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Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract disease in infants and young
children worldwide. Infection is mediated, in part, by an initial interaction between attachment protein (G) and
a highly sulfated heparin-like glycosaminoglycan (Gag) located on the cell surface. Synthetic overlapping
peptides derived from consensus sequences of the G protein ectodomain from both RSV subgroups A and B
were tested by heparin-agarose affinity chromatography for their abilities to bind heparin. This evaluation
identified a single linear heparin binding domain (HBD) for RSV subgroup A (***A—T"?%) and B (***K—K'?").
The binding of these peptides to Vero cells was inhibited by heparin. Peptide binding to two CHO cell mutants
(pgsD-677 and pgsA-745) deficient in heparan sulfate or total Gag synthesis was decreased 50% versus the
parental cell line, CHO-K1, and decreased an average of 87% in the presence of heparin. The RSV-G HBD
peptides were also able to inhibit homologous and heterologous virus infectivity of Vero cells. These results
indicate that the sequence '**A/***K—'?%T/K"'*” for RSV subgroups A and B, respectively, defines an important

determinant of RSV-G interactions with heparin.

Human respiratory syncytial virus (RSV), a member of the
genus Pneumovirus within the family Paramyxoviridae, is the
leading cause of lower respiratory tract infection in infants and
young children worldwide (8). Currently, there are no effective
licensed vaccines. During clinical trials in the 1960s, children
inoculated with a formalin-inactivated RSV vaccine were left
unprotected and developed exacerbated disease associated
with eosinophilia upon subsequent exposure to wild-type virus
(7, 23, 25). Since that time, many investigators have worked to
gain a better understanding of the mechanisms involved in the
development of severe bronchiolitis sometimes observed dur-
ing the course of natural infection. One important aspect of
this process is identifying the steps required for attachment
and infection of target cells.

RSV-G is one of three glycoproteins found on the surface of
the virion and is synthesized as a core protein of 298 amino
acids. RSV-G then undergoes extensive N- and O-linked gly-
cosylation prior to expression on the cell surface as a type II
integral membrane protein (8, 9, 38, 50). RSV-G has been
shown to function as an attachment protein (29). Many have
speculated that the receptor-binding domain of RSV-G may be
located between amino acids '**H—C'7®. The principal evi-
dence supporting this speculation is based on the observation
that this region is exactly conserved among all wild-type RSV
isolates sequenced to date (21). While no specific receptor has
been described that recognizes the G glycoprotein, it was re-
cently shown that RSV could bind to immobilized heparin
(27). In vivo, heparin is primarily located in the granules of
mast cells and basophils. However, heparan sulfate, a related
compound, is found on the surface of most mammalian cell
types and in the extracellular matrix (17). Many viruses, in-
cluding herpesviruses (16, 28, 31, 51), human immunodefi-
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ciency viruses (33, 36, 37), flaviviruses (6), picornaviruses (20),
and alphaviruses (3, 26), utilize heparan sulfate to mediate
attachment and infection of target cells. Heparin binding pro-
teins are known to interact with heparin via electrostatic
charge interactions generated between the negatively charged
sulfate groups on heparin and the positively charged amino
acids within the protein’s heparin binding domain (HBD) (5,
16, 45). Interestingly, the ectodomain of the RSV-G protein
contains a cluster of positively charged amino acids
(*8°P—K**?) (27) which falls within an immunodominant re-
gion of RSV-G. It has been postulated that RSV-G-heparin
binding interactions are mediated via this clustering of basic
amino acids within the RSV-G ectodomain (27). However,
there has been no experimental evidence to corroborate this
assumption. Therefore, it is the purpose of this study to iden-
tify potential linear HBDs within the ectodomain of the
RSV-G protein and to determine if the clustering of positively
charged amino acids is involved in RSV-Gag interactions.

MATERIALS AND METHODS

Cells, virus, and purified viral proteins. Vero cells were grown in Eagle’s
medium containing Earle’s salts (EMEM) (Mediatech Inc., Herndon, Va.) and
10% fetal bovine serum (FBS) (Intergen, Purchase, N.Y.). The following Chi-
nese hamster ovary (CHO) cells were grown in Ham’s F12 medium (Mediatech
Inc.) containing 10% FBS: K1, the parental CHO cell line; pgsD-677, which
contains a defect in GIcNAc and GlcA transferase and is heparan sulfate nega-
tive while producing three to four times the normal amount of chondroitin
sulfate; and pgsA-745, which is xylosyl transferase deficient, producing approx-
imately 1% of wild-type Gag (13, 14). Human RSV strains A2 and 18537 were
prepared by inoculating Vero cells at a multiplicity of infection between 0.1 and
1 (32). Virus was concentrated as previously described (32) or pelleted directly
from the tissue culture supernatant and resuspended in EMEM containing 1%
FBS, 100 mM MgSO,, and 50 mM HEPES (Bio-Whittaker, Walkersville, Md.).
Infectious titers were determined following inoculation of Vero cell monolayers
and reported as 50% tissue culture infectious doses (TCIDs,) or PFU by meth-
ods previously described (19).

