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The mammalian gammaretroviruses gibbon ape leukemia virus (GALV) and feline leukemia virus subgroup
B (FeLV-B) can use the same receptor, Pitl, to infect human cells. A highly polymorphic nine-residue sequence
within Pitl, designated region A, has been proposed as the virus binding site, because mutations in this region
abolish Pit1-mediated cellular infection by GALV and FeLV-B. However, a direct correlation between region A
mutations deleterious for infection and loss of virus binding has not been established. We report that cells
expressing a Pitl protein harboring mutations in region A that abolish receptor function retain the ability to
bind virus, indicating that Pitl region A is not the virus binding site. Furthermore, we have now identified a
second region in Pitl, comprising residues 232 to 260 (region B), that is required for both viral entry and virus
binding. Epitope-tagged Pitl proteins were used to demonstrate that mutations in region B result in improper
orientation of Pitl in the cell membrane. Compensatory mutations in region A can restore proper orientation
and full receptor function to these region B mutants. Based on these results, we propose that region A of Pitl
confers competence for viral entry by influencing the topology of the authentic binding site in the membrane
and hence its accessibility to a viral envelope protein. Based on glycosylation studies and results obtained by
using N- and C-terminal epitope-tagged Pitl, region A and region B mutants, and the transmembrane helices

predicted with the PHD PredictProtein algorithm, we propose a new Pitl topology model.

Pitl is the human ortholog of a ubiquitous multiple-mem-
brane-spanning protein that functions as the type III sodium
phosphate cotransporter (14, 19) and as the receptor for feline
leukemia virus type B (FeLV-B) (33), woolly monkey virus
(33), gibbon ape leukemia virus (GALV) (18), and 10A1 mu-
rine leukemia virus (10A1 MLV) (17, 38). Pit2, another type
III sodium phosphate cotransporter, is the human ortholog of
a highly related protein (approximately 60% amino acid iden-
tity), which functions as a receptor for amphotropic murine
leukemia virus (17, 34), 10A1 MLV, and FeLV-B molecular
recombinants (30), but not for GALV or naturally occurring
FeLV-B isolates (21). The ability of Pit1 and Pit2 to function as
discrete viral receptors with unique properties presumably is
reflected in critical residue differences between these two pro-
teins. Early efforts to identify regions within Pit1 important for
virus receptor function implicated residues 550 to 558 for both
GALV and FeLV-B entry. It has been proposed that this
nine-Pitl-residue stretch, designated region A, is the binding
site for both of these viruses (6, 11, 35) based on the following
observations: (i) mutations in Pitl region A render Pitl non-
functional for GALV or FeLV-B entry (3, 9, 22, 27, 31, 32); (ii)
Pit2, MusPitl (the murine ortholog of Pitl), and Pho-4 (a
distantly related Neurospora crassa phosphate transporter),
which are not GALV or FeLV-B receptors, become functional
receptors when region A residues are substituted for the cor-
responding residues of these proteins (12, 13, 33); and (iii)
region A is predicted by Kyte-Doolittle hydropathy plots to
reside in an extracellular domain (12). It should be noted,
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however, that all published reports supporting the role of re-
gion A as a binding site have been based on functional assays
of viral entry rather than actual receptor-binding studies (re-
viewed in reference 20). Therefore we sought to determine if
mutations in region A that abolish virus receptor function do
so by abolishing virus binding.

We have used data derived from the analyses of epitope-
tagged Pit proteins, glycosylation studies, and transmembrane
(TM) structure predictions performed by using the PHD Pre-
dictProtein algorithm (23, 24) to derive a new topology model
for Pitl. Our proposed model differs from the current model in
that it predicts that the N and C termini of Pitl are extracel-
lular, that Pitl is an N-linked glycosylated protein, and that
region A resides in a cytoplasmic region of Pitl. Finally, we
provide evidence that intramolecular interactions between re-
gion A (residues 550 to 558) and region B (residues 232 to 260)
are critical determinants in Pit]1 receptor topogenesis that drive
the accessibility or steric hindrance of the viral binding site.
Based on these data and the lack of experimental evidence
supporting direct binding of either GALV or FeLV-B to Pitl
region A, we have assigned a different role in virus entry to
region A. We propose that the role of Pitl region A in Pitl
virus receptor function is to direct the orientations of multiple
viral binding sites relative to the extracellular space, such that
the mature Pitl protein, once embedded in the lipid bilayer, is
competent for virus binding and entry.

MATERIALS AND METHODS

Cells and cell lines. The following cell lines were used in this study: Mus dunni
tail fibroblasts (MDTF), obtained from Olivier Danos, Institut Pasteur (Paris,
France), and human embryonic kidney 293T cells, obtained from Cell Genesys
Inc. (Foster City, Calif.). All cells were maintained in Dulbecco’s modified Eagle
medium (Invitrogen, Carlsbad, Calif.) supplemented with 10% fetal bovine se-
rum, 100 U of penicillin/ml, 100 g of streptomycin/ml, and 4 mM glutamine.



