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Physical and chemical properties of deoxycholate-solubilized HeLa cell plasma membrane receptors for
binding group B coxsackieviruses were determined. Receptors eluted from Sepharose 4B with an apparent
molecular weight of 275,000 and sedimented with an S value of between 14.7 and 4.9 and a buoyant density of
1.06 to 1.10 g/cm>. Virus-binding activity was destroyed after treatment with proteases, glycosidases, and
periodate but was unaffected by lipases or reducing or alkylating agents. Additionally, lectins, including
concanavalin A, adsorbed receptors and inhibited virus attachment. The composite data suggested that
glycoprotein is an integral part of the receptors for binding virus.

The role of specific cell surface receptors in determining
the tissue tropism or cell susceptibility to infection with
picornaviruses has been well documented (2, 15). Within this
family, the receptors for the various human enteroviruses
have been most extensively studied, and some general
properties have been identified. They are integral compo-
nents (4, 17, 19, 22; N. H. Levitt, Ph.D. thesis, Hahnemann
Medical College, Philadelphia, 1968) of the outer surface of
the plasma membrane (17, 23) and are present at ca. 10°
copies per cell (1).

The six serotypes of the group B coxsackieviruses bind to
a common receptor on HeLa cells which is distinct from that
binding the polioviruses, group A coxsackieviruses, and
echoviruses (14). The receptors on intact HeLa cells are
inactivated by chymotrypsin (22), and their regeneration
requires host cell protein and mRNA synthesis (13). The
development of a sodium deoxycholate (DOC) extraction
procedure to solubilize biologically active, native receptors
from HeLa cells (4, 12) provided an impetus to further
characterize them.

The results presented herein represent the first character-
ization of soluble host cell receptors for binding group B
coxsackieviruses. An essential glycoprotein component was
revealed from the sensitivity of DOC-solubilized receptors
to protease and glycosidase treatment and to periodate
oxidation, their affinity for specific lectins, and their stability
regardless of extremes of pH and temperature. Treatment of
extracts with lipases revealed that lipid was not required for
virus binding, but an association with lipid was implicated
from the buoyant density of solubilized receptors and their
interaction with heparin. The data will be compared with
previous reports of insoluble receptors.

MATERIALS AND METHODS

Cells. The Mandel (3) and JJH (6) strains of HeLa cells and
the MCN strain of mouse L cells (7) were grown as previ-
ously described.

Viruses and virus purification. The origins of the strains of
coxsackievirus B1 (Conn-5), B3 (Nancy), and poliovirus T1
(Mahoney) were described elsewhere (5, 6). Viruses were
grown in suspension cultures of Mandel HeLa cells and
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purified on two successive CsCl gradients (3). The PFU of
infectious virus were determined on JJH HeLa cells (6).

Protein determination. Amounts of protein were estimated
in a modified Lowry method (16) or from the absorbance at
280 nm, with bovine serum albumin (crystallized and lyoph-
ilized) as a standard.

Preparation and solubilization of cell membranes. Plasma
membranes were isolated in 5 to 50% discontinuous sucrose
gradients (21), solubilized in phosphate-buffered saline (PBS;
devoid of Ca®* and Mg?*) containing 0.2% DOC (4), and
stored in the vapor phase of a liquid N, refrigerator.

Cell radiolabeling. Mandel HeLa cells (10° cells per ml)
were metabolically labeled for 4 h with 100 pnCi of L-[4,5-
3H]leucine (76 Ci/mmol; Amersham Corp., Arlington
Heights, Ill.) per ml, in double-strength Eagle medium
devoid of leucine and containing only 1% calf serum. Mem-
brane fractions and DOC extracts were prepared as de-
scribed for unlabeled cells. Specific activities of 4.8 x 103
cpm/pg of protein were obtained in soluble extracts.

Radioactivity determinations. Polyethylene solvent-saver
vials (Kimble Glass Co., Division of Owens-Illinois, Toledo,
Ohio) received 500 ul of aqueous sample and 5 ml of ACS II
aqueous scintillation cocktail (Amersham). Tubes were
counted for 5 min in the isoset windows of a Beckman
LS-133 liquid scintillation spectrometer.