Purified attachment (G) protein (0.31 mg/ml) from the A2 strain of RSV
grown in Vero cells and polyclonal rabbit anti-G antiserum was supplied by
Lederle-Praxis Biologicals (West Henrietta, N.Y.) (29).

Synthesis of RSV-G overlapping peptides derived from G protein ectodomain
sequence. Consensus sequences were generated for the G protein amino acid
sequence deduced from G gene nucleotide sequence data for RSV subgroup A
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FIG. 1. RSV G glycoprotein ectodomain consensus sequences. Fifteen-amino-acid long overlapping peptides were generated for both RSV subgroups. Consensus
peptides (RSVCONSA and -B) are aligned with subgroup A (strain A2) and subgroup B (strain 18537) viruses to demonstrate homology of the consensus peptides
with wild-type virus. Peptides are numbered 1 through 44 (subgroup A) or 1 through 45 (subgroup B) starting from the carboxy terminus. The highlighted sequence
represents the exactly conserved region (amino acids 164 to 176), and conserved cysteine residues are marked by black dots. The putative heparin binding region of
the RSV-G ectodomain (amino acids 187 to 217) (27), characterized by a cluster of basic amino acids, is defined by the black box. Peptides for subgroup A (solid lines)
and subgroup B (dashed lines) indicate the positions of the peptides that bound heparin.

and B viruses (Fig. 1). The subgroup A strains used to generate the consensus
sequence were A2, Long, 1734, 5857, 6190, 6256, 642, and 6614. The sequences
used to generate the subgroup B consensus sequence were 18537, 8/60, 9320,
nm1355, wv10010, wv15291, and wv4843. The peptide sets consisted of amino
acids 58 to 298 of the RSV G, or amino acids 58 to 292 of the G, glycoprotein,
respectively. All peptides included biotin-SGSG at their amino termini and 15
amino acids of RSV G ectodomain sequence with a 5-amino-acid overlap and
offset. Peptides were synthesized by 9-fluorenylmethoxycarbonyl solid-phase
chemistry (Chiron Technologies, San Diego, Calif.) with an average purity of 80
to 90%. The peptide pools were designated A or B, and individual peptides from
each pool were designated a or b, corresponding to the RSV subgroup from
which they were derived. The peptide pools for subgroup A were set up as
follows, starting from the carboxy terminus: pool Al (al to a9; >*°T—Q%*), pool
A2 (al0 to al8; ¥I—L?*), pool A3 (al9 to a27; "**S—T!%), pool A4 (a28 to
a36; “*G—N'3), and pool A5 (a37 to ad4; **A—T'%%). The subgroup B pools
were set up as follows: pool B1 (bl to b9; 2**K—T??), pool B2 (b10 to bl8;
192K—8247), pool B3 (b19 to b27; “ST—P2%), pool B4 (b28 to b36; '92S—K'*7),
and pool BS (b37 to b45; **A—H"'?). Peptide 3vnm (YFARGPGIHIRKRKN),
a reverse-oriented human immunodeficiency virus type 1 V3 loop peptide
(CYN—Y*1), was used as a negative control. Peptide Vn (3*°A—G33%),
representing the mammalian consensus HBD motif, XBBXBX (bold letters
represent basic residues), derived from the vitronectin HBD, was used as a
positive control. The sequence of the RSV-G, cysteine noose peptide was
14HFEVFNFVPCSICSNNPTCWAICKRI'®,

Heparin-agarose affinity chromatography (HAAC). Assays involving the use of
1 ml of pooled (100 wg/ml) or individual (10 pg/ml) peptides were run as
described previously (27) with some modifications. Heparin-agarose or unla-
beled Sepharose CL4B (Sigma, St. Louis, Mo.) columns were equilibrated with
carbonate-bicarbonate buffer (15 mM Na,COj3, 35 mM NaHCO; [pH 9.6]) prior
to the addition of peptide. The columns were then washed with 20 column
volumes of carbonate-bicarbonate buffer (pH 9.6) containing 0.1% Triton X-100
and 100 mM NacCl, followed by 10 column volumes of carbonate-bicarbonate
buffer (pH 9.6) without detergent or salt to avoid interference with plate coating
(see below). Peptides were eluted with carbonate-bicarbonate buffer (pH 9.6)
containing 2 mg of heparin (porcine intestinal mucosa; M, = 6,000; Sigma).
Optical density (OD) values from a no-peptide control were subtracted from all
peptide-containing wells. Positive OD values were equal to or greater than twice
the OD value of the negative-control peptide.

