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It has been shown previously that the fusion glycoprotein of human respiratory syncytial virus (RSV-F)
interacts with cellular heparan sulfate. Synthetic overlapping peptides derived from the F-protein sequence of
RSV subtype A (strain A2) were tested for their ability to bind heparin using heparin-agarose affinity
chromatography (HAAC). This evaluation identified 15 peptides representing eight linear heparin-binding
domains (HBDs) located within F1 and F2 and spanning the protease cleavage activation site. All peptides
bound to Vero and A549 cells, and binding was inhibited by soluble heparins and diminished by either
enzymatic treatment to remove cell surface glycosaminoglycans or by treatment with sodium chlorate to
decrease cellular sulfation. RSV-F HBD peptides were less likely to bind to glycosaminoglycan-deficient
CHO-745 cells than parental CHO-K1 cells that express these molecules. Three RSV-F HBD peptides (F16,
F26, and F55) inhibited virus infectivity; two of these peptides (F16 and F55) inhibited binding of virus to Vero
cells, while the third (F26) did not. These studies provided evidence that two of the linear HBDs mapped by
peptides F16 and F55 may mediate one of the first steps in the attachment of virus to cells while the third, F26,
inhibited infectivity at a postattachment step, suggesting that interactions with cell surface glycosaminoglycans
may play a role in infectivity of some RSV strains.

Human respiratory syncytial virus (RSV), which belongs to
the Pneumovirus genus of the Paramyxoviridae family, is the
major cause of lower respiratory tract disease in infants and
young children worldwide and is responsible for a large pro-
portion of lower respiratory tract infections in the elderly. RSV
has a genome approximately 15,222 nucleotides long that car-
ries 10 major mRNAs that produce 11 viral proteins. Three of
these are associated with the virion envelope and include the
attachment (G) glycoprotein, the fusion (F) glycoprotein, and
a small hydrophobic protein of unknown function (for a re-
view, see reference 12).

Like other paramyxoviruses, RSV is thought to initiate in-
fection by attaching to the host cell using the envelope glyco-
proteins. It is postulated that following binding, a series of
changes in the conformation of F-protein trimers allows fusion
of the viral envelope with the host cell membrane, permitting
virus entry (39). Although specific cellular receptors for either
the attachment or the fusion glycoprotein of RSV have not yet
been identified, there is abundant evidence that RSV binds to
cellular glycosaminoglycans (GAGs) (5, 16, 19, 20, 26, 27, 35,
38, 45, 47, 57, 58, 59). While it appears that these interactions

facilitate virus entry, it does not rule out the possibility that
alternative pathways also exist (26, 58).

GAGs are long, unbranched polysaccharide chains consist-
ing of repeating disaccharide units of an amino sugar (either
N-acetylglucosamine or N-acetylgalactosamine) and a hexu-
ronic acid (either glucuronic acid or its epimer, L-iduronic
acid) that are covalently attached via an O-glycosidic linkage
between xylose in the sugar chain and serine in the host cell
membrane protein to form proteoglycans. During GAG syn-
thesis, the chain of sugar residues may be further modified by
N- and/or O-sulfation, de-N-acetylation, and by varying the
chain length. While GAGs are found on the surface of almost
all animal cells, the number and position of sulfate groups,
N-acetyl groups, chain length, as well as the total number of
saccharide chains per protein molecule contribute to the ob-
served heterogeneity in GAG expression, which in turn deter-
mines the specificity of interactions with a wide variety of
binding proteins (43). Postsynthetic modifications of GAGs
also appear to be tissue specific and developmentally regulated
(1, 4, 6, 31, 54).

Many viruses depend on cell surface GAGs to initiate infec-
tion in vitro (7, 9, 10, 14, 32, 34, 37, 41, 52, 55, 56, 62, 63).
Previous work demonstrated that RSV also interacts with cell
surface GAGs, as attachment and infectivity were diminished
in the presence of soluble GAGs such as heparan sulfate and
chondroitin sulfate B (20, 26, 45) or decreased by enzymatic
removal of heparin-like GAGs following treatment with GAG
lyases and by pretreatment of cells with chlorate to decrease
cellular sulfation (26). In a series of experiments using CHO
cell lines deficient in individual enzymes required for postsyn-
thetic GAG modification and in virus inhibition studies using
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chemically modified heparin chains of varying lengths, Hallak
et al. showed that RSV infection was dependent on the specific
expression of cellular GAGs containing L-iduronic acid as well
as N-sulfated residues and had a minimum structural require-
ment for 10 saccharide units (26).

The RSV-G protein has been recognized as the putative
attachment protein, based on experiments using antiserum
raised against purified G glycoprotein that diminished binding
of RSV virus to HEp-2 cells while antiserum raised against
RSV-F did not (42). Previous work in our laboratory showed
that RSV-G bound immobilized heparan sulfate with high
affinity, while others have demonstrated that soluble RSV-G
bound to cell surface GAGs (20, 45). Subsequently, we used
overlapping synthetic peptides to identify a linear heparin-
binding region within the G ectodomains of subtype A and B
viruses, represented by the sequences 184AICKRIPNKKPG
KKT198 and 183KSICKTIPSNKPKKK197, respectively, that
bound immobilized heparin as well as cell surface GAGs and
that inhibited infection of Vero cell monolayers with the ho-
mologous subtype (20). RSV-G heparin-binding linear pep-
tides were characterized by the motif XBBX, identified in
other mammalian heparin-binding proteins, where B repre-
sents a positively charged basic residue and X represents any
other uncharged amino acid (for a review, see reference 8).
This suggests that RSV-G binds to cells via charge-charge
interactions between basic residues in the heparin-binding do-
main and negatively charged sulfates present on cell surface
GAGs. However, these interactions between the G heparin-
binding domain and cellular GAGs do not appear to be essen-
tial for virus infectivity, because viruses engineered as G-HBD
deletion mutants replicated in tissue culture and in the respi-
ratory tract of infected mice, and viruses lacking RSV-G en-
tirely were infectious in vitro but were attenuated in vivo (36,
58). Coincidentally, the G-HBD mimics the fractalkine-bind-
ing site that mediates attachment to CX3CR1 and, like frac-
talkine, RSV-G binding to CX3CR1 triggers a cell-signaling
cascade (61). It is not known if heparin binding is a prerequi-
site that promotes high-affinity interactions between RSV-G
and CX3CR1.