7684 FARRELL ET AL.

Production of retrovirus vectors and stable cell lines. 293T cells were seeded
at a density of 10° cells/10-cm-diameter dish 2 days prior to transfection. Trans-
fection by the calcium phosphate precipitation method (Promega, Madison,
Wis.) was performed as described previously (10) using plasmids expressing the
GALYV or FeLV-B 90Z (1) envelope. Retrovirus vector supernatants were har-
vested 48 to 72 h posttransfection. MDTF cell lines stably expressing Pit1, mutant
Pitl, or tagged Pitl receptors were made by transducing cells with vesicular
stomatitis virus (VSV) G protein-enveloped vectors with genomes expressing the
appropriate receptor cDNA in retrovirus vector pLNSX (16). Forty-eight hours
posttransduction the medium was changed to Dulbecco’s modified Eagle me-
dium containing 650 pg of Geneticin (G-418 sulfate; Invitrogen)/ml, and cells
were selected for G-418 resistance for 7 to 10 days. Assessment of receptor
function for MDTF cells expressing various receptor proteins was carried out by
exposing cells to retrovirus vector-containing supernatant that had been passed
through a 0.45 pm-pore-size Millipore (Bedford, Mass.) filter and then adjusted
to contain 10 pg of Polybrene/ml. Twenty-four hours postinoculation the me-
dium was changed, and cells were cultured for an additional 24 to 48 h before
analysis for expression of B-galactosidase by histochemical staining with X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) as previously described
(37). Titers were determined by averaging the number of blue foci obtained with
vectors for each cell line tested in three or more independent experiments.

Construction of chimeric and mutant receptor cDNAs. Chimeric receptor
Pit1-2A was constructed by replacing residues 550 through 558 of Pitl with the
corresponding residues (residues 522 to 530) of Pit2. Complementary oligonu-
cleotides 5'-GGTTTATAAGCAAGGAGGTGTTACTCAAGAAGCGGCAA
CACC (sense) and 5'-GGTGTTGCCGCTTCTTGAGTAACACCTCCTTGCT
TATAAACCC (antisense), in which nucleotides encoding Pitl residues were
mutated to nucleotides encoding Pit2 residues (underlined), were designed; two
segments of Pitl cDNA were amplified by PCR mutagenesis as previously de-
scribed (10) by using these primers plus upstream primer 5'-CCATGGCAATA
TGTGGCATGCC (sense) and downstream primer 5'-GAAGGCCAATATTT
GATGCAATCACCACC (antisense) flanking the mutated region. These
segments were annealed, after which a second round of PCR was carried out
using only the outer primers. The final product was directly ligated into TA
cloning vector pCR2.1 (Invitrogen, San Diego, Calif.) and sequenced with the
Thermo Sequenase fluorescence-labeled primer cycle sequencing kit with CY-
5-labeled primers (Integrated DNA Technologies, Inc., Coralville, Iowa) on an
AlfExpress automated sequencer (Amersham Biosciences, Piscataway, N.J.).
After the presence of the desired mutations and the absence of any unscheduled
mutations were confirmed, the mutated DNA fragment was subcloned into the
pLNSPit1 retrovirus expression vector between the HindIII and PfIM1 restriction
sites. Pit1-D550K and Pit1-D550T were created by mutating the aspartate at
position 550 to a lysine or a threonine by PCR mutagenesis; the PCR product was
subcloned into the pCR2.1 vector, sequenced, and then subcloned into pLN-
SPitl, as described above. Pit1-2B was constructed by first introducing an Mfel
site at the codon for residue 230 and a Bg/II site at the codon for residue 391 of
Pit1 by PCR mutagenesis and then substituting codons for residues 214 to 356 of
Pit2, containing analogous PCR-introduced Mfel and Bg/II sites, for codons for
Pit1 residues 230 to 391. Pit1-N-2B was made by replacing codons for residues
232 to 260 of Pitl with codons for residues 216 to 244 of Pit2 between the Kpnl
site and a PCR-introduced Agel site. Pit1-C-2B was made by substituting codons
for residues 243 to 356 of Pit2 for codons for Pit1 residues 259 to 391 at the Agel
and BgllI sites. Constructs containing PCR-induced changes were sequenced, as
described above, in order to verify that only the desired mutations were intro-
duced.

Tagging of receptors. Pitl was fused to a double-hemagglutinin (HA) epitope
tag (YPYDVPDYA), derived from influenza virus HA, at the carboxy terminus
by subcloning a DNA fragment encoding Pit] into the pCS2-HA plasmid (5). By
PCR mutagenesis, a C-terminal segment of Pitl cDNA was amplified with
primers 5'-CCATGGCAATATGTGGCATGCC (sense) and 5'-CAAACAGA
GCTCCATTCTGAGGATGACC (antisense), resulting in the removal of the
stop codon and the introduction of a Sacl site (underlined). After the C-terminal
portion of Pitl was replaced with the PCR product, the modified Pitl was
subcloned into the pCS2-HA plasmid between HindIIl and Sacl sites in frame
with the coding sequence for the tandem HA tag, resulting in plasmid pCS2Pit1-
HA. This plasmid was then digested with HindIII and StuI, and the fragment
containing the tagged Pitl was subcloned into retrovirus vector pLNSX between
HindIII and Clal sites (the Clal subcloning site was filled in with T4 DNA
polymerase) to create the pLNSPitl-HA plasmid. HA-tagged mutant and chi-
meric Pitl receptors were made by substitution of the appropriate DNA frag-
ments in pLNSPit1-HA.

The N terminus of Pitl was fused to a single copy of the HA epitope tag by
mutation of sequences preceding the start of the Pitl open reading frame in
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plasmid pLNSPitl; a start codon was also introduced just before the coding
sequence for the HA epitope. PCR mutagenesis with sense primer 5'-GAGGC
CGAGGCTTTTGCAAAAAGCTTCAATGTACCCCTATGATGTTCCTGAT
ACGCACCACTAGTCGACAGAATGGCGACGCTG (coding sequence for
the HA epitope is underlined) and antisense primer 5'-GATAAGGGCACAG
AACACTGCACATCCCACCGAGATGAGGATGGTACC was used to syn-
thesize a portion of Pitl containing the tag. The product was ligated into the TA
vector, and plasmids were screened by sequencing, as described above. The
mutated fragment was then subcloned into the pLNSPit1 plasmid between Hin-
dIII and Kpnl to create plasmid pLNSPit1-NHA.

