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The multivalent pseudopeptide HB-19 that binds the
cell-surface-expressed nucleolin is a potent inhibitor of
human immunodeficiency virus (HIV) infection by
blocking virus particle attachment and thus anchorage
in the plasma membrane. We show that cross-linking of
surface-bound HB-19A (like HB-19 but with a modified
template) results in aggregation of HB-19A with surface
nucleolin. Consistent with its specific action, HB-19A
binding to different types of cells reaches saturation at
concentrations that have been reported to result in in-
hibition of HIV infection. By using Chinese hamster
ovary mutant cell lines, we confirm that the binding of
HB-19A to surface nucleolin is independent of heparan
and chondroitin sulfate proteoglycans. In vitro gener-
ated full-length nucleolin was found to bind HB-19A,
whereas the N-terminal part containing the acidic
amino acid stretches of nucleolin did not. The use of
various deletion constructs of the C-terminal part of
nucleolin then permitted the identification of the ex-
treme C-terminal end of nucleolin, containing repeats of
the amino acid motif, RGG, as the domain that binds
HB-19A. Finally, a synthetic peptide corresponding to
the last C-terminal 63 amino acids was able to inhibit
HIV infection at the stage of HIV attachment to cells,
thus suggesting that this domain could be functional in
the HIV anchorage process.

HIV?! infects target cells by the capacity of its envelope gly-
coproteins, the gp120-gp41 complex, to attach cells and induce
the fusion of virus and cell membranes. The receptor complex
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for HIV entry consists of the CD4 molecule and at least one of
the members of the chemokine receptor family; CCR5 is the
major coreceptor for macrophage-tropic HIV-1 isolates (R5),
whereas that for T-lymphocyte-tropic isolates is CXCR4 (1).
Although both CD4 and CXCR4/CCR5 are essential for the HIV
entry process, the initial association of HIV particles to cells
(referred to as attachment) could occur in the absence or block-
ade of these receptors (2—4). Accordingly, HIV attachment oc-
curs efficiently in CD4~ human cells and even in heterologous
cells albeit in the absence of membrane fusion and viral entry
(4, 5). Several observations have pointed out that attachment of
HIV particles to the cell surface seems to occur through the
coordinated interactions on the one hand with heparan sulfate
proteoglycans (2, 6, 7) and on the other hand with the cell-
surface-expressed nucleolin (3, 4). Consequently, targeting any
one of these components could result in the inhibition of HIV
attachment. Indeed, HIV attachment could be blocked either by
the fibroblast growth factor 2 that binds heparan sulfate pro-
teoglycans or by the anti-HIV pseudopeptide HB-19 that binds
nucleolin (3, 4). Contradictory hypothesis has been provided for
the interaction of HIV particles with heparan sulfate proteo-
glycans. Saphire et al. (8) have reported that this interaction is
mediated by cyclophilin A, i.e. a cellular protein that becomes
incorporated into the viral membrane during HIV production,
whereas Moulard et al. (9) have shown that the interaction is
mediated by the basic residues in gp120.

The HB-19 pseudopeptide is a potent inhibitor of various
T-lymphocyte- and R5-tropic HIV-1 isolates in CD4™" cell lines
as well as in primary T-lymphocyte and macrophage cultures
(1, 10, 11). HB-19 has no significant effect on the HIV-1
pseudotypes expressing glycoproteins of either Moloney murine
leukemia virus or vesicular stomatitis virus, thus indicating
that it is specific to the virus infection initiated by the HIV
envelope glycoproteins (1, 3). The mechanism of the anti-HIV
action of HB-19 is mediated through its capacity to bind cells
specifically and to inhibit attachment of virus particles to CD4™
or CD4™ cells (1, 12, 13). At concentrations that inhibit attach-
ment of HIV particles, HB-19 binds cells specifically and forms
an irreversible complex with a cell-surface-expressed 95-kDa
protein that we have identified as nucleolin (3, 4, 12). Recom-
binant preparations of HIV-1 gpl120 bind partially purified
preparations of nucleolin with a high affinity, comparable with
that observed for the binding of gp120 to soluble CD4. Such
binding is inhibited either by HB-19 or monoclonal antibodies
against the V3 loop in gp120, thus suggesting that the inter-
action of HIV with nucleolin might occur through interactions
implicating the V3 loop (3).
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Nucleolin is an RNA- and protein-binding protein that has
been characterized in the literature mainly as a nucleolar pro-
tein (14, 15). However, several reports (16—20) have demon-
strated that nucleolin is also expressed on the cell surface
where it functions as a surface receptor for different ligands
including the anti-HIV pseudopeptide HB-19 (3, 4, 21, 22). By
studies using electron and confocal laser immunofluorescence
microscopy, we have confirmed that nucleolin is expressed at
the cell surface where it exists in close association with the
intracellular actin cytoskeleton. Cell-surface expression of
nucleolin is highly increased a few hours following stimulation
of cell proliferation due to induction of nucleolin mRNA and
protein synthesis. Interestingly, incubation of cells with a
monoclonal antibody specific to nucleolin leads to the cluster-
ing of nucleolin at the external side of the plasma membrane as
revealed by electron microscopy (20). Moreover, the anti-
nucleolin antibody becomes internalized at 37 °C (20) consist-
ent with other reports that surface nucleolin can mediate in-
tracellular import of specific ligands (21, 22). The mechanism
by which nucleolin is expressed on the cell surface still remains
to be elucidated. It should be noted, however, that nucleolin is
tightly associated with the cell surface, but it is readily solubi-
lized by the non-ionic detergent Triton X-100 (20). Three main
structural domains have been determined in nucleolin as fol-
lows: 1) the N-terminal domain containing several long
stretches of acidic residues; 2) the central globular domain
containing four RNA binding domains (RBDs); and 3) the ex-
treme C-terminal domain containing nine repeats of the
tripeptide motif arginine-glycine-glycine (RGG domain)
(14, 15, 23).