Peptide enzyme-linked immunosorbent assay (ELISA). Eluted peptide frac-
tions were subjected to serial twofold dilutions in carbonate-bicarbonate buffer
(pH 9.6), starting with the undiluted material. Immunolon I plates (Dynatech,
Chantilly, Va.) were coated with 50 wl of each peptide dilution overnight at 4°C,
washed with phosphate-buffered saline (PBS) containing 0.05% Tween 20 (PBS-
T), and then blocked with PBS containing 5% nonfat dry milk (BLOTTO) for 1 h
at 37°C or overnight at 4°C. Bound biotinylated peptide was detected follow-
ing the addition of 50 pl of avidin-horseradish peroxidase (HRP) conjugate

(1:500) (Kirkegaard and Perry Laboratories, Gaithersburg, Md.) in BLOTTO
plus 0.05% Tween 20 for 1 h at 37°C. After being washed with PBS-T, the
plates were developed with 100 wl of ABTS [2,2'-azinobis (3-ethylbenzthia-
zolinesulfonic acid)] peroxidase substrate (Kirkegaard and Perry Laborato-
ries) and read at 405 nm on a Vmax kinetic plate reader (Molecular Devices,
Menlo Park, Calif.). Positive OD values were determined as described for
HAAC.

Cell binding ELISA. Peptides were tested for their ability to bind to Vero or
various CHO cell lines. Briefly, 96-well tissue culture plates were seeded with 2 X
10* cells per well and incubated overnight. For Vero cells, the medium was
removed and the monolayers were fixed overnight by drying them at 37°C or by
adding 100 pl of 80% methanol (MeOH) per well for 30 min at 4°C prior to
blocking with 5% BLOTTO. Peptide binding was assayed by ELISA as described
above. Briefly, pooled or individual peptides were diluted to 100 and 10 wg/ml,
respectively, prior to incubation on fixed cell monolayers overnight at 4°C or for
1 h at 37°C. After being washed with PBS-T, their specific attachment was
detected following the addition of avidin-HRP (1:500). Heparin inhibition of
peptide binding was carried out by diluting peptides in diluent containing the
indicated concentrations of heparin just prior to assaying them by ELISA for cell
binding. Due to high background binding levels of peptides to MeOH-fixed CHO
cells, these cells were fixed subsequent to the peptide binding reaction. Peptides
were diluted in EMEM-2% bovine serum albumin and then reacted with CHO
cells for 1 h at 4°C and the cells were washed five times with PBS and then MeOH
fixed. Heparin inhibition of peptide binding and peptide detection were carried
out as described previously.

Detection of purified RSV-G binding to Vero cells was done with a mono-
specific polyclonal rabbit anti-G antiserum (1:1,000) followed by a goat anti-
rabbit HRP conjugate (1:1,000) (Kirkegaard and Perry Laboratories) and 100 pL
of ABTS as a substrate. Positive OD values were determined as described for
HAAC.

Infectivity inhibition assay. Peptides were assayed for their abilities to inhibit
RSV A2 or 18537 infectivity. The peptides were diluted to 50 uM in EMEM-1%
FBS, and 50 pl was added in quadruplicate to Vero cells in a 96-well plate. After
a 45-min incubation at 37°C, 50 pl of RSV A2 or 18537 virus (100 TCID5,) was
added to peptide-treated and untreated control wells. The virus-peptide mixture
was allowed to adsorb for 2 h at 37°C, after which the cells were washed and
overlaid with EMEM containing 1% FBS and 1% methylcellulose. Three days
postinoculation, the cells were fixed and stained with 1% crystal violet. Plaques
were counted, and percent inhibition of virus infectivity of treated wells was
determined versus untreated control wells.

Sequence analysis of heparin binding peptides. Peptides representing the
putative HBDs of the RSV-G glycoprotein were compared to known RSV
subgroup A and B G protein sequences by using the University of Wisconsin
Genetics Computer Group program.
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FIG. 2. HAAC of pooled biotinylated peptides. One milliliter of peptide (100
pg/ml) in carbonate-bicarbonate buffer (pH 9.6) was run over heparin agarose
columns. The columns were washed with 20 column volumes of carbonate-
bicarbonate buffer (pH 9.6) containing 100 mM NaCl and 0.1% Triton X-100
followed by 10 column volumes of carbonate-bicarbonate buffer only. Bound
peptides were eluted in carbonate-bicarbonate buffer containing 2 mg of heparin/
ml. Eluted biotinylated peptides were adsorbed to microtiter plates, and end-
point titers were determined by ELISA. Values above the dashed line (twice
background) are considered positive. The data are from a representative exper-
iment of at least three experiments, with the error bars indicating the standard
error of the mean of quadruplicate wells.

