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The baboon endogenous retrovirus (BaEV) belongs to a large, widely dispersed interference group that
includes the RD114 feline endogenous virus and primate type D retroviruses. Recently, we and another
laboratory independently cloned a human receptor for these viruses and identified it as the human sodium-
dependent neutral amino acid transporter type 2 (hASCT2). Interestingly, mouse and rat cells are efficiently
infected by BaEV but only become susceptible to RD114 and type D retroviruses if the cells are pretreated with
tunicamycin, an inhibitor of protein N-linked glycosylation. To investigate this host range difference, we cloned
and analyzed NIH Swiss mouse ASCT2 (mASCT2). Surprisingly, mASCT2 did not mediate BaEV infection,
which implied that mouse cells might have an alternative receptor for this virus. In addition, elimination of the
two N-linked oligosaccharides from mASCT2 by mutagenesis, as substantiated by protein N-glycosidase F
digestions and Western immunoblotting, did not enable it to function as a receptor for RD114 or type D
retroviruses. Based on these results, we found that the related ASCT1 transporters of humans and mice are
efficient receptors for BaEV but are relatively inactive for RD114 and type D retroviruses. Furthermore,
elimination of the two N-linked oligosaccharides from extracellular loop 2 of mASCT1 by mutagenesis enabled
it to function as an efficient receptor for RD114 and type D retroviruses. Thus, we infer that the tunicamycin-
dependent infection of mouse cells by RD114 and type D retroviruses is caused by deglycosylation of mASCT1,
which unmasks previously buried sites for viral interactions. In contrast, BaEV efficiently employs the glyco-

sylated forms of mASCT1 that occur normally in untreated mouse cells.

The largest and most widely dispersed interference group of
retroviruses includes the RD114 feline endogenous virus, ba-
boon endogenous virus (BaEV), human endogenous virus type
W (HERV-W), type D primate retroviruses, and avian reticu-
loendotheliosis viruses (REV) (4, 12, 31). Sequence compari-
sons have suggested that RD114 and avian REV were probably
derived from rare cross-species transmissions (zoonoses) of
retroviruses from primates to cats and birds, respectively (2, 11,
12,17, 37). Recently, we and another laboratory independently
isolated human cDNA clones that encode a receptor for these
viruses (28, 32), and we identified this receptor as the previ-
ously reported human sodium-dependent neutral amino acid
transporter type 2 (hASCT2) (15). ASCT2 has a broad speci-
ficity for neutral amino acids and is a member of a glutamate
transporter superfamily (30).

Although these viruses cross interfere in many cells and use
ASCT2 as a common receptor, they do not have identical host
ranges. For example, BaEV efficiently infects rat and mouse
cells, whereas these cells become susceptible to RD114 and
primate type D retroviruses only after pretreatment with tuni-
camycin, an inhibitor of protein N-linked glycosylation (18,
29). Similarly, tunicamycin overcomes the natural resistances
of Chinese hamster ovary (CHO) cells to several retroviruses
(25, 26), of Mus dunni fibroblasts to the Moloney strain of
ecotropic murine leukemia virus (10), and of some human cells
to human immunodeficiency virus type 2 (34). To interpret
these results, we initially hypothesized that the ASCT?2 trans-
porters of mice and rats might function as receptors for BaAEV
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but remain inactive for RD114 and primate type D retroviruses
due to masking by a mechanism that requires protein N-linked
glycosylation. However, as described below, we found that
mouse ASCT2 (mASCT2) is inactive as a receptor for BaEV
and that removal of its N-linked oligosaccharides does not
enable it to function as a receptor for RD114 or primate type
D retroviruses. Furthermore, we present evidence that the
neutral amino acid transporter ASCT1, which is 57% identical
to ASCT2, is an efficient receptor in humans and mice for
BaEV but not for RD114 or primate type D viruses. Moreover,
mASCT1 functions as a strong receptor for RD114 and type D
retroviruses when its N-linked oligosaccharides are eliminated
by mutagenesis.

MATERIALS AND METHODS

Mice, cell lines, viruses, and plasmids. NIH Swiss inbred NFS/N mice were
obtained from Jackson Laboratory, Bar Harbor, Maine. NIH 3T3, Rat208F, and
HelLa cells were grown in Dulbecco modified Eagle medium supplemented with
10% fetal bovine serum (FBS). HEK293T cells were grown in Dulbecco modified
Eagle high-glucose medium supplemented with 10% FBS. CHO cells were grown
in a-modified minimal essential medium supplemented with 10% FBS.

LacZ(RD114) was produced by TELCeB6/RDF-7 helper-free packaging cells
(8). LacZ(BaEV) was rescued by infection of mink Mv-1-Lu cells harboring a
lacZ vector (33) with a replication-competent BaEV stock. LacZ(SRV-2) was
produced from TELCeB6 cells infected with a replication-competent simian
retrovirus type 2 (SRV-2) stock (32). RD114 replication-competent virus stock
was produced in chronically infected TE671 human cells (kindly provided by
Yasuhiro Takeuchi, The Institute of Cancer Research, London, United King-
dom).

