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Alphaviruses are arthropod-borne viruses with wide species ranges and diverse tissue tropisms. The cell
surface receptors which allow infection of so many different species and cell types are still incompletely
characterized. We show here that the widely expressed glycosaminoglycan heparan sulfate can participate in
the binding of Sindbis virus to cells. Enzymatic removal of heparan sulfate or the use of heparan sulfate-
deficient cells led to a large reduction in virus binding. Sindbis virus bound to immobilized heparin, and this
interaction was blocked by neutralizing antibodies against the viral E2 glycoprotein. Further experiments
showed that a high degree of sulfation was critical for the ability of heparin to bind Sindbis virus. However,
Sindbis virus was still able to infect and replicate on cells which were completely deficient in heparan sulfate,
indicating that additional receptors must be involved. Cell surface binding of another alphavirus, Ross River
virus, was found to be independent of heparan sulfate.

The alphaviruses belong to a genus of enveloped RNA vi-
ruses which can replicate in insects, birds, and mammals, in-
cluding humans (60). They have a wide geographic distribu-
tion and pose a serious threat to human health in certain
regions, causing fever, rash, arthralgia, myalgia, and fatal en-
cephalitis. In mammals, some alphaviruses have tropisms for
specific cell types such as muscle, neurons, and lymphatic
cells. A better knowledge of the cellular receptors used by
alphaviruses would have obvious implications for under-
standing of the different cellular tropisms and pathogeneses
of these viruses, as well as applications to the design of safe
live-attenuated vaccines.

Alphavirus virions have a simple structure, with a single
strand of positive-sense RNA enclosed in an icosahedral cap-
sid, which is surrounded by a lipid envelope derived from the
host plasma membrane. The envelope contains two viral gly-
coproteins, E1 and E2, which are organized in spikes. During
the initiation of infection, E2 is mainly responsible for binding
to cellular receptors. Following endocytosis, a low-pH-depen-
dent rearrangement of the glycoproteins occurs, triggering the
membrane fusion activity of E1 and allowing entry of the
capsid into the cytoplasm.

Alphaviruses cycle alternately between vertebrates and he-
matophagous insects (usually mosquitoes), suggesting either
that virions bind to receptors that are highly conserved be-
tween species or that the virus can use multiple receptors. A
previous study has identified a role for the 67-kDa high-affinity
laminin receptor in binding of Sindbis virus (SV) to rodent and
monkey cells but not to avian cells (68). Another study using
Venezuelan equine encephalitis (VEE) virus identified a 32-
kDa receptor in mosquito cells which also appears to be a lam-
inin receptor (34). Other studies have identified unknown 74-
and 110-kDa proteins as possible receptors for SV on mouse
neuroblastoma cells (66) and a 63-kDa protein on chicken cells
(69).
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The normal in vivo role of glycosaminoglycans (GAGs) is to
bind a diverse group of growth factors, chemokines, enzymes,
and matrix components (20). In addition, however, these car-
bohydrates are important in the cell surface binding of a num-
ber of bacteria, parasites, and viruses (52). GAGs are un-
branched polysaccharides present ubiquitously on cell surfaces
and in the extracellular matrix and are usually found covalently
attached to core proteins (proteoglycans) (31, 61). Some com-
mon types of GAG include heparan sulfate (HS), chondroitin
sulfate (CS), dermatan sulfate, and keratan sulfate. GAGs ac-
quire a net negative charge through N and O sulfation, and
GAG-binding domains of proteins are typically positively
charged regions containing arginine and lysine. Importantly,
GAGs are found in a wide variety of vertebrate and inverte-
brate species, including insects (7).

The first virus found to bind HS was herpes simplex virus
(HSV) (70), and since then a number of other herpesviruses
have been demonstrated to use HS as an initial receptor (43,
45, 58). In addition, recent work has shown that HS is also
involved in the binding of human immunodeficiency virus type
1, foot-and-mouth disease virus, respiratory syncytial virus,
dengue virus, and adeno-associated virus type 2 (9, 21, 32, 47,
62). It should be noted, however, that additional receptors
besides HS are involved in binding and entry of many, perhaps
all, of these viruses.

