
JOURNAL OF VIROLOGY,
0022-538X/00/$04.0010

Nov. 2000, p. 10508–10513 Vol. 74, No. 22

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Glycosaminoglycan Sulfation Requirements for Respiratory
Syncytial Virus Infection

LOUAY K. HALLAK,1 DOROTHE SPILLMANN,2 PETER L. COLLINS,3 AND MARK E. PEEPLES1*

Department of Immunology/Microbiology, Rush-Presbyterian-St. Luke’s Medical Center, Chicago, Illinois 606121;
Department of Medical Biochemistry and Microbiology, Section for Medical Biochemistry, The Biomedical Center,

SE-751 23 Uppsala, Sweden2; and Laboratory of Infectious Diseases, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Bethesda, Maryland 20892-07203

Received 24 May 2000/Accepted 15 August 2000

Glycosaminoglycans (GAGs) on the surface of cultured cells are important in the first step of efficient
respiratory syncytial virus (RSV) infection. We evaluated the importance of sulfation, the major biosynthetic
modification of GAGs, using an improved recombinant green fluorescent protein-expressing RSV (rgRSV) to
assay infection. Pretreatment of HEp-2 cells with 50 mM sodium chlorate, a selective inhibitor of sulfation, for
48 h prior to inoculation reduced the efficiency of rgRSV infection to 40%. Infection of a CHO mutant cell line
deficient in N-sulfation was three times less efficient than infection of the parental CHO cell line, indicating
that N-sulfation is important. In contrast, infection of a cell line deficient in 2-O-sulfation was as efficient as
infection of the parental cell line, indicating that 2-O-sulfation is not required for RSV infection. Incubating
RSV with the purified soluble heparin, the prototype GAG, before inoculation had previously been shown to
neutralize its infectivity. Here we tested chemically modified heparin chains that lack their N-, C6-O-, or
C2-O-sulfate groups. Only heparin chains lacking the N-sulfate group lost the ability to neutralize infection,
confirming that N-sulfation, but not C6-O- or C2-O-sulfation, is important for RSV infection. Analysis of
heparin fragments identified the 10-saccharide chain as the minimum size that can neutralize RSV infectivity.
Taken together, these results show that, while sulfate modification is important for the ability of GAGs to
mediate RSV infection, only certain sulfate groups are required. This specificity indicates that the role of cell
surface GAGs in RSV infection is not based on a simple charge interaction between the virus and sulfate groups
but instead involves a specific GAG structural configuration that includes N-sulfate and a minimum of 10
saccharide subunits. These elements, in addition to iduronic acid demonstrated previously (L. K. Hallak, P. L.
Collins, W. Knudson, and M. E. Peeples, Virology 271:264–275, 2000), partially define cell surface molecules
important for RSV infection of cultured cells.

Respiratory syncytial virus (RSV) encodes 11 proteins, 3 of
which are transmembrane surface glycoproteins found in the
viral envelope: the G (glycoprotein) (18, 40), F (fusion) (11),
and SH (small hydrophobic) (7, 12) proteins. The G protein is
a type II transmembrane protein, with an N-terminal trans-
membrane domain. The G protein is also found in a smaller
secreted form that lacks the transmembrane region, generated
by translation initiation at a second AUG in the mRNA and
subsequent proteolytic trimming (33). The G protein was iden-
tified as the major viral attachment protein (27), but the iso-
lation of an infectious RSV mutant, cp-52, lacking its G and SH
genes (24), suggests that an attachment function can be pro-
vided by the sole remaining glycoprotein, the F protein. How-
ever, while the G protein appears to be dispensable for repli-
cation in vitro, the highly attenuated nature of the cp-52
mutant in vivo supports the idea that G protein is important for
infection in vivo (24). The classic role of the F protein is to
initiate infection by fusing the virion envelope with the target
cell plasma membrane. It is also responsible for cell-to-cell
fusion. The role of the SH protein is not clear. Its presence has
been shown to enhance fusion induced by the F protein when
expressed from plasmids (20). However, deleting the SH gene
from recombinant virus did not diminish its growth in cell

culture (5) and conferred only a small degree of attenuation in
the respiratory tract of chimpanzees (41).

