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The three type C retroviruses, gibbon ape leukemia virus (GALV), simian sarcoma-associated virus (SSAV),
and feline leukemia virus subgroup B (FeLV-B), infect human cells by interacting with the same cell surface
receptor, GLVR1. Using LacZ retroviral pseudotypes and murine cells transfected with mutant GLVR1
expression vectors, we show that the same 9-amino-acid region of human GLVR1 is critical for infection by the
three viruses. Rat cells were not susceptible to infection by LacZ (FeLV-B) pseudotypes because of a block at
the receptor level. We found multiple amino acid differences from human GLVR1 in the 9-amino-acid critical
region of rat GLVR1. Expression of a human-rat chimeric GLVR1 in murine cells demonstrated that rat
GLVR1 could function as a receptor for GALV and SSAV but not for FeLV-B. Substitution of human GLVR1
amino acids in the critical region of rat GLVR1 identified three amino acids as responsible for resistance to
FeLV-B infection; two of these affect SSAV infection, but none affects GALV infection.

Retroviral infection is dependent on interactions between
the viral envelope glycoprotein and specific cell surface recep-

tors (30). Retroviruses capable of infecting human cells have
been assigned to eight receptor groups on the basis of cross-

interference of infection (24). This implies the existence of at
least eight human cell surface molecules with retroviral recep-
tor function. However, only two of the eight molecules have
been identified, the CD4 receptor for human and simian
immunodeficiency viruses (3, 15, 22) and GLVR1, the receptor
for gibbon ape leukemia virus (GALV) (20), simian sarcoma-

associated virus (SSAV) (27), feline leukemia virus subgroup B
(FeLV-B) (27), and probably at least one endogenous xeno-

tropic murine virus (18).
GLVR1 encodes a protein with 10 potential transmembrane

domains, and its homology to the phosphate transporter of
Neurospora crassa suggests that its normal function may be as

a transporter, though its substrate has not been determined
(10). In this respect, it is similar to Rec-1, the murine receptor
for ecotropic murine leukemia virus, which functions as an

amino acid transporter (2, 14, 29). GALV has been isolated
from monkeys with lymphosarcoma or granulocytic leukemia
and leads to myeloid leukemias upon inoculation of juvenile
gibbons (12, 13). SSAV is highly homologous to GALV (4) and
probably represents a zoonotic case of infection of a woolly
monkey by GALV. FeLV-B arises as a result of recombination
between weakly pathogenic FeLV-A and endogenous enve-

lope sequences (5, 25), and FeLV-B isolation has been corre-

lated with leukemia in cats (9, 21). The FeLV-B and GALV
envelope proteins lack significant homology in the amino-
terminal region (4, 5), which is known to be involved in
determining the receptor specificity of FeLV-B (23). In this
report, the region of GLVR1 required for infection by SSAV
and FeLV-B has been mapped to the same critical 9-amino-
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acid sequence required for GALV (11). GALV and SSAV, but
not FeLV-B, were shown to infect rat cell lines (27); this
differential tropism has now been ascribed to the sequence of
the rat 9-amino-acid critical region. Mutations which affect
FeLV-B or SSAV but not GALV infection have been identi-
fied. Therefore, while the three viruses recognize the same
receptor region, their sequence requirements within this re-

gion can be distinguished.

MATERIALS AND METHODS

Determination of LacZ pseudotype titer. Chimeric human-
murine GLVR1 and mutant human GLVR1 expression plas-
mids (11) were transfected (8) into Mlis duinni cells. Trans-
fected cells were selected in G418 for the presence of the
cotransfected pSV2neo plasmid, and pools of cells from ap-
proximately 50 G418-resistant colonies were used for infectiv-
ity assays. The use of M. dunni rather than NIH 3T3 cells in this
assay resulted in approximately 100-fold-higher sensitivity for
SSAV and FeLV-B (data not shown). Viral infectivity was

determined by using LacZ pseudotypes of SSAV and FeLV-B;
these were prepared as previously described (26), by infection
of dog S+L- cells or human RD cells, containing an integrated
murine leukemia virus vector MFGnlsLacZ (7), with SSAV,
FeLV-B, or GALV (SF strain). Supernatant from such persis-
tently infected cell cultures was incubated with transfected M.
dunni cells for 4 h in the presence of Polybrene at a concen-

tration of 20 ,ug/ml. After 48 h, infected M. dunni cultures were
stained with X-Gal (5-bromo-4-chloro-3-indolyl-3-D-galacto-
pyranoside) and the titers of the LacZ pseudotypes were

determined. Both clusters of stained cells and single stained
cells were attributed to single infection events, and titers were
expressed as LacZ CFU per milliliter of dog S+L- or RD cell
supernatant.