The cDNA encoding hASCT1 (POG2.hASCT1 prokaryotic vector, kindly
provided by Michael P. Kavanaugh, Vollum Institute, Oregon Health Sciences
University) was cloned into pcDNA 3.1 eukaryotic expression vector (Invitrogen,
Carlsbad, Calif.).

Receptor nomenclature and cDNA cloning. We employ the common names
ASCT1 and ASCT?2 for the receptor proteins. The standard nomenclature for
their genes is SLC1A44 and SLC1AS5, respectively (OMIM database, The National
Center for Biotechnology Information, National Institutes of Health; http://
www.ncbi.nlm.nih.gov/entrez). mASCT2 and mASCT1 receptor cDNAs were
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isolated by reverse transcription-PCR amplification with total RNA. Total RNA
was prepared from NIH 3T3 cells with RNeasy Midi kit (Qiagen, Valencia,
Calif.), whereas total RNA from mouse kidney tissue, isolated from NIH Swiss
mice, was prepared by the cesium chloride method (7). The 1.668-kb mASCT2
c¢DNA was amplified by using primers complementary to the 5’ and 3’ ends of the
mASCT?2 coding region (36) (upstream primer, 5'-TAAAGCTTATGGCAGTG
GATCCCCCT-3' containing a HindIII restriction site [underlined sequence];
downstream primer, 5'-CCGAATTCTCACATGACAGATTCCTT-3' contain-
ing an EcoRI restriction site [underlined sequence]). The 1.599-kb mASCT1
c¢DNA was amplified by using primers complementary to the 5’ and 3’ ends of the
hASCT1 coding region (upstream primer, 5'-AAAAGCTTATGGAGAAGAG
CGGCGAGACC-3' containing a HindIII restriction site [underlined sequence];
downstream primer, 5-AACTCGAGTCACAGCACTGACTCCTTGGA-3' con-
taining an Xhol restriction site [underlined sequence]). The PCR products were
subsequently cloned into the pCDNA3.1V5His-TOPO mammalian expression
vector (Invitrogen) and sequenced by the Microbiology and Molecular Immu-
nology Core Facility on the PE/ABD 377 sequencer using dye terminator cycle-
sequencing chemistry (Applied Biosystems, Foster City, Calif.).

Transfection and infection assays. CHO cells expressing ASCT2 and ASCT1
receptors were generated by transient transfection of the corresponding cDNAs
using SuperFect Transfection Reagent (Qiagen). The transient transfectants
were challenged with either LacZ(RD114) or LacZ(BaEV) pseudotype virus,
with overnight incubations with virus beginning 24 h after transfection. Infected
cells were stained by treating them with 0.25% glutaraldehyde and were assayed
for B-galactosidase activity with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galacto-
side) as a substrate (21). The blue CFU were counted, and titers of infection
were expressed as numbers of CFU per milliliter of virus supernatant.

L-[*H]alanine transport. The L-[*H]alanine transport assay was performed in
HEK293T cells transiently expressing ASCT receptors. The initial rate of
L-[*H]alanine uptake was analyzed 48 h after the transfections were begun, as
previously described (38).

Mutagenesis. mnMASCT2 and mASCT1 receptor residues were mutated by PCR
mutagenesis using two complementary mutagenic primers containing the tar-
geted point mutation and a QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, Calif.). Plasmid DNA from three independent clones was se-
quenced to confirm the mutations. DNA sequence was determined as described
above. The mutants were designated by the parental receptor name followed by
the mutated amino acid followed by the residue number and the new amino acid.

Immunoblot analyses. HEK293T cells expressing ASCT?2 receptors were gen-
erated by transient transfection of the corresponding cDNAs using SuperFect
Transfection Reagent (Qiagen). The cell lysates were prepared 48 h after the
transfections were begun. Briefly, the cells were washed with cold phosphate-
buffered saline, scraped off the culture dishes, centrifuged at 200 X g and 4°C for
5 min, resuspended in lysis buffer (50 mM Tris-HCI [pH 8], 150 mM NaCl, 0.1%
sodium dodecyl sulfate [SDS], 1% NP-40, 0.5% sodium deoxycholate, protease
inhibitor cocktail), and incubated on ice for 30 min, and cell debris and nuclei
were removed by centrifugation of samples at 15,000 X g at 4°C for 10 min. Five
micrograms of total protein cell lysate, untreated or treated with N-glycosidase F
(2 h; 37°C), was processed for SDS-polyacrylamide gel electrophoresis. After the
transfer of proteins to nitrocellulose filters, immunostaining was performed in
PBS with 5% milk powder and 0.1% Tween 20. The blots were probed with
anti-myc tag monoclonal antibody 9E10 (Sigma) and developed by using a horse-
radish peroxidase-conjugated goat anti-mouse antibody (Southern Biotechnol-
ogy Associates, Inc.) and an enhanced-chemiluminescence kit (NEN Life Re-
search Products, Boston, Mass.).

