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Single Amino Acid Insertion in Loop 4 Confers Amphotropic
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Pitl is the human receptor for gibbon ape leukemia virus (GALV) and feline leukemia virus subgroup B
(FeLV-B), while the related human protein Pit2 is a receptor for amphotropic murine leukemia virus (A-
MuLV). The A-MuLV-related isolate 10A1 can utilize both Pitl and Pit2 as receptors. A stretch of amino acids
named region A was identified in Pitl (residues 550 to 558 in loop 4) as critical for GALV and FeLV-B receptor
function. We have here investigated the role of region A in A-MuLV and 10A1 entry. Insertion of a single amino
acid in region A of mouse Pitl resulted in a functional A-MuLV receptor, showing that region A plays a role
in A-MuLYV infection. Moreover, the downregulation of 10A1 receptor function by changes in region A of human
Pitl indicates that this region is also involved in 10A1 entry. Therefore, region A seems to play a role in
infection by all viruses utilizing Pitl and/or Pit2 as receptors.

Retroviruses are dependent on specific cell surface receptors
for infection. Recently, two related proteins were identified as
receptors for different C-type viruses. Pitl (formerly GLVRI)
was cloned as the human receptor for gibbon ape leukemia
virus (GALV) (16) and is also a receptor for feline leukemia
virus subgroup B (FeLV-B) (24). In addition, a number of Pit1
homologs from other species have been cloned (9, 10, 28, 29);
however, not all of these support GALV and FeLLV-B infec-
tion, e.g., that from mice (Mus musculus musculus) (MusPit1,
formerly Glvrl) (9). A related protein, Pit2, was cloned as
receptor for the amphotropic murine leukemia virus (A-
MuLV) from rats (RatPit2, formerly Ram-1), humans (Pit2,
formerly GLVR2), and hamsters (HaPit2, formerly EAR) (15,
26, 29). Miller and Miller demonstrated that Pitl, MusPitl,
Pit2, and RatPit2 proteins are receptors for the A-MuLV-
related isolate 10A1 (14). Furthermore, by interference stud-
ies, 10A1 was shown also to utilize Pit1 and Pit2 from hamsters
for entry (29).

The cellular function of both Pitl and Pit2 is sodium-depen-
dent phosphate transport (11, 17, 30), and the human forms of
these proteins have about 62% amino acid identity (26). Both
proteins are predicted to have 10 transmembrane domains, five
extracellular loops, and a large intracellular hydrophilic do-
main between the sixth and seventh transmembrane domains
(9, 26). This topological model is supported by recent results
obtained on Pit2 topology by Chien and colleagues (5).

MusPitl and human Pitl differ in their amino acid se-
quences at only 64 positions, and in the putative extracellular
loops, divergent residues are found only in loops 2 and 4 (9).
As mentioned above, unlike Pit1, MusPitl does not allow in-
fection by GALV or FeLV-B and chimeras between human
and mouse Pitl revealed a stretch of nine residues named
region A (Pitl positions 550 to 558 in loop 4) as critical for
GALYV and FeLV-B infection (10, 23). Moreover, only chime-
ras between Pitl and the less related Pit2 and RatPit2 proteins
which harbored Pitl region A were permissive for GALV and
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FeLV-B entry, confirming the critical role of region A in re-
ceptor function for these viruses (14, 21). FeLV-B was, how-
ever, found also to be dependent on other Pitl sequences in
addition to region A for infection (21). Recently, Chaudry and
Eiden have obtained results indicating that receptor regions in
addition to region A are also important for GALV entry (4).

Little is known about what specifies A-MuLV receptor func-
tion. Pitl is not an efficient A-MuLV receptor (6, 14, 21), and
both the N-terminal two-thirds (comprising loops 1, 2, and 3
and the intracellular domain) and the C-terminal third (com-
prising loops 4 and 5) of the human and rat Pit2 proteins
conferred A-MuLV receptor function on Pit1-Pit2 hybrids (6,
14, 21). However, substitution of the human and rat Pit2 region
A sequence alone for the corresponding Pitl sequence also
conferred A-MuLV receptor function on Pitl (14, 21). At
present, the receptor requirements of the A-MuLV-related
isolate 10A1 have not been studied.

To further examine the role of region A in A-MuLV recep-
tor function, we tested whether region A mutants generated
from Pitl or MusPit1 would allow infection by A-MuLV. The
same mutants were also assayed for 10A1 receptor function.

