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Heparan sulfate proteoglycans (HSPGs) act as binding receptors or attachment factors for the viral envelope
of many viruses, including strains of HIV and feline immunodeficiency virus (FIV). The FIV gp95 glycoprotein
(SU) from laboratory-adapted strains (tissue culture adapted [TCA]) such as FIV-34TF10 can bind to
HSPG, whereas SU from field strains (FS) such as FIV-PPR cannot. Previous studies indicate that
SU-HSPG interactions occur within the V3 loop. We utilized a series of nested V3 peptides to further map the
HSPG binding sites and found that both sides of the predicted V3 loop stem were critical for the binding but
not the CXCR4 binding domain near the predicted tip of the V3 loop. Neutralization assays for TCA strain
entry using the same set of V3 peptides showed that peptides targeting CXCR4 or HSPG binding sites can block
infection, supporting the V3 loop as a critical neutralization target. Site-directed mutagenesis identified two
highly conserved arginines, R379 and R389, on the N-terminal side of the V3 stem as critical for the contact
between SU and HSPG. Residues K407, K409, K410, and K412 on the C-terminal side of the V3 stem form a
second nonconserved domain necessary for HSPG binding, consistent with the observed specificity distinctions
with FS FIV. Our findings discriminate structural determinants important for HSPG and CXCR4 binding by
FIV SU and thus further define the importance of the V3 loop for virus entry and infection.

Feline immunodeficiency virus (FIV) causes an AIDS-like
disease in its natural host, the domestic cat (37), and is thus a
valuable animal model for the development of antiviral agents
against lentivirus infections, including human immunodefi-
ciency virus (HIV); design of anti-HIV vaccines; and study of
lentiviral pathogenesis (11, 40, 56, 60). To date, four different
cell surface molecules that interact with FIV SU have been
identified: CXCR4 (9, 41, 59, 61), CD134 (6, 48), heparan
sulfate proteoglycan (HSPG) (7, 9), and DC-SIGN (9, 10). The
chemokine receptor CXCR4 is used as a common entry recep-
tor by FIV of domestic cats (9, 41, 59, 61). Feline CD134 acts
as the primary binding receptor for FIV entry into host cells, a
function that parallels use of CD4 as a primary receptor in
HIV infection (6, 48). Binding of CD134 alters the conforma-
tion of FIV SU and promotes high-affinity binding to CXCR4.
HSPG, a type of glycosaminoglycan (GAG) consisting of a
core protein with O-linked heparan sulfate polysaccharide
chains, has a ubiquitous tissue expression but is predominantly
expressed on epithelial cells and astrocytes (7, 9, 23) and is
critical for the cellular attachment of many viruses (50), in-
cluding herpesvirus (1), flavivirus (19), adenovirus (54), papil-
lomavirus (45), and certain retrovirus family members, includ-
ing certain strains of HIV and FIV (3, 7, 10, 43). DC-SIGN, a
cell surface C-type lectin expressed on dendritic cells (DCs), is
thought to play key roles in the interaction of DCs with T cells
as well as in HIV and FIV pathogenesis (16). Binding proper-
ties of FIV SU for each of these receptors are dependent on

the origin of SU. Therefore, it is important to analyze all the
known receptor interactions with SU obtained from distinct
origins and map the regions of SU involved in CXCR4, CD134,
HSPG, and DC-SIGN receptor binding. Knowledge gained
can then be used to develop mechanism-driven intervention
strategies applicable to blocking both FIV and HIV infections.
Although FIV SU interaction with CXCR4 has been well doc-
umented (20, 52), the role played by other receptors and the
binding domains of SU for each receptor are less clear.

Our previous studies showed that HSPG, in conjunction with
CXCR4, could facilitate infection by laboratory-adapted
strains (tissue culture adapted [TCA]) of adherent, CD134-
negative cell lines such as CrFK and G355-5. The prototype
TCA isolate for our studies, termed FIV-34TF10, was cloned
from FIV-Petaluma virus that had been adapted to growth on
CrFK cells (53). In contrast, SU from field strains (FS) of FIV
cannot bind to HSPG (7, 9) or productively infect adherent
(CD134� CXCR4�) cell lines. As demonstrated by FIV-
34TF10, FS FIV could, however, be adapted for growth on
CrFK cells and adaptation correlated with the ability of SU to
bind HSPGs. Therefore, we wished to identify the determi-
nants in SU encoded by TCA FIV for interaction with HSPG
and to explore the mechanism of the facilitator role of HSPG
for infection.

Several methodologies have been used to study HSPG in-
teractions, including mapping using synthetic peptides (21, 34),
site-directed mutagenesis (17, 47, 62), molecular modeling (2,
4, 30, 47, 51), high-resolution nuclear magnetic resonance
(NMR) spectroscopy (2, 25, 47), X-ray crystallography (24, 33,
46), and hydrodynamic measurements (28). An early work
based on heparin binding protein sequence comparisons in
HIV-1 led to the proposition that two consensus heparin bind-
ing sequences, XBBXBX and XBBBXXBX motifs (where B
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stands for a basic and X for a neutral/hydrophobic amino acid),
dictated such interactions (4). However, the universality of this
paradigm has been challenged by analysis of additional HSPG
ligands. Site-directed mutagenesis (17, 47, 62), molecular mod-
eling (2, 30, 47, 51), NMR (2, 25, 47), and structural charac-
terization of protein-heparin complexes by X-ray crystallogra-
phy (24, 33) indicate that HSPG binding sites are not
exclusively composed of linear sequences and can also include
conformational epitopes comprising distant amino acids orga-
nized in a precise spatial orientation through the folding of the
protein (58).

