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The Chinese hamster cell lines E36 and CHOKI1 dramatically differ in susceptibility to amphotropic murine
leukemia virus (A-MuLV) and gibbon ape leukemia virus (GALV); E36 cells are highly susceptible to both
viruses, CHOKI cells are not. We have previously shown that GALYV can infect E36 cells by using both its own
receptor, HaPitl, and the A-MuLV receptor, HaPit2. Given that the two cell lines are from the same species,
the loss of function of both of these receptors in CHOKI cells is surprising. Other studies have shown that
CHOKI1 cells secrete proteins that block A-MuLV entry into CHOK1 as well as E36, suggesting the two
A-MuLV receptors are functionally identical. However, CHOK1 conditioned medium does not block GALV
entry into E36, indicating the secreted inhibitors do not block HaPitl. HaPitl and ChoPitl therefore differ as
receptors for GALV; ChoPitl is either inactivated by secreted factors or intrinsically nonfunctional. To
determine why GALYV cannot infect CHOK1, we cloned and sequenced ChoPitl and ChoPit2. ChoPit2 is almost
identical to HaPit2, which explains why CHOKI1 conditioned medium blocks A-MuLV entry via both receptors.
Although ChoPitl and HaPitl are 91% identical, a notable difference is at position 550 in the fourth extra-
cellular region, shown by several studies to be crucial for GALV infection. Pitl and HaPitl have aspartate at
550, whereas ChoPitl has threonine at this position. We assessed the significance of this difference for GALV
infection by replacing the aspartate 550 in Pitl with threonine. This single substitution rendered Pitl non-
functional for GALV and suggests that threonine at 550 inactivates ChoPitl as a GALV receptor. Whether
native ChoPitl functions for GALV was determined by interference assays using Lec8, a glycosylation-deficient
derivative of CHOKI1 that is susceptible to both viruses and that has the same receptors as CHOKI1. Unlike
with E36, GALV and A-MuLV exhibited reciprocal interference when infecting Lec8, suggesting that they use
the same receptor. We conclude both viruses can use ChoPit2 in the absence of the inhibitors secreted by

CHOKI1 and ChoPitl is nonfunctional.

Gibbon ape leukemia virus (GALV) and amphotropic mu-
rine leukemia virus (A-MuLV) use related cell surface proteins
as receptors to infect mammalian cells. Both proteins are so-
dium-dependent phosphate symporters predicted to have 10
transmembrane helices, five extracellular regions, and a large
intracellular portion (8, 14, 17-19, 27, 28, 31). The receptors
from human, mouse, rat, and hamster cells have been cloned
and characterized, and the human receptors for GALV and
A-MuLV have been designated Pitl and Pit2, respectively (7,
14, 18, 25, 27-29). The human and rat receptors for the two
viruses are functionally distinct; each virus uses only its own
receptor to infect these cells. A hallmark property of A-MuLV
is that it strictly retains Pit2 receptor specificity for infecting
cells from various species; no naturally occurring GALV re-
ceptor that is also permissive for A-MuLV is known. However,
receptor usage by GALV is not restricted to Pit1; the virus can
infect the murine cell line MMMol and the Chinese hamster
lung fibroblast line E36 via both Pitl and Pit2 (28, 29). All
feline leukemia virus subgroup B isolates use Pitl as the re-
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ceptor (26), and some can also use Pit2 (1). 10A1 murine
leukemia virus can infect cells via both Pitl and Pit2 (17, 28).
Previously we showed that GALV and A-MuLV exhibit non-
reciprocal interference when infecting E36 cells; GALV-in-
fected cells become resistant to A-MuLV, but A-MuLV-in-
fected cells remain susceptible to GALV. This finding suggested
that GALYV infects these cells via its own receptor, as well as
the A-MuLV receptor. We cloned and characterized the re-
ceptors from E36 and found that GALYV indeed uses both its
own receptor (HaPitl) and the A-MuLV receptor (HaPit2)
(5). Thus, dual-receptor usage by GALV sets E36 cells phe-
notypically apart from human, rat, and most other cells.
Unlike E36, the Chinese hamster ovary cell line CHOK1 is
resistant to both GALV and A-MuLV. The block to infection
is glycosylation dependent and is at the entry level (15, 16).
Moreover, the block to GALV and A-MuLV results from the
presence of proteinaceous factors that CHOKI secrete (15,
16). These factors presumably block viral interaction with
CHOKI receptors, rendering the cells resistant. In contrast,
Lec2 and LecS8 cells, both glycosylation-deficient derivatives of
CHOKI1 (23, 24), are susceptible to both viruses (15, 16). Lec2
and Lec8 have the same A-MuLV and GALV receptors as
CHOKI1, and conditioned medium from CHOKI inhibits virus
entry into both cell lines. The inhibitory effect of the factors
that CHOKI1 secrete is specific for GALV and A-MuLV entry
into CHOKI1 and some other hamster cells; the conditioned
medium has no effect on virus entry into human, mouse, and
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FIG. 1. Sequence comparison of ChoPit2 and HaPit2, the A-MuLV receptors from CHOKI1 and E36. For HaPit2, dashes represent residues common with ChoPit2,
dots represent spaces introduced for alignment, and the amino acid differences are shown by single-letter codes. The putative extracellular regions are underlined and

