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The human poliovirus receptor (hPVR) is a glycoprotein with three immunoglobulin-like extracellular
domains, of which the N-terminal domain (V-type domain) is necessary and sufficient for virus binding and
uptake. The effect of N glycosylation of the V domain of hPVR on binding and entry of poliovirus was studied.
Stable mouse L-cell lines were generated that express PVR-specific cDNA. One of the cell lines expressed a
mutant of hPVR, in which both asparagine residues of the two N-glycosylation sites of the V domain were
changed to aspartate (N105D) and serine (N120S), respectively. In the second mutant cell line, the portion of
the cDNA encoding theV domain ofhPVR was substituted by the homologous sequence of the recently isolated
PVR cDNA from monkey cells. This V domain naturally lacks both N glycosylation sites and encodes D105 and
S120 at the respective positions of the open reading frame. Absence of N glycosylation at these sites was
demonstrated by in vitro translation of the two mutant coding sequences in the presence of microsomal
membranes. Both PVR mutant cell lines were capable of poliovirus binding and replication. However, binding
of anti-PVR monoclonal antibody D171 and protection from viral replication by this antibody were observed
only with the glycosylation mutant carrying the human V domain. In contrast, infection of the cell line
expressing the monkey-human hybrid receptor was not blocked even though monkey cells are fully protected
by monoclonal antibody D171. The data suggest that N glycosylation of the V domain of hPVR is not essential
for viral replication in human tissues and that differential glycosylation of hPVR at these sites is likely not a
determinant of viral tissue tropism. Furthermore, the virus binding site and the epitope recognized by
monoclonal antibody D171 do not appear to overlap.

Attachment of poliovirus to its specific receptor on host
cells is a prerequisite for viral infection and pathogenesis.
The availability of cDNAs encoding the receptor for polio-
virus from human cells (hPVR) (11, 18) and from primate
cells (13) has allowed further detailed studies of the early
events in infection and could ultimately lead to an under-
standing of the role of PVR in mediating viral tissue tropism.
Surprisingly, hPVR-specific mRNAs have been detected in
human tissues that were originally not considered sites of
viral replication and tissue destruction (18). Moreover,
Northern (RNA) blot analyses as well as serological studies
indicated a heterogeneity of hPVR-related signals, with
respect to the size of both mRNA (18) and polypeptides (6,
36). This suggested that posttranscriptional or posttransla-
tional modifications yield different species of receptor mol-
ecules.
hPVR is a polypeptide belonging to the immunoglobulin

(Ig) superfamily (18), with three extracellular Ig-like domains
in the order V-C2-C2 (33), a transmembrane region, and a
short cytoplasmic tail. The first 143 amino acids of the
coding sequence that include the N-terminal V domain of
hPVR were demonstrated to be necessary and sufficient for
binding and uptake of virus, when fused directly to the
transmembrane region of PVR and expressed in receptor-
negative mammalian cells (7, 12, 28). The two C2-type
domains and the cytoplasmic portion of hPVR seemed to
contribute only marginally to viral receptor activity and
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could be deleted (7, 12, 28) or even replaced by unrelated
sequences from Ig-like domains of ICAM-1 (intercellular
adhesion molecule 1) and CD4 (28, 29) or IgGl (7). The
N-terminal 143 amino acids of hPVR also carry the epitope
that is recognized by anti-PVR monoclonal antibody (MAb)
D171 (12, 28). In addition to its specificity to bind to all
poliovirus-susceptible cells tested so far, MAb D171 effi-
ciently blocked poliovirus replication in permissive cells by
competing for the virus binding site, a property originally
used for selection of this antibody (21).