Interestingly, RSV viruses lacking RSV-G were still sensitive
to inhibition by soluble heparin (19, 57, 58). Also, RSV-F
derived from either a subtype A virus, A2, or a subtype B virus,
cp52, bound immobilized heparin (19). Taken together, these
data indicated that the fusion glycoprotein could function as
the attachment protein in the absence of RSV-G and that at
least some of the RSV-F cell interactions that facilitated virus
attachment and infectivity were with cellular GAGs (19,
57, 58).

RSV-F is initially translated into a 70-kDa inactive precur-
sor, F0, which is cotranslationally modified by the addition of
N-linked carbohydrates (11, 21). F0 is then endoproteolytically
cleaved by a cellular trypsin-like protease, furin, at one or both
of the two known highly basic cleavage sites into two disulfide-
linked subunits, consisting of F1 and F2 of varying molecular
weights depending upon the cleavage site(s) used (23, 24, 65).
Upon cleavage, the highly conserved hydrophobic fusion pep-
tide containing the FLG sequence at or near the amino termi-
nus of F1 is thought to facilitate virus fusion by insertion into
the target cell membrane (for a review, see reference 29). In
addition to the basic regions found at each furin cleavage site,

106RARR109 and 131KKRKRR136, four other potential hepa-
rin-binding domains have been discussed but not experimen-
tally defined (57). In the present study, we have used overlap-
ping synthetic RSV-F peptides to map linear domains within
the fusion protein that are important for heparin-binding and
characterized these interactions on cells permissive for RSV
infection. We provide evidence that eight regions in RSV-F
bind heparin and cellular GAGs and three regions facilitate
infection at either an attachment or postattachment step.

MATERIALS AND METHODS

Cells and viruses. Vero, HEp-2, and A549 cells were grown in Eagle’s medium
containing Earle’s salts (EMEM) (Mediatech, Inc., Herndon, VA) with 10%
fetal bovine serum (FBS) (Cambrex, Walkersville, MD), 4 mM L-glutamine
(Mediatech, Inc.), amphotericin B at 250 �g/ml (Quality Biological, Gaithers-
burg, MD), and 10,000 U/ml penicillin-streptomycin (Quality Biological). Chi-
nese hamster ovary (CHO) K1 and 745 cells were grown in Hams F12 medium
(Mediatech, Inc.) with 10% FBS. Human respiratory syncytial virus (RSV)
strains A2 and 18537 and RSV/B1/cp52 (cp52) virus stocks were obtained from
R. Chanock, B. Murphy, and S. Whitehead, LID, National Institute of Allergy
and Infecious Disease, National Institutes of Health, and prepared in either
HEp-2 (for strains A2 and 18537) or Vero cell (for cp52) monolayers as previ-
ously described, and aliquots were stored at �70°C (19). Virus was sucrose
purified as previously described (47). Infectivity of virus stocks was determined
on Vero cell monolayers and calculated using the method of Reed and Muench;
titers are reported as 50% tissue culture infectious doses (33).

Synthesis of RSV-F overlapping peptides. Amino acid sequences for F pep-
tides were deduced from F-gene nucleotide sequences for RSV subtype A strains
with four amino acid mutations in the consensus that distinguish it from the
published sequence for RSV-A2-F (RSH1CE; accession number M11486.1)
(11). Seventy-seven peptides representing amino acids 26 to 574 of RSV-F were
synthesized with biotin–serine-glycine-serine-glycine (SGSG) at their amino ter-
minus and contained 17 amino acids of RSV-F sequence with a 10-amino-acid
overlap and 7-amino-acid offset. Two additional RSV-F peptides, F78 and F79,
were synthesized to represent the carboxy terminus of F2 (121N3R136) and
amino terminus of F1 (137F3V152) following cleavage of F0, respectively. Peptide
F79 was biotinylated at the carboxy terminus, and as such it contains a free
amine. Peptides were synthesized by 9-fluorenylmethoxy carbonyl (Fmoc) solid-
phase chemistry (PharmAust Chemistry Ltd., Australia; formerly Mimitopes,
Raleigh, NC) with an average purity of 80 to 90%. Peptide RT2.2 (RT; 459EN
REILKEPVHGVYY474), derived from the human immunodeficiency virus type
1 (HIV-1) consensus sequence of the pol gene from the Los Alamos database,
was used as a negative control peptide. Peptide VN (346AKKQRFRHRN
RKG358) was derived from vitronectin and represented a peptide with a known
mammalian consensus heparin-binding motif, XBBXBX (boldface letters repre-
sent basic residues) in heparin-agarose affinity chromatography (HAAC) and
cell-binding assays (13). Peptide F24 (187VLTSKVLDLKNYIDKQL203) repre-
sents an RSV-F cell-binding peptide that does not bind heparin. Biotinylated
peptides representing the RSV-G heparin-binding domain, Ga19 and Ga20, have
been previously described (20). Biotinylation efficiency of synthetic peptides was
compared prior to use.

Polyanion-binding assay. Individual peptides were screened in a polyanion-
binding assay as previously described with the following modifications (7).
CARBO-BIND plates (Corning Inc., Corning, NY) coated with or without hep-
arin were blocked with 5% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) for 1 h at room temperature. Biotinylated peptides were added to
coated and uncoated wells starting at an initial concentration of 20 �g/ml (50 �l
per well) in PBS and using serial twofold dilutions, followed by addition of
streptavidin-horseradish peroxidase (1:500) (Kirkegaard & Perry Laboratories
[KPL], Gaithersburg, MD) and the colorimetric substrate 2,2�-azino-di-(3-ethyl-
benzthizoline)-6-sulfonate (ABTS) (KPL). Absorbances were read at 405 nm,
and specific binding was determined by subtracting the absorbance obtained for
each peptide in uncoated wells from the corresponding absorbance in heparin-
coated wells. Values that were at least two times greater than the corrected value
obtained for peptide RT2.2 were considered heparin binding. Heparin-binding
activity was confirmed using heparin-agarose affinity chromatography, described
below.

HAAC. Peptides reactive in the polyanion-binding assay were evaluated by
HAAC as described previously (20), with some modifications. Heparin-agarose
beads or cross-linked 4% Sepharose CL4B beads (Sigma, St. Louis, MO) were
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equilibrated with 1 ml PBS at room temperature for 30 min on an orbital rocker.
Each peptide was tested at a concentration of 12.5 �g/ml in PBS with the
exception of peptides F36, F39, and F75, which were tested at 50 �g/ml. Peptides
(200 �l) were incubated with 100 �l of heparin-coated or control agarose beads
at room temperature for 30 min and then washed five times with 1 ml PBS.
Peptides were eluted using 200 �l of PBS containing 2 mg/ml low-molecular-
weight heparin (LMWH) (porcine intestinal mucosa; Mr � 6,000; Sigma) or,
where noted, bovine lung heparin (BLH) (Calbiochem, La Jolla, CA) and spe-
cific elution revealed by the peptide detection assay described below. Final
washes were tested in parallel with the corresponding eluates to ensure that the
majority of unbound peptide was removed prior to specific elution.