labeled I to IV.

rat cells or on virus entry into CHOK1 expressing the receptors
from other species (5, 16, 30).

It is not known whether CHOKI1 receptors for GALV and
A-MulLV, like their isotypes from E36, are both functional for
GALYV. Because both E36 and CHOKI1 were derived from the
Chinese hamster, it appeared likely that the two sets of recep-
tors are functionally identical and that GALV can use both
CHOKI1 receptors in the absence of secreted inhibitors. How-
ever, conditioned medium from CHOKI1 has little or no effect
on GALYV entry into E36, which shows that the secreted in-
hibitors do not inactivate HaPitl. GALV receptor isotypes
from CHOKI1 and E36 are therefore functionally different. We
report here cloning and sequencing of the A-MuLV and
GALYV receptors from CHOKI. Our results show that while
the A-MuLV receptor from CHOKI, like its isotype from E36,
functions for both viruses in the absence of secreted inhibitors,
the GALV receptor from CHOKI has an intrinsic lesion that
renders it nonfunctional.

MATERIALS AND METHODS

Cells. The Chinese hamster cell lines CHOKI1 and the glycosylation-deficient
CHOKI1 derivative lines Lec2 and Lec8 were obtained from American Type
Culture Collection (CCL 61, CRL 1736, CRL 1737, respectively). E36, a deriv-
ative of male Chinese hamster lung fibroblast cell line V79, was kindly provided
by Christine Kozak (National Institute of Allergy and Infectious Diseases, Be-
thesda, Md.). The Mus dunni tail fibroblasts (MDTF; ATCC CRL 2017) were a
gift from Olivier Danos (Institut Pasteur, Paris, France). PA317/BSN and PG13/
BSN produce vectors with A-MuLV and GALV envelopes, respectively, and
their construction has been described elsewhere (10, 11, 13). MDTF expressing
Pitl or Pit1-D550T (MDTF-Pitl or MDTF-Pit1-D550T) were derived as de-
scribed before (29). CHOKI, Lec2, and Lec8 were grown in alpha minimal
essential medium; all other cell lines were grown in Dulbecco’s modified Eagle’s
medium (BioWhittaker, Walkersville, Md.). The growth media contained 10%
fetal bovine serum, 4 mM L-glutamine, 100 U of penicillin per ml, and 100 p.g of
streptomycin per ml.

ChoPitl and ChoPit2 cloning. A cDNA library was constructed by using
CHOKI1 poly(A)* RNA. Known receptor sequences were obtained from Gen-
Bank, and PCR primers were designed on the basis of conserved regions. Primers
were used in a reverse transcription-PCR with CHOK1 mRNA as template to
synthesize small cDNA fragments that were then used to screen the CHOKI1 Mgt
22A (Gibco-BRL, Gaithersburg, Md.) cDNA library. A partial A-MuLV recep-
tor cDNA homolog lacking the 5’ sequences was subcloned into pBluescript 11
KS(+) (Stratagene, La Jolla, Calif.) and sequenced. Reverse primers based on
this partial cDNA were used to amplify a full-length amphotropic cDNA from
CHOKI1 mRNA. A similar approach was required to obtain a full-length
CHOKI1 GALYV receptor homolog cDNA from a partial cDNA isolated from the
same Agt 22A CHOKI1 c¢DNA library. Contiguous sequence files (GenBank

accession no. AF063024 for ChoPit1 and AF063025 for ChoPit2) were assembled
and aligned to the A-MuLV and GALV receptor cDNA sequences obtained
from human and E36 hamster receptor cDNA homologs.