Western blot analysis of cell lysates and cell membranes. Whole-cell lysates
were made from MDTF cells expressing various receptors, which had been
grown to confluence in 10-cm-diameter dishes. The cells were washed in cold
phosphate-buffered saline (PBS) and then incubated for 30 min on ice in 1 ml of
lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 1.0% Igepal CA-630 [NP-40],
10 mM phenylmethylsulfonyl fluoride [PMSF], 20 uM leupeptin, 20 wM apro-
tinin) and then were scraped from the dish and centrifuged at 16,000 X g for 10
min at 4°C. Supernatants were collected and analyzed by Western blotting. Cell
membranes were obtained from confluent cells harvested from a 15-cm-diameter
dish. Cells were resuspended, on ice, in 3 ml of membrane lysis buffer (20 mM
Tris [pH 7.4], 5 mM EGTA, 10 mM PMSF, 20 mM aprotinin, 20 mM leupeptin)
after being washed with PBS. The cells were scraped from the dish and disrupted
with a Dounce homogenizer. Lysates were fractionated by centrifugation at 1,000
X g for 20 min at 4°C to pellet nuclei, followed by centrifugation of the nucleus-
free supernatant at 30,000 rpm for 1 h at 4°C in a Beckman SW41 rotor to collect
crude cell membrane pellets. Membrane pellets were solubilized in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis sample loading buffer and
electrophoresed on a 4 to 20% polyacrylamide gel (Invitrogen). Proteins were
transferred to polyvinylidene difluoride membrane (NEN Life Science Products,
Boston, Mass.) and analyzed by Western blotting. HA-tagged receptor proteins
were detected by incubation with 5 pg of monoclonal antibody HA.11 (Covance/
Babco, Richmond, Calif.)/ml in TBST buffer (10 mM Tris-HCI [pH 8.0], 15 mM
NaCl, 0.1% Tween 20), followed by incubation with the second antibody, goat
anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase (1:
25,000) (Pierce, Rockford, I11.). Signals were detected with Renaissance Western
blot chemiluminescence reagent (NEN Life Science Products) followed by ex-
posure to Kodak X-Omat Blue XB-1 film.

Glycosylation assays. Whole-cell lysates were prepared as described above
from confluent 10-cm-diameter dishes of MDTF-Pit1-HA, MDTF-Pit1-2A-HA,
or positive control 293T cells transiently expressing FeLV-B Z2-HA (14). One
milliliter of lysate was immunoprecipitated overnight at 4°C with anti-HA affinity
matrix (Roche, Indianapolis, Ind.) agarose beads covalently coupled to a rat
monoclonal anti-HA antibody (clone 3F-10). The beads were washed in cold lysis
buffer, and one-half of each lysate was set aside as the undigested control. The
lysates were then digested with N-glycosidase F enzyme PNGaseF (New England
Biolabs, Beverly, Mass.) at 37°C for 1 h. Digested and undigested samples were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and an-
alyzed by Western blotting using monoclonal antibody HA.11, as described
above.

Soluble-protein binding assays. Binding assays using HA-tagged soluble
FeLV-B or GALV (10, 15) surface subunit (SU) glycoproteins were performed
by harvesting supernatants from 293T cells transiently transfected, as described
above, with pCS2 expressing the soluble-protein cDNAs. Target MDTF cells
expressing various receptor cDNAs were detached from tissue culture flasks with
Cellstripper cell dissociation solution (Mediatech, Reston, Va.); 10° cells for
each receptor cell line were suspended in 0.5 ml of supernatant containing
soluble HA-tagged SU protein and incubated at 35°C for 45 min. Cells were
washed twice with Hanks buffered saline solution (HBSS) containing 1% fetal
bovine serum and then incubated in the presence of 5 ug of monoclonal antibody
HA.11/ml in HBSS for 90 min at 4°C; cells were then washed with HBSS and
incubated for 1 h at 4°C in the presence of HBSS containing 2 g of goat
anti-mouse IgG conjugated to fluorescein (Pierce)/100 wl. The cells were fixed in
1% paraformaldehyde and then analyzed by flow cytometry. HA-tagged recep-
tors were detected on the cell surface by incubation of MDTF cells expressing
receptors with monoclonal antibody HA.11, followed by incubation with a fluo-
rescein-conjugated second antibody, as described above. Surface detection re-
sults are shown as histograms comparing MDTF cells expressing untagged Pitl
(negative control) and MDTF cells expressing HA-tagged Pit1 receptors exposed
to the anti-HA antibody.

Immunofluorescence microscopy. MDTF cells stably expressing HA-tagged
receptors were seeded at 3 X 10* cells per chamber on four-chamber glass
coverslips (Nalge Nunc International Corp., Naperville, Ill.) 2 days prior to
analysis. For nonpermeabilized-cell analysis, cells were washed with PBS,
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blocked for 30 min at 25°C in 4 mg of normal goat serum (Pierce)/ml, and then
incubated at 4°C for 1 h with 10 mg of monoclonal antibody HA.11 (Covance)/
ml. Cells were then washed three times with cold PBS and incubated with a 1:50
dilution of 1.5 mg of fluorescein-conjugated goat anti-mouse IgG (Pierce)/ml at
4°C for 1 h. After being washed with PBS, cells were fixed for 10 min at 4°C with
4% formaldehyde. For permeabilization, cells were treated with 4% formalde-
hyde in PBS containing 0.1% Tween 20 for 30 min at 25°C before being subjected
to the immunofluorescence protocol described above. Images were collected on
either a Zeiss (Thornwood, N.Y.) LN410 laser scanning confocal microscope
with a 25X, 0.8-numerical-aperture (NA) oil immersion objective or a Nikon
(Tokyo, Japan) Diaphot-TMD inverted microscope with a 60X, 1.40-NA oil
immersion objective.