TCA FIV has been shown to have particular mutations
whereby one or two glutamate residues (407 and 409) have
been replaced by lysine residues in the V3 loop (35, 49, 53, 57).
Results reported here show that adaptation of FIV-PPR for
propagation in CrFK cells also involves, among others, a spe-
cific change of glutamate to lysine at position 407 within the V3
loop. Furthermore, the results showed that both the N-termi-
nal and the C-terminal sides of the V3 stem-loop are critical
for HSPG binding, distinct from CXCR4 binding site at the
predicted tip of the V3 loop.

MATERIALS AND METHODS

Cell lines, virus, and reagents. CrFK cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA), and the feline glial cell line
(G355-5) was kindly provided by Don Blair (National Institutes of Health,
Bethesda, MD). These cells are interleukin-2 (IL-2)-independent adherent cells
with high heparin sulfate proteoglycan (HSPG) expression and low CXCR4
expression and are negative for CD134 expression (7, 9). The IL-2-independent
feline lymphoma cell line 3201 was obtained from William Hardy (Sloan-Ket-
tering Memorial Hospital, New York, NY). 3201 cells have high CXCR4 expres-
sion, with very low or negative expression of CD134 and HSPG (9). The con-
tinuous T-cell line 104-C1 was isolated from feline peripheral blood
mononuclear cells (PBMC) by limiting dilution; this cell line has high CD134
expression but low CXCR4 and HSPG expression (9). CHO-K1, CHO-pgsA745,
and 293T cells were purchased from the ATCC. CHO-K1 cells express HSPG (9,
10), while the mutant CHO-K1 cell line CHO-pgsA745 is defective in the bio-
synthesis of glycosaminoglycans and thus does not express HSPG (9, 10). Prop-
agation of the different cell lines was performed as previously described (7, 20,
27, 52). The FIV field strain used in the present study, FIV-PPR, is a molecular
clone of the clade A San Diego isolate (39). PPRCrFK (PPRcr) is an FIV-PPR
strain obtained after ex vivo passage in the CrFK cell line (see below), with
expanded host cell range (7). FIV-34TF10 is a molecular clone of the FIV-
Petaluma isolate that had been adapted for growth on CrFK cells (53). Heparin,
AMD3100, and bovine serum albumin (BSA) were purchased from Sigma (St.
Louis, MO).

Generation of FIV-PPRCrFK. Continuous passage of FIV-PPR on CrFK cells
(CD134Negative CXCR4Low) for a period of approximately 3 weeks resulted in the
outgrowth of virus, termed FIV-PPRCrFK (PPRcr), that could also be propagated
in G355-5 cells (CD134Neg CXCR4Low). To generate a molecular clone, CrFK
cells were acutely infected with FIV-PPRcr. The envelope gene was amplified
from cDNA prepared from infected CrFK cells and then cloned into FIV-PPR
in pUC119 vector as previously described (26). The envelope of FIV-PPRcr was
amplified by reverse transcriptase PCR (RT-PCR; Stratagene, La Jolla, CA) with
the primers 5�-CCCATTTAGAGTACCTGCAG-3� (6382 to 6401) and 5�-CGA
ATAGTTTTCTGAAGCGGTCTTCTAAATCTGTCATCAT-3� (9001 to 9040),
and the full-length construct was sequenced.

Recombinant SU proteins. Expression plasmids encoding SU of FIV-PPR,
FIV-PPRcr, and FIV-34TF10 were constructed and used for production of stable
CHO-K1 cell lines, as previously described (7, 8). Single colonies with high
expression of desired Fc-tagged proteins were selected, and SU-Fc fusion pro-
teins (adhesins) were purified as described previously (20) and quantified using
a human IgG enzyme-linked immunosorbent assay (ELISA) quantitation kit
(Bethyl Laboratories, Inc., Montgomery, TX). Finally, relative quantitation of
proteins was confirmed by Western blot analysis, as previously described (20).

Flow cytometry analysis. Binding of SU-Fc adhesins or Fc (negative control)
to the surfaces of G355-5, CrFK, CHO, 3201, or 104-C1 cells was detected using