Mutagenesis. Aspartate at position 550 in human Pitl was replaced with
threonine by PCR mutagenesis. Plasmid DNA from three independent clones
was sequenced to confirm the mutation and to detect any unscheduled muta-
tions. The mutant fragment was subcloned into pLNS-Pit1 to derive pLNS-Pit1-
D550T. pCRII (Invitrogen Corporation, Carlsbad, Calif.) was used for sequenc-
ing to confirm the D550T mutation in Pitl. Primers used for PCR mutagenesis
were synthesized by Gibco-BRL. The retroviral expression vector pLNSX, which
carries the neo gene as the selectable marker, has been described elsewhere (12).

Expression of receptor cDNAs. Stable expression of mutant receptor cDNAs
was accomplished as described before (5). Plasmids containing mutant receptor
cDNAs were transfected into PA317 packaging cells by calcium phosphate-
mediated DNA precipitation using a Profection kit (Promega, Madison, Wis.),
and the cells were selected with 450 ug of G418 (active; Gibco-BRL) per ml.
MDTF cells were then exposed to supernatant from transfected PA317 as pre-
viously described (5). The infected MDTF were selected with 600 pg of G418
(active) per ml. For transient expression of receptors, CHOKI were directly
transfected with equal amounts of DNA, and the cells were tested for A-MuLV
infection without selection with G418.

Infection assays. A day before the assay, 20,000 cells per well were seeded in
24-well plates. Supernatant from PA317/BSN or PG13/BSN were added in var-
ious dilutions and removed after additional 20 h. Incubation at 37°C was con-
tinued for another 48 h, at which time the cells were processed for B-galactosi-
dase activity. Blue cells were counted to determine the apparent titer, reported
here as blue-forming units (BFU) per milliliter. Each value is the mean =+
standard error of the mean.

Interference assays. Lec8 and MDTF-Pitl were productively infected with
wild-type GALV(SEATO) or A-MuLV(4070A), and vectors produced by
PA317-BSN and PG13-BSN were used as the superinfecting pseudotypes. Un-
infected Lec8 and MDTF-Pitl were used as controls to determine the apparent
vector titers. Cells were seeded at a density of 25,000 per well in 24-well plates,
and the infections with viral pseudotypes were carried out as described above.

RESULTS

The A-MuLV receptors from CHOKI1 and its E36 isotype
are similar. Previously we have reported the cloning and char-
acterization of HaPit2, the A-MuLV receptor from E36 cells
(28). The A-MuLV receptor from CHOKI1 (ChoPit2) was
cloned and sequenced as described in Materials and Methods.
The amino acid sequence comparison shows that ChoPit2 and
HaPit2 are 97% identical (Fig. 1). The coding sequences for
the two receptors are 99% identical. HaPit2 was the first re-
ceptor identified that has the unusual property of being func-
tional not only for A-MuLV but also for GALV. Thus, GALV
enters E36 cells via its own receptor, HaPit1, as well as HaPit2.
This accounts for the nonreciprocal interference the two vi-
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FIG. 2. Sequence comparison of ChoPitl and HaPitl, the GALYV receptors from CHOKI and E36. For HaPitl, dashes represent residues common with ChoPit1,
dots represent spaces introduced for alignment, and the amino acid differences are shown by single-letter codes. The putative extracellular regions are underlined and

labeled I to IV.

ruses exhibit when infecting E36; A-MuLV-infected cells re-
main susceptible to GALV, while GALV-infected cells be-
come resistant to A-MuLV (3, 28, 30).

The putative extracellular regions of ChoPit2 are identical to
those of HaPit2 (Fig. 1). Both receptors have glutamate instead of
lysine at position 522 in the fourth extracellular region. This
position is critical for GALV entry; a lysine at 522 in the Pit2
group receptors and at the corresponding position in the Pitl
group receptors renders them nonfunctional for GALV (28).
We have shown before that Pit2, which is nonfunctional for
GALYV, becomes a highly efficient receptor for this virus when
the lysine at 522 is replaced with glutamate (5). While the absence
of lysine at position 522 confers GALV receptor function, its
presence or absence in the Pit2 group receptors does not affect
A-MuLV entry. Thus, ChoPit2, like HaPit2, should function as
a receptor not only for A-MuLV but also for GALV.