Computational analysis. The entire Pitl sequence was submitted to the Eu-
ropean Molecular Biology Laboratory (Heidelberg, Germany) PHD PredictPro-
tein website (http://www.embl-heidelberg.de/Services/sander/predictprotein) for
TM structure predictions. The expected accuracy of Pitl TM structure prediction
by using input domain sequences provided by the Prodom domain base (7)
(http://prodes.toulouse.inra.fr/prodom/doc/prodom.html) was 72%. Input do-
mains used for multiple sequence alignments are as follows (with GenBank
accession numbers in parentheses): residues 1 to 34 and 296 to 345 of Felis
silvestris catus Pitl (AF074085); residues 35 to 169 of a phosphate transporter of
Rhizobium meliloti (AF008187); residues 74 to 168, 527 to 552, and 564 to 673 of
the Caenorhabditis elegans phosphate transporter (299102); residues 1 to 34 of
Mus musculus Pitl (Q61609); residues 152 to 199 of the Pyrococcus horikoshii
phosphate transporter (AP00003); residues 35 to 169 of the Sinorhizobium me-
liloti phosphate transporter (AF008187); and residues 526 to 545 and 564 to 634
of the Halobacterium halobium phosphate transporter (AF016485).

RESULTS AND DISCUSSION

Mutations in Pitl region A affect virus infectivity and bind-
ing. MDTF cells are resistant to GALV and FelLV-B, but
MDTF cells expressing human Pit1 are rendered susceptible to
these viruses (18). It has been previously reported that MDTF
cells expressing a chimeric Pitl protein in which Pit2 region A
(residues 522 to 530) replaces Pitl region A (residues 550 to
558) are not susceptible to either GALV or FeLV-B, suggest-
ing an important role for region A in Pitl-mediated viral entry
(21). It has not, so far, been determined whether this chimeric
Pitl protein is a nonfunctional virus receptor because it is not
expressed, is inappropriately processed or transported, fails to
bind virus, or prevents virus entry at a postbinding stage of
infection.

To determine the stage at which Pit2 region A blocks GALV
or FeLV-B entry, we constructed a mutant Pitl protein, Pitl-
2A, in which Pitl region A (DTGDVSSKYV) was replaced with
the corresponding region (KQGGVTQEA) of Pit2. We first
verified that Pit1-2A, like Pit2, does not efficiently function as
a GALV or FeLV-B receptor (Fig. 1). We then used flow-
cytometric analysis to detect HA epitope-tagged soluble
GALYV or FeLV-B SU envelope proteins bound to MDTF cells
expressing Pitl, Pit2, or Pit1-2A. As expected, both FeLV-B
and GALV HA-tagged SUs bound MDTF-Pitl cells (Fig. 2),
whereas neither SU bound MDTF or MDTF-Pit2. Surpris-
ingly, even though the Pit1-2A protein does not function effi-
ciently as a receptor for FeLV-B, as evidenced by the substan-
tially lower FeLLV-B titers observed with MDTF-Pit1-2A than
with MDTF-Pitl, it does efficiently bind FeLV-B SU (Fig. 1
and 2, respectively).

We reasoned that, as neither Pit2 nor the MDTF ortholog of
Pitl binds GALV or FeLV-B (Fig. 2) and as both proteins
contain a lysine residue at the first position of region A (13,
34), the presence of a lysine residue at this position in region
A may be deleterious for virus binding. Therefore, the substi-
tution of a lysine for the aspartate at the first position of Pitl
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region A would abolish Pitl virus binding. To test this hypoth-
esis, we replaced the aspartate residue at position 550 of region
A in Pitl with a lysine residue, corresponding to that found at
position 522 of Pit2. This receptor (Pit1-D550K) retained both
GALV and FeLV-B receptor function, albeit at an approxi-
mately 100-fold-reduced efficiency (Fig. 1). In contrast, the
binding of both GALV and FeLV-B SUs to MDTF-Pitl-
D550K cells was similar to that observed with MDTF-Pit1 cells
(Fig. 2). These findings demonstrate that the presence of a
basic residue at the first position of region A in Pitl is not
sufficient to disrupt the ability of either GALV or FeLV-B SU
to bind the Pit1-D550K mutant receptor (Fig. 2), indicating
that the absence of virus binding observed with Pit2 is not
solely attributable to the basic residue at position 522.

We had previously reported that expression of a Pitl mutant
designated Pit1-D550T (4), wherein the aspartate at position
550 of Pitl was replaced with a threonine residue, failed to
render MDTF-Pit1-D550T cells susceptible to GALV. This
cell line was made by exposing MDTF cells to PA317-produced
vectors containing the Pit1-D550T ¢cDNA. We have now de-
veloped improved methodology for assessing virus receptor
function by establishing stable MDTF receptor-expressing cell
lines using VSV G protein-enveloped retrovirus vectors pro-
duced in 293T cells (as described in Materials and Methods).
MDTF-Pitl and MDTF-Pit1-D550T cell lines generated with
PA317 vectors express little or no receptor, respectively, as
assessed by flow-cytometric analysis of envelope binding (data
not shown). In contrast, MDTF-Pitl cells generated by trans-
duction with vectors bearing VSV envelopes, produced in 293T
cells, express higher levels of receptor. Infection studies using
VSV vector-derived MDTF-Pit1-D550T cells, in contrast to
those derived with PA317 vectors (4), show that these cells
bind both GALV and FeLV-B SUs (Fig. 2) and are susceptible
to infection by these viruses (Fig. 1). We have also observed
that VSV vector-transduced MDTF-Pit1-D550T populations
are less stable than MDTF-Pitl cells. In contrast to MDTF-
Pitl cells, MDTF-Pit1-D550T cells exhibit a bimodal shift in
fluorescence intensity with two populations of cells: one pop-
ulation efficiently binds GALV and FeLV-B SU proteins, while
the other does not (Fig. 2). Pitl, Pit1-D550T, and Pit1-D550K
are functional receptors for GALV and FeLV-B; hence the
receptors are expressed and localize to the plasma membrane.

