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Entry by retroviruses is mediated through interactions between the viral envelope glycoprotein and the host
cell receptor(s). We recently identified two host cell proteins, FeLIX and Pitl, that are necessary for infection
by cytopathic, T-cell-tropic feline leukemia viruses (FeLV-T). Pitl is a classic multiple transmembrane protein
used as a receptor by several other simple retroviruses, including subgroup B FeLV (FeLV-B), and FeLIX is
a secreted cellular protein expressed from endogenous FeLV-related sequences (enFeLV). FeLIX is nearly
identical to FeLV-B envelope sequences that encode the N-terminal half of the viral surface unit (SU), because
these FeLV-B sequences are acquired by recombination with enFeLV. FeLV-B SUs can functionally substitute
for FeLIX in mediating FeLV-T infection. Both of these enFeLV-derived cofactors can efficiently facilitate
FeLV-T infection only of cells expressing Pitl, not of cells expressing the related transport protein Pit2. We
therefore have used chimeric Pitl/Pit2 receptors to map the determinants for cofactor binding and FeLV-T
infection. Three distinct determinants appear to be required for cofactor-dependent infection by FeLV-T. We
also found that Pitl sequences within these same domains were required for binding by FeLIX to the Pit
receptor. In contrast, these determinants were not all required for receptor binding by the FeLV-B SU cofactors
used in this study. These data indicate that cofactor binding is not sufficient for FeLV-T infection and suggest

that there may be a direct interaction between FeLV-T and the Pitl receptor.

Retroviral entry requires a specific interaction between the
viral envelope glycoprotein and a cell surface receptor. The
envelope protein is synthesized as a precursor protein that is
cleaved into surface (SU) and transmembrane (TM) subunits
by a cellular protease. The TM anchors the SU to the viral
membrane and plays an important role in fusion between the
viral and host cell membranes. The SU contains the receptor
binding domain (RBD) and is therefore the major viral deter-
minant for cell tropism. Binding of the SU to the receptor
triggers structural rearrangements within the envelope glyco-
protein that activate the fusion peptide within the TM subunit.
Host-range and receptor binding studies have mapped the
murine leukemia virus (MLV) RBD to the N terminus of the
SU (8-11, 15, 16, 35, 39, 42), and structural studies suggest that
the variable regions (VRA and VRB) within the RBD are
organized into three disulfide bonded loops (21). The major
receptor binding determinants of the feline leukemia virus
(FeLV) envelope have also been localized to the N terminus of
SU (4, 12, 29, 50-52). For viruses such as MLV and most
FeL Vs, it is thought that only one receptor is required for both
binding and activation of the fusion machinery.

While the role of the SU in receptor binding has long been
recognized, recent data indicate that it may also participate in
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postbinding events in viral entry (5, 30, 31, 59). For example,
mutation of an N-terminal histidine in MLV results in an SU
that can bind a receptor but not mediate infection. Infection by
these defective envelopes can be restored when soluble SU
fragments encompassing the RBD are supplied in trans. In the
MLV system, rescue can be mediated by several distinct ret-
roviral SU fragments as long as receptors for both the soluble
SU and the viral envelope are present on target cells (31). It
has been suggested that interactions between the N-terminal
RBD of the soluble protein and a C-terminal domain of the
viral SU may be important for activation of the fusion machin-
ery by defective MLVs (6, 7, 30). Relatively little is known
about receptor-mediated events subsequent to binding and
fusion, although several studies have suggested roles for recep-
tor clustering, cytoskeletal rearrangements, and receptor sig-
naling in the entry process (11, 22, 27, 28, 47, 49, 56).
Although known retroviral receptors are diverse in structure
and function, the receptors for the simple mammalian retro-
viruses, such as MLV and FeLV, share several common fea-
tures. Most of the identified receptors code for multiple trans-
membrane proteins, and many are involved in cellular
transport of amino acids or other small molecules (44). The
phosphate transport proteins, Pitl and Pit2, serve as receptors
for five different type C mammalian retroviruses (3, 37, 38, 41,
54,55, 58). These proteins are 62% identical to each other at
the amino acid level and have been predicted to contain 10
transmembrane domains with five extracellular loops (37, 41,
55). Gibbon ape leukemia virus (GALV), subgroup B FeLV
(FeLV-B), and 10A1 murine leukemia virus all use Pitl as a
receptor, and the construction of chimeric Pitl/Pit2 proteins
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has facilitated the identification of receptor domains necessary
for infection by GALV and FeLV-B (13, 17, 32, 34, 38, 45, 51,
52). Key receptor determinants have also been inferred by
testing closely related Pit proteins from different species for
receptor function (14, 18, 19, 25, 33, 46, 48, 53, 57, 58). Many
of these studies have identified region A, a stretch of nine
amino acids in Pitl and Pit2 that is highly polymorphic among
species, as an important receptor determinant for usage by
GALYV and FeLV-B (25, 53). However, chimeric analyses have
identified domains outside of region A that are also necessary
for infection by these viruses (13, 17, 25, 32, 33, 38, 45, 52).