Earlier studies suggested that hPVR is a glycoprotein.
Lonberg-Holm (15) showed that incubation of susceptible
cells with concanavalin A reduced the binding of poliovirus
type 2, while Tomassini et al. (31) found that wheat germ
lectin almost completely inhibited receptor-mediated binding
of poliovirus type 1 (PV1). These experiments implied that
the carbohydrate moieties are near the site of, or even
involved in, virus binding.
On the basis of the sequence of hPVR-specific mRNA,

hPVR has eight potential N-glycosylation sites, ofwhich two
occur in the first domain (11, 18). Overexpression of hPVR in
insect (10) or mouse (34) cells or synthesis of receptor
polypeptides by in vitro translation of hPVR-specific mRNA
in the presence of dog pancreas membranes (34) confirmed
glycosylation of the protein. The extent and chemical com-
position of carbohydrates of hPVR have not been studied.
Available evidence suggests, however, that both N-glycosyl-
ation sites of the hPVR V domain are glycosylated (35).

Tissue-specific N glycosylation of a protein can account
for differences in biological function of this protein (26). It
seemed possible that differential glycosylation of hPVR
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could determine whether a human tissue would be suscepti-
ble to poliovirus infection. We therefore addressed the
question whether N glycosylation of the hPVR virus binding
V domain is required for virus binding at all. Our studies
were aided by the observation that cDNA clones of the PVR
homolog derived from monkey cells (13) predict an amino
acid sequence for the V domain which lacks the two N-gly-
cosylation sites.

MATERIALS AND METHODS

Construction of plasmids. Oligodeoxynucleotides 5'-GCG
AGGCGTCCCGGAGCTCCG-3' and 5'-GGTGTAGGAGC
ClTCATCC-3' were used simultaneously for site-directed
mutagenesis (14) of the single-strand template derived from
pTMPVR (34) that contains the coding region of H20A
cDNA (18). The introduced mutations were analyzed by
determination of the nucleotide sequence, and the 375-bp
SpeI-NheI fragment was reinserted into pTMPVR to gener-
ate pTMhPVRdlDs. Oligodeoxynucleotides 5'-GCGCTACT
AGTGCTGTCCTGG-3' and 5'-GGGGCITGGCTAGCACT
CGG-3' were used for a polymerase chain reaction with Taq
polymerase (Cetus), using pSV2AGMa2 (13) as a template.
The SpeI- and NheI-digested polymerase chain reaction
product was inserted into the correspondingly digested pT-
MPVR, to generate pTMhPVRdlmPv . Determination of the
nucleotide sequence confirmed the replacement of amino
acids 18 to 143 of the hPVR by homologous sequences of the
monkey cell-derived PVR (mPVR) (13). The 1,998-bp Hin-
dIII-ScaI fragments of both plasmids and of pTMPVR were
each inserted into the vector APtag-1 (5), which was digested
with Hindlll and HpaI. The plasmids generated were termed
pAPhPVRdlDs, pAPhPvRdImPvR, and pAPhPVR, respec-
tively.

Generation of cell lines. Plasmids pAPhPVRdlDS, pAPh
PVRdlmPVR, and pAPhPVR (2 ,ug) were transfected into
mouse Ltk- cells by using a Cell-Porator (Bethesda Re-
search Laboratories). Plasmid pLNCX (0.1 ,ug) expressing
the thymidine kinase resistance gene (tk) was coelectropo-
rated. At 30 h posttransfection, HAT (100 ,ug of hypoxan-
thine, 0.4 ,uM aminopterin, 16 FM thymidine) (GIBCO) was
added to the medium (Dulbecco's modified Eagle's medium,
10% fetal calf serum). Eight thymidine kinase-resistant cell
colonies were isolated, propagated, and tested for binding of
[35S]methionine-labeled PV1 and replication of PV1. The
selected cell lines were termed LhPVRdlDs, LhPVRdlmPXR,
and LhPVR, respectively.

In vitro translation. Plasmids pTMhPVRdlDS, pTMh
PVRd1mPvR, and pTMPVR were linearized with ScaI before
in vitro transcription with T7 RNA polymerase (kindly
provided by J. J. Dunn, Brookhaven Laboratory) as de-
scribed previously (34). Cell-free reticulocyte lysate and dog
pancreas microsomes were used for in vitro translation as
described by the manufacturer (Promega).