Irreversible association of HIV particles in the plasma mem-
brane of target cells, referred here as anchorage, requires at
least the implication of heparan sulfate proteoglycans, surface-
expressed nucleolin, the CD4 receptor, and one of the members
of the chemokine receptor family. Interestingly, despite the
attachment of HIV to cells of different species not expressing
CD4, anchorage of virus particles does not occur in CD4 ™ cells.
Anchorage of virus particles on CD4 " cells can be prevented in
the presence of neutralizing anti-V3 loop or anti-CD4 antibod-
ies or treatment of cells with HB-19. Here we have used a new
generation of the HB-19 pseudopeptide 5(Ky{CH,N)PR)-TASP
(10) (referred here as HB19A) which, like HB-19, presents
pentavalently the Ky{ CH,N)PR moiety but coupled to a modi-
fied TASP template. HB-19A has anti-HIV properties identical
to HB-19. Consistent with our previous results obtained with
HB-19 (4), we show that HB-19A binds the cell-surface-ex-
pressed nucleolin independent of the expression of cell-surface
heparan and chondroitin sulfate proteoglycans. Furthermore,
cross-linking of surface-bound HB-19A results in capping of
surface nucleolin and its colocalization with the pseudopeptide.
By using deletion constructs of nucleolin, the C-terminal tail of
nucleolin containing the nine repeats of the RGG motif was
identified as the HB-19A-binding site. Moreover, this domain
in nucleolin inhibited HIV-1 infection in a dose-dependent
manner by preventing attachment of virus particles to cells.
Our results confirm that nucleolin is the target of the anti-HIV
pseudopeptide HB-19A and point out that the RGG domain
provides a model for the development of novel inhibitors of HIV
infection.

EXPERIMENTAL PROCEDURES

Materials—The monoclonal antibody (mAb) D3 specific for human
nucleolin was provided by Dr. J. S. Deng (24). Rabbit antiserum raised
against a purified preparation of hamster nucleolin was provided by
Dr. M. Erard. mAb CBT4 reacting with the gpl20-binding site in
human CD4 (5) was provided by Dr. Eugene Bosmans (clone CB-T4-2).
mADb N11/20 directed against the V3 loop of HIV-1 LAI isolate was
provided by Dr. J. C. Mazie. mAb 110-4 against HIV-1 LAI V3 loop was
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the generous gift of the Genetic Systems. mAb HB10 AB2A against
CD45 was provided by Dr. R. Siraganian. HIV-1 neutralizing serum 1
and serum 2 and control human IgG were obtained from Dr. L. Vujcic
through the AIDS Research and Reference Reagent Program, AIDS
Program, NIAID, National Institutes of Health. Rabbit anti-biotin con-
centrate (IgG fraction) was obtained from Enzo Dioagnostics, Inc., New
York. FITC-conjugated goat anti-mouse IgG was purchased from
Sigma. FITC-conjugated F(ab’), fragment rabbit anti-human Ig and
Texas Red dye-conjugated donkey anti-rabbit IgG were from Jackson
ImmunoResearch Laboratories. Texas Red dye-conjugated goat anti-
human IgG was from Vector Laboratories. Goat anti-rabbit antibodies
coupled to gold beads of 10 nm in diameter and goat anti-human
antibodies coupled to gold beads of 15 nm in diameter were obtained
from Amersham Biosciences.

Peptide Constructs—In these experiments a new generation of the
HB-19 pseudopeptide 5(Ky( CH,N)PR)-TASP (10) was used in which the
template is made of four lysine residues linked by their e-NH, groups
with an alanine residue introduced as a spacer at the C terminus (1).
The five Ky{CH,N)PR moieties were then assembled on the a-amino
groups of the four lysine residues and on the e-amino group of the
N-terminal lysine residue. This anti-HIV pseudopeptide with the mod-
ified TASP template is referred here as HB-19A. The synthesis of
HB-19A was performed according to the protocol described previously
(1) until the introduction of the N-terminal Lys of the Ky{CH,N)PR
motif. The reduced amide bond between Lys and Pro was formed on the
resin by reductive amination of the nitrogen-protected aminoaldehyde
t-butoxycarbonyl-Lys(¢-butoxycarbonyl)-CHO (2.5-fold excess, twice) in
dimethylformamide containing 1% acetic acid along 1 h (10). For the
synthesis of the biotinylated HB-19A, the biotin moiety was coupled
after the C-terminal Ala using a N-(9-fluorenyl)methoxycarbonyl
(Fmoc)-Lys(biotin)-OH derivative. A 6-aminohexanoic acid was intro-
duced as a spacer between Lys(biotin) residue and the polylysine tem-
plate (1). The anti-HIV cyclic peptide TW70 specific for CXCR4 was
synthesized as described (25, 26). The TW70 peptide has the amino acid
sequence RRWCYRK,KPYRKCR; the pK has been introduced in the
sequence of this peptide to stabilize the B-turn in the final structure.
The synthetic peptide corresponding to the last 63 amino acid residues
at the C-terminal tail of human nucleolin had the following sequence,
amino acids **KGEGGFGGRGGGRGGFGGRGGGRGGRGGFGGRG-
RGGFGGRGGFRGGRGGGGDHKPQGKKTKFE™’. All peptides were
obtained at a high purity (>95%), and their integrity was controlled by
matrix-associated laser desorption ionization-time-of-flight analysis
(27). HB-19A was iodinated (5 X 10® wCi/umol) using the Bolton-
Hunter reagent (PerkinElmer Life Sciences) by a procedure as recom-
mended by the manufacturer.