There is suggestive evidence that GAGs may be involved in
the binding of alphaviruses to cells. Binding appears to involve
electrostatic interactions between ionizable groups on the virus
and the cell membrane—it is highly dependent on the pH of
the medium, and binding is reduced in medium of elevated
ionic strength (15, 18, 34, 37, 38, 49). Studies have also shown
that polyanions, including sulfated polysaccharides such as hep-
arin, can influence binding of alphaviruses. When present dur-
ing viral absorption, polyanions reduce the number of plaques
formed in plaque assays (40), and pretreatment of certain cells
with heparin can increase binding of SV (63). A sulfated poly-
saccharide contained in agar has been known for many years to
inhibit the growth and decrease the plaque size of alphaviruses
(4, 11, 57). Finally, the finding that treatment of cells with hep-
arinase reduces the plaque-forming efficiency of SV (40) di-
rectly suggests that SV might bind to HS.
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MATERIALS AND METHODS

Chemicals and antibodies. The following were obtained from Sigma (St.
Louis, Mo.): heparin (183 U/mg, from porcine intestinal mucosa), chondroitin
sulfate A (CS-A) (bovine trachea), CS-B (porcine skin), CS-C (shark cartilage),
dextran (molecular weight, 500,000), heparinase I (EC 4.2.2.7), and chondroiti-
nase ABC (EC 4.2.2.4; affinity-purified). Dextran sulfate (17% S) and DEAE-
dextran were obtained from Pharmacia (Piscataway, N.J.). The following were
obtained from Seikagaku America Inc. (Rockville, Md.): HS (bovine kidney; 5.0
to 6.0% S), N-desulfated, N-acetylated heparin (<0.2% NS, >8.0% S); com-
pletely desulfated N-acetylated heparin (<0.1% NS, <1.5% S); completely de-
sulfated N-sulfated heparin (>4.5% NS, 4.5 to 7.0% S).

Monoclonal antibodies were obtained as ascites from BALB/c mice. The
following monoclonal antibodies were used: 202 immunoglobulin G3 (IgG3)
against SV E2 epitope ab (42), R6 IgG2a against SV E2 epitope ¢ (46), and the
control antibody 3E1, an IgG1 recognizing HSV (HB-8067, from the American
Type Culture Collection [Manassas, Va.]). IgG was purified from ascites with the
Pierce T-Gel purification kit. Purified IgG was stored in frozen aliquots until use.
Fab fragments were prepared by papain digestion with the Pierce Immunopure
Fab preparation kit and were separated from Fc and undigested IgG with a
protein A-Sepharose column. Concentrations of antibody were determined by
optical densitometry at 280 nm.

Viruses and cells. Chinese hamster ovary (CHO-K1) cells (CCL-61) and the
GAG-deficient CHO derivatives pgsA-745 (CRL-2242), pgsD-677 (CRL-2244),
and pgsE-606 (CRL-2246) (2, 13, 33) were obtained from the American Type
Culture Collection and grown in Ham’s F-12 medium supplemented with 10%
fetal calf serum and 50 pg of gentamicin per ml. BHK-21 cells were grown in
Dulbecco’s modified Eagle medium with the same supplements. SV strain Toto
1101 (51) and Ross River virus (RRV) strain T48 (27) were grown and titered on
BHK-21 cells.

For 33S-labeled viral stocks, BHK cells were infected for 1 h at a multiplicity
of infection of approximately 2. Three hours later, cells were rinsed and the
medium was replaced with Met—Cys-free Dulbecco’s modified Eagle medium
containing 1% fetal calf serum and 35 wCi of [>S]Met-Cys per ml. Supernatant
fluid was collected at 24 h postinfection and clarified by centrifugation. A one-
third volume of 40% polyethylene glycol 8000 in 2 M NaCl was added, and the
mixture was rocked overnight at 4°C. Virus was precipitated by centrifugation at
18,000 X g for 1 h and resuspended in a small volume of phosphate-buffered
saline (PBS). Virus was applied to the top of a linear 15 to 40% (wt/vol)
potassium tartrate gradient in PBS and centrifuged for 1.5 h at 190,000 X g. The
viral band was collected and pelleted by centrifugation through a 15% sucrose
cushion for 30 min at 240,000 X g. Virus was resuspended in a small volume of
binding buffer: PBS (pH 7.2) supplemented with 0.5 mM MgCl,, 0.5 mM CaCl,
and 0.5% bovine serum albumin (BSA). Virus was stored in aliquots at —70°C.
The counts per minute (cpm)/PFU ratio for SV Toto 1101 was 9.0 X 10~ *. For
RRV T48, the ratio was 3.8 X 1073,

Plaque assays. Virus was diluted in PBS supplemented with 0.5 mM MgCl,
and 0.5 mM CacCl,. Polyanion inhibitors were added as noted in Results. The
medium was removed from confluent BHK monolayers in 35-mm wells, and 200
wl of virus was added. Cells were infected for 1 h in a humidified 5% CO,
atmosphere at 37°C, with occasional rocking. Cells were then overlaid with warm
modified Eagle medium containing 0.6% Bacto Agar (Difco, Detroit, Mich.) and
1% fetal calf serum and lacking phenol red. Plaques were stained at 2 days with
neutral red. When CHO cells (or their derivatives) were used for plaque assays,
agarose was used instead of agar (to increase plaque diameter), and the overlay
was supplemented with nonessential amino acids.