V'irus binding assay. PV1-infected cells were incubated
with [35S]methionine, and labeled poliovirus was purified by
sucrose gradients (35). Incubation of stable cell lines (5 x 106
cells) with labeled poliovirus (5 x 106 PFU) was performed
as described in the figures legends.
Flow cytometry. MAb D171 (100 ,ug/ml) was incubated

1:100 with the transfected cell lines (107 cells) in 100 ,ul of
phosphate-buffered saline (PBS)-1% bovine serum albumin
for 1 h at room temperature (RT). After the cells were
washed in PBS (three times), a fluorescein 5-isothiocyanate-
conjugated secondary antibody (1:100; Bethesda Research
Laboratories) was incubated in a volume of 100 pl for 1 h at
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FIG. 1. Schematic overview of hPVR (wild type) and the glyco-
sylation mutants hPVRdlDS and hPVRdlmp'vR. The potential N-gly-
cosylation sites at Asn (N) were changed to Asp (D) and Ser (S) at
amino acids 105 and 120 of hPVR, respectively. In mutant
hpVRdlmPVR, the first domain of hPVR (amino acids 18 to 143) was
replaced by homologous monkey sequences that also have the D and
S residues. Vertical lines in hPVRdlmPVR refer to the 13 amino acid
differences compared with hPVR. Abbreviations and symbols: Si,
signal sequence; dl to d3, extracellular Ig-like domains; TM, trans-
membrane region; cyt, cytoplasmic tail; lollipops, potential N-gly-
cosylation sites.

RT. The washed (two times in PBS) cells were analyzed on
a FACStar analyzer (Becton Dickinson) (28).

Plaque assays of poliovirus-infected cell lines. The trans-
formed cell lines (107 cells) were incubated with PV1 (mul-
tiplicity of infection of 10) in PBS for 30 min at RT, washed
five times in PBS, and incubated at 37°C for the indicated
times. Cells were lysed in the culture medium by freeze-
thawing, and poliovirus titers were determined on HeLa cell
monolayer cultures (35).

RESULTS

Construction of mutant cDNA clones and in vitro glycosyl-
ation. The V domain (domain 1, referred to as dl) of the
hPVR has two potential N-glycosylation sites, N105-A-S and
N120-Y-T, while the other six glycosylation sites reside in
domains 2 and 3 (18). The corresponding residues in the
mPVR are D-A-S and S-Y-T (13). Accordingly, we changed
the two asparagine residues at positions 105 and 120 of the
hPVR to aspartate and serine, respectively. This hPVR
mutant, referred to as hPVRd Ds, therefore has only six
glycosylation sites (Fig. 1). In a second construct, domain 1
of hPVR (amino acids 18 to 143) was replaced by homolo-
gous sequences of domain 1 derived from mPVR, thereby
also reducing the total N-glycosylation sites in this hybrid
receptor to six. The chimeric monkey-human PVR mutant is
referred to as hPVRdlmPXR. The replaced portion of the
receptor has, in addition to the N-to-D and N-to-S replace-
ments, 11 more amino acid changes (13). hPVR was used
throughout this study as a positive control.
To test the integrity of the open reading frame of our

constructs and to determine the effect of the mutations on N
glycosylation, we placed the open reading frames down-
stream of the IRES element of encephalomyocarditis virus,
as recently described (34). The IRES element ensures effi-
cient translation in vitro and in vivo, and a bacteriophage T7
promoter placed upstream of the IRES element allows
transcription with T7 RNA polymerase (9).