Glycosaminoglycans (GAGs) are unbranched polysaccha-
ride chains associated with most mammalian cells. They are
composed of repeating disaccharide units of hexuronic acid
and hexosamine. The hexuronic acid is either D-glucuronate
(GlcA) or its epimerized form, L-iduronate (IdoA), and the
hexosamine is either N-acetylglucosamine (GlcNAc) or
N-acetylgalactosamine (GalNAc), depending on the type of
GAG. The GAG types that appear to be important for RSV
infection in HEp-2 cells are heparin sulfate (HS) and chon-
droitin sulfate B (CS-B) (19). HS and CS-B are found on the
surface of almost all animal cells as components of proteogly-
cans. They are covalently linked to the proteoglycan core pro-
teins through O-glycosidic linkages to serine (44). Like most
GAGs, HS and CS-B are sulfated, though the level and posi-
tion of the sulfate groups vary among GAG types and even
within the same GAG type in different tissues. The GAG
heparin, which is found only in granulae of connective-tissue-
type mast cells, has a very similar structure to that of HS but it
is more heavily sulfated, especially at the N position of GlcN,
and it contains more IdoA. Heparin is frequently used as a
convenient analog of HS for experimental purposes (28), as in
the present study.

The biosynthesis of protein-bound GAGs such as HS and
CS-B begins with the transfer of xylose from UDP-xylose to the
hydroxyl group of a serine residue present in a serine-glycine
motif in the core protein. This is elongated into the tetrasac-
charide, bGlcA-1,33bGal-1,33bGal-1,43bXyl-1-O-Ser (44).
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The nonreducing end of this tetrasaccharide becomes a primer
for GAG chain elongation. For example, heparin and HS are
synthesized as polymers of alternating GlcA and GlcNAc sub-
units. Following GAG synthesis, some of the N-acetyl groups
are removed from the GlcNAc subunits and replaced with
N-sulfate groups. The N-deacetylation and N-sulfation reac-
tions are catalyzed by a single enzyme, N-acetyltransferase (30,
39), and the sulfation step involves the sulfate donor 39-phos-
phoadenosine-59-phosphosulfate (PAPS) (13). The N-sulfation
reaction is required for the next step: epimerization of some of
the GlcA to IdoA at C5. 2-O-sulfation on the newly formed
IdoA and 6-O-sulfation on GlcN are common. Less common
sulfation sites are at positions C3 of GlcN and C2 of GlcA.
Sulfation at C3 of GlcN is required for the formation of one of
the functional receptors for HSV (35). The biosynthesis of
CS-B is similar, except that the hexosamine is GalNAc instead
of GlcNAc and there are differences in the postsynthetic mod-
ifications of the polysaccharide chain.

Many proteins bind heparin and other GAGs, including viral
proteins, enzymes, growth factors, and proteins of the extra-
cellular matrix (34). Binding is facilitated by the negative elec-
trostatic charges on GAG chains provided by the sulfate
groups and by the flexibility of IdoA, allowing positioning of
the binding site. Many viruses depend on cell surface GAG
chains to efficiently initiate infection of cultured cells. The first
virus shown to require cell surface HS was herpes simplex virus
(HSV) (42). The group of GAG-binding viruses has now ex-
panded to include RSV (4, 19, 26), pseudorabies virus (38),
Sindbis virus (6, 25), dengue virus (8), vaccinia virus (9, 22),
adeno-associated virus type 2 (AAV2) (37), and foot-and-
mouth disease virus (23).