Threonine at position 550 in the fourth extracellular region
of Pitl is detrimental for GALV entry. ChoPitl and HaPitl are
91% identical in sequence, and the two receptors differ only at
five positions in the putative extracellular regions (Fig. 2). One
of these differences is in domain II and the other four are in
region A, the last nine residues of domain IV (Fig. 3). The
position in domain II varies in many functional receptors and
is therefore likely not important for GALV entry.

Region A (residues 550 to 558) of Pitl group receptors is the
only portion of the receptors implicated in GALV infection (6
7, 25). A number of studies have suggested that only positions
550 and 551 are crucial for infection (2, 25). ChoPitl, Pitl, and
HaPit1 have threonine at 551 but differ at position 550; Cho-
Pit1 has threonine at this position, whereas Pitl and HaPit1, both
efficient receptors for GALV, have aspartate. Lysine at posi-

Pitl DTGDVSSKYV
ChoPitl TTQDVSTEKTLI
HaPitl DTGDVS SKY
Pit2 KQGGVTOQEA A
ChoPit2 EQGGVMOQEA A
HaPit2 EQGGVMQEA

FIG. 3. Region A sequences of GALV and A-MuLV receptors. The se-
quence represents residues 550 to 558 in the Pit1 group receptors and 522 to 530
in the Pit2 group. In comparison with Pitl and Pit2, the residues that differ in
each group are underlined.

tion 550 in the Pitl group receptors and at the corresponding
position in the Pit2 group receptors blocks GALV infection (6,
7) and is the only known residue at this position that renders
the receptors nonfunctional. We thought it likely that threo-
nine at 550 may also be detrimental for GALV entry. To assess
the role of threonine at position 550 in GALV infection, we
replaced the aspartate at this position in Pitl with threonine
and tested the resulting receptor, Pit1-D550T, in MDTF. This
single substitution rendered Pitl nonfunctional for GALV,
strongly suggesting that threonine at 550 also renders ChoPit1
nonfunctional (Table 1). We therefore determined the GALV
receptor function of native ChoPitl by interference assays.
GALY and A-MuLV exhibit reciprocal interference in Lec8.
CHOKI1 cells resist infection in a glycosylation-dependent
manner, evidently because the inhibitory proteins they secrete
require glycosylation for activity (15, 16). We therefore used
the glycosylation-deficient CHOKI derivative Lec8 for inter-
ference assays (23, 24). Lec8 cells have the same viral receptors
as parental CHOKI, and they either secrete no inhibitory
proteins or secrete defective ones, presumably due to lack of
glycosylation. Lec8 cells are therefore susceptible to both
GALV and A-MuLV (16) (Table 2). For interference assays,
Lec8 cells were productively infected with A-MuLV (4070A)
or GALV (SEATO), and each cell line was then tested for
susceptibility to superinfecting vectors. The two viruses exhib-
ited reciprocal interference when infecting Lec8 (Fig. 4), un-
like the nonreciprocal interference that they exhibit when in-
fecting E36 (3). GALV and A-MuLV therefore enter Lec8 via
the same receptor. Because no naturally occurring GALV re-
ceptor that also functions for A-MuLV is known and because
ChoPit2 is nearly identical to its isotype HaPit2, a functional
receptor for GALV, we conclude that the two viruses infect
Lec8 via ChoPit2. Moreover, the results suggest that the native

TABLE 1. Replacement of aspartate at position 550 in the human
receptor for gibbon ape leukemia virus renders the
receptor nonfunctional

GALV vector titer

Receptor (BFU/ml)
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TABLE 2. Cell line CHOKI1 is resistant to A-MuLV, and this block
is glycosylation dependent?

Mean vector titer (BFU/ml)” = SEM

Cell line

A-MuLV (PA317-BSN) GALV (PG13-BSN)
CHOK1 0 90¢
Lec2 (3.9 =0.5) x 10* (1.1 £0.1) x 10°
Lec8 (3.7 = 0.6) x 10* (1.0 = 0.1) x 10*

“ These findings have been reported before (15, 16), and the results shown
here are confirmatory. Lec2 and Lec8 are glycosylation-deficient derivatives of
CHOKI.