Synthetic mRNAs of the respective constructs were gen-
erated by in vitro transcription and translated in rabbit
reticulocyte lysate in the presence or absence of dog pan-
creas microsomes. As can been seen in Fig. 2, neither
mRNA significantly stimulated protein synthesis in the ab-
sence of microsomes (lanes 1, 3, and 5), an unexplained
observation made previously (34). Nevertheless, weak
bands in lanes 1 and 3 correspond to a molecular mass of 45
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FIG. '. In vitro translation of PVR-specific RNA derived from
constru.L.s depicted in Fig. 1. The respective open reading frames
were placed into plasmids pTMPVR, pTMhPVRd'Ds, and
pTMhPVRdlmPvR, which are suitable for in vitro transcription and
translation. RNA (0.2 Pg) was incubated with reticulocyte lysate (30
P,l) in the presence (+) or absence (-) of dog pancreas microsomes.
After 60 min of incubation with [35S]methionine at 30°C, proteins
were subjected to sodium dodecyl sulfate-12.5% polyacrylamide gel
electrophoresis. RNA was derived from pTMPVR (lanes 1 and 2),
pTMhPVRdlDS (lanes 3 and 4), and pTMhPVRdlmP R (lanes 5 and
6). In lane 7, no RNA was added. Numbers on left show size in
kilodaltons.

kDa, which is the expected value for the unmodified poly-
peptide chain (34). The corresponding band of hPVRdlmPVR
migrated slightly faster (Fig. 2, lane 5), which is probably
due to the multiple amino acid differences in the monkey-
derived portion. Addition of dog pancreas microsomes to the
translation mixture led to the previously detected product of
67 kDa (34) with wild-type hPVR mRNA (Fig. 2, lane 2). The
corresponding products of the mutant mRNAs that lack the
N-glycosylation sites in the V domain migrated faster and
had estimated molecular masses of 62 kDa (lane 4) and 61
kDa (lane 9), respectively. Immunoprecipitation of these
pre cts w.ch hPVR-specific polyclonal antiserum 625 (34)
co. med the identity of these products (data not shown).
Th appearance of products with the reduced molecular
weights of the PVR mutants and the previously observed in
vitro glycosylation of the hPVR V domain (35) strongly
suggest that mutation of the two asparagine residues abol-
ishes glycosylation of the V domain of hPVR.

Replication of poliovirus in PVR N glycosylation mutant cell
lines. The mutant PVR cDNAs were then tested for their
ability to express a functional PVR. By insertion of the
mutant cDNAs into a mammalian expression vector (5), the
ORFs were driven by the control elements of the Moloney
murine leukemia virus long terminal repeat. Stable cell lines
derived after transfection of these vectors were established
il mouse Ltk- cells. The three transformed cell lines,
termed LhPVR, LhPVRdlDs, and LhPVRdlmPvR, were in
fected with poliovirus, and virus yields were assayed at
various times after infection. As can be seen in Fig. 3,
all three transformants gave rise to an increase of about 3
to 4 logs of PFU compared with receptor-negative cells
(LTK). The wild-type LhPVR at the hybrid receptor
LhPVRdlmPvR cell lines reproducibly yielded higher levels
of poliovirus than LhPVRdlDs. The onset of poliovirus
replication was delayed in LhPVRdlDs as judged by two
experiments, indicating that some of the early events (pen-
etration and uptake) may be impaired in this cell line.

Binding of poliovirus and MAb D171. The poliovirus yields
observed in the above experiments do not reveal the amount
of PVR expressed in these cell lines. Also, the reduced viral
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FIG. 3. Replication of poliovirus in transformed cell lines. About

107 cells of the cell line LhPVR, the glycosylation mutants
LhPVRdlDs and LhPVRdlmPvR, or LTK cells (negative control)
were incubated with PV1 (multiplicity of infection of 10) for 30 min
at RT. Cells were then washed five times with PBS and incubated for
the indicated hours at 37°C. Lysates of these incubations were
prepared by freeze-thawing and plaqued on HeLa cell monolayer
cultures. Numbers of plaques (PFU) are given as the mean of two
experiments.

yield with LhPVRdlDS could be the result of a low expres-
sion of PVR. Detection of PVR-related proteins with avail-
able antibodies failed, most likely due to low levels of PVR
expression. We therefore tested the three cell lines for their
ability to bind virus and the receptor-specific MAb D171
(21).