a phycoerythrin (PE)-conjugated goat anti-human IgG1 Fc antibody (MP Bio-
medicals, Aurora, OH) and analyzed by flow cytometry, using FlowJo software
(Tree Star, San Carlos, CA). Briefly, for the binding to G355-5 cells (or other
cells for HSPG binding detection), 1 � 105 cells were incubated at 4°C for 30 min
in the presence or absence of V3 peptides and then spun down to remove the
peptides and washed twice; PPR, PPRcr, or 34TF10 SU-Fc (500 ng) in Earle’s
balanced salt solution (EBSS)-0.1% bovine serum albumin was added to cells
and incubated at 4°C for 45 min. After washing, cells were labeled with a 1:1,000
dilution of PE-conjugated goat anti-human IgG1 antibody for 35 min at 4°C.
SU-Fc binding was monitored by fluorescence-activated cell sorting (FACS)
analysis. CXCR4-specific binding was confirmed by pretreatment of cells with the
CXCR4 antagonist AMD3100 at 0.3 �g/ml for 30 min at 4°C, followed by the
incubation with SU-Fc adhesins for 45 min at 4°C. HSPG-specific binding was
confirmed by coincubation with SU-Fc adhesins plus heparin (10 �g/ml) for 45
min at 4°C and analyzed as above. For binding to 3201 or 104-C1 cells, the
process was the same, except that 2 � 105 cells and 100 ng of SU-Fc were used
and the procedure was performed in EBSS-2% fetal bovine serum (FBS) buffer
at 25°C. Percent inhibition was calculated by the formula 100 � [(t � c)/(m �
c) � 100], where t represents the signal for the test sample, c represents the
background signal in the absence of SU-Fc, and m represents the signal obtained
for SU-Fc in the absence of peptides or inhibitors.

Peptide synthesis. Peptides were synthesized on a PTI Symphony multiple
peptide synthesizer utilizing standard 9-fluorenylmethoxy carbonyl (FMOC)
chemistry. Crude peptide material was purified by high-pressure liquid chroma-
tography, and the purity was determined to be greater than 90% on all materials.
Mass of peptides was confirmed by mass spectrometry. All the peptides were
dissolved in dimethyl sulfoxide (DMSO) at 5 mg/ml as stock solutions. All
peptides used in this study have been previously used and reported in mapping
studies to define the CXCR4 binding region within V3 (52), with the exception
of SU2 (QRNRWEWRPDFKSKKVKISLPC), which had been previously pre-
pared as a potential immunogen for antibody preparation.

Construction of mutant plasmids. Mutations were introduced into a cytomeg-
alovirus-FIV hybrid vector (pCFIV) (22) using the QuikChange site-directed
mutagenesis strategy (Stratagene, La Jolla, CA) as recommended by the manu-
facturer. The presence of the desired mutations and the absence of any other
mutations were confirmed by DNA sequencing.

Virus entry assay. pCFIV hybrid vectors pseudotyped with FIV-34TF10 en-
velope genes or mutants with substitutions for specific amino acids were cotrans-
fected with a beta-galactosidase (�-Gal)-expressing packaging vector in 293T
cells (22). Two days later, viral supernatants were collected and each pseudovi-
rion was assessed for the level of reverse transcriptase (RT) for core expression
and also an ELISA using antibodies against the V3 region of SU to detect the
expression of SU. Both RT assay and ELISA indicated that each envelope
construct was well expressed. RT activity is further used as an internal quanti-
tation to normalize transfection efficiency and further to ensure input of approx-
imately equal numbers of pseudovirions. Thus, RT values were normalized to
50,000 cpm per infection before a single-round infection assay was performed in
G355-5 cells. After 48 h of infection, �-Gal activity was measured with the Tropix
Galacto-Star chemiluminescent reporter gene assay (Applied Biosystems, Carls-
bad, CA) according to the manufacturer’s guidelines. For neutralization studies,
peptides used at final concentrations of 25 �g/ml were preincubated with G355-5
cells for 60 min at 37°C and then cotreated with 34TF10 pseudovirions and cells
were assayed for beta-galactosidase expression as described above.

Micro-RT activity assay. The micro-RT activity assay was performed as pre-
viously described (7, 8, 52). Briefly, 50 �l of cell-free supernatant together with
10 �l of lysis buffer (0.75 M KCl, 20 mM dithiothreitol, 0.5% Triton X-100) was
incubated at room temperature for 10 min. Then, 40 �l of a mixture containing
125 mM Tris-HCl (pH 8.1), 12.5 mM MgCl2, 1.25 �g poly(rA)-poly(dT)12–18

(Amersham Biosciences, Piscataway, NJ), and 1.25 �Ci of [3H]dTTP (DuPont,
Boston, MA) was added to the sample followed by 2 h of incubation at 37°C.
Quantitation of RT activity was previously described (8).

RESULTS

Sequence changes associated with HSPG binding. Passage
of FS FIV on the adherent cell line CrFK or G355-5 eventually
results in the outgrowth of virus adapted to productive growth
on either cell line (26, 27). FIV-PPRCrFK (FIV-PPRcr)
emerged after passage of FIV-PPR through CrFK cells. The
envelope of FIV PPRcr was sequenced, revealing nine amino
acid substitutions relative to wild-type FIV-PPR (Fig. 1). Sub-
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stitutions included changes Asp51Gly and Leu160Val in the
region N terminal to the membrane leader sequence,
His247Gln in C2, Glu407Lys and Lys412Glu in V3, Arg428Gly
and Met437Thr in C3, Glu656Lys between the polar domain
and the leucine zipper of TM, and Val817Ile in the cytoplasmic
tail. Comparison with another TCA isolate, FIV-34TF10,
showed that six of the above nine amino acid positions also
were changed relative to FIV-PPR and four of the six changes
were common between the two TCA isolates (Fig. 1). In ad-
dition, 34TF10 has other differences in the envelope (Env)
from parent PPR, which may in some way contribute to adap-
tion for tissue culture propagation of 34TF10 independent of
HSPG binding.