Cell-binding assay. Cells were plated at 4 X 10° per well in 12-well plates and
used the following day. Medium was removed from the cells, which were then
rinsed twice on ice with ice-cold binding buffer (PBS [pH 7.2], 0.5 mM MgCl,, 0.5
mM CaCl,, 0.5% BSA). Approximately 10* cpm of *S-labeled virus was added
to each well in 150 pl of binding buffer, and plates were rocked at 4°C for varying
lengths of time. Virus was removed and monolayers were rapidly rinsed twice
with ice-cold binding buffer. Cells were lysed in 1% sodium dodecyl sulfate, and
cpm were assayed by liquid scintillation.

In some experiments, cell monolayers were pretreated with heparinase or
chondroitinase. Enzyme incubations were performed in binding buffer at room
temperature with constant shaking for 1 h. Monolayers were rinsed twice, and
virus binding was assayed as described above at 4°C.

Polyanion-binding assay. Because GAGs bound poorly to plastic plates, we
adapted the method of Yang et al. (71) to allow covalent coupling of polysac-
charides through their carboxyl groups. Ninety-six-well plates precoated with
reactive hydrazide linkers (Corning Costar, Wilkes Barre, Pa.) were incubated
with 25 pg of polysaccharide per well in 100 pl of 100 mM 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide and 50 mM borate, pH 5.2. Incubation was at room
temperature overnight with constant shaking. Plates were rinsed three times with
0.5 M sodium acetate, pH 4.0, and incubated for 30 min in this solution. Plates
were rinsed three times with PBS and blocked with PBS containing 0.5% BSA for
30 min. Virus (5 X 10° to 1 X 10* cpm) in 100 .l of PBS (pH 7.0) with 0.5% BSA
was added to each well. All incubations were performed at room temperature
with constant shaking. After 2 h, 50 pl from each well was collected and counted
by liquid scintillation. The amount bound to the plate was calculated by sub-
tracting the resulting cpm from the cpm in an uncoated well. When antibody was

J. VIROL.

60 r

50

0 ® (S-A
o Cs-C
30 v (S-B
v dextran sulfate
20 B heparin
el
5
ERRT
5
=
g
<= 70 o
=
S o *=
50 ®  CDSNS heparin
) ©  CDSNACc heparin
40 o v heparan sulfate
v NDSNAc heparin
30+ * .
& heparin
20 A
B #
1o

4 _’7/ T T 1

0 | 10 100
inhibitor (ptg/ml)

FIG. 1. Inhibitory effects of polysaccharides on plaque formation by SV. SV
strain Toto 1101 was used throughout this study. (A) SV was mixed with various
GAGs or the highly sulfated polysaccharide dextran sulfate and incubated on
monolayers of BHK cells for 1 h at 37°C before being overlaid with agar. (B) The
requirement for high sulfation was shown by the inability of HS or various forms
of desulfated heparin to inhibit SV plaque formation. Abbreviations: CDSNS,
completely desulfated, N sulfated; CDSNAc, completely desulfated, N acety-
lated; NDSNACc, N desulfated, N acetylated. Error bars are omitted for clarity of
presentation. Each point is the mean of three or more measurements. *, P of
<0.05 versus no inhibitor.

used to block binding, virus and antibody were mixed for 30 min at room
temperature before being added to the 96-well plate.

Heparin-Sepharose chromatography. Prepacked 1-ml HiTrap heparin-Seph-
arose columns (Pharmacia) were equilibrated at room temperature with 10 ml of
100 mM NaCl-5 mM phosphate (pH 7.5)-0.5% BSA at a flow rate of 1 ml/min.
Approximately 10° cpm of *>S-labeled virus was added in 1 ml of the same buffer,
followed by 4 ml of buffer. The virus was eluted with a 40-ml linear gradient from
100 to 500 mM NaCl containing 5 mM phosphate (pH 7.5) and 0.5% BSA.
One-milliliter fractions were collected and counted by liquid scintillation. Any
remaining virus was removed from the column by using 0.5% sodium dodecyl
sulfate. The NaCl concentration of each fraction was determined by measuring
the conductivity of a 50-fold-diluted aliquot.