> The assays were done as described in Materials and Methods.

¢ Mean of two values.

GALYV receptor, ChoPitl, is nonfunctional. GALV entry into
CHOKI1 is therefore blocked by two separate mechanisms; the
secreted inhibitory factors block virus entry via ChoPit2, while
ChoPitl is intrinsically nonfunctional.

As expected, the two viruses exhibited no interference in
MDTF-Pitl (Table 3), consistent with the fact that A-MuLV
enters these cells via the native receptor and GALV via Pitl.

Presence of threonine at 550 has no effect on receptor trans-
port to cell surface. Although threonine at position 550 ren-
ders Pitl nonfunctional for GALYV, it is unclear whether the
loss of function is specific for GALV. It is possible, for exam-
ple, that the mutation has a generically disruptive effect on
receptor structure, blocking receptor transport to the cell sur-
face. We therefore determined whether the presence of this
mutation reduced receptor expression. One way to assess the
expression of a receptor that is nonfunctional for GALV is to
express the receptor in CHOKI and test for A-MuLV infec-
tion. This requires that the receptor be functional for the
amphotropic virus. We therefore incorporated the DS50T mu-
tation in a Pit1/Pit2 chimera, Chi-WT. This chimera contains
the extracellular domains I, II, III, and V from Pit2 and IV
from Pitl, and it is highly efficient receptor for both GALV and
A-MuLV (2). The derivative chimera, Chi-D550T, proved non-
functional for GALV. Thus, for GALV entry Chi-D550T func-
tionally mimics Pit1-D550T. When expressed in CHOK1, Chi-
D550T proved as efficient a receptor for A-MuLV as Chi-WT.
This finding shows that the effect of threonine at 550 in Chi-
D550T, though disruptive for GALV receptor function, does
not hinder receptor transport to the cell surface. We conclude
the detrimental effect of threonine at 550 is specific for GALV.

DISCUSSION

Previous studies had shown that CHOKI1 cells are resistant
to both GALV and A-MuLV because these cells secrete pro-

TABLE 3. GALV and A-MuLV exhibit nonreciprocal interference
when infecting MDTF-Pitl cells

Relative titer of superinfecting vector”

Cells (mean = SEM)
PG13-BSN PA317-BSN
MDTEF-Pitl 100 = 3 100 = 6
MDTF-Pit1(SEATO) 0.034 = 0.004 101 =2
MDTF-Pit1(4070A) 334 0.0002 = 0.0001

“ The titers afforded by MDTF-Pit1 for each vector were considered 100, and
the titers afforded by cells productively infected with GALV(SEATO) or
A-MuLV(4070A) were normalized to this number. PG13-BSN supernatant gave
a titer of (3.0 = 0.1) X 10° BFU/ml, and PA317-BSN supernatant gave a titer of
(1.8 + 0.1) X 10° BFU/ml. The assays were done as described in Materials and
Methods.
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FIG. 4. GALV and A-MuLV exhibit reciprocal interference when infecting
the glycosylation-deficient CHOK1 derivative cell line Lec8. The titers with Lec8
for each vector were considered 100, and the titers afforded by cells productively
infected with GALV(SEATO) or A-MuLV(4070A) were normalized to this
number. PG13-BSN supernatant gave a titer of (7.1 = 0.2) X 10* BFU/ml, and
PA317-BSN supernatant gave a titer of (9.1 = 0.3) X 10* BFU/ml. The assays
were done as described in Materials and Methods.

teins that block receptor usage by these viruses (15, 16). We
have shown here that ChoPit2 is functionally similar to HaPit2;
it permits both A-MuLV and GALYV entry. Unlike with E36
cells, however, GALV cannot use its own receptor from CHOK1
(ChoPitl). Thus, CHOKI cells are resistant to GALV and
A-MuLV not only because the secreted factors block ChoPit2
but also because ChoPitl is intrinsically nonfunctional for
GALV. It is known that conditioned medium from CHOK1
blocks A-MuLV entry into E36 as well as into Lec8. However,
while the conditioned medium also blocks GALV entry into
Lec8, it fails to block GALV entry into E36. Our current
findings account for these observations. The inhibitory effect of
the secreted proteins, while definitive for the A-MuLV recep-
tors from both E36 and CHOKI, is absent for GALV entry via
HaPitl. Thus, GALV enters E36 cells via its own receptor even
in the presence of CHOKI1 conditioned medium. On the other
hand, GALYV fails to infect CHOKI1 because the secreted fac-
tors block its entry via ChoPit2 and because ChoPitl is non-
functional.