Expression plasmids encoding the MusPitl and Pitl region
A mutants shown in Table 1 were tested for their ability to
support A-MuLV and 10A1 infection in CHO K1 cells. The
construction of the plasmids has been described elsewhere
(10). Expression plasmids encoding wild-type MusPitl (pOJ19)
(10), Pitl (pOJ75), and Pit2 (pOJ74) (21) were included as
controls. The constructs were tested for A-MuLV and 10A1
receptor function by a transient transfection-infection assay
essentially as described previously (21). Briefly, CHO K1 cells
(ATCC CCL-61) were seeded at 4 X 10* cells per 60-mm-
diameter dish and transfected the following day by the calcium
phosphate-DNA precipitation method (8). Each precipitate
contained 10 pg of a CsCl-purified expression plasmid and 5
g of CsCl-purified pUC19 plasmid as carrier in 1 ml. From
each precipitate, aliquots of 200 pl, corresponding to 2 ng of
expression plasmid, were added to two 60-mm-diameter
dishes. Forty-eight hours after transfection, dishes transfected
with the same construct were selected at random and chal-
lenged with A-MuLV or 10A1 pseudotypes in the presence of
Polybrene (8 pg/ml). A-MuLV pseudotypes of the B-galacto-
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TABLE 1. Permissiveness for infection in cells expressing Pitl,
MusPitl, Pit2, or mutants®

Permissiveness (%)° for

Plasmid Region Ab infection with:
sequence
A-MuLV 10A1
pOJ74 (Pit2) KQGGVTQEA 100 26 100 = 49
pOJ75 (Pitl) DTGDVSSKV 03 +0.1 59 =27
pOJ34 —-KQEASTKA 0.02 = 0.02 13+3
pOJ36 SKVTSGVDD 0.03 = 0.02 8§+2
pOJ71 —TGDVSSKV 0.006 = 0.008 7+2
pOJ19 (MusPitl) —KQEASTKA 0.6 = 0.1 109 + 21
pOJ64 KTQEASTKA 33+20 45+ 13
pcDNATARtkpA NA? <0.002¢ 7+2

“ CHO KI cells were transfected with DNA from the indicated plasmids and
challenged with A-MuLV or 10A1 as described in the text. Plasmids pOJ34,
pOJ36, and pOJ71 were derived from Pitl and plasmid pOJ64 was derived from
MusPitl by site-directed mutagenesis of region A.

? _, gap introduced for alignment.

¢ Data are averages of three independent transfections * the standard devi-
ations of the actual means. The two different virus pseudotypes were tested with
the same three precipitates of a given construct. The number of blue cells per
60-mm-diameter dish transfected with Pit2 was assigned a value of 100% (about
40,000 and 1,400 blue cells for A-MuLV and 10Al, respectively).

4 NA, not applicable (empty vector).

¢ Based on one blue cell in three 60-mm-diameter dishes.

sidase-encoding vector G1BgSvN (12) were obtained from the
producer cell line PA317GBN (12, 13). 10A1 pseudotypes of
the B-galactosidase-encoding vector LNPOZ (1) were ob-
tained by infecting an NIH 3T3 cell clone harboring the
LNPOZ construct with viruses derived from plasmid pRR151,
which encodes Moloney Gag-Pol and 10A1 Env proteins (19).
The titers of A-MuLV and 10A1 pseudotypes, determined as
previously described (21), were 10° and 10* CFU/ml on D17
cells (ATCC CCL-183), respectively. Challenging of trans-
fected cells with 10A1 pseudotypes was performed in the pres-
ence of medium conditioned by CHO K1 cells to block the
endogenous 10A1 receptors (14). Forty-eight hours after chal-
lenge, the cells were fixed in 0.05% glutaraldehyde and assayed
for B-galactosidase activity with X-Gal (5-bromo-4-chloro-
3-indolyl-B-D-galactopyranoside) as the substrate (25). The
plates were examined for stained (blue) cells with a light mi-
croscope, and the number of blue cells per dish was counted.
The results obtained are shown in Table 1.

A role of region A in A-MuLV receptor function. As previ-
ously observed for Pitl (6, 14, 21), Pitl (pOJ75) and MusPitl
(pOJ19) did not efficiently support A-MuLV infection. Three
expression plasmids encoding Pitl-derived chimeras harboring
either mouse Pitl region A sequence (pOJ34), a scrambled
Pitl region A (pOJ36), or Pitl region A with a deletion of
aspartic acid at position 550 (pOJ71) also did not promote
A-MuLV infection. It is, however, not known whether the
proteins encoded by pOJ36 and pOJ71 are correctly processed,
in that they did not support infection by any of the tested
viruses (Table 1) (10). Interestingly, a MusPit1-derived protein
with a threonine inserted between lysine at position 553 and
glutamine at position 554 (pOJ64) afforded A-MuLV infection
at a level about 60-fold greater than that afforded by MusPit1
(pOJ19).