Studies of poliovirus attachment at 4°C (Fig. 4A) showed
that both the wild-type receptor (LhPVR)- and hybrid recep-
tor (LhPVRdlmPvR)-expressing cell lines bound similar
amounts of virus. The LhPVRdlDs cell line, on the other
hand, showed a slightly reduced binding (70%) that may
correspond to the lower residual poliovirus yield at time zero
postinfection observed in the above experiments (Fig. 3).
Using flow cytometry, we asked whether the N-glycosyl-

ation mutants can bind MAb D171. Previous studies showed
that binding of MAb D171 to cells covaried in all cases with
susceptibility to poliovirus infection (21). Moreover, the V
domain of PVR alone was sufficient for binding MAb D171,
which proved that poliovirus and MAb D171 bind to the
same domain (12, 28, 29). Whether the D171 epitope and the
virus binding site are identical, however, remained an open
question. Figure 4B shows that LhPVRdlDS cells bind MNAb
D171, although to a lesser extent than the wild-type LhPVR
cells. In contrast, the cells expressing the human-monkey
hybrid receptor LhPVRdlmPvR did not bind MAb D171.

Blocking infection of PVR N glycosylation mutant cell lines
with MAb D171. To date, binding of MAb D171 and its
ability to protect cells from infection by poliovirus strictly
correlate (21). If MAb D171 is unable to bind to
LhPVRd1mPvR cells (Fig. 4B), it should also fail to block
infection of the cells with poliovirus. As expected, viral
replication was completely abolished in LhPVR and
LhPVRdlDS cells at higher concentrations of MAb D171
(Fig. 5). In contrast, infection of LhPVRdlmPvR was unaf-
fected by the antibody. The concentration of MAb D171
used in these experiments was sufficient for blocking infec-
tion of monkey cells, and even higher concentrations of the
antibody did not yield protection from poliovirus infection in
LhPVRdlmPVR cells (data not shown). Together with the
results of virus binding (Fig. 4A), these data show that the
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FIG. 4. Binding of 35S-labeled poliovirus and MAb D171. (A) Poliovirus (5 x 106 PFU) was incubated with 5 x 10' transformed cells for
60 min at 4°C. Unbound virus was removed by washing with PBS (five times), after which the cells were collected and resuspended in
Ecolume scintillation fluid (3.5 ml). Radioactivity (counts per minute) was determined in a Beckman scintillation counter (10 min). Data shown
are means of five experiments. (B) Flow cytometry of transformands. The indicated cell lines (107 cells) were preincubated with PBS (FITC
only) or MAb D171 (D171), washed, exposed to a fluorescein-conjugated secondary antibody, and analyzed by cytofluorometry. A
fluorescence histogram is shown in which relative fluorescence (x axis) is plotted versus relative cell number (Y axis).

epitope of MAb D171 and the poliovirus binding site are
distinct entities.

DISCUSSION

The experiments presented here demonstrate that N gly-
cosylation of the virus binding domain (V domain) of the
hPVR is not a prerequisite for viral binding and uptake. An
unglycosylated polypeptide comprising just domain 1 may
thus be a candidate for solving the three-dimensional struc-
ture of PVR. Earlier reports that showed a reduction of
poliovirus attachment by treatment of cells with sugar-
specific agents (15, 31) could have been caused by direct

FIG. 5. Blocking of viral replication by MAb D171. Transfor-
mands (107 cells) were preincubated with preimmune serum (col-
umns 1) or with serial dilutions of MAb D171 (100 ,ug/ml) of 1:50,000
(columns 2), 1:5,000 (columns 3), or 1:500 (columns 4). Preincuba-
tion was in PBS for 2 h at RT. PVl(Mahoney) was added (multiplic-
ity of infection of 10) for 30 min, unbound virus was washed (five
times with PBS), and cells were further cultured in medium for 14 h
at 37°C. Cell lysates were prepared by freeze-thawing and plaqued
on HeLa cell monolayers. Titers (PFU) shown are the mean of three
experiments.

steric hindrance of hPVR or by hindrance via unrelated
glycoproteins that form complexes with hPVR.