Cell Lines and Virus Preparations—CEM (clone 13) and MT-4 T-
lymphocyte human cell lines were propagated in RPMI 1640 (BioWhit-
taker, Verviers, Belgium). Human HelLa cells were cultured in Dulbec-
co’s modified Eagle’s medium (Invitrogen). Human HeLa-CD4-LTR-
lacZ expressing or not expressing CCR5 were referred to as HeLa P4-C5
and HeLa P4, respectively. These HeLa cells (provided by Drs. P.
Charneau and O. Schwartz; Institut Pasteur, Paris, France) were cul-
tured in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with G418 sulfate (500 ug/ml) for the HeLa P4 cells and with
G418 sulfate (500 pg/ml)/hygromycin B (300 pg/ml) (Calbiochem-Nova-
biochem) for the HeLa P4-C5 cells (1). Chinese hamster ovary cell lines
were obtained from American Type Culture Collection: wild type cells
(CHO K1) and mutant cells defective in heparan sulfate proteoglycan
expression (CHO 677) or heparan and chondroitin sulfate proteoglycan
expression (CHO 618) (28, 29). CHO cell lines were cultured in Ham’s
F12K medium. All cells were cultured with 10% (v/v) heat-inactivated
(56 °C, 30 min) fetal calf serum (FCS; Roche Molecular Biochemicals)
and 50 IU/ml penicillin-streptomycin (Invitrogen). The HIV-1 LAI iso-
late was propagated and purified as described previously (1, 13). The
HIV-1 Ba-L isolate (30) was provided by the AIDS Program, NIAID,
National Institutes of Health. The m.o.i. of the HIV-1 for different
infections was 1. For the assay of HIV-1 LAI attachment, anchorage and
colocalization studies purified virus was used at an m.o.i. of 3.

Assay of HIV Infection in HeLa CD4" Cells—HIV-1 LAl infection was
monitored indirectly in HeLa-CD4-LTR-lacZ cells (HeLa P4 cells) con-
taining the bacterial lacZ gene under the control of HIV-1 LTR. HIV-1
entry and replication result in the activation of the HIV-1 LTR leading
to the expression of B-galactosidase. At 48 h post-infection, cells were
lysed and assayed for B-galactosidase activity using the chlorophenol
red B-pD-galactopyranoside as a substrate. The absorbance was meas-
ured at 570 nm (1). The HIV-1 Ba-L infection was monitored in HeLa-
CD4-LTR-lacZ cells also expressing CCR5 (HeLa P4-C5 cells) as above
(D).
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Assay of HIV Particle Attachment and Entry—The attachment assay
was carried out at room temperature (20 °C) for 1 h to block viral entry
(31) and potential HIV endocytosis (32). Cells were then washed exten-
sively with culture medium containing 10% FCS to eliminate unbound
HIV particles, and the amount of p24 associated with cells was meas-
ured in nucleus-free cell extracts as an estimate for the amount of HIV
attached to cells by p24 Core Profile enzyme-linked immunosorbent
assay (PerkinElmer Life Sciences) (5, 31). To demonstrate that most of
the p24 associated with cells represented HIV particles bound on the
surface of cells, samples of cells incubated with virus were washed with
PBS (containing 1 mm EDTA) before treatment with trypsin to elimi-
nate virus bound on the cell surface as described before (1). Evidence
that the virus attachment was mediated by the HIV envelope glycopro-
tein gp120 was provided by the capacity of anti-V3 loop mAbs N11/20 or
110/4 to inhibit the attachment process (5).

Confocal Microscopy—For the colocalization experiments, MT4 cells
in RPMI medium containing 10% FCS were incubated in the absence or
presence of HIV (m.o.i. 3) and the biotin-coupled HB-19A (1 um) for 30
min, before washing with RPMI medium containing 1% FCS. Cells were
then further incubated for 60 min in the presence of either anti-HIV
serum (1/50) or rabbit anti-biotin serum (1/100) to cross-link virus
particles and HB-19A adsorbed on the cell surface, respectively. Cells
were first washed in RPMI, 1% FCS and second with PBS before
fixation with 0.25% PFA. Such partially fixed cells were incubated
(20 °C, 45 min) with mAb D3 specific to nucleolin or to mAb HB10
specific to CD45 (10 pg/ml). After washing, cells were fixed with 3.7%
PFA and washed again, and the primary antibodies were revealed by
the addition of either goat Texas Red dye-conjugated anti-human anti-
bodies, donkey Texas Red dye-conjugated anti-rabbit antibodies, or goat
FITC-conjugated anti-mouse IgG. Finally, cells were added in 8-well
glass slides (LAB-TEK Brand, Nalge Nunc International, Naperville,
IL) that were precoated with poly-L-lysine at 30 ug/ml (Sigma) and left
for 15 min before washing the attached cells with PBS and proceeding
for laser scanning confocal immunofluorescence microscopy (Leica
TCS4D) (20).