Interference assays. Interference assays were performed as follows. Control
HeLa and HEK293T cells, as well as HeLa.RD114 and HEK293T.RD114 (in-
fected with RD114 replication-competent virus) cells, were transfected with
ASCT receptor cDNAs using SuperFect Transfection Reagent. After 24 h, the
transfected cells were tested for susceptibility to infections with LacZ(RD114)
and LacZ(BaEV) as outlined above.

Nucleotide sequence accession numbers. The cDNA nucleotide sequences
have been assigned GenBank accession numbers as follows: mASCT1, AF246129;
mASCT2, AF246130.

RESULTS

The mASCT?2 transporter and its nonglycosylated mutants
do not function as retroviral receptors. Previously, we cloned
the cell surface receptor for RD114 by transducing a human
c¢DNA library into murine NIH 3T3 fibroblasts and by isolating
cell clones that became susceptible to infection by an RD114
pseudotyped virus that encodes a dominant selectable gene for
resistance to puromycin (32). Consistent with this cloning strat-
egy, NIH 3T3 cells are almost completely resistant to RD114.
However, in agreement with a previous report (18), these cells
and other cells from mice or rats are highly susceptible to
BaEV. Moreover, these rodent cells become susceptible to
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TABLE 1. Tunicamycin treatment of rodent cells enables their
infection by RD114 and simian type D retroviruses®

Titer of LacZ pseudotype (CFU/ml)

Cell line RD114 SRV-2 BaEV

— Tunic  + Tunic — Tunic + Tunic — Tunic + Tunic
NIH 3T3 7 48X 10 21 22X10° 9.4 x10° 2.6x 10*
Rat208F 1.4 x 10> 1.8 X 10° - - 1.4 x10° 1.2 X 10°

“ Mouse NIH 3T3 and Rat208F cells were tested for their susceptibilities to
LacZ(RD114), LacZ(SRV-2), and LacZ(BaEV) pseudotype viruses before
treatment with tunicamycin (—Tunic) and after treatment with 125 ng of tuni-
camycin/ml (+Tunic). The titers are averages of two experiments. Titers of
SRV-2 on Rat208F cells were not determined, as indicated by the dashes.

RD114 and to SRV-2 infections after they are pretreated with
tunicamycin (Table 1).

To study the basis for this host range difference between
RD114 and BaEV, we isolated RNA from NIH 3T3 cells
and used reverse transcription-PCR to isolate a cDNA for
mASCT?2 from this source. The deduced amino acid sequence
of this mASCT2 is compared in Fig. 1 with the previously
described hASCT2 sequence. The mASCT2 protein contains
555 amino acids and is 81% identical to hASCT2, which con-
tains only 541 amino acids. Interestingly, most of the differ-
ences between these proteins are concentrated in a hyper-
variable presumptive extracellular-loop 2 (ECL2) region that
contains insertions and deletions and substantial shifts in the
positions of NX(S/T) consensus sites for N-linked glycosyla-
tion. In a related investigation, we have found that a mouse-
human ASCT2 chimera containing only the human ECL2 re-
gion is an active receptor for RD114, whereas the reciprocal
chimera is inactive (M. Marin, C. S. Tailor, and D. Kabat,
unpublished data).

Consistent with these sequence relationships, expression of
mASCT?2 in human HEK293T cells resulted in a substantial
increase in the rate of uptake of L-[*H]alanine (Table 2), con-
firming the presence of this transporter on the cell surfaces.
Surprisingly, however, expression of mASCT2 in CHO cells
did not confer susceptibility to BaEV (Fig. 2A). This implies
that the receptor for BaEV in NIH 3T3 fibroblasts may not be
mASCT2.