PPRcr SU-Fc can bind to HSPG-expressing cells. To deter-
mine if the adaptation of TCA FIVs for productive growth in
CrFK cells was caused by the acquired ability of SU to bind to
HSPG, we compared the binding characteristics of PPR,
PPRcr, and 34TF10 SU-Fc immunoadhesins on G355-5 and
CrFK cells (both cell types are HSPGHigh CXCR4Low

CD134Neg) (Fig. 2). SU-Fc immunoadhesins corresponding to
each virus envelope were quantified by Western blot analysis
(data not shown) and then employed in FACS analyses on
HSPG� indicator cells. Consistent with past observations (7),
PPR SU-Fc could not bind to G355-5 (Fig. 2, top left panel) or
CrFK (Fig. 2, middle left panel) cells, but PPRcr SU-Fc bound
to both cell lines (top and middle right panels, respectively).
Furthermore, the binding of PPRcr SU-Fc could be inhibited
by heparin but not the CXCR4 antagonist AMD3100, affirming
that the binding observed in this assay was via HSPG interac-
tion rather than CXCR4. Further verification of the nature of
SU binding was obtained by comparing SU binding character-
istics of CHO-K1 cells (HSPGHigh CD134Neg CXCR4Neg) to
those of the CHO mutant cell line pgsA745, which is defective
in the biosynthesis of glycosaminoglycans and thus does not
express HSPG (10, 13). The results of FACS analysis demon-
strate that PPRcr SU-Fc readily bound to CHO-K1 cells, with
binding blocked by heparin (Fig. 2, bottom left panel). In
contrast, there was no measurable binding detected on
pgsA745 cells (Fig. 2, bottom right panel).

Results of binding studies on 3201 (CXCR4High HSPGNeg

CD134Neg) cells, where the detectable FACS binding is pri-
marily via CXCR4, indicated that blocking of CXCR4 binding
by PPRcr occurs in the presence of heparin (Fig. 3). Whereas
heparin had little influence on wild-type PPR SU binding to
these cells (Fig. 3A), substantial interference was noted for
binding by TCA PPRcr SU (Fig. 3B). Primary binding by both

envelope proteins occurs via CXCR4, as attested by blocking
with AMD3100 (data not shown). These findings are consistent
with the close proximity of the two HSPG and CXCR4 binding
regions and indicate that steric blocking occurs with heparin
binding to TCA FIV that interferes with both interactions.

FIG. 1. Schematic representation of sequence alignment of PPR, PPRcr, and 34TF10 SU glycoprotein. A total of nine mutations were noted
between FS FIV-PPR and TCA FIV-PPRcr. Six of the above nine amino acid positions were the same in TCA FIV-34TF10 as in FIV-PPR, and
four of the six changes were common between the two TCA isolates.

FIG. 2. PPRcr SU can bind to HSPG-expressing cells. FACS anal-
ysis of FIV SU binding to G355-5 cells (top), CrFK (middle), CHO-K1
(bottom left), and CHO-pgsA745 (bottom right). Cells were preincu-
bated with the CXCR4 antagonist AMD3100 (0.3 �g/ml) at 4°C for 30
min prior to incubation with SU or coincubated with SU and heparin
(10 �g/ml) at 4°C for 45 min. After washing, FIV SU-Fc binding was
measured by using a phycoerythrin-conjugated anti-Fc antibody and
then monitored by FACS analysis. Results are representative of three
independent determinations.
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An assessment of the relative binding of FS and TCA SU to
the primary binding receptor, CD134, on 104-C1 (CD134High

HSPGLow CXCR4Low) cells (Fig. 3C and D) revealed that
binding was markedly reduced with PPRcr SU (Fig. 3D) rela-
tive to wild-type PPR SU (Fig. 3C). Binding to CD134 still
occurred with TCA SU, but the binding was much weaker than
with FS SU at concentrations that yielded the same level of
binding to CXCR4 on 3201 cells (Fig. 3A and B).

Both N-terminal and C-terminal sides of the V3 loop are
critical for the HSPG binding. Previous research (35, 49, 53,
57) indicated that CrFK tropism determinants are associated
with the putative V3 loop. Therefore, we tested a series of
synthetic V3 peptides encompassing the whole or part of the
41-amino-acid-long V3 loop for ability to block TCA SU bind-
ing to HSPG (Table 1). Full-length V3 peptide inhibited bind-
ing of PPRcr SU-Fc or 34TF10 SU-Fc to HSPG in a dose-
dependent manner (data not shown), indicating that the V3
loop is involved in HSPG binding and contains binding deter-
minants. A panel of nested peptides that overlap the entire V3
exhibited various capacities to interfere with the SU-HSPG
binding (Table 1). Interestingly, peptides N190, N212, and
N158, which block SU binding to CXCR4 (52), had little effect
on HSPG binding (Table 1). Even the potent CXCR4 inhibi-
tors N43 and N44 (52) had only a modest effect on HSPG
binding (Table 1). The peptides spanning the N43 region trun-
cated at their N termini, such as N156 and N157, exhibited no
effect on HSPG binding (Table 1). Thus, the CXCR4 binding
region at the tip (top of the predicted loop structure) of V3 is
not directly involved in HSPG interaction. In contrast, peptides