RESULTS

RSV synthetic-peptide HAAC. In an attempt to determine
regions on the RSV-G protein important for heparin binding,
a series of overlapping peptides representing the consensus
sequence for G, and G, were synthesized (Fig. 1). Using
HAAC, the peptide pools were tested for their ability to bind
immobilized heparin. Figure 2 demonstrates that the heparin
binding activity for subgroup A and B peptide pools resides
primarily within pool 3 (A3 and B3), spanning amino acids
1445—T1%8 for subgroup A and **¥T—P?°2 for subgroup B. The
interactions of pools A3 and B3 are considered heparin spe-
cific, as the peptides were eluted with heparin and did not bind
to unlinked Sepharose CL-4B (Fig. 3). Individual peptides
comprising pool 3 for both subgroups were then examined for
their abilities to bind immobilized heparin (Fig. 4). The results
show that pool A3 peptides al9, a20, and a21 bound to heparin
corresponding to amino acids '>SICSNPTCWAICKRIPN
KKPGKKT'*® (bold letters represent basic residues), of the
G, glycoprotein. Examination of the individual pool B3 pep-
tides shows that peptide b20 ('*’KSICKTIPSNKPKKK'®")
and b27 ("**TKPRSKNPPKKPKDD'®?) were the only pep-
tides with significant heparin binding activity (Fig. 4).

Binding of RSV G heparin binding peptides to cells. Each of
the peptide pools was then examined for the ability to bind
Vero cells. Peptide pools A3, B3, and the positive control
peptide, Vn, bound to Vero cells, as determined by ELISA
(Fig. 5), whereas all the other peptide pools for both subgroups
as well as the negative-control peptide, 3vnm, were not able to
bind. Furthermore, the reactivity of pools A3, B3, and Vn with
cell surface molecules was inhibited by the addition of soluble
heparin (2 mg/ml), suggesting that this interaction was likely
mediated via cellular, heparin-like Gags (Fig. 5). Reactivity
with Vero cells was inhibited by 84, 76, and 84% for pool A3,
pool B3, and Vn, respectively.

Individual subgroup A (al9, a20, and a2l1) and B (b20)
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FIG. 3. Demonstration of the specificity of the HAAC for RSV and other
heparin binding peptides. Peptide pools A3 and B3 (100 pg/ml) and control
peptides Vn (positive control) and 3vnm (negative control) (10 pg/ml) were
reacted with heparin agarose or unlinked CL4B agarose as described in the
legend to Fig. 2. Data are from one of two separate experiments, with error bars
indicating the standard error of the mean.

peptides were also able to bind to Vero cells. All the other
individual pool A3 peptides were negative. Likewise, all the
remaining subgroup B3 peptides were considered negative,
with the exception of peptide b27, which bound only weakly to
Vero cells (Fig. 6). The binding of peptides al9, a20, and a21
was inhibited by 87, 85, and 83%, respectively, by the addition
of 2 mg of heparin/ml (Fig. 6). Heparin decreased the reactivity
of peptide b20 and b27 by 90 and 48%, respectively. However,
even though peptide b27 binding was decreased 48% in the
presence of heparin, a direct comparison of the overall reac-
tivity of untreated b27 peptide with Vero cells was approxi-
mately 90% less than that of b20. Interestingly, the degree of
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FIG. 4. HAAC of individual biotinylated peptides comprising pool 3. The
individual peptides (10 pg/ml) were tested for their abilities to bind heparin
agarose. Peptides that specifically bound heparin were eluted and detected as
described in the legend to Fig. 2. Values equal to or above the dashed line (twice
background) are considered positive. The data are from a representative exper-
iment of at least three experiments, with the error bars indicating the standard
error of the mean of quadruplicate wells.
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FIG. 5. Reactivities of pooled biotinylated peptides with Vero cells. Sub-
group A and B peptide pools (100 wg/ml) were diluted in BLOTTO-0.05%
Tween 20 with or without the addition of heparin (2 mg/ml) and tested for their
abilities to bind to Vero cells. Bound peptides were detected with avidin conju-
gated with HRP (1:500) and ABTS as a substrate. Values at or above the dashed
line (twice background) are considered positive. The data are from a represen-
tative experiment of at least three experiments, with the error bars indicating the
standard error of the mean of quadruplicate wells.

binding inhibition of purified RSV G glycoprotein in a similar
assay as well as heparin inhibition of whole-virus binding to
unfixed Vero cells was approximately 50% (unpublished data).
However, considering the extensive glycosylation and second-
ary structure of the purified protein as well as the multimeric
nature of G on the native virion, we cannot rule out non-
heparin-mediated attachment that might account for the in-
complete inhibition. Of note, peptides spanning the conserved
region (‘**H—C'7®) or the entire cysteine noose region
(***H—I"'® [data not shown]) did not appear to react with
Vero cells.

