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The human gene GLVRI1 has been shown to render mouse cells sensitive to infection by gibbon ape leukemia
virus. This indication that the GLVRI1 protein acts as a virus receptor does not reveal the protein’s normal
physiological role. We now report that GLVR1 is homologous to pho-4*, a phosphate permease of Neurospora
crassa, at a level sufficiently high to predict that GLVR]1 is also a transport protein, although the substrate
transported remains unknown. To characterize the gene further, we have cloned cDNA for the mouse homolog
of the gene, Glvr-1. The sequence of the murine protein differs from that of the human protein in 10% of
residues, and it may be presumed that some of these differences are responsible for the inability of gibbon ape
leukemia virus to infect mouse fibroblasts. Glvr-1 RNA is most abundant in mouse brain and thymus, although
it is present in all tissues examined. The pattern of RNA expression found in mouse tissues was also found in
rat tissues, in which the RNA was expressed at high levels in all compartments of the brain except the candate
nucleus and was expressed most abundantly early in embryogenesis. Thus, high-level expression of Glvr-1
appears to be restricted to specific tissues and may have developmental consequences.

Retroviruses enter cells following specific interaction with
receptors at the cell surface. This specificity allows division
of retroviruses into interference groups, the members of any
one group utilizing the same receptor (23, 28). Eight inter-
ference groups have been defined for retroviruses which can
infect human cells (29), presumably identifying the existence
of eight distinct integral-membrane receptor proteins. Other
extensive experiments have defined a number of receptors in
cells of murine and avian origin (1, 11, 28). The identities and
normal physiological functions of most of these receptors
remain unknown. Three retrovirus receptors have been
cloned. CD4, the major receptor for human immunodefi-
ciency virus (16, 19), is involved in the recognition of antigen
presented in the context of class II major histocompatibility
antigen. Rec-1, the receptor for the main group of murine
ecotropic viruses, is responsible for the transport of cationic
amino acids (10, 27). Finally, we have recently cloned a
human cDNA, GLVRI1, which confers sensitivity to infec-
tion by gibbon ape leukemia virus (GALV) on mouse cells,
although direct binding of viral envelope glycoprotein to
GLVR1 has not been demonstrated (20). The presumptive
protein encoded in the cDNA consists of 679 residues with
multiple potential transmembrane domains. The presence of
these domains and the fact that the protein confers sensitiv-
ity to viral infection suggest that GLVRI is an integral-
membrane protein. As indicated by Southern analysis of
DNAs from several animal species (20), the gene is highly
conserved across species lines. This conservation is also
evident in the ability of the virus to infect cell lines of almost
all mammalian and avian species tested (28), in which
process it is likely that the various homologs of the protein
perform a similar function.

Because earlier searches of GenBank and NBRF data
bases failed to reveal homology to known sequences, we
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were unable to propose a normal physiological role for
GLVRI1. We now report that the protein is homologous to
pho-4*, a recent deposit in the NBRF data base which is
presumed to be a phosphate permease of Neurospora crassa
(18). In order to achieve a general characterization of
GLVRI and to assess its tissue-specific expression, we have
cloned cDNA for the murine homolog of the gene. We
present here a comparison of the human and mouse se-
quences and an analysis of RNA expression patterns in
mouse and rat tissues. The level of RNA was found to be
highest in brain and second highest in thymus. In addition,
the spleens of mice undergoing an acute graft-versus-host
(GVH) reaction showed significantly more RNA than normal
spleens, suggesting a possible role for the gene in inflamma-
tory processes. In a small developmental survey, the level of
RNA was found to be highest at day 10 of embryogenesis.