Construction of chimeric and mutant GLVR1 expression
plasmids. Chimeric human-mouse GLVRI cDNAs were con-

6737

Vol. 67, No. I1



6738 TAILOR ET AL.

TABLE 1. Sensitivity of M. dunni cells expressing mutant chimeric GLVR1 cDNAs to SSAV and FeLV-B

Titer of LacZ pseudotype (CFU/ml)
Plasmid GLVRI cDNA"

SSAV FeLV-B

0 0

pOJ9 (human) 1.2 x 104 1.4 x 104

pOJ19 (mouse) 0 0

pOJ15 0 0

pOJ20 4.0 x 104 2.0 x 104

pOJ14 0 0

pOJ37 3.2 x 104 3.6 x 104

pOJ36 0 0

pOJ34 0 0

pOJ35 9.2 x 103 2.8 x 104

" Hatched bar, scrambled sequence.

structed as described elsewhere (11) by using conserved KpnI
and PstI restriction sites. The rat GLVR1 cDNA clone was
digested with HindIII, the end was filled in with Klenow
fragment, the cDNA clone was digested with PstI, and the
resulting 800-bp fragment was ligated to pOJ9 digested with
PstI and EcoRV. This resulted in a chimeric human-rat
GLVR1 expression plasmid with the C-terminal 162 amino
acids derived from the rat cDNA clone. To construct site-
directed mutants, the 800-bp PstI-HindIII fragment of the rat
GLVR1 cDNA clone was subcloned into M13mpl9. Oligonu-
cleotide-directed mutagenesis was performed as previously
described (28); mutants with the correct sequence were in-
serted in PstI-EcoRV-digested pOJ9 as described above.

RESULTS
To determine which region(s) of the human GLVR1 mole-

cule was required for infection by SSAV and FeLV-B, chimeric
human-murine GLVR1 and mutant human GLVR1 expres-
sion plasmids (11) were transfected into M. dunni cells. Table
1 shows that M. dunni cells transfected with the human
GLVR1 expression vector became sensitive to infection by
both LacZ (SSAV) and LacZ (FeLV-B), while cells trans-
fected with the empty vector or a murine GLVR1 vector
remained resistant. Human-murine chimeric constructs dem-
onstrated that the C-terminal 162 amino acids of human
GLVR1, downstream of the conserved PstI site (11), were

required for both LacZ (SSAV) and LacZ (FeLV-B) infection
(Table 1). This region is also essential for GALV infection
(11). Within this region, two areas of divergence between the
amino acid sequences of human and murine GLVR1 have
been identified (10) (amino acids 550 to 558 [region A] and 670
to 679 [region B] of human GLVR1; see Fig. 1). Replacement
of region A in human GLVR1 with random amino acids or

murine region A resulted in loss of infectivity by LacZ (SSAV)
and LacZ (FeLV-B), whereas substitution of the murine
sequence for region B did not affect infectivity. Furthermore,

substitution of human region A in murine GLVR1 was suffi-
cient to confer sensitivity to LacZ (SSAV) and LacZ (FeLV-B)
(Table 1). Thus, amino acids 550 to 558 of human GLVR1 are
critical for infection by SSAV and FeLV-B. This region is also
critical for GALV infection (11); the three viruses therefore
share a requirement for the integrity of amino acid sequence(s)
within this region of GLVR1 at some stage during the infection
process.
We previously reported that rat cells are sensitive to SSAV

but resistant to FeLV-B pseudotype infection (27). Data from
experiments using LacZ (SSAV) and LacZ (FeLV-B)
pseudotypes confirm these earlier data and demonstrate that
three rat cell lines were also sensitive to similar LacZ (GALV)
pseudotypes (Table 2). Rat HSN and NRK cells were resistant
to LacZ (FeLV-B) infection, and rat XC cells were weakly
infectible (Table 2). Such resistance of rat NRK and HSN cells
to LacZ (FeLV-B) infection might be ascribed to a block at the
level of the receptor, either an amino acid sequence variation
or a processing variation (19) in the rat GLVR1, which is
widely expressed (10) and therefore likely to be the rat
receptor for GALV and SSAV. A postreceptor infection block
could also exist, as the LacZ pseudotype carries the gag and pol

TABLE 2. Host range and titer of LacZ pseudotypes

Titer of LacZ pseudotype (CFU/ml)
Cell line

GALV SSAV FeLV-B

DOG S+L- 2.4 x 105 1.2 x 104 7.2 x 104
Rat HSN 3.1 x 104 1.5 x 104 0
Rat NRK 1.0 X 105 1.1 x 104 0
Rat XC 2.2 x 105 3.4 X 104 2.2 x 103
NRKPOJ9a ND" 1.2 x 105 6.8 x 104

a NRKPOJ9 cells are rat NRK cells transfected with the human GLVRI
cDNA.

" ND, not determined.