As indicated above, the critical ECL2 hypervariable region
of the human and mouse ASCT2 proteins contains their only
NX(S/T) consensus sites for potential N-linked glycosylation
(Fig. 1). However, the two potential glycosylation sites in each
of these proteins occur in different positions. To determine
whether N-linked glycosylation of mASCT?2 at positions N167
or N230 might be responsible for the tunicamycin dependency
of RD114 infections in NIH 3T3 cells, we added a myc epitope
tag at the carboxyl terminus of this protein, and we analyzed it
by Western immunoblotting in the presence and absence of
incubation with protein N-glycanase F (PNGase F). In addi-
tion, we constructed and analyzed the mASCT2 mutants
N167H, N230H, and the double mutant by site-directed mu-
tagenesis. As shown in Table 2 (experiment 1), expression of
the wild-type and mutant myc-tagged mASCT2 proteins in
HEK293T cells caused enhanced uptake of L-[*H]alanine, in-
dicating that they were all active transporters that were ex-
pressed on cell surfaces. Figure 3A shows a Western immuno-
blot analysis of these proteins. Treatment of the wild-type
mASCT?2 protein with PNGaseF caused an increase in its elec-
trophoretic mobility consistent with the expected M, of 60,000
for the unglycosylated protein. In addition, the single mASCT?2
mutants N167H and N230H both had faster electrophoretic
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hASCT2 MVADPPR-DS KGLARAEPTA
mASCT2 MAVDPBKADP KGVVAVDSTA
™ 1
hASCT2 RENLLVLLTV VAVVAGVALG
MASCT2 RANLLVLLTV AARVVAGVGLG
hASCT2 LRMITILPLVV CSLIG
MASCT2
hASCT2 ETALOPGAAS AATNASVGA-
mASCT2 ALALKPGRAV TAITSIE{IDSV
hASCT2 SAAFRSYSTT YEERN----T
MASCT2 SAAFRSFATS YEPKDNSCKI
hASCT2 FAIVFGVALR KLGPEGELLI:
mASCT2 FAIVFGVALR KLGPEGELLI-
ECL 3
hASCT2 GKIVEMEDVG LLFARLGKYT
mMASCT2 SKIVEMKDVR QLFISI
™ 7

hASCT2 LWGIVTPLAT AFGTSSSSAT
mASCT2 LWGIMTPLAT ‘AFGTSSSSAT
hASCT2 MDGAALFQCV AAVFIAQLSQ
mASCT2 MDGAALFOCV AARVPIAQLNG

.. ECL 5
hASCT2 LTLATILEAV ‘NLPVDHISLE
MASCT2 LFLATILEAV SLPVKDISLI
hASCT2 DRTESRSTEPELIQVKSELP
mASCT2 DRTRMPSSEP ELIQVKNEVS
haSCT2 KESVHM
mASCT2 KESVM

FIG. 1. Amino acid sequence comparison of hASCT2 with mASCT2. hASCT2
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NGGLALASIE: DOGAARGGYC GSRDOVERCL 49
NGGPALGSRE ‘DUSAKAGGCE GSRDRVRRCT 50
ECL 1 ™ 2
LGVSGAGGAL ALGPERLSAF VFPGELLERL 99
LGVSAAGGAD ALGPARLTAE AFPGELLLRL 100
™ 3
SLi DPGALERLGA WALTFFLVTT LIASALGVGL 149
;. DPSALGRVGA WALLFFLVIT LLASALGVGL 150
ECL 2
-AGSAENAPS KEVLDSFLDL ‘ARNIFPSNLV 197
VDPCARSAPT KEVLDSFLDL VRNIFPSNLYV 200
™ 4
TGT---R-VK VPVGQ---EV EGMNILGLVV 236
POSCIQREIN STMVQLLCEV EGMNILGIAV 250
™ 5
REFNSENEAT MVLVSWIMWY APVGIMELVA 286
RFFNSFNDAT MVLVSWIMWY APVGILFLVA 300
™ 6
g LETRKNPYRF 336
“LETRKNPYRF 350
ECL 4 ™ 8
LPLMMKCVEE - NNGVAKHISR- FILPIGATVN 386
LPLMMKCVEE KNGVAKHISR FILPIGATVN 400
—IM 9
QSLDFVKIIT ILVTATASSV GAAGIPAGGV 436
VSLDFVKIIT ILVTATASSYV GAAGIRAGGYV 450
™ 10
LAVDWLVDRS CTVLNVEGDA LGAGLLONYY 486
LAVDWLVDRS - CTVLNVEGDA - FGAGLLOSYV 500
LDPLPVPTEE. GNPLLKHYRG PAGDATVASE 536
LNPLPLATEE GNPLLEKQYDG PTGDSSATFE 550
541
555

and mASCT2 have 81% sequence identity. Common amino acids are shaded. The

10 hydrophobic potential membrane-spanning domains (TM) are shown as lines over the amino acid sequence and are identified by the numbers 1 to 10. The putative

ECL regions are indicated by the numbers 1 to 5. Deletions in sequences are indica

ted by dashes. The numbers at the right of the sequences correspond to the position

of the last amino acid shown. Potential N-glycosylation sites are indicated by asterisks.

mobilities than the undigested wild-type glycoprotein, and their
mobilities were further increased to the apparent M, of 60,000
by PNGase F digestions. In contrast, the double mutant had
the same M, of 60,000 as the deglycosylated wild-type pro-
tein and was unaffected by PNGaseF. These results strong-
ly indicate that mASCT?2 is glycosylated at both N167 and
N230.

An interesting result of this analysis is the potential dimeric
structure of mASCT2. As shown in Fig. 3A, a component with
an approximate M, of 140,000 was present in the cell lysate that
contained wild-type mASCT2, and this component was con-
verted to an apparent M, of 120,000 by digestion with PNGase
F. Similar results were obtained with the single mASCT2 mu-
tants, whereas the double mutant had an apparent M, of ap-
proximately 120,000 and was unaffected by PNGase F. The
hypothesis that mASCT2 may be a dimer or higher oligomer is
compatible with recent evidence concerning other members of
this transporter family (M. P. Kavanaugh, personal communi-
cation).