The Pit receptor determinants are thought to interact spe-
cifically with different SU subdomains. Genetic studies of
FeL'V-B receptor tropism suggest that VRA binds to C-termi-
nal domains of Pitl that were originally defined as loops 4 and
5, while VRB may interact with sequences in the N-terminal
half of Pitl (51, 52). While these data indicate a role for
particular Pitl residues in viral infection, work from our labo-
ratories indicates that FeLV-Bs can also utilize Pit2 proteins as
receptors and that differential Pit tropism is determined by
subtle differences in the length or composition of the enFeLV-
derived sequences within the SU. For example, two closely
related FeLV-B envelopes, 90Z and Gardner-Arnstein (GA),
use human Pitl (HuPitl) as a receptor but differ in their ability
to infect cells using the Pit2 receptor (12, 50, 54). The 90Z
envelope can also efficiently utilize the feline Pit2 protein
(FePit2), and a chimeric envelope containing the presumed
90Z RBD in an FeLV-A backbone (90Zgpp) can recognize
both HuPit2 and FePit2 (4, 12). In contrast, the Gardner-
Arnstein envelope does not infect cells expressing HuPit2 and
utilizes the FePit2 receptor with reduced efficiency (4, 50).
However, substitution of an arginine for a glutamine in the
receptor binding domain of the GA SU (GAggp 730_r) T€-
stores HuPit2 usage and leads to more efficient infection of
cells expressing FePit2 (4, 50).

Like FeLV-B, FeLV-T utilizes Pitl as a receptor, but mem-
bers of this FeLV subgroup also require a second protein,
FeLIX, for infection (3). FeLIX is a truncated, secreted pro-
tein expressed from an enFeLV. Consistent with the recombi-
natorial origin of FeLV-B envelopes, FeLIX is nearly identical
to FeLV-B within the presumed RBD, and like FeLLV-B, Fe-
LIX binds Pitl (4, 29). Indeed, FeLV-B SUs can functionally
substitute for FeLIX and mediate FeLV-T infection of cells
expressing Pitl (3). In our studies to date, we have found that
only those cofactors with RBDs derived from enFeLV can
facilitate infection by FeLV-T. Soluble SUs from amphotropic
MLV (A-MLV), GALYV, and FeLLV-A are not able to facilitate
infection in the same way, despite the fact that A-MLV can
bind Pit2 and GALV can bind Pit1 (20, 29). Unlike FeLV-B,
which can utilize both Pitl and Pit2, FeLV-T is specific in its
requirement for Pitl even when the dual-tropic FeLV-B SUs
are supplied as cofactors (29).

The observation that cofactor binding is not sufficient for
infection indicates that these receptors may be required for
other aspects of FeLV-T entry. To better understand the
mechanism of entry, we have used chimeric and mutant Pit
receptors to identify regions of Pitl that are required for
FeLV-T infection. Our data indicate that Pitl residues in at
least two distinct domains are required for FeLV-T infection.
When FeLIX was used as a cofactor, the Pitl determinants for
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FeLIX binding and FeLV-T infection were identical. However,
in testing the cofactor activity of two distinct FeLV-B SUs, we
were able to identify domains of Pitl that are dispensable for
cofactor binding but are necessary for FeLV-T infection. These
data are discussed in terms of models for FeLV-T entry.

MATERIALS AND METHODS

Cell culture. 293T human embryonic kidney fibroblasts were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U of penicillin per ml, 100 pg of strep-
tomycin per ml, and 0.25 pg of amphotericin B per ml (complete DMEM). Stable
mus dunni tail fibroblast (MDTF) cell lines expressing wild-type, chimeric, and
mutant Pit receptor proteins were generated by transducing cells with vesicular
stomatitis virus G protein-enveloped vectors containing the appropriate cDNA.
HuPit1, HuPit2, and hamster Pit2 (HaPit2) have been described previously (19,
58). The K1, K2, K7, Cl, C2, C3 (formerly EEEGG, GGGEE, GGGAA,
GAGGG, GGAGG, and GAAGG, respectively), and HuPit2 K522E constructs
have also been described previously (19, 32). HuPitl D550K and HuPitl D550T
were created by changing the aspartate residue at position 550 to a lysine or
threonine, respectively, using PCR mutagenesis; the PCR product was subcloned
into a TA cloning vector (Invitrogen, San Diego, Calif.), sequenced, and then
subcloned into the pLNSX plasmid (36). All MDTF-Pit cell lines were main-
tained in complete DMEM containing 0.6 mg of G418/ml.

Constructs for expression of HA-tagged FeLIX and FeLV-B SUs. CS2-FeLV-
B-GAgpp-SU-HA, CS2-FeLV-B-GAgpp 730r-SU-HA, CS2-FeLV-A-61E-
SU-HA, and CS2-FeLIX-HA have been described previously (29, 50). These
constructs encode the open reading frame for the envelope protein, including the
signal peptide, with a C-terminal deletion that removes the last 10 amino acids
of the SU and the entire TM domain such that the SU is shed from the cell. Two
copies of the hemagglutinin (HA) epitope are in frame at the C terminus of the
SU. CS2-FeLV-T-61C-SU-HA was made in a similar manner. Briefly, a fragment
encoding envelope amino acids 1 to 435 of FeLV-T-61C was amplified by PCR
from the proviral clone EECC (43) using primers containing Sacl sites at their 5’
termini. Sacl-digested PCR product was ligated into the Sacl site of CS2-HA,
and clones were verified by DNA sequence analysis.

Preparation of viral supernatants and SU conditioned media. Viral
pseudotypes containing MLV genomes with the lacZ reporter gene were gener-
ated by transient transfection of 293T cells using a calcium phosphate protocol
as described previously (29). For FeLV-B pseudotypes, cells were transfected
with equal amounts of an FeLV Gag-Pol expression construct (61E-LTR-Apsi-
gag-pol), a retroviral genome encoding lacZ (pRT43.2Tnlspgall), and an
FeLV-B envelope expression construct (pcDNA3.1-GAggpenv and pcDNA3.1-
GAgrgp.730-rENV) (50). For FeLV-T pseudotypes, cells were transfected with
equal amounts of EECC-Apsi (40) and pRT43.2TnlsBgall. Conditioned media
containing HA-tagged soluble retroviral surface units and FeLIX-HA were also
generated by transient transfection of 293T cells. In this case, cells were plated
at a density of 2 X 10° cells per 10-cm dish 24 h prior to transfection. Ten
micrograms of CS2-FeLV-B-GArpp-SU-HA, CS2-FeLV-B-GAggp 730r-SU-
HA, CS2-FeLV-A-61E-SU-HA, CS2-FeLV-T-61C-SU-HA, or CS2-FeLIX-HA
plasmid were transfected per 10-cm dish, and cell supernatants were harvested
48 h posttransfection.