Previously we described a sensitive system to study the role
of cell surface GAGs in infection using recombinant green
fluorescent protein (GFP)-expressing (rgRSV). Cultured cells
that were deficient in surface GAGs due to mutation or enzy-
matic treatment were shown to be infected with reduced effi-
ciency. We also found that only those soluble GAGs that
contained IdoA were able to block infection (19). Finally, a
growth factor that specifically binds to cell surface IdoA re-
duced the efficiency of RSV infection. These observations in-
dicated that efficient RSV infection requires cell surface GAGs
and, furthermore, that this requirement involved GAGs that
contain IdoA, specifically HS and CS-B. In the present study,
we used an improved version of rgRSV to further examine the
role of GAGs, determining the importance of their sulfate
modifications in mediating RSV infection. We found that N-
sulfation of GAGs is particularly important in rgRSV infec-
tion, that 2-O- and 6-O-sulfations are not important, and that
the minimal GAG length that is effective in inhibiting rgRSV
infection is 10 saccharides.

MATERIALS AND METHODS

Cell lines and media. The human epithelial cell line, HEp-2, was maintained
in OptiMEM (Life Technologies, Inc.) supplemented with 2% fetal bovine serum
(FBS). CHO cell lines K1, pgsE-606 (3), and pgsF-17 (2) were provided by Jeff
Esko (University of California at San Diego) and maintained in Dulbecco mod-
ified Eagle medium-F12 medium supplemented with 10% FBS. Cells were in-
cubated at 37°C in 5% CO2.

Preparation of an improved rgRSV. The rgRSV(125) used in our previous
study (19) replicated in cell culture but produced peak titers that were approx-
imately 10-fold lower than its parent RSV. In an attempt to enhance its repli-
cation, we modified the 39 terminus of the full-length cDNA used to rescue
rgRSV(125) so that it would contain the first 75 nucleotides (nt) of the wild-type
RSV rather than only 54 nt. The additional 21 nt came from the untranslated
region of the native first gene, NS1. The new rgRSV(224) replicates more
efficiently, resulting in near-parental RSV titers and more rapid development of
fluorescence. The rgRSV(224) also produced syncytia at a rate similar to the
parental RSV and faster than rgRSV(125).

The full-length RSV cDNA clone, MP224, used to rescue rgRSV(224) was

constructed to contain GFP as its first gene essentially by inserting a BstXI
fragment containing the gene start, the NS1 untranslated region, the Green
Lantern Protein (Life Technologies, Inc.) gene, and the L gene end, in that
order. This BstXI fragment was generated by transferring the BstXI/BamHI
fragment from the minigenome C41-GFP (37a) into another GFP minigenome,
MP129, to create MP166 and transferring the XhoI/NcoI fragment from MP166
into MP90, a bipartite minigenome containing the GFP gene flanked by BstXI
sites and followed by the luciferase gene, to create MP169. The BstXI fragment
from MP169 was moved into the full-length RSV cDNA clone, D46, to generate
MP224 in two steps as described for MP125 (18), except that an AatII/XhoI
fragment was used in the final step.

MP224 was rescued by transfecting it along with four plasmids expressing the
N, P, L, and M2-1 support proteins into HEp-2 cells, as described previously (10).
Transcription from these plasmids was driven by T7 RNA polymerase provided
by the recombinant vaccinia virus MVA-T7 (43). Released infectious virus,
rgRSV(224), was amplified in HEp-2 cells. For simplicity, rgRSV(224) is iden-
tified throughout this report as rgRSV.