Anchorage of HIV Particles on Target Cells—HeLa and HeLa P4 cells
were plated 24 h before the experiment in 8-well glass slides. Cells were
then incubated in fresh culture medium in the absence or presence of
different reagents for 30 min at 37 °C before addition of HIV-1 and
further incubation at room temperature for 1 h. Cell monolayers were
then washed with PBS to eliminate unbound HIV particles before
incubation in medium containing 1% FCS and the anti-gp120 mAb
110-4 (20 ug/ml) for 1 h at room temperature to reveal HIV gp120 on the
surface of HIV particles still remaining accessible after virus attach-
ment. Cells were then fixed with 3.7% PFA before addition of goat
FITC-labeled anti-mouse antibodies and processed for confocal micros-
copy (13). Under these experimental conditions the staining was ob-
served only on the cell surface.

Electron Microscopy—MT4 cells in RPMI at 10% FCS were incubated
(30 min at 37 °C) with HIV-1 LAI at an m.o.i. of 3. Cells were then
washed with RPMI at 1% FCS and incubated (60 min, 20 °C) with
anti-HIV-1 human serum (1/50) to cross-link HIV particles bound on
the surface of cells. After washing in culture medium, cells were washed
in PBS and partially fixed with 0.25% PFA for 10 min at 20 °C. After an
extensive wash in PBS, cells were incubated (45 min, 20 °C) with the
biotin-conjugated mAb D3 against nucleolin (10 ug/ml). Cells washed in
PBS were then fixed with 3.5% PFA before addition of rabbit anti-biotin
antibodies (1/100) and incubation for 45 min at 20 °C. These rabbit
antibodies were revealed by goat anti-rabbit antibodies (IgG) coupled to
gold beads of 10 nm in diameter, whereas human antibodies were
revealed by goat anti-human antibodies (IgG) coupled to gold particles
of 15 nm in diameter (1/25). Finally, cells were washed in PBS and fixed
(overnight, 4 °C) in 1.6% glutaraldehyde. After further washing in PBS,
cells were post-fixed with osmium tetroxide, dehydrated in ethanol, and
embedded in Epon. Sections were collected on Formvar carbon-coated
grids, stained with uranyl acetate and lead citrate, and observed using
an electron microscope (Jéel 1200EX).

Assay of HB-19A Binding to Cells—Cells were plated at 10* cells/well
in 96-well plates for the '?*I-labeled HB-19A binding or at 10° cells/well
in 24-well plates for the biotinylated HB-19A binding. Twenty four
hours later, binding experiments were performed after incubation of the
cell monolayers in fresh culture medium for 1 h at room temperature
(about 21 °C) to cool cells. It should be noted that intracellular entry of
HB-19A is inhibited more than 90% at room temperature. Cells were
incubated (30 min at room temperature) with different concentrations
of the ?°I-labeled HB-19A or the biotinylated HB-19A before washing
cells in culture medium containing 10% FCS. For total amount of
binding (specific and nonspecific), cells were washed 7 times with cul-
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ture medium. For specific binding measurements, cells were first
washed 3 times in culture medium supplemented with 150 mm NaCl
thus bringing the final concentration of NaCl to 300 mm followed by 4
washings in culture medium. Washed cells were processed to reveal
either the '?*I-labeled HB-19A or the biotinylated HB-19A. For the
125T]abeled HB-19A binding, cell monolayers were extracted in 1%
SDS, and the radioactivity was measured in an automatic gamma
counter (LKB Wallac Clini Gamma 1272). For the biotinylated HB-19A,
cells were first incubated (30 min, 6 °C) in medium containing strepta-
vidin-horseradish peroxidase conjugate (Amersham Biosciences) before
washing twice with medium followed by two washes in PBS containing
bovine serum albumin (1%). Cell monolayers were extracted in 400 ul of
lysis buffer E (20 mwm Tris-HCI, pH 7.6, 150 mm NaCl, 5 mm MgCl,, 0.2
mM phenylmethylsulfonyl fluoride, 5 mm B-mercaptoethanol, aprotinin
(1000 units/ml), and 0.5% Triton X-100) and the nucleus-free extracts
were centrifuged at 12,000 X g for 10 min. Finally, ortho-phenylenedi-
amine solution was added in the dark, and the absorbance was meas-
ured at 405 nm.

Purification of Cell Surface-associated Nucleolin—These experimen-
tal conditions were optimized previously for samples from CEM and
HelLa cells (3, 4). Briefly, CHO cell monolayers in 150-cm? flasks (about
25 X 106 cells/flask) were incubated in 10 ml of culture medium (Ham’s
F12K medium with 10% fetal calf serum) containing the biotinylated
HB-19A (5 um) for 45 min at 6 °C. After washing extensively in PBS
containing 1 mm EDTA (PBS/EDTA), nucleus-free cell extracts were
prepared in lysis buffer E containing unlabeled HB-19A (50 um). The
complex formed between cell-surface-expressed nucleolin and the bio-
tinylated HB-19A was isolated by purification of the extracts using
avidin-agarose (100 pl; ImmunoPure Immobilized Avidin from Pierce)
in PBS/EDTA. After 2 h of incubation at 4 °C, the samples were washed
extensively with PBS/EDTA. The purified proteins were denatured by
heating in the electrophoresis sample buffer containing SDS and ana-
lyzed by SDS-PAGE. The presence of nucleolin was then revealed by
immunoblotting using rabbit polyclonal antibodies against hamster
nucleolin.

Immunoblotting—Samples were separated on a 10% SDS-PAGE.
After electrophoresis, proteins were transferred to a 0.22-mm polyvinyl-
idine difluoride sheet (Bio-Rad). The electrophoretic blots were satu-
rated with casein-based blocking buffer (Genosys) and washed exten-
sively before incubation with rabbit polyclonal antibodies against ham-
ster nucleolin. After extensive washing, the filter was treated with
horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin
(Amersham Biosciences). The reacting bands were visualized with an
enhanced chemiluminescence (ECL) reagent and by exposure to auto-
radiography film (Amersham Biosciences).