Immunoprecipitation and Western blotting. Detection of HA-tagged FeLIX
and FeLV-B SU in conditioned media was performed as described previously
(29). Briefly, cell supernatants were precleared and then immunoprecipitated
with an ascites concentrate of monoclonal antibody HA.11 (Covance, Berkeley,
Calif.) and protein A-Sepharose. One half of each immunoprecipitate was re-
solved on a sodium dodecyl sulfate-10% polyacrylamide gel, and the gel was
transferred to a blotting membrane. Western blot analysis was performed using
a rabbit polyclonal HA.11 primary antibody (Covance) and horseradish peroxi-
dase-conjugated goat anti-rabbit secondary antibody (Bio-Rad, Hercules, Calif.).

Infection assays. Infections were performed as described previously (29).
Briefly, target cells were plated approximately 24 h prior to infection. On the day
of infection, the culture medium was replaced with new medium containing 4 pg
of Polybrene/ml. In cases in which FeLIX or SU conditioned medium was used,
these supernatants were diluted 1:10 in new medium (i.e., 100 pl of conditioned
medium in an 1,100-pl total volume). Cells were infected with a range of dilu-
tions of viral pseudotypes that packaged the murine retroviral genome
pRT43.2TnlsBgall and stained for B-galactosidase expression 48 h postinfection,
as described previously (26).

Flow cytometric binding assay. Analysis of receptor binding by FeLIX-HA,
FeLV-B-GAgpp-SU-HA, FeLV-B-GAgpp 730r-SU-HA, FeLV-A-61E-SU-
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HA, and FeLV-T-61C-SU-HA to cells expressing Pit receptors was performed as
described previously (29). MDTF-Pit cells were detached from the dish and
incubated with supernatant from cells expressing secreted SU proteins. Bound
SU was detected using an ascites concentrate of monoclonal antibody HA.11
(Covance) followed by R-phycoerythrin-conjugated goat antimouse antibody
(DAKO, Carpinteria, Calif.). Cells were analyzed using a fluorescence-activated
cell sorter (FACS) (Becton Dickinson, San Diego, Calif.).

RESULTS

Sequences in the N terminus of Pitl regulate FeLV-T infec-
tivity. We have previously shown that both FeLIX and the
FeLV-B SU can efficiently mediate FeLV-T infection of cells
expressing Pitl, but not Pit2 (29). For the present study, we
used as cofactors both FeLIX and the GAgpSU, which con-
tains the receptor binding domain of the Gardner-Arnstein
clone of FeLV-B in an FeLV-A envelope backbone (Fig. 1A),
because they can bind to Pitl but not Pit2. For comparison, we
also included the GAggp 730 SU in our analysis of FeLV-T
cofactors, because this SU binds to both Pitl and Pit2 (50). We
generated conditioned media containing soluble HA-tagged
versions of these three proteins by transient transfection of
293T cells. As shown in Fig. 1B, we obtained fairly equivalent
expression of FeLIX, GAggp SU, and GAggpr3or SU in
these supernatants, similar to what we observed in previous
experiments.

In order to map the receptor determinants for FeLV-T in-
fection, we utilized a panel of MDTF cell lines that express
receptor chimeras derived from HuPitl and either HuPit2 or
HaPit2 sequences (Fig. 2). These chimeras were designed to
assay determinants predicted to lie within extracellular loops
based on the original published data (25). However, an alter-
native topology for the Pit proteins has recently been proposed
(19a). For this reason and because these chimeras were not
exchanged at precise boundaries, we refer here to domains of
the Pit proteins rather than extracellular or intracellular loops.
These domains are shown in Fig. 2. We measured receptor
tropism using an assay that detects a single cycle of FeLV-T
infection with the cofactors (FeLIX, GAggp SU,
GAgpp.730-r SU) supplied as conditioned medium at the
time of infection (29). Consistent with our previous reports (3,
29), both FeLIX and the GAggpp SU could mediate FeLV-T
infection of cells expressing HuPitl but not those expressing
human or hamster Pit2 (Fig. 3). Despite the fact that viruses
pseudotyped with the GAgp 730k €nvelope can infect both
HuPitl and HuPit2 cells (50), the GAggp 730_.r SU, when
acting as a cofactor, could only mediate FeLV-T infection of
cells expressing HuPitl1.