Chemicals. The following chemicals were purchased from the Sigma Chemical
Company: dextran from Leuconostoc mesenteroides, average molecular mass of
;10 kDa (D-9260); dextran sulfate, 5 kDa (D-7037); dextran sulfate, 10 kDa
(D-6924), D-glucosamine 2-sulfate (G-7889); D-glucosamine 6-sulfate (G-8641);
D-glucosamine 3,4,6-trisulfate (G-5533); D-glucosamine 3-sulfate (G-4267); D-
glucosamine 2,6-disulfate (G-7514); D-glucosamine 2,3-disulfate (G-7639); D-
glucosamine N2,3,6-trisulfate, and heparin disaccharide III-S (H-9392). Neopa-
rin, Inc. (San Leandro, Calif.), was the commercial supplier for bovine intestinal
heparin as well as derivatives that had been chemically modified: N-desulfated,
fully N-sulfated, 6-O-desulfated, or 2-O-desulfated.

Fragments of bovine lung heparin oligosaccharides of 4-, 6-, 10-, 14-, 16-, 18-
to 20-, and 22-mer lengths were prepared by limited deaminative cleavage at pH
1.5 and size fractionated as described previously (17, 36).

Neutralization assays. Soluble molecules were diluted twofold serially in se-
rum-free OptiMEM medium. An equal volume of rgRSV was added to each
dilution, and the mixtures were incubated 45 min at 20°C to allow binding.
Mixtures were then used to inoculate 24-h-old HEp-2 cell monolayers in 12-well
plates, with periodic agitation. The inoculum was added at a multiplicity of
infection (MOI) of 1 to 2 PFU per cell (PFU was determined on HEp-2 cells).
Unbound virus was removed after 2 h, and cells were washed once with phos-
phate-buffered saline (PBS). Complete medium was added to cells, and they
were incubated for an additional 24 h. Cells were then trypsinized by 13 Trypsin-
EDTA (Gibco-BRL), fixed with 2% paraformaldehyde, and analyzed by flow
cytometry to detect GFP-expressing cells as described elsewhere (19).

Infection of HEp-2 cells under conditions of sulfate depletion. HEp-2 cells
were seeded on six-well plates in OptiMEM–2% FBS and incubated overnight to
form monolayers. They were then washed twice with PBS and incubated in
sulfate-free medium, Joklik-modified S-MEM, (Gibco-BRL catalog no. 22300)
supplemented with 10% dialyzed FBS (Gibco-BRL catalog no. 26300) in the
presence or absence of 50 mM sodium chlorate (Aldrich catalog no. 403016), or
magnesium sulfate as a control to replenish sulfate. After 24 h, cells were washed
with PBS and inoculated with rgRSV as described above. After a 2-h adsorption
period, the cells were washed with complete medium and incubated for 24 h in
complete medium. Cells were then processed for flow cytometry as described
above. In addition, an aliquot of each harvested monolayer was assayed for cell
number.

RESULTS

Effect of dextran sulfate on rgRSV infection. Dextran, a
bacterial product, is a branched glucose polysaccharide that
can be chemically sulfated to generate dextran sulfate. Up to
three sulfate groups modify each glucose unit of dextran sul-
fate, composing 17% of its weight. Dextran sulfate has been
shown to neutralize several viruses, including RSV (21).

To confirm this finding and to determine the contribution of
sulfate and dextran size to this neutralizing effect, we treated
rgRSV with unsulfated dextran (average size, 10 kDa) and with
dextran sulfate (average size, 5 or 10 kDa). Both sulfated
dextrans neutralized rgRSV in a dose-dependent manner, and
neutralization was more efficient with the larger polysaccharide
(Fig. 1). In contrast, unsulfated dextran was completely inac-
tive in neutralizing rgRSV. These findings confirmed that dex-
tran sulfate can neutralize RSV infectivity very efficiently but
showed that this activity was completely dependent on the
presence of sulfate groups.