Generation of Deletion Constructs of Human Nucleolin—The
pcDNA4 Nuc, pcDNA4 NucN, and pcDNA4 NucC plasmids encode the
full-length human nucleolin open reading frame, its N-terminal part
(corresponding to the first 275 amino-acids) and its C-terminal part
(corresponding to the last 433 amino-acids), respectively. The full-
length human nucleolin and its truncated derivatives were generated
by PCR using high fidelity DNA polymerase (Expand High Fidelity PCR
System, Roche Molecular Biochemicals) and the following oligonucleo-
tides: NucN-F/NucC-R for Nuc, NucN-F/NucN-R for NucN, and NucC-
F/NucC-R for NucC. The following oligonucleotides were used: NucN-F,
5'-GGGGATCCATGGTGAAGCTCGCGAAGGCAGG-3’; NucN-R, 5'-
CCGAATTCTTCTTTGACAGGCTCTTCCTCCT-3'; NucC-F, 5'-GGGG-
ATCCGAAG CACCTGGAAAACGAAAG-3’; NucC-R, 5'-GGGAATTCC-
TATTCAAACTTCGTCTTCTTTCCTTG-3'. The PCR products, contain-
ing BamHI and EcoRI restriction sites (underlined), were digested by
the corresponding restriction enzymes and inserted between BamHI
and EcoRI sites of the pcDNA4His/Max C plasmid (Invitrogen).

Deletion constructs of the C-terminal half of human nucleolin were
generated by PCR using human nucleolin cDNA as template. R1234G
(1234 corresponding to the four RNA Binding Domains and G to the
Gly/Arg-rich RGG domain) encodes the full-length C-terminal part of
nucleolin and was amplified with RIN and RGGC primers. The other
constructs encode the same part, deleted from one or more domains as
follows: R1234 (RIN/R4C), R12 (RIN/R2C), R123 (RIN/R3C), R234
(R2N/R4C), R234G (R2N/RGGC), R34 (R3N/R4C), R34G (R3N/RGGC),
and RGG (RGGN/RGGC), using the primer pairs indicated in paren-
theses. The sequences of oligonucleotides are as follow: RIN, 5'-GGA-
TCCAATCTCTTTGTTGGAAACCTAAAC-3'; R2N, 5'-GGATCCACAC-
TTTTGGCTAAAAATCTCCCT-3'; R2C, 5'-GAATTCTTTTGATTCACC-
ACTCCAAGTGCT-3"; R3N, 5-GGATCCACTCTGGTTTTAAGCAACC-
TCTCC-3’; R3C, 5'-GAATTCTTTGGATGGCTGGCTTCTGGCATT-3';
R4N, 5'-GGATCCACTCTGTTTGTCAAAGGCCTGTCT-3"; R4C, 5'-GA-
ATTCAGGTTTGGCCCAGTCCAAGGTAAC-3'; RGGN, 5'-GGATCCA-
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AGGGTGAAGGTGGCTTCGGGGGT-3'; and RGGC, 5'-GAATTCCTA-
TTCAAACTTCGTCTTCTTTCC-3'. PCR products were subcloned in
pCR2.1 TOPO plasmid (Invitrogen) by T/A cloning, removed using
BamHI and a EcoRI sites inserted at their 5'- and 3’-ends, respectively
(underlined), and cloned between the corresponding sites of pGEX-N3
plasmid (Amersham Biosciences), in-frame to glutathione S-transferase
(GSTD).

In Vitro Transcription and Translation of Human Nucleolin—The
TNT-coupled reticulocyte lysate system (Promega) was used to produce
the wild type nucleolin (pcDNA4 Nuc) and the N- and C-terminal parts
of nucleolin (pcDNA4 NucN and pcDNA4 NucC containing amino acids
1-308 and 309-707) by in vitro transcription/translation. Reactions
were performed by using 2 ug of each plasmid and 20 uCi of [**S]me-
thionine/cysteine (ProMix; Amersham Biosciences) per 50 ul of TNT
reticulocyte lysate, as specified by the manufacturer.

To assay the HB-19A binding capacity of the generated nucleolin and
nucleolin truncated constructs, 25 ul of translation products were di-
luted in 25 ul of modified BI buffer (20 mm Tris-HCI, pH 7.6, 100 mm
NaCl, 50 mm KCl, 2 mm EDTA, 2% Triton X-100, 1000 units/ml apro-
tinin), centrifuged at 12,000 X g for 10 min at 4 °C, and diluted in 150
wul of PBS. Binding reactions were performed by incubating 200 ul of
each diluted lysates with the biotinylated HB-19A for 1 h at 4 °C.
Complexes formed between nucleolin deletion constructs and biotiny-
lated HB-19A were isolated by purification of the extracts using avidin-
agarose (100 ul) in PBS/EDTA (12). After 2 h of incubation at 4 °C, the
samples were washed extensively with PBS/EDTA. The purified pro-
teins were eluted by heating in the electrophoresis sample buffer con-
taining SDS and analyzed by SDS-PAGE. The [**S]methionine/cys-
teine-labeled proteins were revealed by fluorography.