MATERIALS AND METHODS

Cloning and sequencing of the cDNA for mouse Glvr-1. A
mouse thymus library (Stratagene 935303) in A ZAP was
screened with two EcoRI fragments containing bases 1 to
2659 of the human GLVR1 cDNA-containing clone
pHGR6-1 (20). Hybridizing phage were plaque purified and
their inserts were excised in pBluescript SK™~ (Stratagene)
by coinfection with helper phage, as described by the
manufacturers. Sequencing was performed by using single-
stranded DNA templates and synthetic oligonucleotide prim-
ers (24, 26). Amino acid sequence comparisons were carried
out as described previously (15) by using a deletion penalty
of 12 or 8 and a gap penalty of 4 or 3 (for Fig. 1 and 2,
respectively). Percent homology was the number of identical
residues divided by the length of the longer of the two
sequences under comparison, with unshared gaps counted as
residues.

Construction and use of pOJ9. In order to identify the
relevant open reading frame within human GLVR1 cDNA



1636 JOHANN ET AL.

conferring sensitivity to infection by GALYV, a construct
(pOJ9) was made in which the ATG codons normally present
in the cDNA upstream of the ATG initiating the long open
reading frame were removed. The sequence CATCTT (bases
318 to 323 in the human cDNA [20]) was changed to the
HindlIII recognition sequence, AAGCTT, by in vitro muta-
genesis. The Hpal site at position 2490 was changed to a
Bglll site by linker addition. The HindIII-Bg/II fragment was
cloned into the eukaryotic expression vector pcDNA1 (In-
vitrogen) between the HindIII and BamHI sites. This vector
therefore carries the long open reading frame of GLVR1
cDNA under control of a cytomegalovirus promoter.

To test pOJ9, NIH 3T3 cells, plated 1 day previously at 3
x 10° cells per 60-mm dish, were transfected with 1 ug of
pSV2neo or with pSV2neo and 3 pg of pOJ9 or pSV2GR6
and carrier DNA to 20 pg of total DNA per dish, by CaPO,
precipitation. pSV2neo confers resistance to the antibiotic
G418 (25). pSV2GR6 contains the human GLVR1 cDNA,
including the region with the three ATG codons upstream of
the ATG initiating the long open frame, under control of the
simian virus 40 early promoter (20). Three dishes were
transfected with each precipitate. After 2 days, the cells
were replated in medium containing G418 and colonies were
allowed to form. Each of the nine dishes gave rise to 80 to
200 colonies. Colonies derived from each dish were pooled
and replated in each of two 60-mm dishes at 10° cells per dish
with 4 pg of Polybrene (Sigma) per ml. After 1 day, one dish
from each pool was exposed to 1 ml of GALYV (10° infectious
particles per ml). After an additional 2 days, 10* cells from
each pool were replated with 3 x 10° PG4 S*L~ indicator
cells (7). The small proportion of viruses used for the
infection surviving to this stage were destroyed by
trypsinization prior to replating with the indicator cells. Foci
initiated by productively infected NIH 3T3 cells were
counted after 5 days of cocultivation with PG4 cells.

RNA preparation and analysis. Total RNA was prepared
from quick-frozen and disrupted tissues as described else-
where (6) and subjected to northern (RNA) analysis. Hybrid-
ization was carried out at 42°C in 50% formamide, 5x SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5%
Denhardt’s solution, 0.1% sodium dodecyl sulfate (SDS),
and 200 pg of sonicated, denatured salmon sperm DNA per
ml. The probe used was the entire pMGR1 labeled by nick
translation with [*2PJdCTP. Washing was done at a final
stringency of 0.1x SSC-0.1% SDS, at 65°C. For most mouse
tissues, (C57BL/6 X DBA/2)F, hybrids were used. For
spleen undergoing a GVH reaction, an F; hybrid was in-
jected with 5 x 10° CS7BL/6 spleen cells and the host spleen
was removed for RNA preparation 10 days after injection.
Rat tissues were from Sprague-Dawley rats and were pre-
pared at the developmental stages indicated in the figures.

Nucleotide sequence accession number. A composite of the
sequences from pMGR1 and pMGR2 (see below) is available
from GenBank under accession no. M73696.