Treatment with sodium chlorate reduces the susceptibility
of cells to rgRSV infection. Sodium chlorate acts as a sulfate
analog, replacing the sulfate group in the sulfate donor for
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GAG synthesis, PAPS (14). The resulting 39-phosphoad-
enosine-59-phosphochlorate donates unstable chlorate groups
to GAG chains that are spontaneously hydrolyzed (1). If GAG
sulfation were critical for RSV infection, then sodium chlorate
treatment of HEp-2 cells would be predicted to inhibit subse-
quent rgRSV infection. To test this possibility, cells were pre-
incubated in sulfate-free medium to reduce the availability of
sulfate (Fig. 2, sample 2). A second set was preincubated in
sulfate-free medium containing 50 mM sodium chlorate to
inhibit the incorporation of sulfate into cellular GAGs (sample
3). A third set of cells was incubated in sulfate-free medium in
which the sulfate was replenished by the addition of MgSO4
(sample 1). Following a preincubation of 48 h, the cells were
inoculated with rgRSV, incubated for an additional 24 h in
complete medium, trypsinized, fixed, and analyzed for the ex-
pression of GFP. The efficiency of rgRSV infection in cells
treated with chlorate was 40% that of control cells incubated in
medium containing MgSO4 (compare sample 3 with sample 1).
These results supported the idea that sulfation is important for
efficient rgRSV infection.

Sensitivity of sulfation-deficient CHO cell lines to rgRSV
infection. The most common positions of sulfate addition in
heparin, HS, and CS-B are the N and C6 positions of GlcN and
the C2 position of IdoA. To determine whether N-sulfation of
GAGs is required for efficient RSV infection, we tested the
sensitivity of the CHO pgsE-606 cell line to infection with
rgRSV. This mutant cell line expresses normal levels of GAGs

but has three- to fivefold less N-acetyltransferase activity (3).
As a result, its GAGs are undersulfated on GlcN. These mu-
tant cells and their CHO K1 parental cells were inoculated
with rgRSV and incubated for 36 h at 37°C, after which in-
fected cells were counted by flow cytometry. CHO pgsE-606
cells were threefold less sensitive to infection than the parental
K1 cells (Fig. 3), indicating that N-sulfation is important for
efficient infection. However, since the formation of IdoA in
heparan sulfate requires the presence of N-sulfate on GlcN
(Introduction), it was not clear from this result alone whether
the reduction of infection in this experiment was directly due
to the absence of N-sulfate groups or was a consequence of a
lower content of IdoA in the cell surface GAGs. This point is
addressed below.

IdoA in heparin and HS (and to a lesser extent in CS-B) is
sulfated at its C2 position. To determine whether this 2-O-
sulfation is important for mediating RSV infection, we mea-
sured the sensitivity of the CHO pgsF-17 cell line to rgRSV
infection. This mutant cell line is deficient in 2-O-sulfotrans-
ferase (2), the enzyme required for transfer of sulfate to the
2-O position in IdoA. rgRSV was able to infect these cells
nearly as efficiently as the CHO K1 parental cells (Fig. 3),
indicating that 2-O-sulfation is not required for efficient RSV
infection.

Effects of soluble, chemically modified heparin on rgRSV
infection. As mentioned above, preincubation of RSV with
soluble heparin reduces the infectivity of the virus, presumably
by saturating GAG-binding sites needed for efficient infection.
To further test the importance of GAG sulfation, especially
that of N-sulfation, we compared the neutralization activity of
unmodified soluble heparin with that of derivatives that had
been modified chemically as follows: (i) to remove N-sulfate
groups, (ii) to remove the 6-O-sulfate groups, (iii) to remove
the 2-O-sulfate groups, or (iv) to add N-sulfate groups to all
GlcNAc subunits. These heparins were serially diluted, and
each dilution was incubated with rgRSV before inoculating the
HEp-2 cells. Unmodified heparin efficiently inhibited rgRSV
infection (50% inhibitory concentration [IC50] of 6 mg/ml), a
result consistent with results in previous studies (4, 19, 26).
Heparin that had been treated to add N-sulfates to all remain-
ing unmodified GlcN residues was not significantly different
from the native form (Fig. 4), which was not surprising given
the high degree of N-sulfation of native heparin. In contrast,
heparin lacking N-sulfation inhibited infection very poorly

FIG. 1. Effects of dextran (Dx) and dextran sulfate (DxSO4) on the efficiency
of rgRSV infection of HEp-2 cells. Virus (MOI 5 2) was mixed with the
indicated concentrations of DxSO4-5K (average molecular mass, 5 kDa), DxSO4-
10K, or Dx-10K, incubated for 45 min, and used to inoculate cells. Cells were
analyzed for GFP expression at 24 h postinoculation.