We then analyzed the three mASCT2 mutants N167H,
N230H, and the double mutant for possible function as recep-

TABLE 2. r-[*H]alanine uptake mediated by wild-type and
mutant ASCT1 and ASCT?2 transporters

Exogenous receptor L-[*H]alanine uptake

Expt assayed” (nmol/min/mg of protein)®
1% pcDNA3.1 25.9 + 8.9
mASCT2 56.3 6.5
mASCT2.N167H 429 + 89
mASCT2.N230H 412+ 45
mASCT2.N167H-N230H 39.6 = 7.8
2 pcDNA3.1 13.8 £24
hASCT1 203 = 4.6
mASCT1 21.1 0.8
hASCT2 221=*29
mASCT2 240 = 1.8

“ The initial rates of L-[*H]alanine transport were measured in HEK293T cells
transiently transfected with either the empty vector (pcDNA3.1) or the receptor
expression vectors. Uptake of L-[*H]alanine was measured for 1 min at 37°C in
medium containing sodium. The data are presented as mean uptake * standard
deviation of quadriplicate measurements.

®In experiment 1, the wild-type and mutant mASCT2 proteins were myc
tagged.
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FIG. 2. Mediation of infections by ASCT1 and ASCT?2 receptors and mASCT1 mutants. Infectivity assays were done with CHO cells after transient transfection
of expression vectors. Infections with LacZ pseudotype viruses were initiated 24 h after the transfections were begun. The titers are averages of three independent
experiments + standard errors. (A) Infections for ASCT1 and ASCT2 receptors; (B) infections for mASCT1 N-glycosylation mutant receptors.

tors for the LacZ(RD114) or LacZ(SRV-2) retroviruses. The
results were negative, indicating that these hemiglycosylated
and unglycosylated mASCT2 proteins are not receptors for
these viruses (data not shown).

Human and mouse ASCT1 transporters are receptors for
BaEV. The failure of mASCT2 to function as a receptor for
BaEV (Fig. 2A) suggested that mouse and rat cells might
contain an alternative receptor for the virus. Consequently, we
tested several other members of this transporter family, includ-
ing hASCT1 (ca. 57% identity to hASCT2) and the human
glutamate transporters hEAAT1 and hEAAT2. This initial
screen indicated significant BaEV receptor activity only for
hASCT1. Therefore, we isolated an ASCT1 cDNA clone from
NIH Swiss mouse kidney tissue (mASCT1) in order to char-
acterize its receptor properties. Figure 4 shows a comparison
of the deduced amino acid sequences of hASCT1 with this
mASCT]1. Interestingly, the ECL2 regions of these ASCT1

proteins are much more closely related than the corresponding
regions of the mouse and human ASCT2 proteins (Fig. 1) (see
Discussion). As shown in Table 2 (experiment 2), expression of
mASCT1 and hASCT1 in HEK293T cells caused enhanced
cellular uptake of r-[*H]alanine, indicating the presence of
these transporters on cell surfaces.

We then tested the retroviral-receptor functions of hASCT1
and mASCT1 by expressing them in CHO cells and assaying
for infections by LacZ(RD114) and LacZ(BaEV). As shown in
Fig. 2A, hASCT1 conferred strong susceptibility to infection by
BaEV and weak susceptibility to RD114 pseudotyped viruses.
Similar results were obtained with mASCT1. Thus, relative to
the comparable titers of these virus preparations in CHO cells
that expressed hASCT2, both the human and mouse ASCT1
transporters mediated BaEV infections approximately 100 times
more efficiently than RD114 infections. However, mASCT1
appeared to be reproducibly approximately 10 times more
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FIG. 3. Western blot analysis of cell lysates prepared from transiently trans-
fected HEK293T cells with myc-tagged mASCT2, mASCT1, and their N-glyco-
sylated mutants expression vectors. The cell lysates were prepared 48 h after the
transfections were begun, as described in Materials and Methods. Five micro-
grams of total protein cell lysate untreated (—) or treated (+) with N-glycosidase
F was processed for SDS-polyacrylamide gel electrophoresis. (A) myc-tagged
mASCT?2 and its three N-glycosylated mutants, mASCT2-N167H-N230H, and
-N167H-N230H expression vectors; (B) myc-tagged mASCT1 and its three N-
glycosylated mutants, mASCT1-N201T, -N206T, and -N201T-N206T expression
vectors.

active as a receptor for both viruses than hASCT1. Neither
ASCT1 protein was active as a receptor for the LacZ(SRV-2)
virus (results not shown).