on either side of the CXCR4 interaction domain, i.e., P26 and
P27 on the N-terminal side and SU2 on the C-terminal side,
interfered with HSPG binding in a dose-dependent manner
(Fig. 4). HSPG binding was blocked by treatment with peptide
SU2 corresponding to the C-terminal side of TCA 34TF10 V3
but not with P28 corresponding to a similar region of FS PPR
V3 (Table 1). SU2 is three amino acids (QRN) longer on the
N-terminal end than P28. However, this three-amino-acid re-
gion, present in the context of 9 other peptides corresponding
to the V3 tip region (Table 1), had no significant effect on
HSPG binding. The data suggested that inhibition was mainly
caused by the variant amino acid residues located at positions
407 and 409, which is also consistent with previous studies on
CrFK tropism determinants (35, 49, 53, 57). P26 and P27 from
the N-terminal side of V3 were more potent inhibitors than the
C-terminal peptide (Table 1 and Fig. 4); P26 inhibited at
around 50%, even at 5 �g/ml (Fig. 4). The combination of P26
and SU2 demonstrated an additive inhibition of HSPG binding
by either PPRcr SU (Fig. 4A) or 34TF10 SU (Fig. 4B) in a
dose-dependent manner. Thus, the findings are consistent with
contributions of sequences from both N- and C-terminal sides
of V3 for HSPG binding.

V3 peptides block entry of FIV-34TF10 into G355-5 cells.
The above assays measured SU binding to HSPG on target
cells. In order to equate binding with ability to enter the cells,
we employed the same set of V3 peptides to block virus entry
ex vivo in single-round infections of G355-5 cells by pseudovi-
rons pseudotyped with 34TF10 Env (Fig. 5) or PPRcr Env
(data not shown). Both heparin and AMD3100 blocked entry,

FIG. 3. Comparative binding of PPR and PPRcr SU to CXCR4 (3201 cells) and CD134 (104-C1 cells). (A) FS PPR SU binding to CXCR4 on
3201 cells with or without heparin. (B) TCA PPRcr SU binding to CXCR4 on 3201 cells with or without heparin. (C) FS PPR SU binding to CD134
on 104-C1 cells with or without soluble CD134 (sCD134) as competitor. (D) TCA PPRcr SU binding to CXCR4 with or without soluble CD134
as competitor. Heparin in panels A and B was incubated with SU for 45 min at 25°C, at 20 �g/ml. Soluble CD134 (25 �g/ml) in panels C and D
was incubated with SU at 25°C for 30 min prior to addition to cells and then incubated for another 45 min, washed, and analyzed by FACS. Results
are representative of three independent determinations.
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consistent with the involvement of both HSPG and CXCR4
interactions for entry by beta-galactosidase-expressing parti-
cles bearing 34TF10 SU. In accordance with the binding data
(Table 1), full-length V3 peptide demonstrated greater than
70% inhibition of entry (Fig. 5). Likewise, peptides coinciding
with the N-terminal side (P26 and P27) and the tip region
(N190, N212, N43, N158, and N44) of V3 all inhibited entry by
50 to 95%. Blocking by tip region peptides has been shown to
occur via inhibition of CXCR4 entry receptor interactions (20,
52). Peptide SU2 corresponding to the C-terminal side of
34TF10 V3 also blocked infection but was less efficient than
mimics of either the N-terminal side or tip regions of V3
targeting CXCR4 binding, with a 30% inhibition ratio at sim-
ilar peptide concentrations (Fig. 5). Higher inhibition ratios
could be obtained when higher peptide concentrations were
employed (data not shown). P28, a peptide corresponding to
the C-terminal side of FS PPR V3, inhibited less than 10%.
Other peptides corresponding to portions of the tip region that
do not include the CXCR4 interaction domain (i.e., N156, 157,
N45, N160, N161, and N46) did not significantly block entry.

Fine mapping of the V3 region required for interaction with
HSPG. Comparison of the sequences of FS and TCA envelope
proteins (Fig. 1), particularly those of FIV-PPR and FIV-
PPRcr, revealed discrete differences that are apparently re-
sponsible for the distinct binding phenotypes observed be-
tween these two isolates. In particular, PPRcr had a specific
change of glutamate to lysine at position 407 and 34TF10
contains two variant lysine residues (407 and 409) relative to
FIV-PPR, within the V3 loop (Fig. 1). However, PPRcr also
had a change of lysine to glutamate at position 412 (Fig. 1),
thus maintaining the same net charge on the V3 region. We
replaced Lys407 Lys409, Lys410, and Lys412 in 34TF10 SU
with glutamic acid, alone and in various combinations, and
then tested the resulting mutant virions for ability to enter
G355-5 (HSPGHigh CD134Neg CXCR4Low), 3201 (CXCR4High