Four chimeras were tested that allowed us to determine
whether there are domains in the N-terminal half of Pitl that
affect FeLV-T receptor specificity—C1, C2, C3, and KI.
FeLV-T was able to infect cells expressing a HuPitl receptor
containing HaPit2 sequences in domains 1, 2, and 3 when
either FeLIX or the GA-derived SUs were used as cofactors
(see Fig. 3, K1). Therefore, HaPit2 sequences are tolerated in
these regions. However, cells expressing a HuPitl receptor
containing N-terminal HuPit2 sequences, in domains 2 and 3,
and HuPitl sequences elsewhere were resistant to FeLV-T
infection when either FeLIX or the GA-derived SUs were used
as cofactors (see Fig. 3, C3). Because the first domain (amino
acids 1 to 65 in HuPitl and 1 to 50 in HuPit2) of HaPit2 and
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FIG. 1. Structure and expression of FeLV-T cofactors. (A) Sche-
matic of enFeLV-derived SU fragments used in this study. FeLV-
B-GA is the SU from the Gardner-Arnstein molecular clone. FeLLV-
B-GAggp is a chimeric SU with the N-terminal half, including the
RBD, derived from the Gardner-Arnstein molecular clone (shown in
black) and the C-terminal half derived from FeLV-A-61E (shown in
white) (50). FeLV-B-GAggp 730r €ncodes a glutamine-to-arginine
substitution at position 73 of SU within the RBD (50). The FeLIX
open reading frame is also shown schematically (hatched box) to illus-
trate its relation to the FeLV-B SU. The codons for FeLIX are 97%
identical to those for GAgrgp Within the portion of the envelope gene
coding for the mature SU (3). The presumed FeLV RBD is indicated
at the top of the figure, and the receptor specificity of each envelope is
indicated to the right (50). The location of the C-terminal HA epitope
tags are indicated. (B) Detection of HA-tagged retrovirus SUs in
conditioned media. Human embryonic kidney 293T cells were trans-
fected with constructs expressing the indicated HA-tagged SU pro-
teins, and cell supernatants were harvested 48 h posttransfection. SUs
were immunoprecipitated from 1 ml of each supernatant using a
monoclonal antibody directed against the HA epitope (29). One-half
of each immunoprecipitate was resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and analyzed by Western blotting
using a polyclonal antibody directed against the same HA epitope.
“Mock” indicates cell supernatant from mock-transfected cells. Mo-
lecular mass markers (in kilodaltons) are indicated to the left. The
supernatants shown here were used for all experiments shown in Fig.
3 and 4.
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FIG. 2. Schematic of chimeric Pit receptors used in this study.
Orientation of the Pit receptor structure is based on the original
predicted topology indicated at the top of the figure. This schematic
shows the domains (1-4) as they are referred to in the text. The
putative transmembrane domains (ovals) and extracellular and intra-
cellular loops (lines) are shown. For HuPitl, the domains are as fol-
lows: domain 1 (amino acids 1 to 65), domain 2 (amino acids 66 to
215), domain 3 (amino acids 216 to 390 in the case of the “C” chimeras
and 216 to 427 in the case of the “K” chimeras), and domain 4 (amino
acids 391 to 680 in the case of the “C” chimeras and 428 to 680 in the
case of the “K” chimeras). For chimeric receptors, HuPitl sequences
are shown as black ovals and solid lines. HuPit2 sequences are shown
as white ovals and dashed lines. HaPit2 sequences are shown as gray
ovals and dashed lines. The names are indicated above each receptor
schematic. The first amino acid in region A is indicated for HuPitl
(aspartic acid, D550) and HuPit2 (lysine, K522) (25, 53). Receptors
used in this study but not shown include HuPitl D550K, HuPitl
D550T, and HuPit2 K522E.
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HuPit2 are identical at the amino acid level (58), these data
indicate that there is an N-terminal Pit determinant (domain 2
and/or 3) for FeLV-T infection and that HaPit2 sequences also
encode this determinant while HuPit2 sequences are not tol-
erated. We therefore focused on chimeras containing domains
2 and 3 individually to further localize this determinant.
FeLV-T was able to utilize a chimeric HuPitl receptor con-
taining HuPit2 sequences in domain 3 with all three cofactors
(see Fig. 3, C2). In contrast, cells expressing a chimeric HuPit1
receptor with HuPit2 sequences in domain 2 remained largely
resistant to infection, although a very low level of infection was
observed with the GAgpp 730 _.r SU (see Fig. 3, C1). These
data suggest that HuPitl sequences in domain 2 (amino acids
66 to 215 in HuPitl) encode a key determinant for FeLV-T
infection. Furthermore, both HuPitl and HaPit2 contain this
determinant, whereas HuPit2 sequences are not tolerated.

J. VIROL.

Region A is a determinant of FeLV-T infectivity. We next
tested chimeric HuPitl receptors with Pit2 substitutions at the
C terminus of the protein. Cells expressing a HuPitl receptor
with HuPit2 sequences in domain 4 were not infectible by
FeLV-T with any of the cofactors tested (see K7, Fig. 3).
Similarly, none of the cofactors could mediate FeLV-T infec-
tion using HuPitl receptors containing HaPit2 sequences in
this region of the receptor (see K2, Fig. 3). However, evidence
from infection studies with FeLV-B (shown below) and A-
MLV verifies that these chimeric receptors are expressed at
the cell surface and are functional for entry. Therefore, these
data indicate that there is also at least one C-terminal HuPitl
determinant for FeLV-T infection.

Domain 4 of Pitl and Pit2 contains region A, a stretch of
nine amino acids that is highly polymorphic among species and
contains determinants for FeLV-B and GALYV infection (25,
53). In contrast, the remainder of domain 4 is much more
conserved among Pitl and Pit2 proteins. We therefore hypoth-
esized that at least one of the C-terminal determinants iden-
tified above is a single amino acid difference within region A.
HuPitl encodes an aspartic acid at position 550, while HuPit2
has a lysine at the analogous position (amino acid 522, Fig. 2).
When we tested cells expressing a HuPitl receptor containing
an aspartic acid-to-lysine substitution at position 550, we found
that they were resistant to FeLV-T infection (see HuPitl
D550K, Fig. 3). In contrast, all three cofactors could mediate
infection of cells expressing a HuPit1 receptor with a threonine
substitution at position 550, although FeLV-T titers were con-
siderably lower with FeLIX as cofactor (see HuPitl D550T,
Fig. 3). While these results suggest that an acidic or neutral
residue at HuPit1 position 550 is an important FeLV-T recep-
tor determinant, other residues in region A and/or sequences
at the N terminus may also be required (see above). FeLV-T
was not able to efficiently infect cells that express a HuPit2
receptor encoding a glutamic acid residue at the analogous
position (see HuPit2 K522E), further supporting a model in
which there are multiple domains of the Pitl receptor that are
required for FeLV-T infection. Together, these studies of the
HuPitl C terminus demonstrate that, as in the case of GALV
and FeLV-B (25, 53), the first position of region A is a key
determinant for FeLV-T infection.