RESULTS

Homology of GLVR1 and pho-4*. Figure 1 shows the
homology between the amino acid sequences for GLVR1
and pho<4*. In this figure, only identical residues are
shaded, but a visual inspection reveals further numerous
conservative differences. The homology between the two
proteins can be divided into three areas. Residues 1 to 261 of
GLVR1 and 1 to 250 of pho4™* are 31% identical and are
highly hydrophobic. This region is followed in both proteins
by long hydrophilic regions which show a much lower level

FIG. 1. Comparison of the protein sequences of pho<4"* from N.
crassa (top sequence), mouse Glvr-1 (middle sequence), and human
GLVR1 (bottom sequence). Residues that are identical between any
two sequences are shaded. Gaps introduced for alignment are
indicated by dashes. Potential transmembrane domains in the hu-
man sequence are underlined.

of homology (residues 262 to 511 of GLVR1 and 251 to 417
of pho4*). Finally, the carboxy-terminal regions again show
notable homology, since they are 38% identical and highly
hydrophobic (residues 512 to 679 of GLVR1 and 418 to 590
of pho4™).

The two proteins show a further structural relationship in
that they each contain an internal repeat. Figure 2 compares
the four sequences: GLVRI, residues 16 to 187; GLVRI1,
residues 508 to 679; pho4", residues 1 to 177; and pho4™,
residues 413 to 590. Pairwise comparisons of these four
sequences reveal levels of homology spanning 16 to 34%.
This internal repeat may have resulted from an ancient gene
duplication.

Hydropathy plots for GLVR1 and pho<4* (Fig. 3A) are
strikingly similar in the amino and carboxy termini. This
similarity reflects not only the amino acid residues shared
between the proteins but also the many differences which are
conservative. Figure 3A also indicates regions which are
likely to span the membrane. These regions were chosen
with two points in mind. Firstly, it was presumed that a
region which spans the membrane in one protein will also
span the membrane in the other. Secondly, it was presumed
that a region which spans the membrane in the first of the
internal repeats will also do so in the second. These points
allow certain domains which show only a small potential to
span the membrane to be excluded or retained as transmem-
brane domains. This allows construction of a speculative
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FIG. 2. A comparison of four sequences: pho<4", residues 1 to 177; pho4™, residues 413 to 590; GLVRI, residues 16 to 187; and GLVR1,
residues 508 to 679. Residues identical to GLVRI1 residues 16 to 187 are shaded. Gaps introduced for alignment are indicated by dashes.

topological map (Fig. 3B), giving a protein with 10 trans-
membrane domains. Hydrophobic regions not considered to
cross the membrane for the reasons mentioned above are
indicated in the figure as entering and leaving the membrane
on the same side. Because GLVRI residues 21 to 41 consti-
tute a very good candidate for a transmembrane domain and
because the region which they correspond to in pho-4™ lacks
a signal sequence upstream, residues that are amino terminal
to GLVRI residue 21 are expected to be orientated to the
inner side of the membrane. As described below, human
GLVRI1 and mouse Glvr-1 differ at 10% of their residues. On
the assumption that some of these differences were respon-
sible for the inability of mouse Glvr-I to allow infection by
GALYV, the coding region for mouse Glvr-I amino acid
residues 553 to 560 was altered to match the corresponding
human GLVRI1 residues 550 to 558. This construct was
found to render mouse cells sensitive to infection (data not
shown). This suggests that GLVR1 residues 550 to 558 are
critical for interaction with virus and are therefore likely to
be situated outside the cell. If this model is correct, potential
N-linked glycosylation sites in GLVRI1 (residues 96, 371,
415, and 497) are situated on the inner side and therefore are
not glycosylated. This arrangement of transmembrane re-
gions and hydrophilic domains is not obviously similar to
models for other proteins with multiple transmembrane
domains. It is perhaps most similar to models for proteins
such as that for the multidrug resistance gene (3) or that for
the cystic fibrosis gene (22), which have six transmembrane
domains, a large internal hydrophilic region, and a repeat of
six transmembrane domains and the internal hydrophilic
region. GLVR1 is similar to these proteins in having protein
kinase C phosphorylation sites (30) at residues postulated to
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be internal (residues 84, 277, 318, 432, and 483; two further
sites are present at proposed external residues 58 and 555).
Protein kinase A phosphorylation sites (5) are present at
proposed internal GLVR1 residues 277, 385, and 496. How-
ever, in contrast to the multidrug resistance and cystic
fibrosis genes, no nucleotide binding domains are evident in
GLVR1, and no sequence homology between these proteins
and GLVR1 is detectable.