Peptide detection assay. Each final wash and eluate from heparin-coated and
control agarose beads were subjected to serial threefold dilutions in PBS starting
with 50 �l of undiluted material in 96-well polystyrene plates (Immunlon 1B),
and biotinylated peptides were detected as previously described (20). Peptides
were considered heparin binding if all of the following criteria were met: (i) the
optical density at 405 nm (OD405) of each peptide eluted from heparin-agarose
beads was at least two times the absorbance of the corresponding final wash for
that peptide at the same dilution, (ii) the absorbance (OD405) of each peptide
eluted from heparin-agarose beads was at least two times greater than the signal
obtained for the same peptide eluted from control agarose beads, and (iii) the
absorbance (OD405) of each peptide eluted from heparin-agarose beads was at
least two times greater than the value obtained for peptide RT2.2 after specific
elution with heparin.

Detection of peptide binding to the cell surface. Biotinylated peptides were
tested for their ability to bind to live cells as previously described (see the legend
to Fig. 2 for details as well as reference 20). RSV-F peptides with minimum mean
absorbance values greater than 0.1 were considered to be cell binding, as this
cutoff was more than three standard deviations above the mean value obtained
for the negative control peptide, RT2.2, which had mean absorbance values of
�0.01 in this assay. Cells were visualized microscopically to be certain that
monolayers were intact following addition of ABTS and prior to reading. Binding
to Vero, HEp-2, and A549 cells was evaluated in separate experiments.

Detection of peptide binding to the cell surface using flow cytometry. Conflu-
ent Vero cells were removed from culture flasks using 50 mM EDTA and washed
three times with fluorescent-activated cell sorter (FACS) buffer (PBS, without
calcium or magnesium, with 1% FBS). Cells (5 � 105 per sample) were incubated
with 10 �g/ml (in 100 �l) of each RSV-F peptide, VN peptide, peptide RT2.2,
heparan sulfate monoclonal antibody HepSS-1, F5810E4 (Seikagaku, Tokyo,
Japan), or an immunoglobulin M (IgM) isotype control monoclonal antibody
(Coulter, Miami, FL) for 1 h at 4°C in the dark, followed by three washes with
FACS buffer. Streptavidin-fluorescein isothiocyanate (FITC) (KPL) at 1:100 or
goat anti-mouse (IgG, IgA, and IgM)-FITC (KPL) at 1:20 added to peptide-cell
mixtures or antibody-cell mixtures, respectively, and incubated for 1 h at 4°C in
the dark was used to detect binding of biotinylated peptides or heparin sulfate-
specific monoclonal antibodies to cells, respectively. After three washes, samples
were analyzed on a Becton-Dickinson LSR flow cytometer using CellQuest
software.

Characterization of peptide-cell surface GAG interactions. (i) GAG lyase
treatment of cells. Peptide binding was analyzed by flow cytometry following
treatment of Vero cells with lyases that cleave specific GAGs as a first step in
evaluating the dependence on cell surface GAG expression. Vero cells removed
from flasks using 50 mM EDTA were washed three times in PBS containing 1%
BSA. Cells (5 � 105 per sample) were untreated or were treated with 4 U
chondroitinase C (Sigma) or a mixture of 4 U heparin lyase I (Sigma) (that
preferentially cleaves highly sulfated glycosaminoglycans at L-iduronic acid-2-O-
sulfate) and 4 U heparin lyase III (Seikagaku) (that preferentially cleaves un-
sulfated regions within glycosaminoglycans at either L-iduronic or glucuronic
acid) in PBS containing 0.5 mM MgCl2, 0.5 mM CaCl2, and 0.5% BSA, incubated
for 3 h at 37°C, and then washed in FACS buffer. Peptide binding was deter-
mined by flow cytometry as described above. Data are reported for experiments
that demonstrated a significant decrease in mean fluorescence for binding of
heparan sulfate-specific monoclonal antibodies and for VN peptide on lyase-
treated cells relative to mean fluorescence on untreated cells.

(ii) Detection of peptide binding to CHO cells. To further characterize the
dependence of peptide binding with cell surface GAG molecules, reactivity of
each peptide with parental CHO-K1 and GAG-deficient CHO-745 cells was
compared in parallel using flow cytometry as described above, except peptides
were tested at 50 �g/ml.

(iii) Sodium chlorate treatment of cells. Reactivity of peptides on sodium
chlorate-treated cells was examined to determine if binding was dependent on
cellular sulfation. Vero cells were grown in sulfate-deficient medium consisting
of Joklick’s minimal essential medium (Cambrex) with 10% dialyzed FBS, 4 mM

L-glutamine, 250 �g/ml amphotericin B, 200 mg/liter CaCl2, and 50 mM sodium
chlorate (Sigma) for 24 h at 36°C. Untreated controls cells were grown in EMEM
containing 10% FBS. Cell binding was determined by flow cytometry as de-
scribed above. Data are reported for experiments that showed a significant
decrease in mean fluorescence intensity of binding for heparan sulfate-specific
monoclonal antibodies and for the VN peptide on chlorate-treated cells relative
to the mean fluorescence intensity on cells cultured in EMEM in the absence of
chlorate.

(iv) Competitive binding studies. To further evaluate the specificity of the
interaction between peptides and sulfated versus that of unsulfated cellular
glycosaminoglycans, peptide binding to cell surface molecules was assessed in the
presence of soluble competitors. Dose curves were generated for each peptide to
determine peptide concentrations that were equivalent to 50% of saturation on
live cell monolayers as described previously (20). Binding of RSV-F peptides at
the indicated concentration was compared in the presence and absence of 2
mg/ml of LMWH (Sigma), BLH (Sigma), hyaluronic acid (Sigma), K5 polysac-
charide (K5) (kindly provided by Willie Vann, CBER, FDA), sucrose octasulfate
(SOS) (Sigma), or aurintricarboxylic acid (ATA) (Sigma). Percent inhibition was
determined by comparing peptide binding in the absence of competitor to bind-
ing in wells containing the soluble competitor.