Expression and Purification of Recombinant Nucleolin Constructs—
Escherichia coli BL21(DE3) cells were transformed with each pGEX-N3
plasmid coding for truncated derivatives of the C-terminal part of
human nucleolin. Cells were grown overnight at 37 °C in 100 ml of
Terrific Broth containing 100 wg of ampicillin per ml. After 1:50 dilution
in 100 ml of fresh medium, cells were grown at 30 °C to a 600 nm
absorbance of ~0.5 (6 h) and induced with 0.5 mM isopropyl-1-thio-D-
galactopyranoside for an additional 2 h. Bacteria were pelleted at
4,000 X g for 10 min at 4 °C, resuspended in 5 ml of PBS containing 0.2
mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol, and frozen
at —20 °C overnight. After being thawed on ice, the bacterial suspen-
sions were frozen again in a dry ice-methanol bath, thawed on ice,
sonicated three times for 30 s each time on ice, adjusted to 1% (w/v) with
Triton X-100, and centrifuged at 9,000 X g for 20 min at 4 °C. The
presence of proteins in cell extracts was monitored by SDS-PAGE with
Coomassie Blue staining, and their respective concentrations were es-
timated and adjusted.

To assay HB-19A binding capacity, bacterial extracts were first di-
luted 5-fold in PBS/EDTA before centrifugation at 12,000 X g for 10 min
at 4 °C. Supernatants were then incubated for 1 h at 4 °C with the
biotinylated HB-19A, and the complexes were recovered on avidin-
agarose (100 pl) in PBS/EDTA by incubation for 2 h at 4 °C. The
samples were washed 3 times with PBS/EDTA and twice with PBS/
EDTA containing additional 150 mm NaCl (resulting to a final concen-
tration of 300 mM NaCl) to eliminate unbound material and also the
non-specifically bound proteins. The purified proteins were eluted by
heating in the electrophoresis sample buffer containing SDS and ana-
lyzed by immunoblotting using anti-GST monoclonal antibody B-14
(Santa Cruz Biotechnology, Inc.).

Purification of the GST Fusion Proteins—The truncated nucleolin
constructs R1234G and R1234 were purified directly from bacterial
lysates using glutathione-Sepharose 4B affinity chromatography (Am-
ersham Biosciences) by a procedure as recommended by the manufac-
turer. The proteins were recovered in the glutathione elution buffer.
The purified proteins were dialyzed against PBS and stored at —80 °C.

RESULTS

Several Components Are Required for Anchorage of HIV Par-
ticles in the Plasma Membrane—The stable (i.e. functional)
association of HIV particles with the plasma membrane of
target cells, referred to as “anchorage,” can be monitored by
inducing the cross-linking of adsorbed virions with anti-gp120
antibodies. Indeed, when particles are bound on the surface of
CD4"-permissive cells, the antibody-induced -cross-linking
leads to their aggregation at one pole of the cell. This antibody-
dependent cross-linking of HIV particles on CD4™" cells permits
monitoring the anchorage of virus particles in the plasma mem-
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brane by confocal laser immunofluorescence microscopy. The
fluorescent signal of HIV is found only at the cell membrane,
because it disappears when scanning is performed at an intra-
cellular level (13). In contrast, although HIV particles are able
to attach to CD4-negative cells, cross-linking with anti-HIV
antibodies washes out particles, thus confirming that attach-
ment alone is not sufficient for anchorage of virions (not
shown). Besides the requirement of CD4, the proper anchorage
of HIV particles on target cells is coordinated by several sur-
face components, including heparan sulfate proteoglycans,
nucleolin, and chemokine receptors. Consequently, anchorage
is inhibited either by neutralizing anti-CD4 antibodies, the
fibroblast growth factor 2 which binds heparan sulfate proteo-
glycans, the pseudopeptides HB-19 or HB-19A which bind
nucleolin, and the TW70 peptide which binds CXCR4 (Refs. 1,
4, 13, and 26 and data not shown).

HB-19A-induced Capping of Surface Nucleolin—By using
the biotinylated HB-19, we have shown previously (3, 4, 12)
that HB-19 binds specifically the cell-surface-expressed nucleo-
lin and forms an irreversible complex with it. The nucleolin-
HB-19 complex then becomes internalized at 37 °C but not at
reduced temperatures (33). Indeed at 20 °C, HB-19 remains
attached to the cell surface without entering the cytoplasm.
Similarly, internalization of the anti-nucleolin antibody is also
blocked at reduced temperatures thus suggesting that inter-
nalization via nucleolin occurs by an active process (20). For
these reasons, cell binding experiments with HB-19A carried
out here were performed at 20 °C.