Statistical analysis. All results are expressed as means =+ standard deviations.
Error bars in graphs represent standard deviations. Unless otherwise noted,
results were tested for significance by analysis of variance (ANOVA), followed by
the Tukey test to determine differences among groups. Results having P values
of <0.05 were considered significant.

RESULTS

Inhibition of plaque formation by GAGs. It has previously
been reported that certain polyanions, including some GAGs,
decrease the number of SV plaques when present in the me-
dium during the binding step of plaque assays (40). This might
be interpreted as a type of competition experiment; an excess
of polyanions in the medium could be preventing binding of
the virus to a cell surface polyanion.

The major GAGs found on most cells are HS and CS. We
examined this blocking phenomenon further in plaque assays
on BHK cells by using heparin (a highly sulfated version of HS)
and the three forms of CS found on the cell surface: CS-A,
CS-B (also known as dermatan sulfate), and CS-C. Heparin
and dextran sulfate (an artificial, highly sulfated polysaccha-
ride) inhibited plaque formation to similar degrees (Fig. 1A).
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FIG. 2. Digestion of GAGs decreases the ability of cells to bind SV. CHO
monolayers were predigested with various concentrations of heparinase I or
chondroitinase ABC, and the amount of radiolabeled virus bound after 1 h at 4°C
was measured. Each point is the mean of three measurements. *, P of <0.05
Versus no enzyme.

CS-A and CS-C had no effect, but CS-B inhibited plaque for-
mation when present in high concentrations.

Recognition of GAG-binding sites by proteins is a function
both of saccharide sequence and the position and degree of
sulfation. HSV-1, for example, shows strong preferences for
certain motifs in HS (14). Although heparin inhibited plaque
formation in our assay, HS did not (Fig. 1B). Heparin has two-
to threefold-more sulfates per residue than HS (16), and it is
not unusual for HS preparations of low sulfate content to show
no inhibitory effect on HS-binding viruses (9, 36). Because
heparin and HS contain the same saccharides and differ only in
the degree of sulfation, a large amount of sulfation must be
critical to the ability to inhibit SV plaque formation. Further
experiments with three different types of desulfated heparin,
none of which were able to inhibit plaque formation, indicated
that both N and O sulfation are mandatory for the inhibitory
activity of heparin (Fig. 1B).

Studies with radiolabeled SV confirmed that heparin in the
medium was able to decrease viral binding to cells (data not
shown), although additional interference of heparin at later
steps, such as viral entry, cannot be excluded.

Cell surface HS binds SV. Cell surface GAGs can be re-
moved enzymatically. Treatment of CHO cell monolayers with
heparinase I, which degrades HS, caused a decrease in the
binding of radiolabeled SV to the cell surface (Fig. 2). Treat-
ment of GAG-deficient pgsA-745 cells with up to 6 mIU of
heparinase per ml had no effect on binding of virus (data not
shown), indicating that the effect of heparinase was not due to
contaminating protease activity. Binding to CHO cells was
unaffected by digestion with chondroitinase ABC, which de-
grades all three forms of CS (Fig. 2). Likewise, on BHK cells,
heparinase I decreased binding of SV to a similar extent, and
chondroitinase ABC again had no effect (data not shown).
Pretreatment of BHK monolayers with heparinase was also
able to reduce the number of plaques in a standard plaque
assay (data not shown), in agreement with previous results
(40). When binding of radiolabeled RRV was examined, how-
ever, treatment of BHK or CHO cells with up to 6 mIU of
heparinase per ml had no effect on binding (data not shown).

As further confirmation that cellular HS binds SV, we ex-
amined binding to a series of CHO cell mutants which are
impaired in GAG synthesis (Fig. 3A). Radiolabeled virus
bound poorly to pgsA-745 cells, which do not synthesize either
HS or CS because of a deficiency in xylosyltransferase (13),
although binding was not completely abolished. SV bound
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equally poorly to pgsD-677 cells, which are deficient in N-
acetylglucosaminyl- and glucuronosyltransferase (33) and have
no HS but a threefold-higher level of CS on the cell surface.
Together, these results indicate that HS is the major GAG
involved in binding of SV. As further evidence of this, binding
to pgsE-606 cells, which are deficient in N-sulfotransferase and
produce a mixture of normal and undersulfated HS (2), was
intermediate between binding to wild-type CHO cells and cell
lines which are completely deficient in HS (Fig. 3A).