There are Pitl determinants for FeLV-T entry in addition to
those required for cofactor binding. Our previous results sug-
gested that cofactor binding to the Pitl receptor was necessary
but not sufficient for FeLV-T infection (29). Therefore, the
Pit1 receptor determinants identified above could play a role in
either cofactor binding or subsequent events in FeLV-T infec-
tion. To define binding determinants and distinguish between
these two possibilities, we analyzed cofactor binding to the
chimeric and mutant receptors using a flow-cytometric assay
(4, 29, 50). In this assay, cells are incubated in conditioned
medium containing the cofactor in question (see Fig. 1B), and
bound cofactor is detected with fluorescently labeled antibod-
ies. We could detect binding of cofactor to receptor for all
cofactor-Pit receptor combinations that were able to mediate
FeLV-T infection (Fig. 4 and data not shown). This is consis-
tent with a requirement for cofactor-receptor interactions in
FeLV-T entry.

In the case of FeLIX, there was a complete concordance
between receptor determinants for cofactor binding and
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FIG. 3. FeLV-T infection of cells expressing chimeric Pit receptors.
MDTF cells expressing the indicated receptors (x axis in each panel)
were challenged with viral particles, pseudotyped with the FeLV-T SU,
that packaged the gene for B-galactosidase. Conditioned media con-
taining FeLIX (A), GAggp SU (B), or GAggp 730.r SU (C) were
diluted 1:10 in fresh media and added at the time of infection. Titers
were calculated as B-galactosidase focus-forming units per milliliter.
For each receptor and cofactor pair, the titers were normalized to
those obtained with the same cofactor on cells expressing HuPitl (y
axis in each panel, log scale). A negative result (no bar shown) indi-
cates that no B-galactosidase-positive foci were seen with 100 pl of
viral supernatant. Data are representative of at least two independent
experiments.
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FeLV-T infection. For example, we could not detect efficient
binding by FeLIX to cells expressing the C1 receptor (HuPit2
domain 2), suggesting that HuPit]l amino acids 66 to 215 are
required for binding by FeLIX (Fig. 4). We were also unable to
detect binding to receptors containing HuPit2 or HaPit2 se-
quences in domain 4 (K7 and K2), implicating residues in the
C-terminal half of Pitl in FeLIX binding. FeLIX was able to
bind to the HuPitl D550T receptor, yet other region A sub-
stitutions were not tolerated (see HuPitl D550K and HuPit2
K522E). Therefore, our data suggest that HuPitl sequences in
both domain 2 and region A are necessary for FeL.IX binding.

We obtained somewhat different results with the GAzzp SU
cofactor. Like FeLIX, the GAggp SU was not able to effi-
ciently bind receptors with Pit2 sequences in domain 4 (K7 and
K2) and, among the region A mutants tested, was only able to
bind to HuPitl D550T (Fig. 4). These results indicate that the
C-terminal receptor determinants are similar for FeL.IX and
the GAgrpp SU. Unlike FeLIX, we did observe significant
binding of the GAgpp SU to the C1 receptor, which contains
HuPit2 sequences in domain 2. However, cells expressing the
Cl1 receptor were not infectible by FeLV-T when the GAgyp
SU was used as a cofactor (see Fig. 3, above). Because the
GAggp SU can bind to C1 but does not mediate FeLV-T
infection through the same receptor, HuPitl sequences in do-
main 2 are likely required for aspects of FeLV-T infection
other than cofactor binding. Therefore, while this region of
Pitl may be required for both FeLIX binding and subsequent
events in FeLIX-mediated FeLV-T entry, it appears to be
necessary only for aspects of infection other than cofactor
binding when the GAgpp is used as the FeLV-T cofactor.

We previously have shown that the GAggp 730_.r SU can
utilize HuPit2, HaPit2, and FePit2 as receptors in addition to
Pitl (4, 50). Consistent with these observations, we found that
the GAggp 73.r SU was able to bind to many of the chimeric
receptors containing Pit2 sequences. We found no specific
requirement for HuPitl sequences at the N terminus of the
receptor since the GAgpp 730r SU could bind to the K1
receptor, which encodes HaPit2 sequence in domains 1, 2, and
3 (data not shown). Similarly, we also observed binding to the
C1 and C2 receptors, which have HuPit2 sequences in domains
2 and 3, respectively (Fig. 4 and data not shown). Unlike the
related GAgpp SU, the GAgpp 730.r SU could bind to a
receptor with HaPit2 sequences in domain 4 (K2), reflecting its
broader receptor tropism. However, the GAggp 730.r SU
could neither bind to nor mediate FeLV-T infection through
the K7 receptor, which has HuPit2 sequences in the same
domains (Fig. 4). These data suggest that there is a binding
determinant for the GAggp 730_r SU in the C-terminal half
of HuPitl and that HaPit2 sequences encode this same deter-
minant whereas HuPit2 sequences do not. Neither of these
C-terminal chimeras could support FeLV-T infection when the
GAgpp.730r cofactor was used. The ability of the K2 chi-
mera, encoding HaPit2 sequences in domain 4, to support
GAggp.730-r binding but not FeLV-T infection suggests that,
like domain 2, these C-terminal determinant(s) are required
for events in entry other than cofactor binding.