(v) Peptide inhibition of virus binding to cells. Saturating and 50% saturation
concentrations were determined for peptides and sucrose gradient-purified A2
virus, respectively, on Vero cell monolayers. Binding of sucrose gradient-purified
A2 virus was compared in the presence and absence of saturating amounts of
peptide. Briefly, peptide-virus mixtures were incubated on Vero cell monolayers
for 1 h at 4°C followed by three washes with PBS. Cells were fixed with 4%
paraformaldehyde, air dried, and blocked with 5% BSA in PBS-Tween. Virus
was detected using a pool of RSV-F monoclonal antibodies diluted 1:1,000, and
plates were incubated overnight at room temperature and washed three times
with PBS-Tween prior to addition of goat anti-mouse-IgG conjugated to horse-
radish peroxidase (1:1,000) for 3 h at 37°C. Plates were washed three times with
PBS-Tween before adding ABTS substrate and reading absorbances at 405 nm.
Percent inhibition of virus binding was determined by comparing the absorbance
in the presence of the RSV-F peptide to binding of virus in the presence of an
irrelevant peptide or binding in peptide-free wells. The RSV-F monoclonal
antibody pool used to detect virus binding did not bind any of the F peptides used
in these studies (data not shown).

(vi) Infectivity inhibition. Peptides were assayed for their ability to inhibit
RSV A2, 18537, and cp52 infectivity as previously described (20) with the fol-
lowing modifications. Peptides were diluted to a concentration of 50 �g/ml, and
50-�l aliquots of each were added in triplicate to Vero cells in a 96-well plate.
After 45 min of incubation at 4°C, virus (diluted to yield 20 to 40 plaques/well in
50 �l) was added to peptide-treated and untreated control wells. Virus-peptide
mixtures were allowed to adsorb for 2 h at room temperature, after which
monolayers were washed and overlaid with 1% carboxymethyl cellulose (ICN,
Aurora, OH) in Liebovitz 15 media (Mediatech, Inc.) containing 5% FBS and
antibiotics. Three days postinoculation for assays using A2 and 18537 and six
days postinoculation of cp52, assays were fixed with 80% methanol and subjected
to RSV-specific immunostain, as previously described (19). Plates were scanned
and images of each well magnified in Microsoft Paint to facilitate plaque count-
ing. Percent inhibition of virus infectivity was determined by comparing the
numbers of plaques in peptide-treated wells to the numbers in untreated control
wells. RSV-F-specific monoclonal antibodies with known neutralizing activity
and a control monoclonal antibody that does not neutralize virus were diluted to
1:320 in serum-free EMEM and tested in parallel. Individual peptides were also
evaluated in parallel on Vero monolayers for cellular toxicity using a metabolic
inhibition test as previously described (15). Virus inhibition data are the means
of at least two assays and are reported only for peptide concentrations that were
nontoxic to cells.

Statistical analysis. Peptide binding and virus inhibition in the presence and
absence of peptides were compared using Student’s t test, and results are ex-
pressed as the means �1 standard deviation or as the means �1 standard error
of the mean as noted in the figure legends. Results having P values of �0.05 were
considered significant.

RESULTS

RSV-F synthetic peptides bind in HAAC. Synthetic peptides
derived from the F-protein amino acid sequence were initially
screened in a polyanion-binding assay to identify regions with
heparin-binding activity (data not shown). Of the 79 RSV-F
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peptides tested, 18 bound in the polyanion-binding assay and
were subsequently analyzed by HAAC to confirm reactivity
(Fig. 1). Table 1 shows the sequence and relative positions of
15 RSV-F peptides (F2, F5, F6, F15, F16, F26, F34, F35, F36,
F44, F55, F57, F73, F75, and F78) that bound immobilized
heparin and were specifically eluted by soluble LMWH or
BLH. Control peptides representing the putative vitronectin
heparin-binding domain (VN) and the RSV-Ga HBD, peptide
Ga20, also bound heparin agarose and were specifically eluted.
Peptides RT2.2 and F24, which do not bind heparin, served as
negative controls in this and in subsequent experiments.
RSV-F peptides, VN, and Ga20 did not bind to cross-linked
CL4B agarose lacking heparin, indicating that the binding ob-
served in HAAC was heparin specific. Three RSV-F peptides
(F12, F39, and F43) that reacted in the polyanion-binding
assay were not heparin binding in HAAC tests, and these
peptides were excluded from further analysis (Fig. 1).

RSV-F peptide binding to Vero cells after GAG lyase treat-
ment. The ability of peptides to bind to RSV-permissive cells
was examined using monolayers of live Vero, HEp-2, and A549
cells. As expected, VN and Ga20 peptides bound to each cell
line tested, while RT2.2 did not bind. Each of the 15 RSV-F
peptides identified as heparin binding by HAAC bound to
Vero cells at a concentration of 10 �g/ml (Fig. 2). Similar
reactivity was seen on A549 cells, while HEp-2 cells bound 12
of the 15 RSV-F peptides, including F2, F5, F15, F16, F26,
F35, F36, F55, F57, F73, F75, and F78 (data not shown).
Peptide binding on Vero cells was further evaluated using flow

cytometry, and this method confirmed that each of the 15
RSV-F peptides bound to Vero cells, although binding of pep-
tide F44 in this assay was noticeably diminished when mean
fluorescence was compared to that seen with the other F he-
parin-binding peptides and to binding seen with VN (data not
shown).

Flow cytometry was then used to assess peptide binding
following GAG lyase treatment to reduce or remove GAGs
from the cell surface. Binding of VN, Ga19, and each of the 15
RSV-F peptides was decreased following treatment with a mix-
ture of heparin lyase I and III compared to binding on un-

FIG. 1. HAAC of RSV-F biotinylated peptides. One hundred mi-
croliters of heparin-agarose (closed bars) or cross-linked 4% Sepha-
rose CL4B beads (open bars) was equilibrated with 1 ml PBS prior to
mixing with individual RSV-F or control peptides at a concentration of
12.5 �g/ml in PBS, with the exception of peptides F36, F39, and F75,
which were tested at concentrations of 50 �g/ml. Samples were incu-
bated at room temperature for 30 min, followed by five washes with 1
ml PBS. An aliquot of final wash from each reaction was collected and
tested in order to ensure the majority of unbound peptide was re-
moved. Peptides were eluted with 200 �l of PBS containing 2 mg/ml
bovine lung heparin. Fifty microliters of final wash or eluted peptide
was adsorbed to microtiter plates, and the presence of biotinylated
peptides was confirmed by the peptide detection assay. Specific elution
by soluble heparin was indicated if the absorbance (OD450) of the
eluted peptides from the heparin-agarose was two or more times that
seen in the final wash at the same dilution and two or more times that
seen in the material eluted from Sepharose-CL4B beads for the same
peptide. Data are representative of the means of one of at least two
experiments,with the error bars indicating the standard deviations of
the means.