HSPGNeg CD134Neg), and 104-C1 (CD134High HSPGLow

CXCR4Low) cells (Table 2). We focused on the N-terminal
side of V3, since peptides corresponding to this region were
more potent inhibitors than the C-terminal peptides. In addi-
tion, positively charged residues such as Arg379 and Arg389
are highly conserved in over 200 FIV envelope sequences.
Entry facilitated by wild-type 34TF10 SU was arbitrarily set at
100%, and the other entry data were normalized to this value.
An arbitrary value of 30% or less relative to entry facilitated by
34TF10 Env (bold numbers in Table 2) was set as significant
entry reduction. The results, summarized in Table 2, show that
Arg379Glu and Arg389Glu lost virtually all capacity for entry
and expression of beta-galactosidase on all the tested cell lines
(Table 2), indicating that an acidic amino acid residue at either
of these two positions will cause the loss of SU interaction with
all receptors. Of interest, when these two positions were re-
placed with hydrophobic, polar uncharged, or basic amino acid
residues, all mutant virions retained greater than 40% capacity
to enter 3201 or 104-C1 cells and the three mutants at position
389 retained more than 80% of control-level infectivity. How-
ever, these same mutant virions lost the ability to infect G355-5
cells. Even if the same type of basic residue was introduced, the
entry ability was still less than 30%, suggesting that Arg379 and
Arg389 are crucial for HSPG interaction. Thus, it is probable
that not only the electrostatic attraction between the basic
N-terminal side of V3 and the acidic HSPG ectodomains but
also a steric effect or conformation of amino acid residues
around the V3 region of SU plays important roles in facilitat-
ing HSPG interactions.

In contrast, substitution of positively charged residues on the
C-terminal side of V3 yielded more complicated results. For
entry into G355-5 cells, the single substitutions of Lys407,
Lys409, Lys410, and Lys412 resulted in only modest reductions
in infectivity, while double substitutions had greater effects.
Thus, it is probable that this cluster of amino acids acts coop-
eratively to form a single HSPG binding domain. Interestingly,
the Lys407Glu mutant maintained wild-type entry levels on

TABLE 1. Sequences of V3 peptides and their abilities to interfere with SU-Fc binding to HSPG in G355-5 cellsa

Peptideb Origin Sequence
Inhibition

PPRcr 34TF10

V3 PPR CQRTQSQPGTWIRTISSWRQKNRWEWRPDFESEKVKISLQC ���� ����
P26 PPR CQRTQSQPGTWIRTISSWRQKN ����� �����
P27 PPR TWIRTISSWRQKN ��� ����
N190 PPR SSWRQKNRWEWRPDF � �
N212 34TF10 SSWKQRNRWEWRPDF � �
N43 34TF10 SSWKQRNRWEWR �� ��
N158 34TF10 SSWKQRNRWEW � �
N44 34TF10 SSWKQRNRW �� ��
N156 34TF10 SWKQRNRWEWR � �
N157 34TF10 WKQRNRWEWR � �
N45 34TF10 KQRNRWEWRPDF � �
N160 34TF10 QRNRWEWRPDF � �
N161 34TF10 RNRWEWRPDF � �
N46 PPR/34TF10d NRWEWRPDF � �
P28 PPR RWEWRPDFESEKVKISLQC � �
SU2 34TF10 QRNRWEWRPDFKSKKVKISLPC ���c ���c

a Percent inhibition was calculated as previously described and is expressed as follows: �����, 85 to 100% inhibition; ����, 70 to 85%; ���, 50 to 70%; ��,
30 to 50%; �, 15 to 30%; �, 0 to 15%.

b All peptides were used at 50-�g/ml final concentrations.
c The inhibition ratio would be increased to greater than 85% if a higher concentration of 100 �g/ml was used.
d The origin of the peptide whose sequence is the same in PPR and 34TF10 was labeled as PPR/34TF10.

7112 HU ET AL. J. VIROL.



G355-5 cells but was diminished by approximately 80 to 90%
for entry into 3201 cells and 104-C1 cells. In contrast,
Lys409Glu, Lys410Glu, and Lys412Glu mutants had slightly
greater ability to infect 3201 or 104-C1 cells than G355-5 cells
(Table 2). The double mutants involving various combinations
of the latter three mutations gave mixed results. Some combi-
nations, such as Lys407Glu/Lys409Glu, showed low levels of
entry equivalent to values noted with the most damaging mu-
tation on G355-5 or 3201 cells but maintained approximately
50% entry efficiency on 104-C1 cells. On the other hand, the
combination Lys407Glu/Lys410Glu retained 50% entry effi-
ciency on G355-5 cells, whereas the entry capacities on 3201 or
104-C1 cells were less than 30% (Table 2). For both
Lys409Glu/Lys410Glu and Lys410Glu/Lys412Glu, the entry ef-

ficiency on 3201 or 104-C1 cells was much higher than that on
G355-5 cells. These results imply that the introduction of dou-
ble mutations at these positions induces conformational
changes in V3 that alter HSPG association. Such interactions
would also explain the involvement of distal amino acids from
either side of V3 in the HSPG interaction. The entry capacities
of Lys407Glu/Lys412Glu and Lys409Glu/Lys412Glu were at
similar levels on the three cell lines.