Of the receptors bearing mutations in region A, FeLV-T was
able to utilize only HuPit1 D550T, independent of the cofactor
used. Consistent with this observation, we were able to detect
binding of all three cofactors to this receptor (Fig. 4). Although
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FIG. 4. Receptor binding properties of HA-tagged SU cofactors. MDTF cells expressing the indicated receptors (top of figure) were incubated
with 500 wl of conditioned medium containing the SUs indicated (left of figure) as described in reference 29. Bound SUs were detected by staining
with a monoclonal antibody directed against the HA epitope. In all cases the x axis is fluorescence intensity (log scale) and the y axis is cell number.
Mock samples (shaded profiles) are cells incubated in standard medium and stained with the same antibody. Data are representative of at least
three independent experiments. The ability of each receptor to support infection by FeLV-T with the corresponding receptor and soluble cofactor,
as shown in Fig. 3, is represented for convenience here as + or — in the upper right corner of each panel. +++ indicates a relative FeLV-T titer
of 0.1 to 1.0 for the indicated cofactor and receptor compared to titers with the same cofactor on HuPit1 cells. ++ indicates a relative titer of 0.01
to 0.1, + indicates a relative titer of 0.0001 to 0.01, and — indicates that no B-galactosidase-positive foci were seen with 100 pl of viral supernatant.

the mean fluorescence intensity of the GAggp 730_.r SU on
HuPitl D550T appears greater than on HuPitl in the profiles
shown, this small difference was not reproducible from exper-
iment to experiment. In contrast, we could not detect FeLLIX
binding to either HuPit1 D550K or HuPit2 K522E. Similarly,
we detected little to no binding by the GAggp SU to these
receptors. We did observe binding of the GAgpp 730 g SU to
HuPitl D550K, although the shift in fluorescence intensity was
weaker than with HuPitl or HuPitl D550T. The GAggp 7301
SU could efficiently bind to HuPit2 K522E, indicating that a
single region A substitution in HuPit2 can enhance binding of
this cofactor. While we observed GAgpp 730.r SU cofactor

binding to all region A mutants, the GAggp 730_.r SU Was not
able to mediate FeLV-T infection of cells expressing HuPitl
D550K or HuPit2 K522E. These data suggest that the residue
at position 550 is a key receptor determinant for events in
FeLV-T entry other than cofactor binding. It appears that
FeLV-T requires either an acidic residue or a neutral residue
in this first position of region A. An acidic residue in region A
is not in itself sufficient, however, since the HuPit2 K522E
receptor could support cofactor binding but not infection by
FeLV-T. Therefore, other HuPit1l domains, such as domain 2,
are required for FeLV-T entry.

Chimeric Pit proteins that do not support FeLV-T infection
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FIG. 5. Infection of cells with viral particles pseudotyped with the
FeLV-B SU. MDTF cells expressing the indicated receptors (x axis in
each panel) were challenged with FeLV-B-GAggp, 730 pseudotypes
that packaged the gene for B-galactosidase. Titers were calculated as
B-galactosidase focus-forming units per milliliter. For each receptor,
the titers were normalized to those on cells expressing HuPitl (y axis
in each panel, log scale). A negative result (no bar shown) indicates
that no B-galactosidase-positive foci were seen with 100 wl of viral
supernatant. Data are representative of at least three independent
experiments.

are functional FeLV-B receptors. By testing the ability of the
chimeric receptors both to bind cofactor and to mediate
FeLV-T infection, we have been able to identify regions in Pit1
that are dispensable for cofactor binding but necessary for
infection. The binding studies also show that these receptors
are expressed on the cell surface. However, these experiments
do not rule out the possibility that the mutant or chimeric
receptors are no longer able to carry out events such as enve-
lope and receptor activation as a result of the engineered
changes. To examine this further, we measured FeL.V-B infec-
tion on cells expressing these mutant and chimeric receptors.
Using a single-cycle-of-infection assay, we found that all of the
receptors to which the GAggp, 730_.r SU could bind were able
to support infection by FeLV-B-GAgpp 730 (Fig. 5).
FeL'V-B could infect cells expressing receptors containing Pit2
substitutions within either the N-terminal (K1, C1, C2, and C3)
or C-terminal determinants (K2) identified above. While
FeLV-B-GAggpp.730.r Was not able to utilize either the
HuPitl D550K or K7 receptors, these receptors were able to
support infection by other retroviruses. Specifically, MDTF-
HuPitl D550K cells could support infection by GALV, and
Chinese hamster ovary cells expressing K7 could be infected by
A-MLYV (data not shown). Therefore, all of the receptors used
in this study are functional for retroviral entry, and chimeric
receptors with Pit2 sequences in domains 2 and 4 are able
induce the necessary SU- and receptor-mediated events in
entry by subgroup B FeLV. The inability of these same recep-
tors to support FeLV-T infection in the presence of FeLV-B
SU cofactors suggests that these determinants are required for
interactions specific to FeLV-T.