The observation that insertion of a single threonine residue
in MusPit1 region A resulted in an efficient A-MuLV receptor
shows that region A is involved in A-MuLV receptor function.
This result is in agreement with the previous observation that
Pitl harboring Pit2/RatPit2 region A sequence affords
A-MuLV infection (14, 21).

Observations by us (21) and others (6, 14) suggest, however,
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Receptor Protein ~ Region A Region A sequence A-MulV

backbone receptor

function

1234567829

pit2 Pit2 Pit2 KQGGVTQERA Yes
RatPit2 RatPit2 RatPit2 KQGGVTQER Yes
HaPit2 HaPit2  HaPit2 EQGGVMQER Yes
Pit2(K522E) Pit2 Pit2 (K522E) EQGGVTQERA Yes
poJ80 Pit2 Pitl DTGDVESKYVY Yes
MusPitl MusPitl MusPitl -KQEASTEKA No
pOJE4 MusPitl MusPitl(+T) KTQEASTEKA Yes
pOJ102 pitl Pit2 KQGGVTQERA Yes
Pitl Pitl pitl DTGDVSSKYV No

FIG. 1. Region A sequence comparison between receptor constructs tested
for A-MuLV receptor function. Pit2, the human A-MuLV receptor (26); Rat-
Pit2, the rat Pit2 homolog (15); HaPit2, the hamster Pit2 homolog (29);
Pit2(K522E), Pit2 with lysine at position 522 replaced with glutamic acid (6);
pOIJ80, Pit2 with region A replaced by the Pitl region A (21); MusPitl, the M.
musculus musculus Pitl homolog (9; also this study); pOJ64, MusPitl with a
threonine inserted between lysine (position 553) and glutamine (position 554)
(10; also this study); pOJ102, Pitl with region A replaced by the Pit2 region A
(21); Pitl, the human GALYV receptor (16). Positions 1 to 9 of region A corre-
spond to positions 522 to 530 in Pit2 homologs, pOJ80, and Pit2(K522E); posi-
tions 550 to 558 in Pit1 and pOJ102; and positions 553 to 561 in pOJ64. The dash
at position 1 indicates a gap, and positions 2 to 9 correspond to positions 553 to
560 in MusPit1.

that region A alone does not specify A-MuLV receptor func-
tion. As mentioned above, both chimeras harboring the N-
terminal two-thirds of Pitl and the C-terminal third of Pit2 or
RatPit2 and the reciprocal chimeras allowed efficient A-MuLV
entry (6, 14, 21). Thus, identical region A sequences are
present both in Pitl with no A-MuLV receptor function and in
a chimeric A-MuLV receptor. Moreover, comparable chime-
ras in which the N- or C-terminal parts were derived from
hamster Pit2 afforded only very low or no A-MuLV infection,
respectively, although HaPit2 is as efficient an A-MuLV recep-
tor as is RatPit2 (6). In summary, these results suggest that
A-MuLV receptor function is defined by a combination of both
N- and C-terminal receptor domains. Therefore, although re-
gion A is a C-terminal determinant of A-MuLV receptor func-
tion (14, 21; also this study), the region A sequence require-
ments for A-MuLV infection might be predicted to differ
depending on the protein backbone. Accordingly, no consen-
sus region A sequence can be expected to be revealed by
comparing region A sequences from all wild-type and chimeric
proteins known to support A-MuLV entry. However, compar-
ison of A regions permissive for A-MuLV infection when
present in identical or homologous receptor backbones might
be informative.

In Fig. 1 is shown a comparison of region A sequences from
wild-type Pitl or Pit2 proteins tested for A-MuLV receptor
function and of region A mutant proteins permissive for A-
MuLV infection (6, 9, 15, 16, 21, 26, 29; also this study).
Alignment of region A sequences permissive for A-MuLV
infection in either Pitl or Pit2 backbones [receptors include
Pit2, RatPit2, HaPit2, Pit2(K522E), pOJ64, pOJ80, and
pOJ102] reveals that all nine residues can vary without affect-
ing A-MuLV entry; only the differences in positions 5 and 9 are
conservative (Fig. 1). However, the region A sequences from
different Pit2 homologs and Pit2(K522E), which all support
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A-MuLV infection in Pit2 backbones, differ only in positions 1
and 6. Moreover, a comparison of the sequences of Pitl region
A and Pit2 region A, which allow similar levels of infection by
A-MuLV in a human Pit2 context (pOJ80 and Pit2) (21),
shows two conserved amino acids (positions 3 and 5) and four
conservative differences (positions 2, 6, 7, and 9). Furthermore,
the Pit2/RatPit2 region A and that of pOJ64, which allow
A-MuLV infection in Pitl (pOJ102) and MusPitl (pOJ64)
backbones, respectively, exhibit amino acid identity in posi-
tions 1 and 9 and show four conservative differences (positions
2,5, 6, and 7). Moreover, interestingly, in region A of pOJ64,
the presence of the threonine residue, resulting in A-MuLV
receptor function, created a TQEA sequence (region A, posi-
tions 2 through 5). A similar motif is found in the C terminus
of Pit2/RatPit2 region A (region A, positions 6 through 9) (Fig.
1). Whether the TQEA motif or the conserved residues actu-
ally play a role in the A-MuLV receptor function dependent on
the receptor backbone, however, remains to be investigated.