As reported above, neither GALV nor FeLV-B can use the
Pit1-2A chimeric receptor to efficiently infect cells. To evaluate
why Pit1-2A is not a functional receptor, we tagged this protein
with an HA epitope so that expression and cellular location
could be determined. Pitl, Pit1-D550T, and Pit1-D550K were
similarly tagged to compare results to those obtained with
Pit1-2A. Infection efficiency of the receptors was not altered by
the addition of the epitope tag, as shown in Table 1. Western
blot analysis of whole-cell lysates (data not shown) and mem-
brane preparations prepared from MDTF cells expressing
Pit1-HA, Pit1-D550T-HA, or Pitl-2A-HA receptor proteins
revealed the presence of a 70-kDa protein in all transduced
cells (Fig. 3), indicating that all these proteins are transported
to the cell membrane. Pit1-2A, therefore, fails to function as a
virus receptor due to inherent differences between the mem-
brane-associated form of Pit1-2A and that of either Pitl or
Pit1-D550T.

A second region within Pitl is also important in receptor
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GALYV  FeLV-B
Receptor Titer Titer
(10 (10%
None 0 0
Pit1 | | 53000 12,000
550-558
Pit1-2A | | | 0 1
D550K
Pit1-D550K | { | 300 100
D550T
Pit1-D550T | l | 8,000 6,000
214 356
23 36
Pit1-C-2B | - | 36,000 11,000
216- 244
Pit1-N-2B \ I | 0 0
214 356 D550T
27,000 11,000

FIG. 1. Infection results with GALV- and FeLLV-B-enveloped retrovirus vectors on MDTF cells stably expressing Pitl, Pit2, or Pitl chimeric
or mutant receptors. Bars, schematic representations of receptors (white, Pitl; black, Pit2). Residue positions of mutations or substitutions are
indicated. The titers from at least three independent experiments were averaged and are expressed as mean numbers of B-galactosidase-expressing

cells.

function. While it is clear that region A functions at a post-
binding step in the entry of FeLV-B, its role in supporting
GALYV entry is more complex. We hypothesized that the fail-
ure of GALV to bind Pitl-2A was due to conformational
changes induced by the substitution of Pit2 residues that block
access to the authentic Pitl GALV binding site. We therefore
sought to identify other regions that are important in Pitl
GALYV binding and constructed a series of Pitl receptor chi-
meras that retained authentic Pitl region A but contained
Pit2-derived residues in other regions of the Pitl backbone. Of
the 17 chimeric receptors tested, only one receptor, Pit1-2B,
failed to function as either a GALV or FeLV-B receptor (Fig.
1). Pitl1-2B contains 143 residues from Pit2 (residues 214 to
356) in place of the corresponding residues of Pitl (residues
230 to 391).

To determine whether the inability of Pit1-2B to function as
a virus receptor was due to the absence of protein expression,
we tagged Pit1-2B with an HA epitope. Western blot analysis
of cell membranes prepared from MDTF cells (see Materials
and Methods) showed that the Pitl-2B-HA protein is ex-

pressed (Fig. 3), even though it does not function for GALV or
FeLV-B entry (Table 1). To further localize the specific Pit2
residues that were deleterious to Pit1-2B GALV and FeLV-B
receptor function, two additional Pit1 chimeric receptors were
made and tested. Pit1-N-2B, containing Pit2 residues 216 to
244 in place of Pitl residues 232 to 260, failed to facilitate
either FeLV-B or GALV entry (Fig. 1) or efficiently bind
GALV or FeLV-B (Fig. 2). Pit1-C-2B, containing Pit2 residues
243 to 356 in place of Pitl residues 259 to 391, retained viral
receptor function comparable to that of wild-type Pitl (Fig. 1).
Therefore, only 28 of the 143 Pit2 residues present in Pit1-2B
are required to abolish Pitl receptor function.

After establishing that the Pit1-2B protein is expressed, we
next used flow-cytometric analysis to detect the Pitl-2B-HA
protein, as well as other Pitl HA-tagged receptors, on the cell
surface. MDTF cells expressing Pitl-HA, Pit1-2A-HA, Pitl-
D550K-HA, and Pit1-D550T-HA bound to the anti-HA anti-
body, suggesting that the C termini of these receptors are
extracellular (Fig. 4). In contrast, the Pit1-2B-HA protein is
undetectable (Fig. 4), indicating that its C terminus is located
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FIG. 2. Histograms from flow-cytometric analysis of cells stained with fluorescein-conjugated monoclonal antibody HA.11, recognizing soluble
HA-tagged GALV SU (A) and FeLV-B SU (B) glycoproteins. The x axis represents fluorescence intensity (log scale), and the y axis represents
cell number. Shaded areas correspond to negative-control MDTF cells exposed to HA-tagged glycoproteins; areas beneath boldface lines
correspond to MDTF cells stably expressing receptors exposed to HA-tagged glycoproteins.
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TABLE 1. Infection properties of HA-tagged receptors

Titer (bfu/ml)® of:

Receptor”
GALV FeLV-B

None <10 <10

Pitl 4.0 X 10° 1.0 X 10°
Pit1-HA 5.2 X 10° 1.7 X 10°
Pit1-2A-HA <10 7.6 X 107
Pit1-D550T-HA 1.8 X 10° 0.3 X 10°
Pit1-D550K-HA 0.7 X 10° 2.7 X 10*

Pit1-2B-HA <10 <10
Pit1-2B-D550T-HA 2.4 x10° 0.3 X 10°

“ Receptors are stably expressed in MDTF cells transduced by VSV G-envel-
oped vectors expressing receptor cDNA genomes, as described in Materials and
Methods.