FIG. 2. Peptide binding to Vero cells. Biotinylated peptides (10
�g/ml) were incubated for 1 h at 4°C on Vero cells, washed with PBS,
and fixed with 4% paraformaldehyde. Cell-binding peptides were de-
tected with streptavidin-horseradish peroxidase/ABTS. Absorbances
were read at 405 nm, and OD values greater than 0.1 were considered
positive. Error bars indicate the standard deviations of the mean OD
readings.

TABLE 1. Amino acid sequence of RSV-F heparin-binding
and control peptides

Peptidea Region Amino acid sequence

F2 F2
33YQSTCSAVSKGYLSALR49

F5 F2
54TSVITIELSNIKKIKCN70

F6 F2
61LSNIKKIKCNGTDAKVK77

F78 F2
120NNAKKTNVTLSKKRKRR136

F15 F2-1
124KTNVTLSKKRKRRFLGF140

F16 F2-1
131KKRKRRFLGFLLGVGSA147

F26 F1
201KQLLPIVNKQSCSISNI217

F34 F1
257LLSLINDMPITNDQKKL273

F35 F1
264MPITNDQKKLMSNNVQI280

F36 F1
271KKLMSNNVQIVRQQSYS287

F44 F1
327KEGSNICLTRTDRGWYC343

F55 F1
404SSVITSLGAIVSCYGKT420

F57 F1
418GKTKCTASNKNRGIIKT434

F73 F1
530IIIVIIVILLSLIAVGL546

F75 F1
544VGLLLYCKARSTPVTLS560

Ga19b G 184AICKRIPNKKPGKKT198

Ga20b G 179NPTCWAICKRIPNKK193

RT2.2b HIV-1 pol 459ENREILKEPVHGVYY474

VN-HBDc HBD consensus 346AKKQRFRHRNRKG358

a Peptides were biotinylated at the amino terminus through an SGSG linker
via Fmoc chemistry. F denotes peptides representing the RSV fusion protein, Ga
denotes peptides from the RSV subtype A attachment protein, RT2.2 is a
peptide derived from the HIV pol gene, and VN denotes a consensus sequence
for a heparin-binding domain derived from the vitronectin sequence. Peptides
are depicted as single-letter codes.

b Ga and RT2.2 peptides were derived from consensus sequences for RSV
subtype A G or HIV pol gene sequences obtained the Los Alamos database.

c From Feldman et al. (20).
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FIG. 3. Peptide binding to Vero cells treated with GAG lyases. Vero cells (5 � 105 per sample) were treated in suspension for 2.5 h at 37°C
without enzymes or in the presence of 4 U chondroitinase C (Sigma) or a mixture of 4 U heparin lyase I (Sigma) and 4 U heparin lyase III
(Seikagaku, Japan) in GAG lyase buffer. Cells were then incubated with 10 �g/ml biotinylated peptide or HepSS1 or F5810E4 anti-heparin sulfate
antibody for 1 h at 4°C, followed by three washes with FACS buffer. Goat anti-mouse (IgG, IgA, and IgM)-FITC at 1:20 or streptavidin-FITC at
1:100 was added to peptide cell mixtures for 1 h at 4°C in the dark to detect binding of anti-heparin sulfate monoclonal antibodies or biotinylated
peptides, respectively, and were used in the absence of antibodies and peptides to measure background fluorescence due to nonspecific binding
of the FITC conjugate. Samples were analyzed for staining on a Becton-Dickinson LSR flow cytometer. Unshaded histogram, binding to untreated
cells; shaded histogram, binding after heparin lyase I plus heparin lyase III treatment.
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treated cells (Fig. 3), while binding after chondroitinase C
treatment was essentially unchanged (data not shown). Inter-
estingly, binding of RSV-F peptides F16, F73, F75, and Ga19
was decreased but not abolished by GAG lyase treatment,
suggesting that these peptides may bind to GAGs that are lyase
resistant or to non-heparin molecules. Binding of heparan sul-
fate-specific monoclonal antibodies HepSS-1 and F5810E4 was
abrogated following heparin lyase I and III treatment, indicat-
ing adequate digestion of cellular GAGs and suggesting that
residual peptide binding following lyase treatment was not
likely to be due to an inefficient digestion.

RSV-F peptide binding on cells lacking GAGs. To confirm
that the RSV-F peptides identified by HAAC bind to cellular
glycosaminoglycans, reactivity on parental CHO-K1 cells was
compared to binding on mutant CHO-745 cells that lack xylose
transferase and are reportedly GAG negative (17, 18). Cell
binding of individual RSV-F peptides was examined by flow
cytometry (Table 2). Many of the RSV-F peptides (7 of 15)
showed an 80 to 98% reduction in mean fluorescence intensity
on CHO-745 cells compared to binding on CHO-K1 cells,
while four (F16, F57, F73, and F75) had only a modest 43 to
77% reduction.

RSV-F peptide binding on cells following sodium chlorate
treatment. Peptide binding to Vero cells grown in sulfate-
deficient medium in the presence of sodium chlorate was ex-
amined by flow cytometry and compared in parallel to binding
on untreated Vero cells in order to identify peptides with
sulfate-dependent interactions (Table 3). All peptides showed
a greater than 70% decrease in binding with the exception of

peptides F16 and F73, which demonstrated 35% and 49%
decreases, respectively.

RSV-F peptide binding to cells in the presence of soluble
competitors. RSV-F peptide binding in the presence of soluble
competitors was evaluated in order to characterize the speci-
ficity of each peptide interaction with cellular glycosaminogly-
cans and/or sulfated molecules. Peptide concentrations equal
to 50% saturation were determined for each RSV-F and con-
trol peptide (data not shown). Binding was then examined in
the presence or absence of LMWH, BLH, hyaluronic acid, and
SOS (Fig. 4). Twelve of the 15 RSV-F peptides were inhibited
by at least one of the soluble competitors. LMWH (Mr, 	6,000
Da) reduced binding by approximately 50% for F6, F16, F26,
F57, and F78. BLH inhibited binding of F5, F6, F15, F16, F26,
F35, F36, F55, F57, and F78 by approximately 50%. Unsul-
fated, negatively charged hyaluronic acid inhibited binding of
peptides that mapped to four regions, including a region in F2,
represented by F5, the N-heptad repeat region of F1, repre-
sented by F26, and two domains in the stalk, represented by
peptides F35, F36, F44, and F55. In the presence of SOS, F5,
F26, F35, F36, F44, and F55 binding was diminished, while
ATA decreased binding of only F16 and F35 by 50% or more
and F55 by 	45% (data not shown). An uncharged bacterial
polysaccharide, K5, which lacks sulfate, carboxylic side chains,
and iduronic acid, decreased binding of a single peptide, F73,
which is also uncharged and hydrophobic (data not shown).
Soluble competitors did not inhibit binding of F2, F34, or F75.
Control peptides VN and Ga19 showed at least 50% inhibition