In an attempt to determine the specific Gag requirements
for the RSV-G peptides, we measured the reactivity of the
peptide pools with three CHO cell lines, two of which con-
tained defects in their abilities to express particular Gags. The
results shown in Fig. 7 demonstrate that the peptide pools A3
and B3 reacted with each of the cell lines examined while all
the other pools did not bind (data not shown). The reactivity of
pools A3 and B3 with both the heparan sulfate-deficient
(pgsD-677) and Gag-deficient (pgsA-745) cell lines was ap-
proximately 60 and 47% that of the parental (K1) cell lines for
pools A3 and B3, respectively. In addition, heparin reduced the
reactivity of pool A3 by 70% for each of the three CHO cell
lines and reduced pool B3 reactivity with CHO-K1 cells by a
total of 60%, reduced that with pgsD-677 cells by 92%, and
reduced that with pgsA-745 cells by 84% (Fig. 7). Interestingly,
the positive-control peptide, Vn, also reacted strongly with all
three CHO cell lines and did not exhibit a significant decrease
in binding to either of the Gag-deficient CHO cell lines (Fig.
7). The binding of the Vn peptide was decreased by 84, 74, and
82% for the K1, pgsD-677, and pgsA-745 CHO cell lines,
respectively, when heparin was added.

Examination of the individual peptides from pools A3 and
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FIG. 6. Reactivities of individual biotinylated heparin binding peptides with
Vero cells. The individual peptides from pool A3 and B3 shown previously to
interact with heparin were tested for their abilities to bind Vero cells in the
presence (diagonally hatched bars, subgroup A; crosshatched bars, subgroup B)
and absence (open bars, subgroup A; solid bars, subgroup B) of 2 mg of heparin/
ml. Individual peptides were tested at a concentration of 10 pg/ml and detected
as described in the legend to Fig. 5. Values at or above the dashed line (twice
background) are considered positive. The data are from a representative exper-
iment of at least three experiments, with the error bars indicating the standard
error of the mean of quadruplicate wells.

B3 with CHO-K1, pgsD-677, and pgsA-745 cell lines revealed
that only peptides al9 to a21 and b20 bound (Fig. 8). All the
other individual peptides within pools A3 and B3 were unable
to bind (data not shown). On average, the reactivities of al9 to
a21 and b20 were reduced by 60 and 50% for pgsD-677 and
pgsA-745 cells, respectively, compared to the parental CHO
K1 cell line. Furthermore, the reactivity of al9 to a21 and b20
decreased an average of 92, 80, and 88% in the presence of
heparin for CHO K1, pgsD-677, and pgsA-745 cells, respec-
tively (Fig. 8). In contrast to the Vero cell data (Fig. 6), peptide
b27 did not react with any of the CHO cell lines tested.
Effects of RSV-G heparin binding peptides on virus infec-
tivity. To determine if the RSV-G HBD peptides could inhibit
virus infectivity by blocking the interaction between infectious
virus and cellular Gags, an infectivity inhibition assay was car-
ried out. Three RSV-G, peptides (al9, a20, and a21) inhibited
the homologous subgroup A virus (strain A2) infectivity by 60
to 90% (Fig. 9). Peptide b20 was able to inhibit the infectivity
of heterologous A2 virus by 60%. In the reciprocal experiment,
peptide b20 reduced homologous subgroup B virus (strain
18537) infectivity by 81%, and al9, a20, and a21 were able to
inhibit 18537 infectivity by 70, 75, and 76%, respectively (Fig.
7). Peptide b27 or the Vn peptide, both of which contain the
mammalian consensus HBD motif (XBBXBX), did not inhibit
A2 or 18537 infectivity. Furthermore, the peptide pools 1, 2, 4,
and 5 for each subgroup did not inhibit A2 or 18537 infectivity,
nor did the remainder of the peptides in pool A3 or B3 (data
not shown). It should be noted that pools A3 and B3 (data not
shown) or a mixture of peptides al9 to a2l did not further
decrease A2 or 18537 virus infectivity over that of the individ-
ual peptides (al9, a20, a21, or b20). The results of this assay
were then tested for significance based on the analysis of vari-
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FIG. 7. Reactivities of pooled biotinylated peptides with various CHO cell
lines. Pooled peptides were reacted with various CHO cells, and after fixation,
bound peptides were detected as described in the legend to Fig. 5. Values at or
above the dashed line (twice background) are considered positive. The data are
from a representative experiment of at least three experiments, with the error
bars indicating the standard error of the mean of quadruplicate wells.

ance of the test peptides versus the inhibitory effect of control
peptide 3vnm followed by the post hoc Tukey test to measure
the differences among groups. The results for peptides al9,
a20, a21, and b20 were considered significant, with P values of
<0.05.