Receptor assay. Virus-binding activity was determined in a
solid-phase assay, which provides a sensitive and specific
measure of receptors for binding group B coxsackieviruses
and polioviruses (12). Briefly, serial two- or three-fold dilu-
tions of receptor were made in PBS in 96-well polystyrene
micro-enzyme-linked immunosorbent assay substrate plates
(plate M129A, Cooke Engineering Co. [Dynatech Corp.],
Alexandria, Va.). Receptors were immobilized by passive
adsorption (16 h, 6°C) and incubated for 24 to 48 h at 6°C
with 10° PFU of coxsackievirus B3 (CB3) in 50 pl of virus
attachment buffer (50 mM phosphate- and citrate-buffered
saline, pH 4.5, containing 0.5% bovine serum albumin). The
amount of unattached virus was reduced by washing (seven
times in PBS at 6°C), and attached virus was recovered in
200 pl of 50 mM glycine-HCI, pH 1.5. The pH was adjusted
to neutrality by 10-fold dilution in balanced salt solution
containing 3% calf serum and 50 mM HEPES (N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid), pH 7.2.
Virus was quantitated in plaque assay on JJH HeLa cells.
The receptor titer (receptor units [RU] per ml) was desig-
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FIG. 1. Recovery of receptor activity for CB3 from solubilized
HeLa cell plasma membranes after chromatography on Sepharose
4B. Membrane extract (1 ml) was loaded on a column of Sepharose
4B (40 by 2.5 cm) and eluted with PBS-0.1% DOC. Amounts of
protein (optical density at 280 nm [(J]) and receptor (@) in fractions
(4.5 ml) were determined as described in the text. The column was
calibrated with Blue dextran 2000 (molecular weight, 2 x 10°
[2000K]), bovine thyroglobulin (667K), catalase (210K), and bovine
serum albumin (67K) (vertical arrows), and with ribonuclease (13K),
and phenol red (354) (not shown).

nated as the reciprocal of the highest dilution of sample
which bound fivefold more virus than background (uncoated
wells or wells coated with L cell extracts) or, alternatively,
as the amount of virus specifically bound to wells coated
with a single dilution (=20 pg of protein per ml) of extract.

Chemicals. Reagents and chemicals were of reagent grade
and were obtained from Sigma Chemical Co., St. Louis,
Mo., unless otherwise indicated.

RESULTS

Gel filtration. Receptors for binding CB3 eluted from
Sepharose 4B as a single peak between 180 and 192 ml (Fig.
1). This peak corresponded to a molecular weight of ca.
275,000 and closely matched the extract protein elution
peak.

Sedimentation. Receptor activity was not sedimented after
centrifugation of solubilized membranes in 0.1% DOC for 6
h at 208,000 X g (S < 14.7) but was pelleted (30% recovery)
within 16 h (S = 4.9). Equilibrium sedimentation of extracts
in sucrose revealed peaks of receptor-specific activity (=0.13
RU/cpm in original extract) at 13.9 (1.058 g/cm?) and 22.5%
(1.095 g/cm?®) sucrose (0.53 and 0.95 RU/cpm, respectively)
in DOC-containing gradients and at 15% (1.063 g/cm?) su-
crose (0.51 RU/cpm) in gradients containing octyl glucoside
(Fig. 2).

Association with lipid. Solubilized membranes were incu-
bated in 10 mM MnCl,-0.01% heparin buffered with 10 mM
HEPES, pH 7.0 (3 h, 6°C). The resulting precipitate was
collected by centrifugation (3,700 X g, 20 min) and sus-
pended in PBS-0.1% DOC. Receptor activity was recovered
in the pellet after heparin treatment (810 RU/ml of pellet; 30
RU/ml of supernatant), whereas receptors remained in the
supernatant (810 RU/ml of supernatant; 270 RU/ml of pellet)
in the absence of heparin.

The capacity of different lipases to inactivate receptors
was examined. Receptor titers were not reduced after treat-
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ment (1 h, 37°C) of HeLa extract (5 pl) with phospholipase
A, (50 U from Naja naja venom), phospholipase C (14 U
from Bacillus cereus), or lipase (150 U from Candida cylin-
dracea).

Association with protein. The effects of different protein-
modifying agents on receptor activity were determined (Ta-
ble 1). Receptors were inactivated by the proteases trypsin
and chymotrypsin. In a control experiment with intact HeLa
cells (22), trypsin inactivated only the receptors for polio-
virus T1 and not those for CB3, whereas chymotrypsin
inactivated the receptors for CB3 but not those for polio-
virus T1 (data not shown).

Sulfhydryl groups were not required for binding of virus to
solubilized receptors, as reducing (dithiothreitol and 2-mer-
captoethanol) or alkylating (iodoacetamide) agents had no
effect on receptor activity (Table 1).