Cloning of murine Glvr-1 and comparison with human
GLVRI1. Seven cDNA clones were obtained after screening
of 200,000 plaques from a mouse thymus library with a
GLVRI1-specific probe, and their inserts were rescued as
plasmids by coinfection with helper phage. One of these
plasmids (p)MGR1) contained an entire open reading frame
similar to the open reading frame in the human cDNA and a
substantial portion of upstream untranslated sequence.
pMGR2 contained most of the open reading frame and,
apparently, all of the 3’ untranslated sequence, as it has a
short poly(A) stretch 15 bases after a polyadenylation signal.
Mouse Glvr-1 cDNA has the potential to encode a protein of
681 amino acid residues in its longest open reading frame
(which is very similar in length to the presumed 679-residue
human protein). An ATG codon with surrounding bases
closely resembling the consensus sequence for translation
start (12) initiates the open reading frame. Upstream of this
codon, four other ATG codons are found (three upstream
ATG codons are found in the human cDNA [20]). These
have the potential to initiate translation of short peptides (up
to 31 residues) which may have some as-yet-unknown func-
tion. Sequences conforming to the consensus sequence for
polyadenylation are found in the 3’ end of the cDNAs of both
species [that in the murine cDNA is followed by a short
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FIG. 3. (A) Hydropathy plots for pho-4* (top) and GLVR1 (bottom) generated by the program of Kyte and Doolittle (14). A gap was
introduced in pho-4* to demonstrate the similarity between the amino and carboxy termini. Potential transmembrane domains are indicated
by bars above each plot. (B) Speculative topological map of GLVR1 (not to scale). Residues at the ends of potential transmembrane domains
are indicated by residue numbers. The long hydrophilic domain is shown between residues 251 and 512.
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poly(A) stretch, as already mentioned], identifying the signal
which is likely to be used in both species. Overall, the DNA
sequence homology between the human and mouse cDNAs
is approximately 90% (data not shown).

Figure 1 shows the presumed protein sequence of Glvr-1
and a comparison of the murine, human, and pho-4* protein
sequences. The human and murine proteins differ at 10% of
residues. The residues which differ are distributed through-
out the protein but show a tendency to cluster in four areas.
There is a region of considerable variation between the two
proteins at the amino terminus. Residues 291 to 313 in the
mouse differ considerably from those in the human protein.
In the carboxy-terminal third, two areas are substantially
different (residues 553 to 560 and 673 to 681 in the murine
cDNA, compared with 550 to 558 and 671 to 679 in the

TABLE 1. Effect of pOJ9 on GALYV infection of NIH 3T3 cells®

Plasmid combined with No. of foci/3 x 10* cells with:

pSV2neo No GALV GALV
None ND? 0
pSV2GR6 0 382
pOJ9 0 1,000

2 NIH 3T3 cells were transfected with the indicated plasmids and selected
in G418. Pooled colonies were exposed to virus and tested for infection by
using indicator cells as described in Materials and Methods.

5 ND, not done.
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FIG. 4. (A) Northern blot of mouse tissue RNAs hybridized with
a Glvr-1-specific probe (pPMGR1). Each lane contains 15 pg of total
RNA, except for the lane with RNA from stomach tissue, which
contains 5 pg. (B) Northern blot of rat tissue RNAs hybridized with
a Glvr-1-specific probe. Each lane contains 15 pg of total RNA.
Total brain was derived from a single rat. Separate compartments of
brain were pooled tissues from several rats. Int. Cap., internal
capsule. (C) Northern blot of RNAs prepared from rat tissues taken
at various stages of development and hybridized with a Glvr-I-
specific probe. Each lane contains 15 pg of total RNA. Whole
embryos, heads, and brains were taken at the indicated prenatal
days. POSTNAT. 2d, 2 days after birth. Adult brain was from a
2-month-old rat.

human cDNA). The level of homology between Glvr-1 and
pho<4™ is the same as that between GLVR1 and pho<4"*.