RRYV bound relatively well to CHO cells and to all three
mutant cell lines (Fig. 3B). There was nevertheless a significant
decrease in binding to pgsA-745 cells, a finding that was rep-
licated in three additional experiments. However, statistical
analysis also revealed that binding at 1, 2 and 3 h to pgsD-677
cells (which have CS but no HS) was significantly less than
binding to pgsA-745 cells (which have neither CS nor HS). In
addition, binding to pgsE-606 cells (which have normal CS but
undersulfated HS) was also significantly less than binding to
pgsA-745 cells at 2 and 3 h. It is clear that the small differences
in binding of RRV to these cell lines must be due to other
factors besides the presence or absence of GAGs on the cell
surface. These cell lines were created with ethylmethane sul-
fonate mutagenesis (13), and it is possible that they have mul-
tiple mutations or that other small differences have arisen
during the process of separately cloning and expanding these
cell lines. Given that treating cells with heparinase did not
decrease binding of RRV and RRV did not bind well to hep-
arin (see below), the slight difference in binding between CHO
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FIG. 3. Binding of alphaviruses to GAG-deficient cells. (A) Binding of SV to
wild-type CHO cells, pgsE cells with partially desulfated HS, pgsD cells lacking
HS but having elevated CS, and pgsA cells with no HS or CS. At each time point,
binding to CHO cells was significantly greater than binding to the three mutant
cell lines. Binding to pgsE cells was also significantly greater than binding to pgsA
and pgsD cells. There was no significant difference between binding to pgsD and
binding to pgsA cells. (B) Binding of RRV. Binding to CHO cells was signifi-
cantly greater than to the three mutant cell lines (but see text). Each point is the
mean of three measurements.
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FIG. 4. Binding of alphaviruses to immobilized GAGs. Ninety-six-well plates
were coated with various GAGs, and the amount of radiolabeled virus that
bound was assessed. (A) Binding of SV. (B) Binding of RRV. Ten thousand
counts per minute of virus per well were used. Each bar represents the mean of
four measurements. *, P of <0.05 versus uncoated wells. See the legend to Fig.
1 for abbreviations.

and pgsA-745 cells is not sufficient evidence that RRV binds
cell surface HS.

Plaque assays on CHO and pgsA-745 cells demonstrated
that SV was able to infect and replicate on both cell lines.
Plaque sizes on the two cell lines under agarose were similar,
but the number of plaques on pgsA-745 cells was reduced to
11% = 1.0% of the number on CHO cells (P < 0.001 [ test]),
as would be expected because of the deficiency in viral binding.
These results confirm that HS is important for binding of SV to
cells but that other receptors besides HS are by themselves
sufficient to allow binding and entry of virus, although at a
greatly reduced level.

Curiously, RRV replicated very poorly on CHO and pgsA-
745 cells and was unable to form plaques, even though it bound
well to both cell lines. It is unclear whether this is analogous to
the postentry block in replication seen with HSV-1 on CHO
cells (59).

Binding of virus to immobilized GAGs. In order to demon-
strate that GAGs were by themselves sufficient to mediate
binding of virus (in the absence of any other receptor), we
immobilized various GAGs on plastic plates and examined the
binding of radiolabeled virus. Sindbis virus bound at significant
levels to heparin, dextran sulfate, and CS-B but not to HS,
dextran, desulfated heparin, CS-A, or CS-C (Fig. 4A). This
confirms that the degree of sulfation is a critical factor in
binding. The result that SV bound well to CS-B was in agree-
ment with the finding that CS-B was able to inhibit plaque
formation (Fig. 1). RRV, in contrast, did not bind significantly
to heparin or CS-B, although it bound at high levels to dextran
sulfate (Fig. 4B).

Antibodies against the alphaviral glycoproteins, particularly
against E2, are able to neutralize virus in plaque assays and
reduce infection in vivo. It was of interest to determine
whether monoclonal antibodies to E2 could block binding of
SV to isolated GAGs. Heparin was chosen as a substrate be-
cause it bound virus well and was similar to the physiological
HS substrate. Purified monoclonal antibodies against two dif-
ferent neutralizing epitopes on the E2 glycoprotein were able
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to decrease the binding of radiolabeled SV to immobilized
heparin (Fig. 5). R6 IgG (against E2c) inhibited binding some-
what better than Fab fragments of R6, but both were able to
completely block viral binding. Monoclonal antibody 202,
which recognizes the E2ab epitope, was unable to completely
inhibit binding but was still able to inhibit binding even at
relatively low concentrations (Fig. 5). This might be related to
cross-linking of the virus by 202, because Fab fragments of 202
did not show this effect and inhibited binding only at high
concentrations.