In general, the cross-linking of a ligand leads to the cluster-
ing or capping of its surface receptor. Accordingly, we investi-
gated distribution of surface nucleolin following the cross-link-
ing of the biotinylated HB-19A using anti-biotin antibodies.
The biotinylated HB-19A binding to MT4 cells was carried out
for a short period at 20 °C before washing cells and further
incubation with anti-biotin antibodies to induce lateral aggre-
gation of HB-19A. Cells were then partially fixed with 0.25%
PFA before adding the monoclonal antibody against nucleolin
to reveal the steady state distribution of nucleolin at the
plasma membrane. Under such experimental conditions, the
nucleolin signal was patched at one pole of the cell, which
coincided with the HB-19A signal (Fig. 14). On the other hand,
in control cells incubated without HB-19A the nucleolin signal
was detected as evenly distributed in the plasma membrane
and in a diffused state (Fig. 1B). The ligand-dependent capping
of surface nucleolin observed in the presence of HB-19A ap-
peared to be a specific event because the distribution of another
surface protein CD45 was affected only slightly. In control
cells, the CD45 signal was found to be more or less evenly
distributed at the periphery of cells, and when HB-19A was
aggregated at distinct spots, the distribution of CD45 still
remained somewhat around the cell periphery, although more
condensed signals at positions when the HB-19A spots were
observed (Fig. 1C). This latter was most probably due to patch-
ing of membrane components (34) at positions where HB-19A
was aggregated. Interestingly, capping of surface nucleolin was
also observed in cells following cross-linking of HIV particles
bound to cells, and consequently the HIV signal became colo-
calized with that of nucleolin (Fig. 1D). Under such experimen-
tal conditions HIV particles also cause capping of CD4 and
CXCR4 but not CD45 (34). It should be noted that the binding
of the parental HB-19 to surface nucleolin is prevented by
preincubation of cells with HIV particles thus suggesting the
existence of a competition between HIV and HB-19 to bind
surface nucleolin (4). This and the capacity of HB-19A and HIV
to cluster surface nucleolin are consistent with the nucleolin
being a common target for both ligands.
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Fic. 1. Cross-linking of surface-bound HB-19A or HIV particles
results in capping of surface nucleolin. A-C, MT4 cells were incu-
bated with the biotinylated HB-19A at 20 °C for 30 min before further
incubation (20 °C for 60 min) in the presence of rabbit anti-biotin
antibodies (panels HB-19A-TR) to induce patching of surface-bound
HB-19A. After partial fixation, the coaggregation of HB-19A with
nucleolin (A and B) and CD45 (C) was investigated using murine mAbs
against nucleolin and CD45. B, the experiment was as in A but in the
absence of HB-19A. D, MT4 cells were incubated (37 °C, 30 min) with
HIV-1 LAI before washing and further incubation (20 °C for 60 min) in
the presence of anti-HIV human serum to induce aggregation of virus
particles bound to cells (34). After partial fixation, the coaggregation of
HIV with nucleolin was investigated by using the anti-nucleolin mAb.
Bound rabbit antibodies were revealed by donkey Texas Red dye (TR)-
conjugated anti-rabbit antibodies, and human antibodies were revealed
by goat Texas Red dye-conjugated anti-human antibodies, whereas
murine mAbs were revealed by goat FITC-conjugated anti-mouse IgG.
A cross-section for each staining is shown with the merge of the two
colors and the respective phase contrast. Experimental conditions are
described under “Experimental Procedures.”

By electron microscopy, we have demonstrated previously
(20) that when surface nucleolin is cross-linked by the anti-
nucleolin antibody, it becomes clustered at the external side of
the plasma membrane. Here we show that in MT4 cells with
anchored HIV, surface nucleolin also becomes abundant at a
region in close contact with HIV particles (Fig. 24). This is
revealed by the presence of several gold particles of 10 nm in
diameter corresponding to the anti-nucleolin antibody. In some
cases, we were able to colocalize the nucleolin signal with that
of the gp120 on the HIV particle. An example is shown in Fig.
2B showing a 15 nm gold particle corresponding to the anti-
gp120 antibody surrounded by four 10 nm gold particles corre-
sponding to the anti-nucleolin antibody. The detection of gp120
on the surface of HIV particles was dependent on its associa-
tion with the plasma membrane (Fig. 2B). This is due to the
fact that gp120 being associated non-covalently with gp41 be-
comes readily shed off the HIV particles during manipulation
(35, 36), particularly during washing virus particles by centrif-
ugation. In our experimental procedures, there were 12 steps of
centrifugation of HIV-infected cells before processing for elec-
tron microscopy. Moreover, the antibody against gpl120 can
exert an additional tension on gp120 leading to the shedding of
gpl20-antibody complexes from the part of HIV virions not
trapped with components of the plasma membrane. The pres-
ence of nucleolin at the external side of the plasma membrane,
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FiG. 2. Interaction of HIV particles with surface nucleolin. HIV
particles bound on the surface on MT4 cells were cross-linked with an
anti-HIV antibody and incubated under different conditions as de-
scribed under “Experimental Procedures.” A, nucleolin was revealed by
using anti-nucleolin antibodies and secondary antibodies coupled to
gold beads of 10 nm. Typical results are presented here. Indeed, each
time an HIV particle was observed in the close vicinity of the plasma
membrane, we also detected the nucleolin signal. Note the presence of
nucleolin at the external side of the plasma membrane where fiber
tracts between the HIV particle and plasma membrane are observed. B,
nucleolin was revealed as above, and anti-HIV antibodies were revealed
by secondary antibodies coupled to gold beads of 15 nm. Four 10 nm
beads corresponding to the nucleolin signal surround the 15 nm bead
corresponding to the gp120 signal. As nucleolin is not detectable in
concentrated HIV preparations, the 10 nm gold beads in B should
correspond to surface nucleolin which looks somehow detached from the
cell surface and most probably occurred during the preparation of the
sample.

where fiber tracts between the HIV particle and plasma mem-
brane are observed (37), further illustrates the colocalization of
HIV particles with surface nucleolin and suggests the existence
of a direct contact of HIV particles with nucleolin.

The Binding of HB-19A to the Cell-surface-expressed Nucleo-
lin Does Not Require Heparan and Chondroitin Sulfate Proteo-
glycans—The specific and nonspecific binding of HB-19A to
HeLa P4 cell monolayers can be monitored by washing cells at
300 and 150 mm NaCl, respectively. In cells washed at 300 mm
NaCl, specific binding occurs in a dose-dependent manner and
reaches a saturation at 1 um HB-19A (Fig. 3A), at a dose that
has been shown to inhibit more than 95% HIV infection in
different types of cells (1, 10). Interestingly, the nonspecific
binding mostly occurred when the specific binding of HB-19A
had reached saturation. Indeed, at concentrations of HB-19A
less than 1 um there was no apparent difference between the
binding values in the absence or presence of 300 mm NaCl
wash.