Association with carbohydrate. Mandel HeLa cells (2.0 x
10° cells per ml) were grown for 48 h in suspension culture
(to 6.4 X 10° cells per ml) in the presence of 1 pg of
tunicamycin per ml, an inhibitor of protein N-glycosylation
(11). This concentration of tunicamycin permitted optimum
(50 to 60%) inhibition of [MClfucose incorporation (trichlo-
roacetic acid-precipitable counts) into cell proteins, without
appreciably affecting synthesis of cell protein (17% reduc-
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FIG. 2. Recovery of receptor activity for CB3 from solubilized
HeLa cell plasma membranes after sucrose gradient centrifugation.
DOC-solubilized membranes (200 pl, [*H]leucine labeled) were
centrifuged to equilibrium (190,000 X g, 24 h) in 10 to 40% gradients
of sucrose in PBS containing 0.1% DOC (@), 0.5% octyl glucoside
(A), or no detergent (M). Receptor specific activity (——) and
amounts of extract CH cpm, — — —) were determined as described in
the text. Sucrose concentrations (O) were determined from the
refractive index (Bausch & Lomb Abbe refractometer).
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tion in incorporation of *H-amino acid mix) or of DNA (20%
reduction in incorporation of [*H]thymidine) or cell growth.
Even though a twofold reduction in receptor titer would
have been detected, no decrease in the activity of DOC
extracts from tunicamycin-treated cells was observed.

Results presented in Table 1 show that periodate treat-
ment resulted in a threefold reduction in receptor activity,
implicating carbohydrate as an integral part of receptors.
Similar results were obtained after treatment of receptors
adsorbed on the assay plate (67% inactivation in 30 min, 81%
in 90 min, 93% in 180 min).

A subsequent evaluation of an association with carbohy-
drate relied on the capacity of different lectins to bind to
solubilized receptors. Receptors were bound to immobilized
lectins with an affinity for residues of glucosyl (concanavalin
A [ConA], wheat germ, lentil, pea) and N-acetylgalactosyl
(soybean), but not a-D-galactosyl (peanut) (Table 2). How-
ever, the capacity of only ConA, pea, and lentil lectins to
reversibly inhibit virus attachment (Table 2) indicated an
association of glucosyl or mannosyl residues near the virus-
binding site. Furthermore, preliminary results showed that
receptor activity was reduced >90% after treatment (1 h,
37°C) of the extract (5 pl) with a-glucosidase (5 U from type
VI brewer’s yeast), B-glucosidase (5 U from type II al-
monds), or a-mannosidase (0.9 U from jack beans), but only
50% after treatment with a-galactosidase (0.1 U from green
coffee beans).

Thermal stability. Samples of solubilized HeLa cell plasma
membranes, in PBS-0.1% DOC, were incubated at different
temperatures and rapidly chilled to 0°C. Remaining receptor
activity was determined. Receptor titers were reduced 25
and 60 to 81% after incubation for 10 and 30 min, respec-
tively, at 56°C and 93 and 98% after incubation at 100°C for
1 and S min, respectively. Receptors were stable for at least
20 days at 6°C, 8 h at 25°C, and 2 h at 37°C. Activity was
reduced 3-fold after 24 h of incubation at 25°C and >27-fold
within 8 h at 37°C.

TABLE 1. Effect of protein- and carbohydrate-modifying
treatments on receptor activity

Receptor
Treatment® inactivation
(%)°

Periodate®. ........ ..ottt 67
Protease?

Chymotrypsin .......ccovviieiiiiiiiaeeannnn.. 82

Chymotrypsin-TPCK .......................o.... <1

Chymotrypsin-TLCK..................ciinnn.... 80

TrYPSIN . e 75

Trypsin-TPCK................. ... ..., 89

Trypsin-TLCK ............. ... ..., <1
Sulfhydryl modifying®

Dithiothreitol . ...................... ..., <1

2-Mercaptoethanol .................oviiiinn.... <1l

Iodoacetamide.....................ciiiiia.... <1

% Membrane extract (20 pl) was added to 200 wl of 0.1% DOC in 20 mM
HEPES-buffered saline, pH 8.0 (protease treatments), or 20 mM PBS, pH 7.0,
containing the indicated compound.

® Normalized to receptor activity in buffer alone (mock treatment).

¢ Periodate treatment, 30 min at 37°C; final concentration, 10 mM sodium
m-periodate. The reaction was stopped by addition of glycerol to 10% (vol/
vol).

4 Protease treatment, 60 min at 37°C; final concentration, 500 wpg/ml of
protease and 62.5 pg/ml of L-1-tosylamide 2-phenylethyl chloromethyl ketone
(TPCK) or sodium-p-tosyl-L-lysine chloromethyl ketone (TLCK). Tubes were
chilled on ice and assayed immediately.