Sindbis virus also bound to heparin immobilized on Sepha-
rose beads and could be eluted from heparin-Sepharose col-
umns with increasing concentrations of NaCl (Fig. 6A). High
concentrations of salt disrupt the electrostatic interactions be-
tween heparin and heparin-binding proteins, and this technique
can yield sensitive information about the relative strength of
binding. SV eluted as a single peak at 343 mM NaCl. RRV
T48, however, eluted as three distinct peaks, at 100, 118, and
189 mM NaCl (Fig. 6B). Elution of RRV at lower salt concen-
trations than SV was consistent with the poor ability of RRV to
bind to immobilized heparin (Fig. 4B). Peak fractions 3, 10,
and 17 (Fig. 6B) were collected and plaqued on BHK cells.
Fraction 3 contained no detectable infectious virus. The com-
position of this peak is unknown—it was observed in three
separate gradient-purified preparations of RRV, where it ac-
counted for roughly 5 to 8% of total cpm (Fig. 6B to D).
Elution of material in 100 mM NaCl was never seen with SV
(which was prepared in an identical manner).

Individual plaques from RRV T48 fractions 10 and 17 were
picked, passaged once on BHK cells, and used to make *°S-
labeled purified virus. Both viruses grew to similar titers and
had similar plaque sizes under agar overlays. Virus RRV 10a,
originally obtained from the 118 mM peak, eluted at 112 mM
NaCl (Fig. 6C). Virus RRV 17a, originally from the 189 mM
peak, eluted at 187 mM NacCl (Fig. 6D). This indicates that our
original preparation of RRV T48 contained two genetically
distinct viral variants with different abilities to bind to heparin.
The sequencing of such variants will help to map the regions of
the glycoproteins which are responsible for binding to heparin.

Effects of sulfated polysaccharides on plaque size. Studies
performed several decades ago found that an inhibitor in agar
influences the plaque sizes of viruses from many different fam-
ilies, and the inhibitor was eventually determined to be a sul-
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FIG. 5. Antibodies against the E2 glycoprotein can inhibit binding of SV to
heparin. Ninety-six-well plates coated with heparin were incubated with 5,000
cpm of SV in the presence or absence of IgG or Fab fragments. R6 recognizes
the E2c epitope, and 202 recognizes the E2ab epitope. 3E1 is a control antibody
against HSV-1. Each point is the mean of two measurements. An additional
experiment gave similar results.
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FIG. 6. Elution of alphavirus from heparin-Sepharose columns. Virus (70,000 to 100,000 cpm) was added to the column in 100 mM NaCl buffer and eluted with
a gradient of from 100 to 500 mM NaCl. (A) SV. (B) RRV. Single viral clones from RRV peak fractions 10 and 17 were selected, grown, and radiolabeled. These viral
clones eluted at salt concentrations similar to the peaks from which they were originally taken (C and D).

fated polysaccharide (64). This inhibitor appears to slow the
spread of viruses which bind well to it, resulting in plaques with
reduced diameters. Agarose, a purified form of agar, does not
contain sulfated polysaccharides, and consequently alphavi-
ruses with small-plaque phenotypes under agar often have
substantially increased plaque sizes under agarose (48, 57). We
found that SV plaque size could be increased dramatically by
using agarose overlays instead of agar, indicating that the sul-
fated polysaccharide in agar was inhibitory (Fig. 7A). As fur-
ther confirmation of this, addition of the cationic polymer
DEAE-dextran to agar led to increased plaque size, and addi-
tion of heparin to agarose decreased plaque size compared
with agarose alone (Fig. 7A). Such manipulations had no effect
on the plaque size of RRV (Fig. 7B), consistent with the lack
of interaction between RRV and GAGs in other assays.

DISCUSSION

We have shown that SV binds to cell surface HS based on a
variety of evidence, including the ability of heparin in the
medium to interfere with cell surface binding, decreased bind-
ing of SV to heparinase-treated cells, decreased binding to
cells which are genetically deficient in HS, and direct binding
of SV to immobilized heparin. In contrast, we were unable to
show that RRV could bind to cell surface GAGs, and RRV
had a relatively poor ability to bind to immobilized heparin.

Proteins which have affinity for GAGs bind to them largely
through electrostatic interactions, with positively charged Arg
and Lys side chains interacting with negatively charged sulfates

(17). As in numerous other studies with HS-binding proteins,
we found that highly sulfated heparin was the most effective
substrate for binding, indicating that the degree of sulfation,
more than the polysaccharide backbone, was the critical deter-
minant for strength of binding. It has been observed for many
years that cellular binding of a number of alphaviruses (SV,
Semliki Forest virus, and eastern equine encephalitis, western
equine encephalitis, and VEE viruses) is highly dependent on
electrostatic interactions because it is influenced by the pH and
ionic strength of the medium (15, 18, 34, 37, 38, 49). It there-
fore seems probable that other alphaviruses, in addition to SV,
also bind to cell surface HS.