Sequence analysis. The linear amino acid sequences '”>SIC
SNPTCWAICKRIPNKKPGKKT!*® for subgroup A viruses
and "’KSICKTIPSNKPKKK'” for subgroup B viruses con-
tained significant heparin binding activity. A second potential
HBD represented by peptide b27 (***T—D'?) was found just
upstream of the conserved region within the subgroup B
RSV-G ectodomain. However, this peptide bound only weakly
in the Vero cell ELISA (Fig. 6), did not bind to any of the
CHO cell lines (Fig. 8), and did not inhibit homologous or
heterologous virus infectivity (Fig. 9). Alignment of the sub-
group A and B consensus HBD sequences (***A/'*8K—T!¥/
K'7) yielded the following consensus sequence for the linear
RSV HBD: XXICBXIPXXBPXBB, where B is a basic amino
acid and X is usually an uncharged residue (Table 1). The
density of basic residues was high, with 40% of the putative
HBDs composed of basic residues. An important consideration
is that the negative-control peptide, 3vam, contained 33% ba-
sic amino acids, not including any histidine residues. This pep-
tide failed to bind to immobilized heparin, Vero cells, or CHO
cells, suggesting that the presence of basic residues alone is
insufficient for heparin binding. In contrast, Vn bound to im-
mobilized heparin and Vero cells, as well as parental and
Gag-deficient CHO cells, and the binding of Vn was inhibited
by heparin.

Comparison of the subgroup A peptide HBD sequences
against homologous G ectodomain sequences indicated that
the cysteine, prolines, and basic residues found within the
RSV-G, HBD, "**A—T"'"%® were 100% conserved. Likewise,
the RSV-G, HBD sequence was nearly 100% conserved

J. VIROL.

among all sequences examined, with the exception of two sub-
group A viruses, each of which contained a single conservative
change (**’N—S or '”’)K—R). Examination showed that the
RSV-G,, HBD, '"K—K'"7 was 100% conserved for all but
one strain B virus, wv10010, which contained the mutation
199p—S. The homology between the subgroup A and B HBDs
was approximately 60%.

DISCUSSION

In order to map regions of RSV-G important for heparin
binding, we used two sets of synthetic overlapping peptides
representing the ectodomains of both RSV subgroups. We
identified two linear sequences, ‘**AICKRIPNKKPGKKT"%®
for subgroup A viruses and '**KSICKTIPSNKPKKK'®” for
subgroup B viruses, as being important for RSV heparin bind-
ing. When subgroup A and B HBD peptide sequences were
compared with G glycoprotein sequences from their respective
subgroups, the HBD region was conserved among the majority
of sequences examined. Although RSV-G A and B HBD se-
quences have only 60 to 70% sequence homology, the HBDs
spatially mapped to nearly identical locations on their respec-
tive proteins (42). Interestingly, the HBDs are proximal to the
conserved region (***H—C'’®) including the cysteine noose,
which suggests that this site might play a critical role in the
function of RSV-G HBDs. In our assays a peptide representing
the conserved region (***H—C'7°) or the entire cysteine noose
region ('**H—I'®") of RSV-G did not appear to bind to Vero
cells. Assuming this peptide folded correctly, these experi-
ments did not support the idea that this region interacts with
cellular receptors (18). However, an important limitation of
peptides is that they may not represent native proteins in terms
of conformation or glycosylation. Thus, further binding studies
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FIG. 8. Reactivities of individual biotinylated peptides with various CHO cell
lines. Individual peptides from pools A3 and B3 shown previously to interact with
heparin were tested for their abilities to bind various CHO cell lines. Individual
peptides were tested at a concentration of 10 pg/ml and, after fixation, were
detected as described in the legend to Fig. 5. Values at or above the dashed line
(twice background) are considered positive. The data are from a representative
experiment of at least three experiments, with the error bars indicating the
standard error of the mean of quadruplicate wells.
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FIG. 9. Inhibition of homologous and heterologous RSV infectivity by hep-
arin binding peptides. Vero cells were preincubated with 50 wM peptide per well
in 50 pl. Peptide was allowed to adsorb for 45 min at 37°C, followed by the
addition of 100 TCIDs, of virus (solid bars, strain A2; open bars, strain 18537)
for 2 h. The cells were washed and overlaid with EMEM-1% FBS-1% methyl-
cellulose for 3 days before being fixed and stained with 1% crystal violet. 3vnm
was used as a negative control for peptide inhibition of virus infectivity. Infec-
tivity was determined as a percentage versus an untreated control. The error bars
represent the standard error of the mean of quadruplicate measurements from
three separate experiments. The test peptide results were considered significant,
with P values of <0.05 versus control peptides (*).

will be necessary to determine if the proximity of the linear
HBD to the cysteine noose region is important for heparin
binding and whether there are conformational determinants
involved in RSV-heparin interactions.