FeLV-T SU binding to HuPitl cannot detected by FACS
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FIG. 6. MDTF-HuPitl cells were incubated with 500 !l of condi-
tioned medium containing FeLIX, FeLV-A SUs, or FeLV-T SUs in a
1-ml total volume as described in reference 29. Bound SUs were
detected by staining with a monoclonal antibody directed against the
HA epitope. For the FeLV-T SU plus FeLIX binding reactions, cells
were incubated with 500 pl of FeLV-T SU conditioned media and 500
ul of conditioned media containing an untagged version of FeLIX. In
all cases the x axis is fluorescence intensity (log scale) and the y axis is
cell number. Mock samples (shaded profiles) are cells incubated in
standard media and stained with the same antibody.

analyses. Our identification of domains specifically required
for FeLV-T infection could indicate a role for HuPitl in
FeLV-T envelope binding. We therefore assayed receptor
binding by the FeLV-T SU using our flow-cytometric assay.
Conditioned media containing HA-tagged FeLV-T and
FeLV-A SUs were generated as described above and expres-
sion verified by immunoprecipitation (data not shown). As
before, FeLIX was able to bind cells expressing the HuPitl
receptor but not the parental MDTFs (Fig. 6). Consistent with
the cellular tropism of FeLV-A, the FeLV-A SU did not bind
to either MDTF or MDTF-HuPit1 cells (40). Surprisingly, we
were unable to detect significant binding of the FeLV-T SU to
cells expressing HuPitl even when FeLIX was added to the
binding reaction. These studies do not rule out the possibility
that FeLV-T binds weakly to Pit1, because our previous studies
suggest that there are cases where FeLVs can infect at a re-
duced level via a specific receptor, but this low-level binding
cannot be detected by FACS (4). These studies do indicate that
receptor binding by FeLLV-T is much weaker than binding by
either FeLV-B or FeLIX. However, we are mindful that we
have analyzed receptor binding under only one experimental
condition, where free virus and cofactor are added simulta-
neously to permissive cells.

DISCUSSION

Cytopathic, T-cell-tropic FeLV-T isolates are the only
known examples of naturally arising, simple retroviruses that
require two host cell proteins for entry into target cells (3). In
our previous studies, we showed that FeLV-T is specific in its
requirement for the Pitl transmembrane receptor and a cofac-
tor containing an RBD derived from enFeLV sequence (29).
These studies showed that cofactor binding to the transmem-
brane receptor is necessary but not sufficient for infection and
that the binding affinity of these two proteins does not appear
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to be a primary determinant of FeLV-T tropism. Together,
these data suggested that entry by FeLV-T is dependent on a
series of interactions among Pitl, the cofactor (e.g., FeLIX),
and the FeLV-T envelope. In an attempt to better understand
these requisite intermolecular interactions, we utilized a panel
of chimeric and mutant Pit proteins to map receptor determi-
nants for FeLV-T infection. We also used three closely related
enFeLV-derived cofactors that would be expected to be found
within infected animals (4, 29). By assaying both cofactor bind-
ing and the ability of FeLV-B virus to infect using each recep-
tor, we were able to define Pitl determinants for FeLV-T
infection that are not required for cofactor binding or receptor
activation by FeLV per se but are specifically required for
FeLV-T infection. These data imply that there is a direct role
for Pitl residues in binding or postbinding events mediated
specifically by the FeLV-T envelope protein.

A strength of our approach was that we were able to inde-
pendently measure the binding properties and cofactor activity
of closely related enFeLV-derived envelope fragments that
differ in their ability to bind to Pit2. Using these assays, we
were able to identify three distinct classes of Pit1 determinants.
The first lies within the C-terminal half of the protein and
contains a key determinant for cofactor binding; none of the
cofactors could bind to receptors with HuPit2 sequences in
domain 4, and only one, the GAgpp 730.r SU, could bind
when HaPit2 sequences were substituted. Variation within re-
gion A is likely to play some role in the differential effect of
HuPit2 versus HaPit2 substitutions, since sequence differences
between these two orthologs cluster within this subdomain.
The second set of receptor mutants revealed a Pitl determi-
nant in domain 2 that is important for both cofactor binding
and FeLV-T infection. Substitutions within this region im-
paired FeLIX binding but not binding by the GA-derived SU
cofactors, suggesting that the binding determinants of these
enFeLV-derived cofactors differ. We cannot distinguish
whether these differences result from amino acid differences in
the RBD of these cofactors or whether they result from the
fact that FeLIX lacks the C-terminal domain. Recent studies
by Lavillette and colleagues suggest that a C-terminal domain
in the MLV SU is important in postbinding events in infection
(30). However, because there are differences in binding be-
tween GAgpp and GAgpp 730 g, Which share identical C-
terminal sequences, at least some of the distinctions in binding
reflect the amino acid change in the RBD. Our data also
suggest that domain 2 of Pitl is necessary for FeLV-T infec-
tion, because binding by the GA-derived cofactors was not
sufficient for viral entry.

Finally, a third class of receptor mutants was identified that
affects only FeLV-T infection. This conclusion is based on the
observation that all three cofactors could bind to HuPitl
D550T, which contains a substitution within region A, while
cells expressing this receptor were almost completely resistant
to FeLV-T infection in the presence of FeLIX. These HuPitl
D550T cells were, however, susceptible to infection when the
GA-derived cofactors were tested, implying that this infection
determinant is cofactor dependent. We interpret these results
with caution, however, since the observed differences in
FeLV-T infectivity with the three cofactors could also be due
to subtle differences in cofactor binding affinity that are be-
neath the resolution of our flow cytometric assay. Our previous
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studies suggest that the amount of cofactor used is at or near
saturation (29). The charge of the residue at position 550 also
appears to be key, since none of the cofactors could mediate
infection of cells expressing the HuPitl D550K receptor mu-
tant. In this case, the mutation affects cofactor binding as well.
Importantly, all of the receptors used in this study were func-
tional for retroviral entry, suggesting that the determinants we
have identified are specific for FeLV-T infection.

Our results suggest that Pit1 plays a role in FeLV-T entry, in
addition to cofactor binding and receptor activation. However,
we do not detect binding between the FeLV-T SU and Pitl
under conditions where we can detect binding between the
cofactor and Pitl. This suggests either that FeLV-T does not
bind to Pitl directly or that binding is weak. Indeed, our pre-
vious studies suggest that this binding assay cannot detect
lower-affinity interactions between FeLV envelopes and recep-
tors that nonetheless permit entry (4), and similar observations
have been made for MLV (1). Thus, these experiments do not
allow us to conclude whether FeLV-T binds directly to Pitl,
but they do indicate that binding to Pitl by FeLV-T, if it
occurs, is a much lower-affinity interaction than binding by
FeLV-B SU or FeLIX. Interestingly, this is in contrast to
defective MLVs, which efficiently bind receptor but require
soluble SUs to rescue infection.