FIG. 2. Effects of sodium chlorate on rgRSV infection. HEp-2 cells were
incubated in sulfate-free medium, without (samples 1 and 2) or with (sample 3)
50 mM sodium chlorate and with (sample 1) or without (samples 2 and 3) 0.8
mM MgSO4. After 48 h, cells were inoculated with rgRSV (MOI 5 1), washed,
and incubated in complete medium. At 24 h postinoculation, the medium was
removed and cells were analyzed for GFP expression.

FIG. 3. Sensitivity of sulfate-deficient CHO cell lines to rgRSV infection.
CHO pgsE-606, deficient in N-sulfation, and pgsF-17, deficient in 2-O-sulfation,
were inoculated with rgRSV (MOI 5 1) and analyzed for GFP expression at 36 h
postinoculation. The average percent infected cells relative to the parental CHO
K1 is shown above each bar.
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(IC50 of .200 mg/ml). The neutralizing ability of heparin,
therefore, appears to be highly dependent on N-sulfation. Con-
versely, both 6-O-desulfated and 2-O-desulfated heparin re-
tained nearly their full inhibitory activity, indicating that sul-
fate at position C6 of GlcN or position C2 of GlcA or IdoA are
not required for efficient binding by rgRSV.

Importance of heparin chain length in rgRSV neutraliza-
tion. To further define the GAG structural features that are
important for binding to RSV, we examined the effect of chain
length on the ability of heparin to neutralize rgRSV. This
analysis first examined the free monosaccharides GlcA and
GlcN. Neither monosaccharide significantly inhibited rgRSV
infection (Table 1). We also tested glucosamine monosaccha-
rides with sulfate groups at positions 2, 3, 2,3, 2,6, and N2,3,6.
None of these sugars inhibited rgRSV infection even at con-
centrations up to 400 mg/ml (Table 1).

We then tested the RSV-neutralizing activity of the heparin
disaccharide DHexA2S1-4GlcNS (III-S), resulting from the di-
gestion of heparin or HS with heparinases I and II. Like the
monosaccharides, it was unable to inhibit rgRSV infection at
the tested concentrations. These results suggested that the
ability to bind to and neutralize RSV depended on a larger
GAG size and/or additional structural components found on
heparin chains.

We then tested bovine lung heparin fragments of increasing
length, namely, 4-, 6-, 8-, 10-, 14-, 16-, 18- to 20-, and 22-mer
saccharide subunits, for the ability to neutralize rgRSV infec-

tion (Fig. 5). Even at the highest concentration tested (200
mg/ml), the 4-, 6-, and 8-mer fragments did not significantly
neutralize rgRSV infectivity. The minimum chain length that
provided detectable neutralization of rgRSV was a 10-mer,
although inhibition was relatively weak (IC50 of .200 mg/ml).
Inhibition of infection increased with increasing heparin chain
length, with a mixture of 22-mer and longer chains neutralizing
rgRSV as efficiently as native heparin.

DISCUSSION

We previously showed that HS and CS-B, two GAGs that
are found on cell surface proteoglycans, are important for
efficient RSV infection (19). HS, CS-B, and heparin, the latter
being a structural analog of HS, were each able to neutralize
rgRSV infectivity when preincubated with the virus. All three
of these GAGs contain IdoA, whereas three other GAGs that
do not contain IdoA did not neutralize rgRSV. In the present
study, the presence of sulfate groups was found to be impor-
tant for polysaccharide binding to RSV and for RSV infection
of cultured cells. Furthermore, we examined the importance of
sulfation at specific GAG positions by using mutant cell lines
that are defective in specific sulfotransferases and by using
soluble heparin and modified heparins.