TABLE 2. Peptide binding to CHO-K1 (Gag-positive) and
CHO-745 (Gag-deficient) cells

Peptide or
antibodya

% Positive for binding to: % Reduction in
bindingCHO-K1 CHO-745

Peptide
F2 95 5 95
F5 84 2 98
F6 6 1 NDc

F15 5 1 ND
F16 99 27 73
F26 98 4 96
F34 98 2 98
F35 55 1 98
F36 87 3 97
F44 5 2 ND
F55 98 4 96
F57 13 3 77
F73 98 56 43
F75 60 27 55
F78 6 1 ND
VN 11 1 91
Ga19 96 9 91

Antibody
IgM control 1 0 ND
HepSS-1b 97 1 99
F5810E4b 97 1 99

a Biotinylated peptides (50 �g/ml) or antibodies were incubated with cells for
1 h at 4°C, followed by three washes with FACS buffer; peptide or antibody
binding was evaluated by flow cytometry.

b Heparan sulfate-specific monoclonal antibodies (Seikagaku).
c ND, binding to CHO-K1 cells was �10%, so reduction in binding was not

determined.

TABLE 3. Peptide binding to Vero cells following chlorate treatmenta

Peptide or
antibody

% Positive with or
without NaClO3

treatment
% Reduction in

binding

Without With

Peptide
F2 29 3 90
F5 93 3 97
F6 26 2 92
F15 31 3 90
F16 98 64 35
F26 95 28 71
F34 93 13 86
F35 44 2 95
F36 65 2 97
F44 15 4 73
F55 98 24 76
F57 47 4 91
F73 98 50 49
F75 73 21 71
F78 36 4 89
F24 43 4 91
VN 52 15 71
Ga19 96 21 78

Antibody
IgM negative control 17 4 76
HepSS-1b 92 57 38
F5810E4b 92 77 16

a Vero cells were grown for 24 h in sulfate-deficient media containing 50 mM
sodium chlorate and then used to examine sulfate-dependent binding. Peptides
(10 �g/ml) or antibodies were incubated on cells for 1 h at 4°C, followed by three
washes with FACS buffer, and binding was determined by flow cytometry.

b Heparan sulfate-specific monoclonal antibodies (Seikagaku).
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in the presence of either LMWH or BLH, while F24, a non-
heparin-binding peptide with cell-binding activity derived from
the F ectodomain, showed no inhibition irrespective of com-
petitor, as expected.

Identification of RSV-F peptides that block virus binding.
The ability of each of the 15 RSV-F peptides to inhibit virus
attachment was examined in competitive binding assays on
Vero cell monolayers. Binding of sucrose gradient-purified A2
was significantly decreased in the presence of RSV-F peptides
F15, F16, and F55, while the remaining 12 F peptides, peptide
Ga20, and VN had little or no effect on A2 virus attachment
(Fig. 5). The reciprocal experiment to examine the ability of
purified virus to inhibit peptide binding revealed no inhibition
(data not shown). Similarly, RSV-F peptides did not inhibit
binding of purified F protein to Vero cells, and F55 was the

only RSV-F peptide able to block binding of cp52 virus (data
not shown).

Inhibition of RSV infectivity by RSV-F heparin-binding pep-
tides. The ability of each peptide to inhibit infectivity of RSV
subtype A (strain A2) and subtype B (18537 and cp52) was
examined next. Twelve of the 15 RSV-F peptides as well as
peptides VN and RT2.2 did not inhibit infectivity of any of the
RSV strains tested (Fig. 6). In contrast, RSV-F peptides F16,
F26, and F55 had inhibitory activity. Peptide F16 significantly
inhibited A2 and 18537 infectivity by 69% and 55%, respec-
tively. However, F16 had only minimal inhibitory activity
against cp52 (28% reduction). RSV-F peptide F55 inhibited
each of the three viruses tested by 73%, 64%, and 40% for
strains A2, 18537, and cp52, respectively. Interestingly, RSV-F
peptide F26 significantly decreased A2 infectivity by 33% com-
pared to the negative control peptide RT2.2 (P � 0.05). How-
ever, F26 inhibition of 18537 was not significant, and it had no
effect on cp52 infectivity.

DISCUSSION

Many viruses, including dengue virus (9), Japanese enceph-
alitis virus (41), West Nile virus (41), herpes simplex virus (63),
foot-and-mouth disease virus (34), Sindbis virus (7, 37), coro-
navirus (14), and HIV (52), attach to cells via cell surface
glycosaminoglycans. RSV also binds to cellular GAGs, and this
interaction appears to be mediated by both the F and G en-
velope glycoproteins. In this study, we identified several linear
domains within the F glycoprotein that bind heparin and de-
termined that interactions between cellular GAGs and some of
the F heparin-binding domains may play a role in virus infec-
tivity at either an attachment or postattachment step.

Fifteen RSV-F peptides that bound to and were specifically

FIG. 4. Inhibition of heparin-binding peptides by soluble GAGs.
Binding of individual peptides in the presence of soluble heparin or
other competitors was examined on Vero cell monolayers. Biotinylated
peptide (at 50% saturation binding) and competitor were mixed for 30
min in a 96-well plate and then transferred to Vero monolayers, al-
lowed to bind for 2 h at 4°C, and then washed and fixed with 4%
paraformaldehyde. Cell-binding biotinylated peptides were detected
using avidin-conjugated horseradish peroxidase. Data are representa-
tive of one of at least three experiments, with error bars indicating the
standard deviations of the means. (A) Low-molecular-size heparin;
(B) bovine lung heparin; (C) hyaluronic acid; (D) sucrose octasulfate.