DISCUSSION

HSPGs are a type of glycosaminoglycan (GAG) that partic-
ipate in many biological processes (12, 29, 31, 38, 44) through
their ability to bind a wide range of proteins. For most viruses

FIG. 4. P26 and SU2 peptides interfere with PPRcr and 34TF10 SU-Fc binding to HSPG in a dose-dependent manner. G355-5 cells were
pretreated with P26 or SU2 peptide, alone or in combination, at 4°C for 30 min, and then the cells were spun down to remove the peptides and
washed twice. Five hundred nanograms of PPRcr SU-Fc (A) or 34TF10 (B) was added to cells and incubated at 4°C for 45 min. After washing,
SU binding was monitored by FACS analysis as described for Fig. 2. When treated separately, P26 was used at 50, 25, 10, and 5 �g/ml as final
concentrations and SU2 was used at 100, 50, 25, and 10 �g/ml. When combined, P26 was used at 5 and 10 �g/ml and SU2 was used at 10 and 25
�g/ml. Percent inhibition was calculated as described in Materials and Methods. Results are means � standard deviations for three independent
determinations.
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(50), including herpesvirus (1), flavivirus (19), adenovirus (54),
papillomavirus (45), and retrovirus family members such as
HIV and FIV (3, 7, 10, 43), HSPG can function as a binding
receptor or auxiliary attachment factor for initial virus-cell
interactions on certain cell types. Some strains of HIV-1 (15,
18, 36, 42, 43, 55) and FIV (9, 41, 59, 61), in particular strains
adapted for productive growth in tissue culture (TCA), may
employ HSPG as a primary binding receptor in the absence of
the primary binding receptor used by field strains (FS), i.e.,
CD4 for HIV-1 and CD134 for FIV. We surmise that binding
through HSPG increases the effective concentration of virus
and thus increases the likelihood of binding to low-abundance
entry receptors on cell types such as endothelial and epithelial
cells that are rich in HSPG expression but have low levels of
CXCR4 and lack the normal virus binding receptor (7, 10).

The extent to which HSPG interactions contribute to infec-
tion and spread in vivo is unknown but could potentially have
important consequences for infectivity, spread, and sequestra-
tion of virus in cell compartments other than lymphoid cells.
Clearly, the in vivo distribution of overt viremia by either FIV
or HIV is inconsistent with utilization of HSPG for infection,
although the extent to which expression below normal detec-
tion levels occurs may be underappreciated. Given the high
mutation rate and the observations with TCA isolates ex vivo,
it is equally clear that either virus could quickly mutate to bind

HSPG under the right pressures. These observations imply that
there must be substantial in vivo selection pressures against
HSPG binding isolates; enhanced sensitivity to the host im-
mune surveillance network and a propensity for nonproductive
binding to polyanionic components of blood or other tissues
are two possibilities. However, there is an apparent penalty in
adapting for HSPG binding in that the ability to bind to the
normal primary binding receptor, CD134, is markedly reduced
(Fig. 5). This may act to limit spread of HSPG binding virus,
thus reducing the targeting of T cells. Regardless, given that
immunological and/or drug treatment modalities may alter the
balance of in vivo selective pressures, it is reasonable to pro-
pose that such isolates might play a significant role in vivo
under the proper circumstances.

Understanding the functional role of HSPG-envelope inter-
action requires the identification of the structural determinants
involved in the interaction, on both HSPG and the viral enve-
lope protein. In this report, we characterized HSPG binding
motifs on FIV SU and further defined the key amino acid
residues required for FIV SU-HSPG interactions.

Two invariant arginine residues, Arg379 and Arg389, on the
N-terminal side of V3 are critical for changing binding pheno-
type, implying discontiguous interactions within the three-di-
mensional structure around V3 (Fig. 6). The findings are con-
sistent with the report that a highly conserved arginine at
position 298 on the N-terminal side of the V3 loop of HIV-1 is
critical for binding to HSPG and CCR5 in the HIV studies (5).
This observation underscores the close parallels in the enve-
lope structural motifs and probable overall envelope protein
structure of these two viruses, in spite of their diverse primary
sequences.

Our studies show that TCA FIVs adapted to propagate in

TABLE 2. Entry efficiency of 34TF10 mutants compared
with wild type in cellsa

Strain
Entry ratio (%) for cell line:

G355-5 3201 104-C1

Wild type 100.0 � 0.0 100.0 � 0.0 100.0 � 0.0

Mutants
R379E 2.1 � 0.8 2.2 � 0.9 4.1 � 0.7
R379A 5.6 � 0.9 57.5 � 9.6 41.6 � 6.7
R379Q 1.6 � 0.5 84.2 � 4.7 76.6 � 0.3
R379K 6.8 � 0.5 55.4 � 0.2 55.1 � 16.8
R389E 1.5 � 0.9 2.4 � 1.1 2.7 � 0.3
R389A 3.5 � 0.3 81.7 � 10.3 98.7 � 9.8
R389Q 28.2 � 1.2 103.8 � 3.9 104.5 � 4.3
R389K 22.3 � 3.1 104.6 � 6.6 100.3 � 7.9
K407E 90.3 � 10.0 10.3 � 4.6 26.4 � 6.8
K409E 89.8 � 1.8 94.8 � 3.8 94.7 � 6.4
K410E 39.7 � 4.7 71.3 � 9.8 76.3 � 2.9
K412E 86.5 � 5.9 113.6 � 9.2 111.4 � 3.8
K407E/K409E 13.6 � 0.5 5.2 � 1.0 55.1 � 5.1
K407E/K410E 53.0 � 2.0 13.6 � 6.0 29.9 � 8.7
K407E/K412E 22.4 � 6.7 7.9 � 5.3 14.3 � 1.7
K409E/K410E 47.2 � 2.5 90.0 � 1.6 95.9 � 4.8
K409E/K412E 29.4 � 0.4 16.4 � 0.2 16.7 � 1.0
K410E/K412E 3.4 � 2.0 57.3 � 1.5 41.3 � 5.7