FIG. 4. Neutralization activity of chemically modified full-length soluble hep-
arin chains against rgRSV. Virus (MOI 5 1) was mixed with various modified
heparins, as indicated, incubated for 45 min, and used to inoculate HEp-2 cells.
Cells were analyzed for GFP expression at 24 h postinoculation.

FIG. 5. Effects of heparin chain length on its ability to neutralize rgRSV.
Virus (MOI 5 1) was mixed with heparin chains of increasing length, as indi-
cated, incubated for 45 min, and used to inoculate HEp-2 cells. Cells were
analyzed for GFP expression at 24 h postinoculation.

TABLE 1. Inhibition efficiency of different saccharides and oligosaccharides

Compound IC50
(mg/ml) Compound IC50

(mg/ml)

Heparin fragments Modified heparin
Sulfated GlcNa..................................................................... NIb Heparin................................................................................. 0.8
DHexA2S-GlcNS ................................................................. NI 2-O-Desulfated..................................................................... 6.25
Heparin 4-mer ..................................................................... NI 6-O-Desulfated..................................................................... 5.0
Heparin 6-mer ..................................................................... NI N-Desulfated........................................................................ .200.0
Heparin 8-mer ..................................................................... NI N-Sulfated ............................................................................ 4.6
Heparin 10-mer ................................................................... .200.0
Heparin 14-mer ................................................................... 200.0
Heparin 16-mer ................................................................... 100.0 Modified dextran
Heparin 18/20-mer .............................................................. 50.0 Dextran ................................................................................. NI
Heparin $22-mer ................................................................ 1.0 Dextran sulfate (5K) ........................................................... 1.2

Dextran sulfate (10K) ......................................................... 0.1

a GlcN-2-SO4, GlcN-3-SO4, GlcN-2,3-SO4, GlcN-2,6-SO4, GlcN-2,3,6-SO4, GlcA.
b NI, no inhibition at concentrations of up to 200 mg/ml (heparin 4-mer, 6-mer, or 8-mer and dextran) or 400 mg/ml (sulfated GlcN and DHexA2S-GlcNS).
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Dextran sulfate strongly inhibited rgRSV infection, as is
evident from the IC50 of 0.1 mg/ml for 10K dextran sulfate,
compared to that of heparin (1.0 mg/ml), HS (12.5 mg/ml), and
CS-B (200 mg/ml) (19). The very strong binding of dextran
sulfate indicated by these data is dependent on its heavy sul-
fation, since desulfated dextran sulfate was completely inactive
in neutralizing rgRSV. Although the very high sulfate content
and branched nature of dextran sulfate makes it an inexact
model for cell surface GAGs such as HS and CS-B, the strong
inhibition observed shows that the binding of RSV to sulfated
polysaccharides can be very strong indeed and that sulfation is
important.

Chlorate treatment of cells reduces the overall level of GAG
sulfation and has been shown to reduce infection by vaccinia
virus (9) and human immunodeficiency virus type 1 (31), but
not by AAV2 (32), despite the fact that HS is thought to act as
a receptor for AAV2 (37). In our experiments, sodium chlorate
pretreatment of cells reduced the efficiency of rgRSV infection
to 40% that of untreated cells, suggesting a role for sulfation.