Analysis of several mammalian heparin binding proteins has
yielded two consensus sequences, XBBXBX and XBBBXXBX,
where B is almost always a basic residue and X is usually an
uncharged hydrophobic residue (for a review, see reference 5).
Several viral HBDs have been mapped and experimentally
shown to bind heparin (15, 16, 30, 35, 39, 46, 52). Many of
these viral HBDs do not conform to either of the mammalian
consensus HBD linear sequence motifs (Table 1). Interest-
ingly, for RSV-G, peptide b27 is a proline-rich peptide that
contains an XBBXBX mammalian HBD motif, yet this peptide
bound 16-fold less than peptide b20 in the HAAC assay. Fur-
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thermore, peptide b27 bound only weakly to Vero cells and did
not bind to any of the CHO cells assayed, whereas the Vn
HBD peptide, also containing an XBBXBX mammalian HBD
motif, reacted strongly with both Vero and CHO cells and was
inhibited by heparin. Thus, these data suggest that heparin
binding is not limited to linear XBBXBX or XBBBXXBX
motifs (6, 26, 47). Furthermore, factors such as conformation,
accessibility of the basic residues to heparin, and possibly pro-
line content may also influence viral protein interactions with
cellular Gags. Likewise, our data suggest that our heparin
binding peptides preferentially bind heparin; however, the
RSV HBD peptide requirements for heparin may not be ab-
solute. Peptide binding to pgsD-677 cells was reduced but not
completely abrogated. This finding was not unexpected, as
chondroitin sulfate, which is overexpressed on the pgsD-677
cells, was able to partially elute the RSV HBD peptides from
heparin agarose (data not shown). In addition, these peptides
may interact with an as-yet-unknown cellular protein. Unex-
pectedly, the RSV HBD peptides also bound to the pgsA-745
CHO cells. Work is currently under way to explain this para-
dox. Interestingly, preliminary data from gel electrophoresis of
cell lysates stained with toluidine blue revealed the presence of
a single high-molecular-mass proteoglycan (>250 kDa) that
stains in pgsA-745 cells that was also one of multiple bands
present in the K1 cell line, suggesting that these cells are Gag
deficient but may not be Gag negative. These data could ex-
plain, in part, the binding of RSV and Vn HBD peptides to
these cells. Little work has been done to model viral HBDs;
thus, the minimal sequence requirements for RSV-G heparin
binding are as yet unclear (6, 16). Further studies will be
required to better characterize RSV peptide interactions with
CHO cells in hopes of better understanding virus interactions
with cellular glycosaminoglycans.

Initial attempts to understand how RSV interacts with hep-
arin were focused on the mechanism by which heparin inhibits
virus infectivity. Recent reports have created some controversy
over this mechanism. One report suggests that the heparin
inhibition of RSV is the result of heparin binding to RSV-G,
thereby blocking attachment and/or infectivity of the virus (27).
Our data lend further support to this mechanism of RSV
heparin inhibition. In contrast, a second report argues that
virus grown in Hep2 cells results in the production of viral
heparin-like molecules associated with RSV-G. In this sce-
nario, exogenous heparin binds to the cell surface, blocking
interactions with viral proteoglycans (2). Our data could also
suggest that cellular Gags might be complexed with RSV-G via
interactions with intrinsic HBDs. Many viruses acquire cellular

TABLE 1. Linear sequence alignment of various viral and mammalian HBDs

HBD* Location® pf]}psti\c]ie Sequence® Cor:zs?;usd Reference(s)®
Viral RSV-A 184-198 al9-21 ---AIC  KRIPN KK-PGKKT---- X BBX
RSV-B 183-197 b20 -- KSICKTIPSNK-P KKK:---- X BX, XBBBX
RSV-B 148-162 b27 --T KPRSKNPRKKPKDD------ X BBXBX
PRV 263-271 - P  RRSVRLR-W-------- X BBBXXBX 30, 52
HSV1 142-152 e R-C RFRNSTRM----- X BXBXBX 46
Mammalian Vn 346-358 e KKQRFRHRNRKG---- X BBXBX 43

¢ Viral and mammalian sequences were grouped together for alignments.