Other receptors. As mentioned in the introduction, many of
the viruses which are known to bind to GAGs also use other
cell surface molecules, usually proteins, as receptors. The sit-
uation has been most carefully studied with HSV-1, where
binding to HS is followed by binding to a more specific protein
receptor (44). This is also true of HS-binding growth factors
and signaling proteins such as fibroblast growth factor: signal
transduction and endocytosis require binding to an additional,
nonproteoglycan receptor (56). Because SV was able to bind to
and replicate on GAG-deficient pgsA-745 cells, it is clear that
other receptors must also be involved.

The nature of these additional receptors is not completely
clear. It has previously been found that treating cells with
either proteases or phospholipases decreases binding of SV
(66). Both of these results could conceivably be explained by
digestion or release of cell surface proteoglycans, which exist as
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FIG. 7. Effect of overlay on plaque diameter. Virus was absorbed to mono-
layers of BHK cells for 1 h at 37°C and then overlaid with 0.6% agar or agarose
with or without additives. Plaque diameters were measured at 2 days to the
nearest 0.5 mm. (A) Effect of overlay composition on SV strain Toto 1101. *, P
of <0.05 versus agar plus DEAE-dextran; [J P of <0.05 versus agarose. (B)
Overlay composition had no significant effect on the plaque size of RRV strain
T48. Each bar is the mean of 15 or more measurements. Results were analyzed
by ANOVA on ranks, followed by Dunn’s test.

a mixture of transmembrane proteins and glycosylphosphati-
dylinositol-linked proteins (6). Further studies on pgsA-745
cells in the absence of GAGs will be helpful in determining
whether the remaining receptors are proteins, lipids, or carbo-
hydrates.

The 67-kDa high-affinity laminin receptor has been identi-
fied as a possible SV receptor on some types of mammalian
cells (68), and a 32-kDa probable laminin receptor has also
been identified as a possible receptor for VEE virus on mos-
quito cells (34). There are many different types of laminin
receptors on the mammalian cell surface, including the 67-kDa
high-affinity receptor, another 67-kDa elastin-laminin recep-
tor, a number of different integrin receptors, and a number of
different members of the galactoside-binding lectin family (41).
The high-affinity laminin receptor is a peculiar protein which
has been the subject of intense interest because of its upregu-
lation on metastatic tumor cells (8). The cell surface receptor
is a 67-kDa glycoprotein, but the putative cDNA encodes only
a 37-kDa protein. Overexpression of this cDNA leads to an
increase in binding of SV (68). The 37-kDa protein appears to
be a precursor of the 67-kDa protein on the basis of shared
epitopes, partial amino acid sequencing of the 67-kDa protein,
and pulse-chase analysis of its synthesis, but how it increases its
mass is unclear. The 37-kDa protein contains neither a signal
sequence for membrane translocation nor a transmembrane
domain. The coding sequence is highly conserved among mam-
mals, with only two differences out of 295 amino acids between

J. VIROL.

hamsters and humans (68). Bizarrely, however, it has recently
been discovered that the 37-kDa protein is also a ribosomal
subunit (10, 65).

Interestingly, laminin itself is an HS-binding protein, with
several independent binding sites on its three chains (41). It is
not clear whether this is related to the ability of the high-
affinity laminin receptor to bind SV.

Implications for viral behavior and virulence. Alphavirus
variants with reduced plaque sizes often have reduced viru-
lence in vivo as well, although there are certainly exceptions to
this rule, and fresh wild-type isolates frequently contain a mix-
ture of large-plaque and small-plaque viruses. Repeated tissue
culture passaging of alphaviruses can lead to decreased plaque
size and decreased virulence (19, 39). Small-plaque and large-
plaque alphavirus variants typically have different affinities
for hydroxyapatite (a form of calcium phosphate), indicating
changes in the surface charge of the glycoproteins (3, 23). It
may be possible to reinterpret these findings in light of our
demonstration that SV can bind to HS. We suggest that alpha-
viruses with a small-plaque phenotype under agar (indicating
strong binding to the agar sulfated polysaccharide) may also
bind better to HS and that strong binding to HS may decrease
virulence in vivo.

