish the different contigs entails a
combination of chromosome walking and screening with V1r
ORF probes. The chromosome walking strategy was based on
BAC end probes. Because sequencing directly from BAC DNA
works poorly in our hands, we developed a method to isolate
BAC end clones. It consists of subcloning small restriction
fragments of BAC DNA in a vector (pBluescript) as follows:
BACs are digested with Notl together with BglllI, Spel, Clal or
Xhol. At both ends of the insert in the BAC vector backbone
are restriction sites for Notl, which cuts mouse genomic DNA
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very infrequently. Digestion with Notl together with any of
the other restriction enzymes will generate, among others,
fragments containing the ends of the BAC insert. Plasmids
that have incorporated an end insert are screened by colony
PCR using specific primers for the polylinker of the BAC vec-
tor and for pBluescript. The positive end subclones are then
sequenced to generate probes for chromosome walking.

Hybridization with V1r ORF probes was carried out with
two types of probes termed pool #1 and pool #2. Pool #1
consists of group a and b V1r sequences, and was obtained by
PCR amplification of genomic DNA, using 39 cycles of 95°C
for 1 min, 45°C for 3 min, and 72°C for 3 min, with 6 sec
extension per cycle. Degenerate PCR primers correspond to
the conserved regions of the cloned V1r genes of type a and
type b between transmembrane domains 4-7. Primer nucleo-
tide sequences are:

sense 5’ ATMGCIACICCIAAYTTRAC 3/,

reverse 5’ ACRAAIGGRCTIACIGTIGCRTA 3'.

Pool #2 consists of group ¢ V1r sequences, and was ob-
tained by PCR amplification (29 cycles of 94°C for 1 min,
55°C for 1 min, and 72°C for 90 sec) of DNA from BAC clones
272]9, 248E17, 356L5, and 418N24 as template. The primer
corresponds to the conserved regions between transmem-
brane domains 4 and 7. Their nucleotide sequences are:

sense 5’ TCTTCTATGTTGGTGGTTTTA 3/,

reverse 5" CAATTACTCCTTTGGTACAAATCA 3'.

To assemble the various contigs and estimate the number
of V1r genes, BACs were digested with restriction enzymes
and subjected to Southern blot hybridization. Because the
BAC library was constructed by partial HindlII digestion and
cloning of size-selected restriction fragments into the HindIII
restriction site of the vector backbone, the BACs were digested
preferentially with HindlIII to determine fragment sizes accu-
rately. A combination of different probes (ends of BACs, V1r
coding sequences, and B1 repeats) were used to assess over-
laps.

Mouse/Hamster Radiation Hybrid Mapping

A T31 Mouse/Hamster radiation hybrid panel (male) was pur-
chased from Research Genetics. This panel was constructed by
fusing irradiated mouse embryo primary cells (129aa) with
hamster cells (McCarthy et al. 1997). The 100 cell lines from
the panel were typed by PCR with three independent pairs of
primers that yielded diagnostic fragments in the mouse, of
different sizes than in the hamster. The primers used were the
following:

“30K19 subclone”:

sense 5" CACTTGAAGGCAAGGTACC 3/,

reverse 5" GGGTGTTTCAGTTAGATG 3’

PCR product size: mouse, 196 bp; hamster, 300 bp.
“44K9 subclone”:

sense 5’ CTGACACTTGACACGTGCTT 3’

reverse 5’ TTCCAACTGCACATGGGATCA 3’

PCR product size: mouse, 146 bp; hamster, none.
“104P6 T7":

sense 5" GTCGCTTTTTCTGGGCTTAG 3’

reverse 5" AGAGGATTCTGGTCCATGG 3’

PCR product size: mouse, 191 bp; hamster, none.

All reactions were done at least in duplicate.

The PCR products were loaded on a 4% agarose gel
(Agarose for the Separation of GeneAmp PCR products,
PEXPRESS). Gels were scored for the presence or absence of
positive mouse PCR products at the expected size.

Data from the T31 Mouse radiation hybrid panel were
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submitted to the Jackson Laboratory where they were mapped
against the T31 database.

Cloning and Sequencing of ORFs of VIr Genes

BAC fragments digested with the restriction enzyme HindlIII,
BamHI or EcoRI, were shotgun-subcloned in pBluescript vec-
tor (Stratagene), which was digested with the appropriate en-
zyme and dephosphorylated with calf intestine alkaline phos-
phatase (New England BioLabs). Single colonies of the BAC
subclones were isolated from agar plates containing Luria
broth (LB)/ampicillin, and grown for 4 h at 37°C in 96-well
plates containing 50 pL of the same media. The grown colo-
nies (40 pL from each of the 96 wells) were spotted onto nylon
membranes by capillary action using denaturing buffer (0.5 M
NaOH, 1 M NacCl) and neutralizing buffer (0.5 M TrisBase at
pH 7.4, 3 M NaCl). The dotted membranes were then washed
with 1X SSC and irradiated at 254-nm UV light for 60 sec.
Prior to hybridization, the dotted membranes were prehybrid-
ized with QuickHyb (Stratagene) for 20 min at 65°C.

BAC subclones containing V1r sequences were identified
by hybridizing the dotted membrane for 2 h at 65°C to a
probe corresponding to pools #1 or #2 (described above) de-
pending on the contig to which the BAC of interest corre-
sponds. Positive subclones were sequenced using a ABI310
Prism automated DNA sequencer. The primers used for se-
quencing the positive clones were derived in parallel with our
sequencing efforts from conserved regions of the sequenced
mouse V1rs. Typically, eight primers were sufficient to cover
both strands of the entire coding region of each gene and to
generate overlapping regions.

In Situ Hybridization

Tissue was obtained from adult mice and frozen in Tissue Tec
(Miles, Inc.). Sections (10 pm) were attached to silanized slides
and prepared for in situ hybridization as described in
Schaeren-Wiemers and Gerfin-Moser (1993). Digoxigenin-
labeled antisense and control sense RNA probes were synthe-
sized that correspond partially or completely to V1r ORFs. The
probe used for the in situ hybridization shown in Figure 5
comprised 420 nucleotides (positions 446-866 from start
codon) of VIrc7. This probe recognizes multiple bands in
Southern blot hybridization of genomic DNA. In situ hybrid-
ization was performed at 55°C overnight, and washed twice in
0.1x SSC at 60°C. Signals were developed using alkaline
phosphatase-conjugated antibodies to digoxigenin and stan-
dard chromogenic substrates (Boehringer Mannheim). Con-
trols for the hybridizations were performed using a sense
probe for each antisense probe tested; no signal was detected
for any of the sense RNA probes.

Phylogenetic Analyses, Sequence Alignment,
and Transmembrane Domains Predictions

The unrooted tree diagram was plotted with the DRAWTREE
program of the PHYLIP package (Felsenstein 1993). The pre-
dicted amino acid sequences from the V1r genes were aligned
using the Clustal V method of the MegAlign program (DNA-
STAR). The multiple alignment algorithm was described in
Higgins and Sharp (1989). The TM domains were predicted by
three independent methods: the THMM1.0 server from the
Center for Biological Sequence Analysis of The Technical Uni-
versity of Denmark; the PHDhtm, PHDtopology programs of
the Predict Protein server from Columbia University (Rost et
al. 1995, 1996); and the SOSUI system (ver. 1.0/10, March,
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1996) of the Tokyo University of Agriculture and Technology
(Hirokawa et al. 1998).
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