> Numbers indicate amino acid positions; RSV, respiratory syncytial virus; PRV, pseudorabies virus; HSV1, herpes simplex virus type 1; Vn, vitronectin.
¢ Comparison of putative RSV HBD sequences to the mammalian HBD consensus motifs, where B is almost always a basic residue and X is usually an uncharged,

often hydrophobic residue.

4 Consensus HBD motifs (XBBXBX and XBBBXXBX) are derived from mammalian heparin binding proteins (5). Viral consensus motifs are based on homologies

to the mammalian consensus sequences.
¢ Citation listed for sequence identification of HBD.
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membrane components while budding from the plasma mem-
brane of the cell (1, 4), and it is possible that RSV acquires
cellular heparan sulfate while budding from the plasma mem-
brane. Acquisition of cellular heparan sulfate by RSV could
benefit the virus in at least two ways: (i) heparan sulfate bind-
ing could act to stabilize glycoprotein conformation (48) and
(ii) heparan sulfate may mask an important functional site
from the host response (48). Interestingly, evidence was re-
cently presented from studies with RSV B1/cp52, a subgroup B
G-SH deletion mutant, suggesting that the G glycoprotein is
not absolutely required for virus infectivity (24). This finding
raises some interesting questions, the first being what the func-
tional role of RSV-G is and the second being how this function
relates to RSV-G-heparin interactions.

The most obvious functional role for RSV-G interactions
with heparan sulfate involves receptor binding, tissue tropism,
and determination of the extent of viral infection within the
respiratory tract. Heparan sulfate is the membrane-associated
cellular homologue of heparin, and it consists of a heteroge-
neous population of molecules that differ in chain length, hex-
uronic acid composition, and degree of sulfation (12). As re-
ported previously for dengue virus (6), RSV seems to bind best
to highly sulfated forms of heparan sulfate, as inhibition of
RSV infectivity is more sensitive to heparinase treatment than
to heparitinase (27). This distinction in Gag lyase sensitivity
implies that the degree of sulfation may be one of the primary
factors influencing binding avidity (3). In fact, given the mo-
lecular heterogeneity of heparan sulfate and its varied expres-
sion on different cell types (47), it seems plausible that RSV
could differentially increase the probability of virus attachment
to cells based on the form of cellular heparan sulfate ex-
pressed. Thus, binding interactions between RSV HBDs and
cellular Gags might influence not only viral tropism but viru-
lence as well. It would seem that even though RSV-G is not
required for infectivity, it does confer a selective advantage,
allowing the virus to spread and easily attach to neighboring
cells. It should also be noted that non-heparin-dependent vi-
rus-cell interactions might influence attachment and infectiv-
ity. Examination of non-heparin-dependent interactions be-
tween RSV-G and cell surface molecules is currently under
way.

While the primary role for RSV-G HBDs appears to involve
direct interactions with cell surface molecules, it may also play
a secondary role in immunomodulation. Several recent studies
clearly demonstrate that G glycoprotein activation of CD4"
Th, lymphocytes was largely responsible for the enhanced pul-
monary eosinophilia seen after RSV challenge in a murine
model of RSV infection (10, 11, 22, 34, 49). This adverse
response was abrogated by the vaccination of mice with a
vaccinia-G construct with amino acids 193 to 203 of the G
protein deleted (41). Furthermore, a subgroup A peptide iden-
tical to the linear HBD sequence described here, '**A—T"!%,
was able to prime mice for a CD4"-Th, response, induce
pulmonary eosinophilia, and stimulate a proliferative response
in peripheral blood mononuclear cells in some human donors
(44). Interestingly, several immune mediators, including cyto-
kines and chemokines, perform their effector functions via an
initial interaction with heparan sulfate (40). Thus, it is possible
that RSV-G interactions with heparan sulfate on the surface of
CD4" T cells mediate subsequent cytokine or chemokine re-
sponses. Obviously, RSV-G interactions with cellular Gags
need to be investigated further in order to better understand
the mechanism by which the RSV-G HBDs ('**A/"**K—'"*T/
K'7) may prime for disease characterized by pulmonary eo-
sinophilia.

While RSV-G may act to enhance attachment of RSV to

J. VIROL.

cells, it does not appear to be absolutely required for infectiv-
ity. Interestingly, no wild-type virus has been isolated that does
not express the G glycoprotein. Thus, it would seem that this
protein must provide RSV with some selective advantage in
vivo. To understand the biology of RSV, it will be important to
understand not only the involvement of the G glycoprotein
HBDs in virus attachment and infectivity but the role these
domains play in the development of host immunity as well. By
developing this understanding, important steps can then be
taken to develop future therapeutic and preventive strategies
against RSV-associated disease.
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