® Titers are expressed as the mean numbers of blue foci (bfu) on target MDTF
cells or MDTF cells expressing various receptors per milliliter from three exper-
iments.

either inside the cell or in the cell membrane. To further
authenticate the cellular location of the C-terminal HA tag
attached to Pitl and the other chimeric receptors, we per-
formed immunofluorescence assays using an anti-HA antibody
on both permeabilized and nonpermeabilized live MDTF cells
expressing HA-tagged receptor proteins Pitl, Pitl-2A, and
Pit1-2B; untagged MDTF-Pitl cells were used as a negative
control. We then used fluorescence scanning confocal micros-
copy to provide optical sectioning of cells. As expected, neither
nonpermeabilized nor permeabilized MDTF-Pitl cells immu-
noreacted with the fluorescein-conjugated HA antibody (Fig.
5), whereas both nonpermeabilized and permeabilized MDTF-
Pit1-HA were highly immunoreactive (Fig. 5). The ability to
detect the HA-tagged Pitl receptor on nonpermeabilized cells
clearly shows that the HA tag localizes to the cell membrane,
confirming that the C terminus of Pit1-HA is extracellular. The
same observation was made for Pit1-D550T-HA and Pit1-2A-
HA. In contrast, the Pit1-2B-HA protein was detected only
after cell membrane permeabilization (Fig. 5), an observation
consistent with the C terminus of this membrane protein being
positioned inside the cell membrane. Results obtained with

Pit1-2B-D550T

Pit1
Pit1-2B
Pit1-D550T
Pit1-2A

St — o

FIG. 3. Western blot detection of HA-tagged mutant Pit1 receptor
proteins using fluorescein-conjugated monoclonal antibody HA.11.
Cell membranes were prepared from equivalent quantities of MDTF
cells stably expressing HA-tagged receptors, as described in Materials
and Methods.
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FIG. 4. Histograms of flow-cytometric analyses, showing detection
of Pitl receptors fused to C-terminal HA epitope tags by monoclonal
antibody HA.11 stained with a fluorescein-conjugated second anti-
body. Shaded areas represent negative-control MDTF-Pit1 cells; areas
beneath boldface lines represent MDTF cells expressing HA-tagged
receptor proteins. The x axis represents fluorescence intensity (log
scale), and the y axis represents cell number.

Pit1-2B-HA suggest that this region of Pit2 is a topogenic
determinant that controls the conformation of the receptor,
thereby blocking access to the authentic binding site. It is
possible that both Pit1 and Pit2 contain FeLLV-B and/or GALV
binding sites but that they are obscured in receptors containing
Pit2 region B (e.g., Pit1-2B and Pit2).

Pitl membrane orientation is regulated by at least two dis-
crete determinants. We have previously shown that, in Pit2,
substitution of a single residue at the first position in region A
of Pit2 (Pit2-K522E) is sufficient to confer GALV and FeLV-B
receptor function to Pit2 (9). This finding suggests that muta-
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A. B.

FIG. 5. Confocal images of individual live nonpermeabilized
(A) and permeabilized (B) cells from immunofluorescence studies.
MDTF cells expressing receptors bearing C-terminal HA epitope tags
were incubated with monoclonal antibody HA.11 and then stained
with a fluorescein-conjugated second antibody. 1, MDTF-Pitl, un-
tagged negative control; 2, MDTF-Pitl; 3, MDTF-Pit1-2A; 4, MDTF-
Pit1-2B; 5, MDTF-Pit1-D550T; 6, MDTF-Pit1-2B-D550T.

tions in Pit2 region A can compensate for the deleterious
effects of Pit2 region B on GALV and FeLV-B receptor func-
tion. To determine if it might be possible to restore Pitl1-2B
GALYV and FeLV-B virus binding and entry functions by mak-
ing mutations in region A, we constructed mutant receptor

FUNCTION OF Pitl REGION A 7689

Pit1-2B-D550T, in which a threonine was substituted for the
aspartate at the first position of Pit1-2B region A. MDTF cells
expressing this protein proved to efficiently bind GALV and
FeL'V-B SUs (Fig. 2) and to be susceptible to both viruses, as
shown by infectivity assays (Fig. 1). We attached an HA
epitope tag to the Pit1-2B-D550T protein; Western blot anal-
ysis of MDTF-Pit2B-D550T-HA whole-cell lysates (data not
shown) and membrane preparations showed that the Pit1-2B-
D550T-HA protein is expressed and localized to the cell mem-
brane (Fig. 3). As expected from results obtained with the
other HA-tagged Pit proteins, Pit1-2B-D550T-HA functions
as a virus receptor as efficiently as Pit1-2B-D550T (Table 1 and
Fig. 1). We then immunoreacted both permeabilized and non-
permeabilized live MDTF cells expressing Pit1-2B-D550T-HA
with the fluorescein-conjugated HA antibody and used fluo-
rescence scanning confocal microscopy to determine the mem-
brane position of the HA tag. Both nonpermeabilized and
permeabilized MDTF-Pit1-2B-D550T-HA cells were detected
with the anti-HA antibody (Fig. 5). The ability to detect the
HA-tagged receptor on nonpermeabilized cells indicates that
the C terminus of Pit1-2B-D550T-HA is extracellular. Thus, a
single residue change in region A of Pit1-2B can functionally
compensate for the loss of GALV or FeLV-B receptor func-
tion associated with Pit2 region B residues, and replacement of
the aspartate with a threonine at residue 550 causes a reori-
entation of the Pit1-2B protein in the cell membrane.