N-linked sugars have been shown to be involved in the
interaction of a variety of viruses and their cellular recep-
tors. Essential carbohydrate moieties may reside either on
viral envelope proteins or on cellular receptor molecules.
Examples for the former group are vesicular stomatitis virus
(16), polyomavirus (8), and influenza A virus and Sendai
virus (22). Moreover, tissue tropism of viral infection may be
associated with glycosylation, as was reported for the HAl
protein of influenza A virus (2) and the E2 protein of Sindbis
virus (3). On the other hand, glycosylation appears to be less
important for viral receptors that are members of the Ig gene
superfamily, although these molecules are, of course, N
glycosylated (33). For example, CD4, the receptor for hu-
man immunodeficiency virus, does not contain N-glycosyl-
ation sites in its N-terminal virus binding domain, and
bacterially synthesized soluble CD4 is fully functional in
competing for the CD4 receptor on cells (32). Similarly,
intercellular adhesion molecule 1 (ICAM-1), the receptor
used by the major group of human rhinoviruses, does not
harbor N-glycosylation sites in the virus binding N-terminal
domain, and mutation of the two N-glycosylation sites from
the second domain does not affect binding of rhinovirus (17).
hPVR is therefore an exception in that its virus binding
domain is glycosylated. Recently, it has been suggested that
glycosylation of the receptor for mouse hepatitis virus, also
a glycoprotein receptor belonging to the Ig gene superfamily
(4), is involved in virus binding (23).
MAb D171 (21) is the best of all characterized antibodies

that interfere with poliovirus attachment (11, 19, 30). Avail-
able evidence has shown that MAb D171 binds to domain 1
of PVR (12, 28, 29) and competes for binding with poliovirus
(21). The data obtained with the human-monkey hybrid
receptor cell line LhPVRdlmPVR suggest that the epitope
recognized by MAb D171 differs from the poliovirus binding
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site. However, whereas these sites can be functionally
separated, they may overlap extensively, and a subtle dis-
tortion of the molecule may have different effects with
respect to the binding of the two ligands. The effect of the
adjacent C2-like domains for the folding of the V domain
may thus be underscored. A detailed mapping of the
epitopes recognized by MAbs and the virus binding site has
not been established for PVR. For other viral receptors, the
epitopes recognized by antibodies that block viral infection
and the respective virus binding sites have been mapped by
extensive mutagenesis of the receptor. In viral receptors like
ICAM-1 (17, 27) and CD4 (20, 24), those sites were closely
related, whereas they were separated in the receptor used by
the Epstein-Barr virus (1).
The reduced binding of MAb D171 to the LhPVRdlDs cell

line might be an indication of the sensitivity of the epitope to
a slight distortion of the polypeptide folding introduced by
the mutation. Indeed, MAb D171 has been of no use to
immunoprecipitate or isolate the hPVR (18), and it has been
difficult, if not impossible, to use MAb D171 in Western blots
(immunoblots) to visualize the receptor, even from cells
overexpressing PVR (36). Apparently, the epitope of MAb
D171 is exquisitely sensitive to denaturation; hence, small
changes in the amino acid sequence of the protein appear to
alter this epitope.
N glycosylation of PVR could contribute to its yet un-

known biological role, a phenomenon reported for differen-
tially glycosylated forms of the insulin receptor (25). For its
function as PVR, the absence of N-glycosylation sites in the
V domain of the mPVR (13) already suggested that this
posttranslational modification is not essential for the viral
receptor activity. Although this issue was directly ap-
proached for hPVR in the studies presented here, it cannot
be excluded that (hyper-) glycosylation of the two C-terminal
domains may impair binding of poliovirus in those tissues
that are not sites of poliovirus infection. Further studies of
the posttranslational modification of PVR in tissues may
shed light on factors regulating the tissue tropism of polio-
virus and may also elucidate the physiological function of
PVR.
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