¢ Sulfhydryl-modifying treatment, 30 min at 37°C; final concentrations, 20
mM dithiothreitol, 20 mM iodoacetamide, and 10 mM 2-mercaptoethanol.
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TABLE 2. Interaction of lectins with solubilized receptors

RU of re-
ceptor unad- Virus at-
Lectin® Sugar specificity® sorbed per tachment
ml (% (%)
mock)
ConA a-D-glucose or a-D- 90 (4) 42
mannose
Lentil a-D-glucose or a-D- 813 (33) 55
mannose
Garden pea a-D-glucose or a-D- 813 (33) 55
mannose
Wheat germ N-acetyl-D-glucose 813 (33) 104
Peanut D-galactose 2,427 (100) 86
Soybean N-acetyl-p-galactos-
amine 813 (33) 92
None 2,427 (100) 100

¢ Lectin (400-u1 samples) immobilized on beaded agarose or Sepharose 4B
was washed with PBS-0.05% DOC and incubated with 20 pl of membrane
extract in a total volume of 550 ul. A tube containing no agarose served as a
control for the total amount of extract applied. Tubes were incubated with
shaking for 3.5 h at 6°C. The beads were allowed to settle, and the receptor
activity in the supernatants was determined.

5 From Polysciences Catalog, 1982-83 ed., p. 140-143 (Polysciences, Inc.,
Warrington, Pa.).

¢ Wells of a micro-enzyme-linked immunosorbent assay receptor assay
plate were coated with 50 ul of a 1:50 dilution of HeLa extract (16 h, 6°C) and
incubated with 50 pg of lectin in PBS-0.05% DOC (16 h, 6°C). ConA and
wheat germ lectins were used in the succinylated form. Wells were washed
(three times in PBS) and incubated with virus, as described in the text.
Receptor activity was expressed as the amount of virus attached, relative to a
mock lectin treatment (average of three experiments). The inhibition of virus
attachment by ConA, pea, and lentil lectins was abolished by including 100
mM 3-O-methyl-p-glucose in the lectin solution. No reversal of the inhibition
was obtained with D-galactose. No binding of virus to lectins was detected.

DISCUSSION

Receptors for the enteroviruses have not been extensively
characterized. Results obtained after enzymatic treatment of
cells did not account for possible secondary membrane
changes (10). Furthermore, previous attempts to study re-
ceptors extracted from cells used receptor preparations
which were insoluble (17; N. H. Levitt, Ph.D. thesis, Hahne-
mann Medical College, Philadelphia, 1968), inactive (9),
active only for hemagglutinating strains of virus (18, 19), or
extracted from erythrocytes, which do not support virus
replication (19). The present study used a detergent extrac-
tion procedure (4) to solubilize receptors for the group B
coxsackieviruses from HeLa cells and permit their charac-
terization.

The capacity of proteases to inactivate soluble or mem-
brane (9, 18-20, 22, 23; N. H. Levitt, Ph.D. thesis, Hahn-
emann Medical College, Philadelphia, 1968) receptors for
CB3 indicated an essential role for protein in receptor
activity. Receptor sulfhydryl groups were not required,
since virus-binding activity was unaffected by reducing or
alkylating agents. An evaluation of the effect of a panel of
site-specific proteases on receptor activity should reveal the
specific region(s) of receptors involved in binding virus.

The role of carbohydrate in receptor activity has been
equivocal. In the present study, a carbohydrate requirement
was suggested from the inactivation of solubilized receptors
after periodate oxidation. In contrast, membrane receptors
for these viruses were periodate insensitive (8, 19, 20).
However, the stability of receptors to pH extremes (pH 3 to
9 [9, 24; unpublished data]) and elevated temperatures (20,
24) is consistent with a glycoprotein involvement (2).

Perhaps the best evidence for a carbohydrate (including
glucosyl and mannosyl residues) requirement in receptors
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comes from the capacity of lectins to reversibly inhibit virus
attachment and the sensitivity of receptors to glycosidase
treatment. These residues may be O-linked to receptor
protein, since tunicamycin did not reduce receptor titers. It
is unlikely that the resistance of virus-binding activity to
tunicamycin treatment represented a carry-over of N-linked
receptor carbohydrate from the inoculum cells, since a
threefold reduction in receptor number, resulting from the
threefold increase in cell number during treatment, would
have been detected.

Receptors were resistant to treatment with assorted
lipases, indicating that lipid was not required for virus
binding. However, an association of lipid or detergent was
consistent with the receptor buoyant density and the capac-
ity of heparin to precipitate receptors from DOC-solubilized
preparations. It will be of interest to reconstitute receptors
with different lipids and determine whether lipid modulates
receptor activity at stages subsequent to virus binding.

The composite data suggest that the virus-binding activity
of DOC-solubilized HeLa cell plasma membranes involves
glycoprotein with tightly associated lipid. Similarly, others
(17, 19) showed that partially purified receptor preparations
contained protein (53%), lipid (32%), and carbohydrate
(5%).

The data are being interpreted to develop a rationale for a
receptor purification protocol. The partially purified recep-
tor will then be analyzed to further define its composition.
Additionally, it will be possible to determine whether iso-
lated, purified receptors can process (eclipse) virus. The
information obtained should lead to a better understanding
of virus-cell interactions and may reveal the role that virus
receptors play in the host cell.
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