Nonglycosylated mutants of mASCT1 function as efficient
receptors for RD114 and simian type D viruses. NX(S/T) con-
sensus sites for potential N-linked glycosylation are present at
positions N201 and N206 in the ECL2 region of mASCT1 (Fig.
4). To determine whether N-linked glycosylation at these po-
sitions might be responsible for the tunicamycin dependency of
RD114 and simian type D infections in NIH 3T3 cells, we
added a myc epitope tag at the carboxy terminus of mASCT1
and we constructed the mutants N201T, N206T, and the dou-
ble mutant by site-directed mutagenesis of this myc-tagged
mASCT1 clone. We then expressed these wild-type and mutant
forms in CHO cells and analyzed the cells for susceptibilities
to LacZ(RD114) and LacZ(SRV-2). As shown in Fig. 2B, the
addition of a myc epitope tag at the carboxyl terminus of
mASCT1 did not affect its function as an efficient receptor for
BaEV. Moreover, all three mutants mediated LacZ(BaEV)
infection with the same efficiency as wild-type mASCT1, indi-
cating that they were all present on cell surfaces. More impor-

ASCT1 MEDIATES BaEV INFECTION 8089

tantly, all three mutants functioned as dramatically improved
receptors for LacZ(RD114) and LacZ(SRV-2) pseudotype ret-
roviruses. Fig. 3B shows a Western immunoblot analysis of
these proteins in transfected HEK293T cells. Treatment of the
wild-type mASCT1 protein with PNGaseF caused an increase
in its electrophoretic mobility consistent with the expected M,
of 60,000 for the unglycosylated protein. In addition, the single
mASCT1 mutants N201T and N206T both had slightly faster
electrophoretic mobilities than the undigested wild-type glyco-
protein, and their mobilities were further increased to the
apparent M, of 60,000 by PNGase F digestions. In contrast, the
double mutant had the same size as the deglycosylated wild-
type protein and was unaffected by PNGase F. These results
strongly indicate that mASCT1 is glycosylated at both N201
and N206.

Interference assays. Previous studies demonstrated that
RD114, BaEV, and type D primate retroviruses occur in a
common interference group (31), in agreement with evidence
that they can all use hASCT?2 as a receptor (28, 32). However,
our current results suggest that BaEV can use hASCT1 and
mASCT1 and that these receptors can be used by RD114 only
at a 100-fold-lower efficiency. This evidence is not in conflict
with the previous interference data, because many cell lines
and tissues lack ASCT1 (35) and because hASCT1 is a rela-
tively weak receptor for BaEV compared with hASCT2 or
mASCT1 (Fig. 2). In any case, we would expect that RD114
might not completely interfere with BaEV infections in cells
that coexpress hASCT2 and hASCT1.

To test this hypothesis, we used two human cell lines, HeLa
cells that contain hASCT2 but not hASCT1 (35) and
HEK?293T cells that contain small amounts of both hASCT2
and hASCT1 (24). As shown in Fig. 5, infection of HeLa cells
with RD114 strongly interfered with superinfections of Lac-
Z(RD114) and LacZ(BaEV), consistent with the presence in
these cells of only hASCT2. In contrast, in HEK293T cells the
interference was much stronger for LacZ(RD114) than for
LacZ(BaEV), consistent with the presence of hASCT1 (Fig.
6). In addition, we transiently transfected these cell lines with
hASCT1 and hASCT?2 expression vectors. As indicated in Fig.
5 and 6, overexpression of hASCT2 significantly diminished
but did not eliminate the interference caused by RD114. How-
ever, overexpression of hASCT1 selectively alleviated the in-
terference with BaEV superinfections. These interferences
were not completely eliminated, presumably because RD114
can weakly interact with hASCT1 (Fig. 2) and because only
approximately 10 to 20% of the cells expressed the transiently
transfected expression vectors. In other studies, we have found
that expression of mASCT1 also causes a strong selective ab-
rogation of RD114-mediated interference with BaEV superin-
fections (results not shown).