The strain of SV used in this study, Toto 1101, is a relatively
avirulent molecular clone derived from HRSP, a small-plaque
virus (51). Like most laboratory strains of SV, HRSP has been
passaged many times in tissue culture. Ongoing work indicates
that other strains of SV also bind to HS. For example, strain
AR339 elutes from heparin-Sepharose at an NaCl concentra-
tion of 338 mM and, like Toto 1101, binds markedly better to
CHO cells than to GAG-deficient pgsA-745 cells (5). Further
investigations with minimally passaged strains of SV will be
necessary to determine the extent to which wild isolates bind
HS. Nevertheless, it is clear that strains of SV in common
laboratory usage bind significantly to HS.

How might altering the affinity of alphaviruses for HS affect
virulence and pathogenesis? It is known that tissue culture
passaging of another HS-binding virus, foot-and-mouth disease
virus, selects for variants with increased heparin-binding abil-
ity, decreased plaque size, and decreased virulence (53). These
changes are the result of a single amino acid substitution in the
VP3 capsid protein, from His to Arg, and this probably leads to
an increased heparin affinity through a direct interaction be-
tween the Arg and heparin (53). These heparin-binding variant
viruses replicate poorly in animals and rapidly revert to viru-
lent viruses with reduced heparin affinity through loss of the
Arg or a spatially proximal Lys. In this case, at least, viruses
which bind well to HS have a selective advantage in tissue
culture but are disadvantaged in animals.

There is evidence in the literature that changes in affinity for
HS could have implications for alphavirus pathogenesis. It is
useful to first review the pharmacokinetics of HS-binding pro-
teins: when injected intravenously, proteins with high heparin
affinity are removed from the circulation and sequestered by
cell surface HS within minutes (28, 67, 72). Most of the in-
jected protein ends up in the liver, where the HS is unusually
highly sulfated, having almost twice as many sulfates as HS in
other tissues (35). Intravenous injection of heparin can in-
crease the circulating half-life of intravenously injected HS-
binding proteins and even release previously bound protein
into the circulation. Heparin affinity can also control the tissue
distribution of proteins. For example, the heparin-binding en-
zyme extracellular superoxide dismutase (EC-SOD) is nor-
mally sequestered by HS in tissue interstitial spaces and on
endothelial cell surfaces. Roughly 2% of the human population
has an allele for an EC-SOD variant with a single change from
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Arg to Gly, resulting in reduced affinity for heparin and a
10-fold-greater plasma concentration of EC-SOD (54). Like-
wise, when EC-SOD is injected subcutaneously or intramuscu-
larly, normal EC-SOD is retained much longer at the injection
site than truncated variants with reduced heparin affinity (29).

Remarkably, similar phenomena have been seen in a num-
ber of studies with alphaviruses, and we would put forward the
hypothesis that this is a function of binding to HS. Following
intravenous injection of virus, it has been observed that small-
plaque variants of SV, VEE virus, and western equine enceph-
alitis virus are cleared from the circulation much faster than
large-plaque strains (22, 25, 50). For example, 30 min after
injection of a radiolabeled small-plaque variant of VEE, more
than 99% of the virus has disappeared from the plasma, but
when a large-plaque variant is injected, less than 1% is cleared
in the same time (25). Half of the cpm from the small-plaque
virus can be found accumulated in the liver, and electron
microscopic examination of the liver reveals binding and up-
take of large amounts of virus. When injected subcutaneously,
the small-plaque virus infects hamsters poorly. Most animals
fail to seroconvert, and those that die have all developed re-
vertant viruses with large-plaque morphologies (25).

As a second example, the major attenuating mutation in the
TC-83 vaccine strain of VEE has been mapped to a change at
E2 position 120 from Thr to Arg, a gain of a positively charged
residue (30). This virus has a smaller plaque size and a higher
affinity for hydroxyapatite than the parental TD strain (24) and
absorbs better to BHK cells (55). TC-83 is cleared rapidly from
the plasma after intravenous injection, unlike TD (26). After
subcutaneous injection, TC-83 replicates more slowly than vir-
ulent VEE but eventually reaches slightly higher titers in the
bone marrow and lymph nodes. However, the plasma viremia
is much lower (1, 26). Interestingly, substitution of Lys at E2
120 also leads to attenuation (12).

These changes in plaque size and in vivo behavior suggest a
possible role for HS binding. To prove this, such viral variants
will need to be tested in vitro for heparin affinity and binding
to cell surface HS. In vivo, it would be expected that concur-
rent intravenous injection of heparin would increase the circu-
lating half-life of small-plaque variants, as is seen with other
heparin-binding proteins. Sequencing of such variants will help
to define the regions of the glycoproteins that are involved in
binding to HS.
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