Most of the GlcN residues in heparin and approximately half
of the GlcN residues in HS (29) are modified by substitution of
their N-acetyl groups with N-sulfate, generating N-sulfated
GlcN. There are other sulfation sites in heparin and HS, most
notably the C6 position of GlcN and the C2 position of IdoA.
Infrequent sulfation also occurs at the C3 position of GlcN and
the C2 position of GlcA (28). Here we provided evidence that
N-sulfation, but not C6 or C2 sulfation, is required for efficient
RSV infection. This conclusion is supported by two observa-
tions. (i) The pgsE-606 CHO-cell line, deficient in N-sulfation
but expressing normal levels of cell surface HS and CS, was
only 34% as permissive to rgRSV infection as the parent cell
line. This reduction in virus infectivity is similar in magnitude
to the decrease (three- to fivefold) in N-sulfation enzymatic
activity (3). On the other hand, CHO pgsF-17, a cell line
deficient in C2-O-sulfation, was fully permissive for rgRSV
infection. (ii) Chemically modified, full-length N-desulfated
heparin lost its neutralizing activity. These results indicate that
the N-sulfation is important in rgRSV binding. Both 6-O-de-
sulfated and 2-O-desulfated heparin chains retained their neu-
tralizing activity, indicating that these sulfate groups are not
important for binding to rgRSV.

The conclusion most consistent with these data is that par-
ticular sulfate groups on GAGs, rather than the total amount
of sulfate, are important for promoting rgRSV infection. Be-
sides the involvement of N-sulfate groups, polyvalence appears
to be important. Neither highly sulfated mono- or disacchar-
ides nor heparin fragments shorter than 10-mer were effective
in neutralizing rgRSV. This indicates that there is a need for
longer ligands, either due to specific features within the bind-
ing site or a requirement of polyvalent interaction with virion
surface components.

The finding that efficient binding of RSV to GAGs requires
IdoA, N-sulfation, and a minimum saccharide chain length of
10 indicates that the binding is not simply a function of charge
but instead has greater specificity. In the case of dengue virus,
a 10-saccharide heparin fragment was required to inhibit virus
binding to host cells (8), whereas HSV was inhibited by a
12-saccharide fragment (17). This 12-mer must contain at least
one 2-O- and one 6-O-sulfate group, and yet no N-sulfate is
necessary. This difference between the HSV specificity and the
RSV requirement for only N-sulfation demonstrated in the
present here clearly indicates that different viruses have differ-
ent GAG-binding specificities. These viruses have subtle but
distinct differences in the specificities of their interaction with
cell surface GAGs.

While it is clear that cell surface GAGs are required for

efficient rgRSV infection of cultured cells, it is not clear
whether this binding represents attachment in toto, as appears
to be the case for AAV2 (37), or whether the interaction
between RSV and GAGs represents a low-affinity first step in
attachment followed by a second step that remains to be iden-
tified. This latter case would resemble the situation with HSV,
where binding to GAGs is an initial step that enhances the
ability of the virus to find its specific receptor (42). It is also
unclear which of the three RSV glycoproteins is responsible for
binding to GAGs to initiate infection. Synthetic peptides rep-
resenting the consensus regions in the G protein of subgroups
A and B of RSV were found to bind to Vero cells and inhibit
RSV infection. Heparin prevented this peptide from binding to
Vero cells (16), suggesting that this segment of the G protein
binds to cell surface GAGs. But the ability of the RSV mutant
cp-52 to infect cultured cells, even though it lacks the genes for
both the G and SH proteins (24), would suggest that the F
protein can also function as an attachment protein.

Recently, Feldman et al. (15) reported that the F protein
released from RSV-infected cells by detergent lysis also binds
to heparin, that cp-52 is neutralized by heparin, and that pre-
treatment of cells with heparinase inhibits cp-52 infection. We
have made similar observations with rgRSV lacking both the
SH and G genes (S. Techaarpornkul, N. Barretto, P. L. Collins,
and M. E. Peeples, manuscript in preparation). These results
suggest that the F protein also binds to GAGs on the cell
surface to initiate infection in the absence of the G protein. It
is not yet clear whether the GAG-binding specificities of the F
and G proteins are identical; what the relative contributions of
the F, G, and SH proteins are to initiating infection; or
whether these proteins act cooperatively.
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