J. VIROL.



AMINO ACID MUTATION WITHIN THE GALV RECEPTOR 6739

A

1.4 kb probe

EcoR I

Hind III Pst I

Human GLVR1

cDNA

EcoR I

A B

Pst I Hind III

A B

Rat GLVR1 cDNA

B

Region A

Human LQILTACFGSFAHGGNDVSNAIGPLVALYLVYDTGDVSSKVATPIWLLLYGGVGI

Mouse .................................KQEA.T.A

Rat .................................E.R.TT.E.

Human CVGLWVWGRRVIQTMGKDLTPITPSSGFSIELASALTVVIASNIGLPISTTHCKV

Mouse .M

Rat .M..F.. .V

Region B

Human GSVVSVGWLRSKKAVDWRLFRNIFMAWFVTVPISGVISAAIMAIFRYVILRM
Mouse ............................................V.K.I..PV

Rat ............................................V.KHI..PV

FIG. 1. (A) Structure of the human and rat GLVR1 cDNA clones.
Solid boxes, coding sequence; hatched boxes, regions A and B. (B)
Comparison of the deduced sequences of the C-terminal 160 amino
acids of the human, mouse, and rat GLVR1 gene products. -, amino
acid deletion.

gene products of FeLV-B. To distinguish between these pos-

sibilities, human GLVR1 was expressed in NRK cells, which
then rendered them sensitive to LacZ (FeLV-B) infection
(Table 2). Therefore, a difference between the rat NRK and
human GLVR1 molecules must explain the resistance of rat
NRK and human GLVR1 molecules must explain the resis-
tance of rat NRK cells to FeLV-B infection.
To determine the sequence of rat GLVR1, a XGT11 clone

was obtained by screening a Sprague-Dawley rat liver cDNA
library with a 1.4-kb human GLVR1 probe (Fig. 1A). The
1.7-kb partial rat GLVR1 cDNA clone (Fig. 1A) showed
greater than 90% homology to human GLVR1 in the last 162
amino acids (Fig. 1B). An identical sequence for the last 162
amino acids of a rat brain GLVR1 cDNA has been reported by
Johann et al. (11). Two regions of significant divergence
between the human and rat sequences are indicated in Fig. 1;
one, at the extreme C terminus (region B), is highly homolo-
gous between rat and murine GLVR1s, and the other (region
A) corresponds to the region critical in human GLVR1 for
GALV, SSAV, and FeLV-B infection and shows many differ-
ences between human, mouse, and rat GLVR1s. Such se-
quence variation in the critical region of rat GLVR1 might
therefore account for its differential ability to allow GALV and
SSAV infection but not FeLV-B infection. The sequence of
region A of GLVR1 in the two rat cell lines resistant to
FeLV-B infection, HSN and NRK, and in the weakly infectible

XC cells was also determined by polymerase chain reaction
from RNA (primers were 20-mers corresponding to codons
517 to 523 and 604 to 610 of the rat GLVR1 sequence). All
three sequences were identical to that of the rat liver GLVR1
(Fig. 1B). The differential infectibility of XC cells compared
with that of NRK and HSN cells cannot, therefore, be ex-
plained by region A sequence variation and may result either
from sequence variation elsewhere, from differential receptor
expression levels, or from a greater efficiency of infection at a
step other than receptor recognition.
To demonstrate that the rat GLVR1 sequence could deter-

mine the infectivity of rat HSN and NRK cells by GALV and
SSAV but not by FeLV-B, a chimeric human-rat receptor was
constructed. When this chimeric human-rat GLVR1 was ex-
pressed in M. dunni cells, they became sensitive to infection by
LacZ (GALV) and LacZ (SSAV) but not by LacZ (FeLV-B)
(Fig. 2, rat region A sequence). Thus, sequences within the 162
C-terminal amino acids were responsible for the inability of rat
GLVR1 to allow FeLV-B infection. The role of region A was
demonstrated by mutating amino acids within this region of the
human-rat chimeric GLVR1 molecule. Figure 2 shows that
mutation of four amino acids in the rat region A, E-550, R-552,
T-556, and E-558 (adopting the amino acid numbering of
human GLVR1), to restore the sequence to essentially that of
the human GLVR1, restored the ability of the chimeric
human-rat GLVR1 to allow LacZ (FeLV-B) infection. T-555
was not mutated, as the human and murine receptors are
homologous at this position. Thus, the rat region A sequence
was responsible for the lack of LacZ (FeLV-B) infection. A
single amino acid change in the rat region A, R-552->Gly,
restored full LacZ (FeLV-B) infection; E-550->Asp and
E-558->Val, alone or in combination, partially restored infec-
tivity (Fig. 2).