FIG. 5. RSV-F heparin-binding peptides inhibit A2 binding to
Vero cells. Binding of purified A2 in the presence of RSV-F HBD
peptides was examined on Vero monolayers. Peptide (at saturation
binding) was mixed with purified A2 used at 50% of saturation and
then incubated on Vero cells for 1 h prior to washing and fixing with
4% paraformaldehyde. Monolayers were air dried and then blocked
with 5% BSA–PBS-Tween and incubated overnight with an RSV-F
monoclonal antibody pool, and virus binding was detected by enzyme-
linked immunosorbent assay using goat anti-mouse horseradish per-
oxidase. Data compare binding of virus in peptide-containing wells to
binding in the absence of peptide and are representative of one of at
least two experiments, with error bars indicating the standard devia-
tions of the means of duplicate wells. �, P � 0.05.
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eluted from immobilized heparin identified eight linear hepa-
rin-binding domains distributed across the fusion protein.
These domains were located within F1 (represented by
201K3I217 and the consensus sequences 257L3S287,
327K3C343, and 404S3T434) and F2 (represented by 33Y3R49

and the consensus sequence 54T3K77) subunits and included a
segment between the two known furin cleavage sites (repre-
sented by the consensus sequence 120N3A147) as well as a
region spanning the transmembrane and cytoplasmic domains

(represented by the consensus sequence 530I3S550) (Fig. 7).
Thus, we were able to confirm previous predictions for RSV-F
HBDs with one exception: we were not able to demonstrate
heparin-binding activity for the 106RARR109 sequence that
characterizes the alternative furin cleavage site, as F11, which
contained this sequence, did not bind in the polyanion screen-
ing assay and F12, which reacted in the polyanion assay, did
not bind in HAAC.

All RSV-F HBD peptides bound to Vero and A549 cells,
and most (12 of 15 peptides) bound to HEp-2 cells. Although
there appears to be a high degree of conservation of binding
sites on primate cells, differences probably reflect heterogene-
ity in GAG expression among the cell lines tested (3, 48).

Several lines of evidence suggested that binding of these
RSV-F HBD peptides was, for the most part, mediated by
interactions with cell surface GAGs. First, enzymatic treat-
ment of cells with a combination of heparin lyases removed
exposed GAGs and decreased or abolished binding of each of
the RSV-F HBD peptides, while this treatment did not abro-
gate binding of the control peptide. RSV-F HBD peptide bind-
ing was not altered by treatment with chondroitinase C, sug-
gesting that the cellular GAGs mediating these interactions are
heparin-like. Residual binding after lyase treatment seen with
peptides F16, F73, F75, and Ga19 suggested that these pep-
tides bound GAGs that were lyase resistant or that they also
bound to non-heparin molecules.

Second, when the reactivity of peptides with parental CHO
cells was compared with that seen on GAG-negative CHO-745
cells, there was a significant decrease in binding observed for
many RSV-F HBD peptides. Peptides F6, F15, F44, and F78
did not bind well to CHO-K1 cells, and consequently the re-
duction in binding on GAG-negative cells could not be calcu-
lated. Interestingly, F16, F73, and F75 bound to 27%, 56%,
and 27%, respectively, of CHO-745 cells, providing additional
evidence that these peptides may also bind non-heparin mol-
ecules.

Third, when sulfation was inhibited by chlorate, most RSV-F
HBD peptides showed a reduction in binding compared to that
seen on untreated cells, signifying that many of these interac-
tions were sulfate dependent. The exceptions to this were F16
and F73, which bound to 65% and 51% of cells after chlorate
treatment, respectively, indicating that their reactivity was not
dependent on O-sulfation, the form most sensitive to sulfate
deprivation and chlorate treatment. Binding of F16 could be
mediated via N-sulfated residues, which are more resistant to
chlorate treatment and which would be consistent with the
reports by Hallak et al. that describe the relative importance of
N-linked sulfates in RSV binding and infection, or F16 could
bind via non-heparin moieties (26). Alternatively, the period of
sulfate depletion used in these experiments may have been too
short to affect highly sulfated GAGs already expressed on the
surface of Vero cells, as treatment diminished but did not
completely abrogate binding of the heparan sulfate monoclo-
nal antibodies used as controls. It is not surprising that chlorate
treatment did not diminish binding of F73, as this atypical
heparin-binding peptide is uncharged.

Fourth, binding of most RSV-F HBD peptides could be
blocked by soluble heparins, including LMWH and BLH, con-
sistent with previous observations that indicated that RSV in-
fection is facilitated by interactions with L-iduronic acid and

FIG. 6. Inhibition of RSV infectivity by RSV-F HBD peptides.
Vero cells were preincubated with 50 �l of peptide (50 �g/ml). Pep-
tides were adsorbed for 45 min at 4°C, followed by the addition of virus
(A2, panel A; 18537, panel B; cp52, panel C) for 2 h at room temper-
ature. Cells were then washed to remove unbound virus and overlaid
with 1% carboxymethyl cellulose in L15 medium. Three days (A2 and
18537) or 6 days (cp52) postinoculation, assays were fixed with 80%
methanol and subjected to RSV-specific immunostain. Plaques were
counted, and the percent inhibition of virus infectivity of treated wells
was determined versus untreated control wells. The data represent the
means of at least two separate experiments, with the error bars indi-
cating the standard error of the mean. �, P � 0.05 compared to RT.
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N-sulfate-containing GAGs (25). However, only 6 of the 15
peptides tested (F5, F26, F35, F36, F44, and F55) were also
specifically inhibited by both SOS and hyaluronic acid, an un-
sulfated GAG, suggesting that while some RSV-F binding
could be attributed to sulfate-dependent charge-charge inter-
actions, binding may also involve sulfate-independent interac-
tions with GAGS as well. Interestingly, peptides F15, F16, and
F78, which have the highest net positive charge of all the
peptides, were not inhibited in the presence of SOS, while
ATA inhibited F16 binding. Taken together with the results of
binding after GAG-lyase or chlorate treatment, the data sug-
gested that F16 binding was consistent with previous work that
indicated RSV infection had a structural requirement for di-
saccharides at least 10 U long and involved both sulfate-de-
pendent as well as sulfate- and GAG-independent interactions
(26). Uncharged, hydrophobic F73 binding was blocked only in
the presence of the uncharged unsulfated competitor, K5, in-
dicating the unique specificity, and perhaps distinct function,
of GAG-peptide interactions within the transmembrane (TM)
region (data not shown). Three RSV-F HBD peptides, F2,
F34, and F75, were not inhibited by any of the soluble com-
petitors tested; these data may reflect the relatively higher
affinity of these peptides for cellular GAGs than for the com-
petitor. While it seems unlikely that the TM or cytoplasmic tail
regions mapped by F73 and F75 would be utilized for virus
attachment and entry, it is possible that TM-GAG or cytoplas-
mic tail-GAG interactions could influence budding and release
of mature virions from the cell.