Roles of loops 2 and 4 in 10A1 receptor function. Pitl
(pOJ75), MusPitl (pOJ19), and Pit2 (pOJ74) were found to
support 10A1 infection efficiently (Table 1) in agreement with
previous observations (14). The construct pOJ64 derived from
MusPit1 by insertion of a threonine in region A also supported
10A1 infection. However, the introduction of MusPitl region
A in Pitl (pOJ34) reduced 10A1 infection to a level just above
background, indicating that region A also can influence 10A1
receptor function. In a wild-type MusPitl backbone, MusPit1l
region A is compatible with 10A1 receptor function. Between
MusPitl and pOJ34, the only differences in the extracellular
loops besides those in region A are found in loop 2 [MusPitl/
pOJ34 positions 149(N)/145(K) and 152(K)/148(E)] (9, 10).
These results indicate that both loops 2 and 4 are involved in
10A1 receptor function and that whether a certain region A
sequence is permissive for 10A1 infection is dependent on the
sequence present in loop 2 of the protein.

The human Pitl-derived constructs pOJ36, harboring a
scrambled region A sequence, and pOJ71, with the aspartic
acid in position 550 deleted, did not promote 10Al entry.
These observations are in agreement with a possible role of
region A in 10A1 infection; it is, however, not known whether
the proteins encoded by pOJ36 and pOJ71 are present on the
cell surface, in that they do not support infection by any of the
tested viruses (Table 1) (10, 23).

The observation that substitution of Pitl region A for the
corresponding MusPitl sequence (pOJ34) reduced 10A1 re-
ceptor function is interesting given the broad receptor usage of
10A1. On the other hand, 10A1 and A-MuLV show only six
amino acid differences in the N-terminal part of the SU protein
(18), three of which are found in the variable regions A and B
which have been suggested to be directly involved in receptor
recognition by C-type viruses (2, 3, 7). It is therefore not
unlikely that A-MuLV and 10A1 depend on the same receptor
domain(s) for infection. In addition to the C-terminal region A
sequences, our results also indicated a role of N-terminal loop
2 sequences in 10A1 entry. Interestingly, as discussed above,
A-MuLV infection also seems to depend on N-terminal se-
quences, and we are currently undertaking studies to assess the
possible role of loop 2 in both A-MuLV and 10A1 entry.

Region A sequences are critical for both GALV and
FeLV-B infection (6, 10, 14, 21-23); e.g., none of the region A
mutants in Table 1 tested for GALV or FeLV-B receptor
function supported entry by these viruses (10, 23). However,
results obtained with Pit1-Pit2 chimeras revealed that FeLV-B
is dependent on other N- or C-terminal Pitl sequences in
addition to region A for entry (21). The presence of Pitl region
A was sufficient to confer GALV receptor function on Pit2
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(21). Indeed, a single amino acid change in Pit2 region A
resulted in a functional GALV receptor (6, 22). Moreover, the
presence of 12 Pitl-specific amino acids, the C-terminal 9 of
which comprise region A, were sufficient to confer receptor
function for GALV on Pho-4 (20), a sodium-dependent phos-
phate transporter from Neurospora crassa distantly related to
Pitl and Pit2 (27). However, Chaudry and Eiden recently iden-
tified two mutant Pit]l A regions [positions 550(D) and 553(D)
mutated to 550(G) and 553(G) and to 550(G) and 553(Q)]
which were both permissive for GALV infection when present
in a Pitl backbone; in contrast, when present in a Pit2 back-
bone, they were not compatible with efficient GALV infection
(4). These results indicate that GALV is also dependent on
sequences in addition to those in region A for infection. In
summary, the requirements for FeLV-B, GALV, A-MuLV,
and 10A1 receptor function might be quite similar, all involv-
ing region A in addition to at least one other receptor domain.
Moreover, we suggest that at least for GALV, A-MuLV, and
10A1, the sequence requirements for A regions compatible
with receptor function are dependent on the sequence present
in the other not-yet-identified domain(s) in the receptor.
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