a Entry facilitated by wild-type 34TF10 SU was arbitrarily set at 100%, and the
other entry data were normalized to this value. An arbitrary value of 30% or less
relative to entry facilitated by 34TF10 Env (boldface) was set as significant entry
reduction.

FIG. 5. Neutralization effects of V3 peptides on 34TF10 entry into
G355-5 cells. �-Gal-expressing pseudovirions with 34TF10 envelope
were produced as described in Materials and Methods. All peptides
were preincubated with G355-5 cells at 37°C for 60 min at a final
concentration of 25 �g/ml and then cotreated with 34TF10 pseudovi-
rions to perform a single-round infection in G355-5 cells. AMD3100 (1
�g/ml) and heparin (10 �g/ml) were used as positive controls for
inhibition of entry. �-Gal assays were performed 48 h after infections.
Values for inhibition by peptides, AMD3100, or heparin are percent-
ages of the mean relative luminescence units of 34TF10 entry without
any treatment, which is regarded as 100%. Results are means and
standard deviations for three independent determinations.
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CrFK cells have acquired a set of important mutations within
the V3 loop (Fig. 1). Interestingly, we found that a Lys407Glu
back mutation in the context of TCA isolate 34TF10 retained
the ability to enter G355-5 cells but showed marked reduction
in entry to 3201 cells. This implies that over time, TCA-specific
mutations that act to not only allow HSPG binding but also
optimize binding to CXCR4 occur. Thus, results of changing
any one of these mutations can be difficult to predict since the
basic amino acid residues on the C-terminal side of V3 work in
concert to yield the observed binding phenotype. Overall, the
findings suggest a structural interplay between the two sides of
the V3 stem that somehow facilitates HSPG interaction (Fig.
6). The sites for HSPG binding comprising distal amino acids
are presumably organized in a precise spatial orientation, per-
haps similar to the heparin binding domain for human hepatic
lipase (63). Hepatic lipase contains two putative heparin bind-
ing regions: one consists of residues R310, K312, K314, and
R315 at a distal region of the N-terminal domain and the other
region is made up of R473, K474, and R476 at the C-terminal
end of the molecule (63).

Some previous reports (7, 14, 32, 42) have suggested that the
overall positive charge may also influence HSPG binding.
However, the study here suggests that the overall electrostatic
potential of the V3 loop is not the primary determinant. In
addition, it was observed that there is no obvious correlation

between the number of basic residues within V3 and the ca-
pacity of HIV-1 to bind HSPG (5).

It is important to point out that what we are studying is the
acquisition of the ability to productively infect adherent tissue
culture cells. In the present study, FS FIV must be able to get
into these cells and undergo low-level replication (via CXCR4
alone) in order to adapt and take on the high-titer, rapid
growth characteristics of TCA strains. Whether the acquisition
of HSPG binding totally supplants the requirement for CD134
(CD4 for HIV) interaction is unclear. Both CrFK and G355-5
express the entry receptor, CXCR4, but lack expression of
CD134, so productive infection of these cells requires HSPG
interaction. TCA PPRcr SU still binds CD134 on 104-C1 T
cells (Fig. 3), but with much less alacrity than does wild-type
PPR SU. Both CD134 and HSPG appear to recognize SU
tertiary conformation, as evidenced by the discontiguous na-
ture of HSPG binding emphasized above and by similar dis-
contiguous association between SU and CD134 (20, 52). This is
in contrast to the contiguous region that binds the entry re-
ceptor, CXCR4, which resides at the tip of the V3 loop on both
FS and TCA FIV envelope proteins. Both strains are depen-
dent on CXCR4 for cell entry (inhibited by AMD3100), and
peptides that block CXCR4 binding at the V3 tip do not block
either HSPG (Table 1) or CD134 (20) binding. However, all of

FIG. 6. Schematic representation of V3 in the context of SU. (A) Sequence of the V3 region, with residues relevant to HSPG binding shown
in bold. Numbers above the line represent percent conservation in comparing approximately 200 V3 sequences from known FIV isolates.
(B) Cartoon showing the CXCR4 and HSPG binding regions defined on FIV V3.
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these interactions occur on and around the V3 loop, under-
scoring the central role of this putative structure in infection.

Our study discloses the characteristics of the HSPG binding
motifs of SU and the critical residues responsible for SU-
HSPG interaction in the V3 loop of FIV. Furthermore, the
discrimination of structural determinants important for HSPG
and CXCR4 interaction of FIV SU should aid in understand-
ing FIV Env structure and help define the targets for blocking
virus entry and infection.
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