Interestingly, three peptides, F16, F26, and F55, significantly
inhibited infectivity of subtype A and/or B strains. Two of these
peptides, F16 and F55, also blocked virus attachment. This was
a surprise, because it is generally believed that RSV-G serves

as the primary attachment protein. If RSV-G mediated the
first step in virus entry, one would not expect RSV-F peptides
to block virus attachment at all. However, F16 and F55 blocked
both attachment and infectivity, suggesting that these interac-
tions may represent one of the initial steps between the virus
and host cell, at least in vitro. This does not rule out the
possibility that F16 and F55 bind to RSV-G or inhibit virus
attachment via interference with RSV-G–GAG interactions by
competing for the same binding site on the cell, and we are
currently investigating this possibility. Binding of cp52 virus,
which lacks RSV-G, was blocked by F15 and F55, lending
additional support to the idea that RSV-F–GAG interactions
mediate an early event in cellular attachment. Ga20, a heparin-
binding peptide with known virus inhibitory activity, did not
block virus attachment, signifying that RSV-G–GAG interac-
tions may represent a critical step in entry that occurs subse-
quent to virus binding.

While F16 blocked virus infectivity, overlapping peptides
F15 and F78 did not. There are several possible explanations
for this. The spatial arrangement of basic residues in F16 may
be very different from that found in peptides F15 and F78, and
as a result F15 and F78 cannot bind appropriately oriented
sulfate groups necessary to block infection. F16 may have the
advantage of not only blocking virus-GAG interactions but
may also contain sufficient hydrophobic finger sequence to
inhibit membrane insertion events and interactions with Rho-A
that are thought to be essential for virus-membrane fusion (50,
51). Along these lines, it is also possible that extracellular
proteases removed the basic residues from the carboxy termi-
nus of RSV-F2, as is the case for fusion proteins of virulent
strains of Sendai and Newcastle disease virus (28, 49, 60).
Therefore, attachment and infectivity would not be mediated

FIG. 7. RSV-F glycoprotein consensus amino acid sequence for subtype A viruses. Seventy-nine overlapping peptides 17 amino acids long were
synthesized with a 7-amino-acid offset. Amino acids contributing to linear heparin binding domains are in boldface type. The corresponding
peptides are represented by dashed lines under the primary sequence, and peptides with infectivity-inhibiting activity are in boldface type.
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by interactions between GAGs and the region represented by
peptides F15 and F78, because this portion of the protein may
be missing in the mature, fully processed virion, and as a result
F15 and F78 would not be effective inhibitors. In addition, F15
and F78 interactions appear to be dependent on sulfated
GAGs which may not be necessary for virus entry, while F16
binding appears to involve other types of molecules which may
eventually prove to be critical for virus infectivity. Lastly, we
also observed differences in the proportion of cells that bind
RSV-F peptides that inhibit infection versus those that do not.
The failure of F15 and F78 to saturate binding sites on a high
percentage of cells as revealed by flow cytometry may explain
the lack of infectivity inhibition even when attachment was
diminished, as was the case for cp52 in the presence of F15.
The regions mapped by both F16 and F55 are strictly con-
served across human subtype A and B virus strains, possibly
indicating preservation of an important structural feature of
the fusion glycoprotein needed for receptor binding.

In contrast, F26, which also inhibited infectivity of RSV-A2,
did not diminish virus binding to cells, indicating that its effect
probably occurred at a postattachment step. F26 maps to a site
immediately adjacent to the F1 N-terminal heptad repeat re-
gion, and our data are in agreement with proposed models for
fusion proteins that place the N-terminal heptad repeat in the
internal core of an F trimer that does not itself interact with
the target membrane (46, 64). The close proximity of the F26
heparin-binding domain to the N-heptad repeat region sug-
gests a role for F-heparin interactions in the formation or
function of the six-helix bundle that can occur subsequent to
attachment. The subtype B strains tested were not inhibited by
F26, possibly due to four mutations that differentiate A versus
B strains in this region.

There has been little effort to distinguish the relative hepa-
rin-binding contributions of RSV-F and -G glycoproteins. It is
known that RSV-F can bind to cellular heparan sulfate and
that RSV-F alone is capable of mediating attachment and
infectivity (19, 36, 57, 58). We describe several linear domains
within RSV-F that may mediate these interactions. However,
there are several important limitations to our findings that
must be noted. For example, we cannot comment on confor-
mational RSV-F epitopes that may also bind GAGs or other
cell surface molecules. The experiments reported herein used
cell lines known to be permissive for RSV, so our findings may
reflect virus adaptations acquired during tissue culture pas-
sage. These studies should be repeated on primary human lung
epithelial cells in order to see if RSV-F HBD peptides retain
the ability to bind cells and inhibit infectivity, as this may be
more relevant to understanding RSV human infection. Also,
we did not evaluate the reactivity of scrambled RSV-F peptides
in each assay. In the absence of this control, we may have
overestimated the regions of RSV-F that bind cellular GAGs.
In addition, we have not compared binding affinities of the
peptides on heparin or on cells in a rigorous way, so we cannot
say if differences observed in the ability to block virus attach-
ment or infectivity correlate with differences in affinity of bind-
ing. Finally, it would appear that the RSV-G HBD is not
essential for virus infection; likewise, the significance of RSV-F
HBDs should be assessed using RSV-G deletion mutant vi-
ruses engineered to express fusion proteins that lack one or
more of the heparin-binding domains, or that mutate the res-

idues responsible for heparin binding within a specific domain,
to see if these changes abrogate infection or fusion.

Previous work showed that RSV infects cells devoid of GAGs,
indicating that these molecules are not essential for virus entry
and calling into question the relevance of experiments that exam-
ine virus-GAG binding, because these interactions may have little
biological significance (57). However, in one study, heparin also
inhibited the initial tissue culture passage of primary isolates,
indicating that RSV-GAG interactions may also be important
during natural infection (59). It appears that the mechanisms
RSV uses for cell binding, entry, and fusion are likely to be
complex and involve multiple types of interactions, including, but
perhaps not limited to, interactions with the fracktalkine receptor
(CX3CR1) (61), RhoA (50), annexin II (44), ICAM (2), toll
receptors (53), the receptor for tumor necrosis factor (40), or the
receptors for surfactant protein A or D by virus particles coated
with these molecules (22, 30) as well as with GAGs. Our data
provide evidence that, in vitro, some regions of RSV-F bind to
cells via sulfated molecules, that a portion of these interactions
appear to be with cell-surface GAGs, and that these interactions
play a role in RSV attachment as well as in subsequent steps that
lead to infection.
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