The precise nature of the secreted factors that block GALV
and A-MuLV is unknown. Previous studies have suggested the
inhibitors may be endogenous envelope gene products (15, 16).
It is known that CHOKI1 cells harbor multiple type C retrovirus
sequences, and the full-length genome of one such virus has been
isolated (9). The env of this endogenous virus has high homol-
ogy to env of A-MuLV and very little to env of GALV (9),
which may explain why the inhibitory effect of CHOK1 condi-
tioned medium is specific for the A-MuLV receptor isotypes.

Our results demonstrate that the presence of threonine at
position 550 in the fourth extracellular region is detrimental
for GALV entry; when aspartate at this position in Pitl is
replaced with threonine, the receptor becomes nonpermissive
for GALV. Lysine is the only other known residue whose
presence at this position blocks GALV infection. We have
shown before that GALV does not require an acidic residue at
position 550; Pit1 with glycine, isoleucine, or glutamine at this
position remains fully permissive for virus entry (2). The exact
mechanism by which lysine or threonine at position 550 dis-
rupts receptor function is unclear. ChoPitl is the only known
native receptor that has threonine at 550. The reciprocal in-
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terference exhibited by GALV and A-MuLV when infecting
Lec8 shows that the two viruses use ChoPit2 and that ChoPitl
is nonfunctional. These cells are therefore unique in that
GALYV enters them via the A-MuLV receptor but not its own.

The viral interference with Lec8 was not as great as with
MDTEF-Pitl. This was expected because Lec8 cells are defec-
tive in UDP-galactose transport into the Golgi apparatus (3,
23) and therefore fail to properly glycosylate the viral envelope
proteins. Consequently, receptor occupancy by such envelope
proteins is considerably less, which permits enhanced entry of
the superinfecting virus. That improper glycosylation of enve-
lope proteins markedly reduces the severity of interference is
well known. Rein et al. (21) have shown that in the presence of
the glycosylation inhibitor 2-deoxy-D-glucose, retroviral inter-
ference is reduced 2 to 3 orders of magnitude, while tunica-
mycin treatment completely reverses interference. They fur-
ther showed that in the presence of glycosylation inhibitors, the
envelope proteins are inefficiently processed into SU and TM
subunits and fail to reach the cell surface. Consequently, the
receptors present on the cell surface remain available for the
superinfecting virus. Thus, phenotypically Lec8 would be sim-
ilar to 2-deoxy-D-glucose-treated cells, not tunicamycin-treated
cells, which explains why GALV and A-MuLV exhibited re-
duced interference instead of no interference.

CHOKI1 cells also resist ecotropic MuLV in a glycosylation-
dependent manner. The block to this virus is due to direct
inactivation of the viral receptor, not due to secreted factors.
The ecotropic virus receptor from murine and hamster cells
has a conserved N-linked glycosylation site. When this site in
the murine receptor is mutated and the resulting variant is
expressed in CHOKI, it renders the cells susceptible to eco-
tropic virus (4). Both ChoPit2 and HaPit2 have a potential
N-linked glycosylation site in the second extracellular domain.
Pit2, which renders CHOKI1 highly susceptible to A-MuLV,
lacks this site. But glycosylation of the two hamster receptors is
not a prerequisite for inhibition of GALV and A-MuLV in-
fection by the secreted factors; virus entry into tunicamycin-
treated CHOKI1 can be blocked with conditioned medium (15,
16). Moreover, E36 cells, despite normal glycosylation, are
highly susceptible to both viruses. Thus, the presence of the
glycosylation site in ChoPit2 and HaPit2 is irrelevant to inacti-
vation of these receptors by CHOKI-secreted factors. Further,
the differences that set the two hamster receptors phenotypically
apart from Pit2, a receptor not inactivated by the secreted factors,
are elsewhere in their primary sequence.
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