Definition of the minimal open reading frame conferring
sensitivity to viral infection. As mentioned above, both hu-
man and mouse cDNAs contained ATG codons upstream of
the codon initiating the long open reading frame. In order to
assess their significance, it was necessary to test the effect
on function of removing them. The only demonstrated
function associated with the locus is the ability to confer
sensitivity to infection by GALV, and only the human cDNA
will achieve this. Therefore, pOJ9, encoding the human
cDNA but lacking ATG codons upstream of that initiating
the long open reading frame, was constructed and tested for
the ability to confer sensitivity to infection on mouse cells.
Table 1 shows that NIH 3T3 cells, which are not normally
susceptible to infection by GALV, become susceptible after
transfection with pOJ9. The efficiency with which this was
achieved was no less and in fact slightly better than the
efficiency obtained with pSV2GR6. The latter plasmid con-
tains most of the GLVR1 cDNA, including the long open
reading frame and the three upstream ATG codons, and it
has been previously shown to confer sensitivity to infection
by GALYV (20). This result establishes that expression of the
protein from the first ATG in pOJ9, without the potential for
coexpression of the small upstream open reading frames,
confers the phenotype of sensitivity to infection.

Glvr-1 RNA levels in mouse tissues. The RNA levels for
Glvr-1 in mouse tissues were analyzed by northern analysis.
Figure 4A shows that, with pMGR1 as probe, a single RNA
species was readily detected in most tissues. Longer expo-
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sures allowed detection of this RNA in all tissues examined,
except perhaps stomach tissue. Despite the widespread
presence of the RNA, there was considerable variation in
level between tissues. The brain contained by far the highest
level; this was severalfold higher than the next highest level,
which was found in thymus tissue. Spleen undergoing a
GVH reaction had a level of RNA approaching that found in
the thymus and considerably higher than that found in
normal spleen.

To determine which portion of the brain expressed high
levels of RNA, all compartments of the brain were analyzed
individually. Figure 4B shows that the RNA was found at a
high level in rat brain in comparison with other tissues,
which is in agreement with the results found with mouse
tissues. Within the brain, RNA levels in most compartments
were found to be high, notably so in the hippocampus,
midbrain, cerebellum, and cortex. The caudate nucleus, in
contrast, expressed low levels of Glvr-1 RNA.

In order to examine Glvr-1 expression during develop-
ment, we analyzed RNA levels at several stages of rat
embryogenesis. As can be seen in Fig. 4C, the RNA is
expressed at day 10 much more abundantly than at day 8 of
development of whole rat embryos. No fluctuation was
found when whole heads were analyzed at days 12 and 14,
nor (except for a gradual decline) when whole brains were
taken at days 16, 18, and 20 and 2 days after birth. A higher
level of RNA was found in 2-month-old adult brain than in
brain from the later stages of embryogenesis.

DISCUSSION

Retrovirus receptors constitute a group of genes which
have been studied extensively for the ability to allow infec-
tion by specific retroviruses. However, except for CD4 and
Rec-1, their normal physiological roles remain obscure. This
report, in detailing the homology between GLVR1 and
pho4™, suggests a normal function for GLVR1. The func-
tion of pho4* has been extensively investigated in N.
crassa, in which it was found that the gene is required for
high-affinity phosphate transport, renders cells sensitive to
vanadate (a toxic analog of phosphate), and allows cells to
grow under restrictive conditions requiring high-affinity up-
take of phosphate (2, 17, 18). Thus, there is good evidence
indicating that the gene encodes an integral-membrane pro-
tein which is responsible for high-affinity phosphate trans-
port. GLVRI1 and pho4™ display similar hydropathy plots,
contain similar internal repeats, and are homologous in their
primary structures. This homology includes not only the
potential transmembrane domains but also several of the
regions separating these domains. These similarities suggest
that the two proteins have similar physiological functions. It
is thus likely that GLVRI1 is also a transport protein,
although the substrate transported remains unknown. If the
substrate is phosphate, then GLVR1 is likely to play a
critical role in phosphate metabolism in man. It is interesting
to note that GLVRI1 has a similarity with Rec-I in that it
appears to have a transport function.