On the basis of our analyses of chimeric receptors that bind
cofactor but do not permit FeLV-T entry, we hypothesize that
Pitl is required for FeLV-T envelope binding, either directly
or as part of a ternary complex with the soluble cofactor. A role
for Pitl in viral recruitment would, in part, explain the ob-
served receptor specificity of FeLV-T. This specificity differs
from what has been reported in the MLV system, where vi-
ruses pseudotyped with defective envelopes could be rescued
by several different soluble SU proteins as long as receptors for
both the viral envelope and the SU cofactor were expressed in
target cells (31). These data suggest that receptor binding by a
soluble SU can activate fusion by the defective MLV envelope
through its receptor in trans. In the case of the naturally arising
FeLV-T variant, we have shown that several other SU-receptor
pairs are unable to mediate FeLV-T infection through Pitl
even when Pitl and the receptor used by the SU cofactor are
coexpressed in the target cell membrane (29). Importantly, we
found that an FeLV-B SU that binds equally well to both Pitl
and Pit2 can only mediate FeLV-T infection through Pitl,
indicating that FeLV-T is not simply being recruited into the
complex by the cofactor. One model to explain these data is
that Pit1 plays a role in both cofactor and viral envelope bind-
ing. In this model, binding by the cofactor to Pit1 would acti-
vate fusion by the FeLV-T envelope, also bound to Pitl. These
interactions could potentially occur either on separate Pitl
proteins or as part of a ternary complex with each Pitl protein
occupied by both cofactor and viral envelope. Indeed, some of
our data imply that interactions between the FeLV-T envelope
and the cofactor are necessary for Pit1 binding. We have found
that only enFeLV-derived cofactors, and not other envelopes
that bind to Pit receptors, such as A-MLV or GALYV, are able
to mediate FeLV-T infection (29). Our identification here of a
region A determinant for infection that is cofactor dependent
could suggest that cofactor-envelope interactions compensate
for weaker interactions between the viral envelope protein and
the Pitl receptor. It is therefore interesting that data from the
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MLV system indicate that soluble SUs may activate fusion by
interacting with a C-terminal domain in the viral envelope
protein (6, 7, 30).

The human and simian immunodeficiency viruses (HIV and
SIV) are the only other known examples of retroviruses that
require two host cell proteins for infection, and as such may
inform our understanding of entry by FeLV-T. In most cases,
entry by these primate lentiviruses requires successive interac-
tions with the type I transmembrane protein CD4 and a mul-
tiple transmembrane chemokine receptor, such as CCRS or
CXCR4 (44). After binding to CD4, the viral envelope under-
goes a conformational change, exposing a binding site for the
chemokine coreceptor, and binding to this coreceptor activates
the viral envelope to a fusogenic state (24). Consistent with the
catalytic role of CD4 in HIV and SIV entry, soluble forms of
CD#4 can facilitate infection of CD4-negative cells (2). Like
CD4, both membrane bound (FeLV-B envelope proteins) and
soluble (FeLIX) cofactors can mediate infection by FeLV-T
even though FeLIX and CD4 both probably act at the target
cell membrane in a natural infection. Our data would be con-
sistent with a model in which the FeLV-T cofactor performs a
similar catalytic function in entry. In one such model, receptor
binding by FeLIX induces a conformational change in Pit1 that
exposes a binding site for the FeLV-T envelope. This ordered
binding model is in contrast to the frans-activation or ternary
complex models discussed above, which appear to explain en-
try by defective MLVs. Alternatively, the cofactor may trigger
structural rearrangements in the FeLV-T envelope protein,
exposing a Pitl binding site; to date, the data are consistent
with either of these models of cofactor-induced conforma-
tional changes. As discussed above, we have been unable to
detect stable binding by the FeLV-T SU to cells expressing
Pitl, even in the presence of FeLIX, using FACS analyses.
Interestingly, it has not been possible to detect binding by the
HIV-1 SU to the CXCR4 coreceptor under conditions where
binding to CCRS5 can be detected, and other approaches have
been required to detect this interaction (23). Thus, it will be
important to develop sensitive, quantitative methods to di-
rectly examine protein-protein interactions between the
FeLV-T envelope and both FeLIX and Pitl.

In this study, we have differentiated between cofactor bind-
ing to Pitl and productive FeLV-T infection. Importantly, we
have also controlled for the possibility that the mutations in the
Pitl receptors affect cell surface expression or their ability to
undergo receptor activation. We have found a role for Pitl in
both cofactor binding and infection, and our results further
suggest that Pitl could potentially serve as a receptor for the
FeLV-T envelope protein. FeLV-T is just one of five simple
retroviruses that are known to use either Pitl or Pit2 for entry
(3,37, 38, 41, 54, 55, 58). It is interesting that domain 2 and/or
region A have been identified as important Pit receptor deter-
minants for infection by GALV, A-MLV, and FeLV-B (25,
51-53) and that region A may play a role in postbinding events
in FeLV-B entry (18a). The fact that these domains are also
important for infection by FeLV-T suggests that there may be
common receptor-mediated events in entry by these viruses.
Therefore, while certain aspects of FeLV-T entry appear to be
specific to this subgroup, further dissection of the intermolec-
ular interactions and receptor determinants for FeLV-T may
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serve to elucidate fundamental principles of retroviral infec-
tion.
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