The current model for Pit1 topology predicts intracellular N-
and C-terminal extremities (12). We have now determined,
using Pit1-HA, that the C terminus of this receptor is extra-
cellular. To resolve the location of the N terminus of Pitl, we
constructed Pit1-NHA by attaching a single HA epitope tag in
frame at the N terminus of Pitl. When expressed in MDTF
cells, Pitl1-NHA behaved like wild-type Pitl in its ability to
confer susceptibility to GALV and FeLV-B (data not shown),
illustrating that the tag does not affect Pitl receptor function.
Flow-cytometric analysis and fluorescence microscopy with live
nonpermeabilized cells were used to determine if the HA
epitope could be detected on the surfaces of MDTF-Pitl-
NHA cells. As shown in Fig. 6, flow cytometry demonstrates
that the HA tag can be detected on the surfaces of MDTF-
Pit1-NHA cells. In agreement with this finding, immunofluo-
rescence analysis of nonpermeabilized cells showed immuno-
reactivity with the anti-HA antibody, supporting an
extracellular positioning of the N terminus of Pitl-NHA (Fig.
6). Thus, both the C and N termini of epitope-tagged Pitl are
extracellular (Fig. 5 and 6, respectively). The current model
also predicts that all potential N-linked glycosylation sites (res-
idues 96, 371, 415, and 497) are intracellular. To further ex-
perimentally investigate the organization of the Pitl protein,
we performed glycosylation studies. Whole-cell lysates pre-
pared from MDTF-Pitl-HA and MDTF-Pitl-2A-HA cells
were analyzed by Western blotting using the anti-HA antibody.
As expected, signals corresponding to a 70-kDa protein were
detected in both cell lysates (Fig. 7). Treatment of both lysates
with N-glycosidase F, which removes N-linked oligosaccha-
rides, induced a shift in the molecular mass of the protein,
observed as a lower band on the Western blot (Fig. 7). This
observation suggests that Pitl and Pit1-2A are both glycosy-
lated proteins.
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FIG. 6. . Fluorescence images (A) and flow-cytometric histograms (B) detect the presence of both the N and C termini of the Pit1 receptor on
the surfaces of live nonpermeabilized MDTF cells expressing Pitl receptors bearing either C- or N-terminal HA epitope tags (Pitl-HA and
Pit1-NHA, respectively). Pit] bearing no epitope tag (Pit1) was used as a negative control. Cells were incubated with monoclonal antibody HA.11,
washed, and then incubated with a fluorescein-conjugated second antibody. Shaded areas on histograms represent negative-control MDTF-Pit1
cells; areas beneath the boldface lines represent MDTF cells expressing HA-tagged receptors. The x and y axes are as defined for Fig. 2.

Proposed topology of Pitl. A recently proposed topology
model for Pit2 is based on broad database analysis of related
sequences and experimental assessment involving protein gly-
cosylation studies, epitope tagging of the N and C termini, and
in vitro translation of truncated Pit2 mutants (26). In this
model Pit2 has extracellular N and C termini and 12 TM
domains. Salaiin and coworkers used the ProDom database to
identify a homology domain, named PD1131 (25); this domain

Pit1(-)
Pitl(+)
Pit1-2A(+)
Pit1-2A(-)

.ﬂ “ﬁ <— 70 kDa

FIG. 7. Glycosylation studies of Pitl-HA and Pit1-2A-HA; whole-
cell lysates from MDTF cells expressing the receptors were immuno-
precipitated with agarose beads coupled to a rat monoclonal anti-HA
antibody (see Materials and Methods); one-half of each lysate was
treated with N-glycosidase F enzyme, and then undigested (—) and
digested (+) samples were analyzed by Western blotting. Signals were
detected by using fluorescein-conjugated monoclonal antibody HA.11.

is highly conserved among plant, bacterial, and eukaryotic rep-
resentatives of the Pit family of proteins (24) and is contained
in both the N- and C-terminal regions of Pitl and Pit2. When
the entire Pit2 sequence was analyzed using the PHD Predict-
Protein algorithm (23, 24), 11 TM domains were predicted,
with N-PD1131 sequences harboring 3 TM domains and C-
PD1131 harboring only 2. However, when the C-PD1131 ho-
mology domain was analyzed as an isolated sequence, PHD
PredictProtein proposed that it contains three rather than two
TM domains. The prediction of 11 TM domains for Pit2 is
clearly inconsistent with the observation of Salaiin et al. that
both Pit2 termini are extracellular. To reconcile this discrep-
ancy, Salaiin et al. hypothesized that the C-PD1131 sequences,
like the N-PD1131 sequences, contain 3 TM domains, and
therefore their topological model of Pit2 contains a total of 12,
not 11, TM domains.