Mouse fibroblasts in culture are resistant to infection by
GALYV, presumably because the virus cannot productively
interact with Glvr-I. To investigate this and to assist in
expression studies with mice, the murine Glvr-1 cDNA was
cloned and sequenced. The murine and human homologs of
the gene were found to be 90% homologous, the differences
between the two proteins being clustered, for the most part,
in four areas. As alluded to in Results, some of these
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differences are the basis for the differential sensitivities of
human and mouse cells to infection by GALV.

Glvr-1 RNA was detected at some level in almost all
tissues. On the assumption that protein levels will generally
reflect RNA levels, this suggests that the function of the gene
is not peculiar to a specific cell type. This finding is in
agreement with the sensitivity to infection in vitro of cells
derived from a wide range of tissues (28). Despite the
widespread distribution of the RN A, the levels varied widely
among different tissues. The level was by far highest in most
compartments of the brain. Because the internal capsule and
brain stem are largely white matter and contain a level of
RNA similar to levels found in several other tissues (e.g.,
cortex) which are rich in grey matter, it appears that Glvr-1
expression is not favored in either white or grey matter.
RNA levels for Glvr-1 were also found to be high in the
thymus and in the spleen of an animal undergoing a GVH
reaction. GVH spleens display a distribution of cellular
phenotypes different from that of normal spleens, containing
two- to threefold more (donor) CD8* T cells and four- to
sixfold more host macrophages than normal (4, 21; also
unpublished observations). Furthermore, by day 8, the GVH
spleen is a site of extramedullary hematopoiesis. It may
therefore be that T cells in vivo or one of the other cell
populations involved in the GVH response expresses high
levels of Glvr-1. Given the high expression of Glvr-1 in the
GVH spleen and in the lymphopoietic thymus, it will be of
interest to determine the level of expression of this gene in
another hematopoietic organ, the bone marrow. These find-
ings of high levels of RNA in brain, thymus, and GVH spleen
demonstrate a substantial degree of tissue specificity in the
expression of Glvr-I and suggest that the protein may be
particularly important in neurophysiology and in T-cell func-
tion.

The locus was expressed at each stage of rat development
in the tissues examined. A variation was found in whole
embryos in early stages of embryogenesis, there being a
notable increase in RNA levels at the 10-day stage compared
with the 8-day stage. Thereafter, the RNA levels in heads
and brains declined slightly until after birth, when it was
found that adult brain expressed more RNA than was
present in fetal or neonatal brain. These results suggest that
the level of Glvr-1 expression is developmentally regulated
and may have developmental consequences.

We have recently shown that Glvr-1 is tightly linked to the
genes for interleukin-1 (ZI-1) and the prion protein (Prn-P) on
mouse chromosome 2 and is likely to be proximal to Prn-P
(9). The data described here allow a comparison of Glvr-1
with other loci mapped to this area which have not been
cloned but for which expression characteristics are known.
It is possible that Glvr-1 is related or even identical to one of
these other loci. In particular, the minor histocompatibility
antigens H-3 and H-42 (8, 13) appear to be similar to Glvr-1
in that these antigens are likely to be cell surface markers
and are apparently widely expressed, which is also the case
for Glvr-1, as we have shown here. The relationships be-
tween Glvr-1 and markers in its immediate vicinity, including
the minor histocompatibility antigens and several genes
involved in development, remain to be determined.
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