DISCUSSION

An important conclusion of this work is that members of
the widely dispersed RD114/BaEV/HERV-W/primate type
D/avian REV family of retroviruses have become adapted in
some cases to promiscuous use of both ASCT1 and ASCT2 as
receptors for cellular infections. These receptors, which are
only approximately 57% identical in sequence, are differen-
tially expressed in cells and are both Na™-dependent transport-
ers for an overlapping but nonidentical set of neutral amino
acids (1, 28, 32). For example, glutamine is transported by
ASCT?2 but not by ASCT1 (1, 5, 15, 36). Recent evidence also
suggests that ASCT1 and ASCT?2 function as exchangers to
balance the pools of intracellular neutral amino acids rather
than in the net flux of amino acids, and that they have an
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™ 1
hASCT1 MEKSNETNGY: LDSAQAGPAA ‘GPGAPGTAAG RARRCAGFLR RQALVLLIVS 50
mASCT1 MEKSGETNGY - LDGTQAEPAA “GPRTPETATG KSQRCASFFR RHALVLLTVS 50
— ECL 1 e TM 2
hASCT1 GVLAGAGLGA ALRGLSLSRT: QVIYLAFPGE MLLRMLERMIT LPLVVCSLVS 100
MASCT1 GVLVGAGMGA  ALRGLQLTRT  QITYLAFPGE MLLEMLRMIT -LPLVVCSLVS 100
T™M 3
hASCT1 GAASLDASCL: GRLGGIAVAY. FGLTTLSASA LAVALAFIIK PGSGAQTLQS 150
MASCTL GAASLDASSL GRLGGIAVAY FGLTTLSASA LAVALAFIIK PGAGAQTLOS 150
ECL 2
hASCT1 SDEGLEDSGP: PPVPKETVDS FLDLARNLEE SNLVVAAFRT. YATDYKVVIQ 200
mASCTL $SLGLENSGP. PPVSKETVDS ‘FLDLLRNLFP. SNLVVAARTT SATDYTVVIH 200
T™ 4
hASCT1 HssseiivTHE RIPIGTETEG MNLILGLVLEA LVLGVALKKL GSEGEDLIRF 250
mASCT1 NTSSGNVTKE KIPVVTDVEG MNILGLVLFA LVLGVALKKL GPEGEDLIRF 250
% S
™ 5 ECL 3
hASCT1 FNSLNEATMV TVSWIMWYVE VGIMFLVGSK:IVEMKDIIVL: VISLGKYIFA 300
mASCTL PNSFNEATMV LVSWIMWYVP-IGIMFLIGSK TIVEMKDIVML. VTSLGKYIFA 300
™ 6 ™ 7
hASCT1 SILGHVIHGG IVLPLIYFVE TRKNPFRFLL® GLLAPFATAF ATCSSSATLP 350
mASCT1 SMLGHVIHGG: IVLPLVYFAE TRKNPFTFLL GLLTPFATAF ATCSSSATLP 350
ECL 4 ™ 8
hASCT1 SMMKCIEENN. GUDKRISRFT® LPIGATVNMD GAALFQCVAA- VEIAQLNNVE 400
mASCTL SMMKCIEENN GVDKRISRFI LPIGATVNMD GAAIFQCVAA VFIAQLNNVD 400
™ 9 ECL 5
hASCT1 LNAGQIPTIL VIATASSVGA AGVPAGGVLT. IATILEAIGL PTHDLPLILA 450
MASCTL LNAGQIFTIL VIATASSVGA AGVPAGGVLT TATTLEATGL PTHDLSLILA 450
hASCT1 VDWIVDRTTT VVNVEGDALG :AGILHHLNQK ATKKGEQELA EVKVEAIPNC 500
MASCTL VDWIVDRTTT VVNVEGDALG AGILNHENQOK VVKKGEQELQ EVKVEAIPNS 500
hASCT1 KSEEETSPLY “THONPAGPVA- SAPELESKES VI, 532
mMASCT1 KSEEETSPLV 'THONPAGPVA TAPELESKES VL 532
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FIG. 4. Amino acid sequence comparison of hASCT1 with mASCT1. hASCT1 and mASCT1 have 90% identity. The 10 hydrophobic potential membrane-spanning
domains (TM) are shown as lines over the amino acid sequence and are identified by the numbers 1 to 10. The putative ECL regions are indicated by the numbers
1 to 5. The numbers at the right of the sequences correspond to the position of the last amino acid shown. Potential N-glycosylation sites are indicated by asterisks.

associated Cl~ channel activity (5, 39). A previous study sug-
gested that hASCT?2 transport function was partially down-
modulated by intracellular expression of the RD114 envelope
glycoprotein, but the mechanisms were not investigated (28).
In this context, it is interesting that glutamine can be a limiting
nutrient for lymphocyte function (6, 16) and that primate type
D retroviruses cause severe immunodeficiencies (9, 14, 22, 23).
An important consequence of the promiscuous use of ASCT1
and ASCT2 by BaEV is its increased host range, as indicated
previously (18, 29) and confirmed in this investigation. This
promiscuity would very likely also broaden the cell and tissue
tropism of the virus in infected animals.

Interestingly, ASCT1 is used with very different efficiencies
by members of this interference group of retroviruses. Indeed,
our studies suggest that human and mouse ASCT1 proteins are
used approximately 100 times more efficiently by BaEV than by
RD114 and are almost completely inactive in mediating
infections of primate type D retroviruses (Fig. 2). In addi-
tion, mASCT1 appears to be reproducibly more active as a
viral receptor than hASCT1. These differences could be used
in chimera and mutagenesis studies to identify amino acids in
the receptors and in the viral envelope glycoproteins that are
important for infections. These results also raise the possibility

that retroviruses that do not use ASCT2 and that have been
classified in other interference groups might use ASCTI1 or
other members of this transporter superfamily exclusively as
their receptors.