We propose a new model of Pitl topology based on our
combined experimental observations and a prediction of TM
domain organization made by using the PHD PredictProtein
algorithm (23, 24). PHD PredictProtein estimates that Pit1 has
10 TM domains, 9 of which are similar to those previously
proposed using hydropathy plot analyses (12) (Fig. 8). This
algorithm estimates a low probability that residues 512 to 532
comprise a TM domain and instead predicts that residues 129
to 146 form TM domain 4 (TM4) (Fig. 8). PHD PredictProtein
also places region A in the large intracellular loop directly
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FIG. 8. Schematic representations of Pitl receptor protein based on Kyte-Doolittle (12) or PHD PredictProtein (23) systems. Cylinders, TM
domains; lines above and below, extracellular and cytoplasmic domains, respectively. The residue numbers that represent the boundaries of the
TM domains are shown at the opposing ends of each cylinder. Asterisk, potential N-glycosylation site at position 96. TM4 of Pitl (residues 129
to 146) is present in the PHD-predicted model but absent from the Kyte-Doolittle system-based model. TM7 (residues 512 to 532; green cylinder)
becomes part of the large cytoplasmic loop (green line) in the PHD model. Yellow lines, relative locations of region A; red line and cylinder (TM7
and flanking residues of PHD model), region B (residues 232 to 260).
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adjacent to TMS (Fig. 8). The Pitl topology predicted by PHD
PredictProtein agrees with our experimental findings that the
N and C termini of Pitl are extracellular (Fig. 4 and 6). We
have also determined that, like Pit2, Pitl is a glycoprotein. In
our topology model, both Pit1 and Pit2 have potential N-linked
glycosylation sites within the predicted extracellular loop 1
(Fig. 8). All other asparagines that are found to constitute
potential glycosylation sites are located in the large cytoplas-
mic loop between TM7 and TMS. Salaiin and coworkers
showed by site-directed mutagenesis and glycosylation studies
that the asparagine present in the first extracellular loop of Pit2
carries an N-linked oligosaccharide (26). It is therefore prob-
able that Pitl asparagine 96 within the corresponding Pitl
extracellular loop also carries an N-linked oligosaccharide. The
Pit2 PD7717 homology domain that extends from N-PD1131
to the large cytoplasmic loop region has a residue identity of
92% with Pitl. PHD PredictProtein invariably estimates three
TM domains in aligned sequences containing the PD7717 do-
main. Based on these observations, it is reasonable to assume
that Pitl and Pit2 form similar structures up to and including
TM?7. The proposed 8th, 11th, and 12th TM domains of Pit2 do
not correspond to any of the C-terminal TM regions assigned
to Pitl, suggesting that the C-terminal regions of Pitl and Pit2
vary in their topologies.

Regions A and B are topogenic determinants. Region A has
been proposed to play a critical role in virus entry because the
exchange or mutation of region A in Pitl and Pit2 dramatically
alters their abilities to support GALV or FeLV-B infection
(reviewed in reference 20). The argument supporting region A
as a viral binding site is weakened by two points: (i) the ab-
sence of a consensus binding site among functional Pitl and
Pit2 receptors and (ii) the failure to demonstrate that muta-
tions in region A that abolish virus receptor function do so
because they abolish virus binding. Our present findings sup-
port the hypothesis that region A is not a binding site for
FeLV-B but instead controls virus entry at a postbinding step,
since mutations in region A that abolish efficient receptor
function do not affect FeLV-B binding (e.g., Pit1-2A; Fig. 1
and 2).

We have identified a second domain, region B, comprising
Pit] TM7 and the flanking region (Fig. 8), that plays a critical
role in both virus binding and entry. Substitution of Pit2 region
B residues for the corresponding region of Pitl results in a
chimeric protein (Pit1-2B) that fails to bind virus. The obser-
vation that Pit1-2B fails to bind GALV or FeLV-B (Fig. 2)
even though it contains an intact region A suggests that se-
quences outside of region A can block Pitl virus binding. We
have ascertained that region A functions as a determinant that
regulates Pitl organization in that it directs proper membrane
orientation. Mutations in region A (e.g., Pit1-D550T) amelio-
rate the effects of Pit2 region B on Pitl virus binding and
simultaneously reorient the C terminus to a position outside
the membrane (Pit1-D550T-2B; Fig. 2 and 5).

Polytopic membrane assembly involves the precise orienta-
tion and integration of TM helices into the endoplasmic retic-
ulum membrane, correct folding of cytoplasmic loop regions,
and final assembly into a mature tertiary structure. For certain
polytopic proteins it has been demonstrated that TM segments
and/or their flanking regions contain topogenic determinants
that direct membrane assembly in a cooperative manner (2, 8).
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For example, the Saccharomyces cerevisiae Sec61p protein re-
quires intramolecular cooperation between sequences located
in the C terminus and upstream sequences in TMS for correct
membrane topogenesis (36). Similar signal sequences have
been identified within the human P glycoprotein (29) and the
cystic fibrosis transmembrane conductance regulator protein
(28). These determinants can act either synergistically or inde-
pendently to direct both topogenesis and integration of the
nascent chain into the membrane. The arrangement of topo-
genic information is critical to proper membrane integration.
Region A and region B act similarly in that either each can
independently abolish receptor function (e.g., Pit1-2A and
Pit1-2B) or they can interact in a cooperative manner to direct
appropriate Pit]l membrane orientation and render nonfunc-
tional Pitl- or Pit2-derived receptors competent for GALV or
FeLV-B entry (e.g., Pit1-2B-D550T). Stringent cellular pro-
cesses have been demonstrated to recognize misfolded pro-
teins and direct their subsequent degradation (28). A similar
process may account for the diminished representation of the
Pit1-2B protein in the cell membrane compared to Pit1-2B-
D550T (Fig. 3). The arrangement of two distinct topogenic
segments, located in regions A and B, serves to regulate the
ability of Pitl or Pit2 to bind or facilitate GALV or FeLV-B
entry. In summary, we have determined that region A is not the
Pit1 virus binding site but instead functions cooperatively with
region B to facilitate Pitl-mediated viral entry.
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