Analysis of the same mutants for their ability to allow LacZ
(GALV) and LacZ (SSAV) infection revealed a surprising
difference between the two viruses (Fig. 2). While all the
mutants conferred fully efficient infection by LacZ (GALV),
mutation of E-550 to Asp greatly reduced infection by LacZ
(SSAV); the effect of this mutation could be compensated by
mutating E-558 to Val (Fig. 2). The mutational analysis of
human GLVR1 by Johann et al. (11) showed that changing
E-550 or T-551 to Lys abolished GALV infection. The identi-
cal mutations were therefore introduced into the rat GLVR1
region A containing G-552, which was permissive for GALV,
SSAV, and FeLV-B. Mutation of E-551 to a residue with a
positively charged side chain abolished infection by all three
viruses; this residue is therefore critical for receptor function.
However, mutation of T-551 to Lys inhibited only GALV and
SSAV infection. These data demonstrate that, while the same
region of GLVR1 was critical for infection by GALV, SSAV,
and FeLV-B, subtle differences between the sequences re-
quired by the three viruses could be detected.

DISCUSSION

While GALV and SSAV have highly homologous se-
quences, the FeLV-B envelope shows little homology in the
region involved in receptor recognition (4, 5, 23). The recog-
nition of a common receptor by GALV, SSAV, and FeLV-B
has therefore probably arisen from convergent evolution of
viral envelopes to adopt the use of a receptor which is
favorable for viral proliferation. GLVR1 may be a suitable
receptor because of its broad distribution of expression in
tissue (10). It may also be the case that only certain cell surface
proteins can function effectively to allow viral entry (6). A third
possibility is that viral envelope interaction with GLVR1
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GALV SSAV FeLV-B

Region A
sequence

Control
550 558

Human DTGDVSSKV

Rat etrdvttke

DtGdvtSkV

DtGdvttkV

DtGdvttke

DtrdvttkV

etGdvttkV

Dtrdvttke

etGdvttke

etrdvtSke

etrdvttkV

ktGdvttke

log 10 lac Z pseudotype titer (c.f.u./ml)
1 2 3 4 5 6 1 2 3 4 5

I I I I I I
1 2 3 4 5

DkGdvttke

FIG. 2. Region A sequence determines the pattern of viral infectivity. M. dunni cells transfected with pSV2neo alone (control), pSV2neo with
human GLVR1 pOJ9 cDNA (Human), or human-rat chimeric cDNAs including the rat region A sequence (Rat) and its mutants as shown were
assayed for their ability to be infected by GALV, SSAV, and FeLV-B. Mutated amino acids in rat region A are in boldface.

stimulates cell proliferation, by analogy with murine leukemic
viruses, which would be favorable for virus production (16, 17).
The three viruses require the same 9-amino-acid sequence

of GLVR1, which is predicted from hydrophobicity analysis to
form part of an extracellular loop (20), for cell infection. The
data presented here do not clarify at which step in the infection
process this loop is required. This may involve initial virus-
envelope interaction or postbinding steps required for viral
internalization. Whether cell surface expression of this loop is
sufficient to allow viral infection has also not been determined;
other regions of the receptor may also be required. These
possibilities could potentially be distinguished by cell surface-
targeted expression of truncated GLVR1 molecules. Similar
studies of the receptor for ecotropic murine retroviruses have
identified three amino acids within an extracellular loop which
are critical for viral infection (1, 31). In this case, a mutant of
the human ecotropic receptor homolog capable of conferring
viral infection failed to bind significant levels of viral envelope
protein, suggesting that the affinity of envelope-receptor inter-
action does not control the efficiency of infection in this system
(1).

It is significant that the 9-amino-acid critical loop of GLVR1
is one of the regions of the molecule that is most highly
divergent between species (references 10 and 11 and this
report). This suggests that conservation of its sequence is not
required for the cellular function of GLVR1. Therefore, viral
envelope interaction with this region may not affect the
maintenance of an essential cellular transport process.

Exploitation of this species divergence allowed us to dem-
onstrate that FeLV-B has additional sequence requirements
for infection, within the 9-amino-acid critical region, compared
with GALV. GALV has also been shown to require acidic Glu
or Asp, not basic Lys, at amino acid 550 and not to tolerate Lys
in place of polar Thr at amino acid 551 (11). FeLV-B does not

require Thr at amino acid 551 but has an additional require-
ment for the small, polar Gly in place of the bulky, basic Arg
at amino acid 552. FeLV-B also prefers Asp at amino acid 550
and Val, in place of Glu, at amino acid 558. Despite its degree
of sequence homology with GALV, SSAV can also be shown
to have different sequence preferences for infection within the
9-amino-acid critical region. In particular, SSAV favors Glu at
amino acid 550 but will tolerate Asp if Val is present at amino
acid 558. These data demonstrate that at least four of the
amino acids within the 9-amino-acid critical region are in-
volved in determining viral infectivity. Furthermore, they show
that subtle receptor sequence differences can control differen-
tial viral tropism.
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