We emphasize that ASCT2 is the common receptor for this
interference group of retroviruses and that ASCT1 functions as
an auxiliary receptor for only certain members of the group. In
accordance with the dominance of ASCT2 as a receptor, it is
intriguing that its ECL2 sequence, which is critical for its re-
ceptor function (M. Marin, C. S. Tailor, and D. Kabat, unpub-
lished data), is extremely hypervariable (Fig. 1), whereas the
corresponding ECL2 region of ASCT1 has been much more
highly conserved during mammalian evolution (Fig. 4). These
results are consistent with the hypothesis that ECL2 of ASCT2
has been an exceptionally important focal point for virus-host
coevolution in mammals. In this context, it also seems likely
that viruses such as BaEV that have become adapted to pro-
miscuous use of different receptors would be more resistant to
fitness losses caused by mutations in a particular receptor.
This may be one reason extant retroviruses have often
evolved to utilize receptors that are members of multigene
families (12).

We have also identified the mASCT2 protein by Western
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FIG. 5. Studies of interference using hASCT2 and hASCT1 receptors. The assays were done using control HeLa cells or HeLa.RD114 productively infected with
RD114 replication-competent virus. These cells were transiently transfected with expression vectors for the hASCT2 and hASCT1 receptors. Infections with the LacZ
pseudotype viruses were initiated 24 h after the transfections were begun. The titers are averages of three independent experiments + standard errors. (A) Infections

of the LacZ(RD114) virus: (B) infections of the LacZ(BaEV) virus.

immunoblotting and have demonstrated that it contains two
N-linked oligosaccharides in ECL2, one at N167 and the other
at N230 (Fig. 3A). This strongly indicates that the presumptive
ECL2 sequence is indeed on the extracellular surface. The
N167 sequence NDS is notable because acidic residues in the
X position of NX(S/T) consensus sequences were previously
associated with inefficient glycosylation (19), which is not ap-
parent in this case. In addition, immunofluorescence micros-
copy studies have indicated that the carboxyl-terminal myc tag
epitope used for this project is cytosolic (results not shown), in
agreement with our topological model (Fig. 1).

Similarly, our results strongly imply that N-linked oligosac-
charides occur at positions N201 and N206 in the ECL2 region
of mASCT1 (Fig. 3B). In this case, however, the two glycosyl-
ation sites are tightly clustered at positions that are highly
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conserved throughout mammalian evolution (Fig. 4). The gly-
cosylations of these sites in mASCT1 may have been incom-
plete in the HEK293T cells, as suggested by the occurrence of
approximately 60,000-M, components in the cell extracts that
were untreated with PNGase F (Fig. 3B). Moreover, we be-
lieve that there may be interference between these two closely
situated N201 and N206 glycosylation sites, in the efficiencies
of glycosylation and/or in the processing of the oligosaccha-
rides, as implied by the apparent absence of doubly glyco-
sylated larger components in the extracts that contained
wild-type mASCT1. We have not determined whether similar
patterns of N-linked glycosylation would also occur in other
cells, such as CHO, that were used for our infectivity assays.
However, it is notable that the structures of oligosaccharides
and the efficiencies of N-linked glycosylations are often highly
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FIG. 6. Studies of interference using hASCT2 and hASCT1 receptors. The assays were done using control HEK293T cells or HEK293T.RD114 productively
infected with RD114 replication-competent virus. The cells were transiently transfected with expression vectors for the hASCT2 and hASCT1 receptors. Infections with
the LacZ pseudotype viruses were initiated 24 h after the transfections were begun. The titers are averages of three independent experiments + standard errors. (A)

Infections of the LacZ(RD114) virus; (B) infections of the LacZ(BaEV) virus.
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dependent on the cell type and on the local protein environ-
ment (27). Additional studies will be needed to investigate
these issues.

The resistance of mouse and rat cells to RD114 and to
primate type D retroviruses can be abrogated by treatments
with tunicamycin (18) (Table 1). Based on previous investiga-
tions of related virus systems, it is clear that such effects of
tunicamycin could have several causes (3, 10, 13, 20). One
possibility is that N-linked glycosylation might directly mask a
site on the receptor that is essential for infection (10). Evi-
dently, this is not the case for mASCT?2, which was inactive as
a receptor even when its N-linked oligosaccharides were elim-
inated by mutagenesis. In contrast, our results support this
interpretation in the case of mASCT1. As shown in Fig. 2B,
removal of the mASCT1 glycosylation sites at N201 and/or
N206 caused approximately 100-fold increases in the infectiv-
ities of RD114 and SRV-2 without significantly enhancing the
infectivity of BaEV. Based on these results, we propose that
N-linked glycosylations at N201 and N206 of mASCT1 can
mask a site in ECL2 that is critical for interaction with RD114
and SRV-2 but is less important or irrelevant for BaEV. Con-
sidered together, our evidence suggests that host range control
in this family of retroviruses is caused by evolutionary changes
in ASCT2, by promiscuous use by some viruses of the related
receptor ASCT1, and by N-linked glycosylation of a virus bind-
ing site in ASCT1.
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