To evaluate the potential requirement of heparan and chon-
droitin sulfate proteoglycans in the capacity of HB-19A to bind
cells, we used Chinese hamster ovary mutant cell lines that are
deficient in the expression of heparan sulfate proteoglycans
(CHO 677) or both heparan and chondroitin sulfate proteogly-
cans (CHO 618) (28, 29). The HB-19A binding profile on the
wild type CHO cells (CHO K1) was similar to that observed for
the HeLa cells, because the binding was dose-dependent and
reached a saturation at 1 um of HB-19A (Fig. 3B). Interestingly,
no significant difference was observed in the HB-19A binding
profile between the CHO K1 and CHO 618 that was devoid of
heparan and chondroitin sulfate proteoglycans (Fig. 3B). More-
over, no significant difference was observed in the kinetics of
HB-19A binding to the wild type and mutant CHO cell lines
(not shown). To demonstrate that the binding of HB-19A to
nucleolin is independent of heparan and chondroitin sulfate
proteoglycans, we monitored the capacity of HB-19A to form a
complex with the surface nucleolin expressed in different types
of CHO cell lines. For this purpose, cells were incubated with
the biotinylated HB-19A at 6 °C, and the complex formed be-
tween surface nucleolin and HB-19A was recovered by purifi-
cation of nucleus-free extracts using avidin-agarose. The pres-
ence of nucleolin was then revealed by immunoblotting. Fig. 4
shows the recovery of surface nucleolin at comparable levels
from the different CHO cell lines independent of the expression
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Fic. 3. Binding of HB-19A to cells does not require heparan and chondroitin sulfate proteoglycans. A, specific and nonspecific binding
of HB-19A to cells was investigated by incubation of HeLa P4 cells with different concentrations of the '?°I-labeled HB-19A. The specific binding
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was measured after washing cells in 300 mm NaCl. B, specific binding of the biotinylated HB-19A to wild type CHO K1 cells and mutant CHO 618
cells not expressing heparan and chondroitin sulfate proteoglycans. The experimental conditions were as described under “Experimental

Procedures.”
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FiGc. 4. Binding of HB-19A to the cell-surface-expressed nucleo-
lin does not require heparan and chondroitin sulfate proteogly-
cans. Wild type CHO K1 cells and mutant CHO cell line 677 (not
expressing heparan sulfate proteoglycans) and 618 (not expressing both
heparan and chondroitin sulfate proteoglycans) were incubated with
the biotinylated HB-19A for the recovery of surface-expressed nucleolin
(“Experimental Procedures”). Samples of crude nucleus-free extracts
(lanes E) and surface nucleolin (lanes S) were analyzed by immunoblot-
ting for the detection of nucleolin. Material extracted from 1.5 X 10°
and 107 cells was analyzed in lanes E and S, respectively.

of heparan and chondroitin sulfate proteoglycans. These obser-
vations are consistent with our previous results (4) showing
that HB-19A binding to cells and complex formation with sur-
face nucleolin is independent of heparan sulfate proteoglycans.
In the different CHO cell clones, the amount of cell-surface
nucleolin was estimated to be less than 15% of the total nucleo-
lin recovered in the nucleus-free cell extracts.

The C-terminal Tail of Nucleolin Containing the RGG Re-
peats Is the Site of Binding to HB-19A—Because of the cationic
nature of HB-19 analogues, we had previously proposed that
the N-terminal part of nucleolin containing long stretches of
acidic amino acids represents a potential binding site for these
pseudopeptides (3). To illustrate this, we generated truncated
constructs of nucleolin corresponding to its N- and C-terminal
parts by in vitro transcription/translation in the rabbit reticu-
locyte lysate system, because the full-length nucleolin and the
N-terminal part of nucleolin cannot be expressed in E. coli (38).
In the reticulocyte lysate system, we produced [3°S]Met/Cys-
labeled full-length nucleolin, N-terminal and the C-terminal
parts containing amino acids 1-707, 1-308, and 309-707, re-
spectively (Figs. 5A and 6). Crude labeled products were then
incubated with different concentrations of the biotinylated HB-
19A, and the complex was recovered by avidin-agarose. As
expected, the full-length nucleolin was found to bind HB-19A.
Intriguingly, the N-terminal part of nucleolin containing the
acidic stretches did not bind at all, whereas the C-terminal part
was bound efficiently to HB-19A (Fig. 6). To further character-
ize the binding domain of HB-19A, we generated truncated
constructs of the C-terminal part of nucleolin in E. coli fused
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Fic. 5. The structure of human nucleolin and deletion con-
structs. A, schematic structure of nucleolin and the constructs corre-
sponding to the N- and C-terminal parts of nucleolin. In the nucleolin
structure, the positions of the long stretches of acidic domains (A1, A2,
A3, and A4), the bi-partite nuclear localization signal (nls), the four
RNA binding domains I, II, ITI, and IV, and the C-terminal tail con-
taining the nine repeats of RGG are as indicated. The N-terminal part
of nucleolin (referred to as NucN) and the C-terminal part of nucleolin
(referred to as NucC) corresponded to amino acids 1-275 and 276-707,
respectively. B, deletion constructs of the C-terminal part of nucleolin
(amino acids 308-707). All these constructs were generated as a fusion
protein with GST; GST is at the N-terminal end of the fusion protein.
The C-terminal part of nucleolin was referred to as R1234G for the RNA
binding domains (RBDs) I-IV and the RGG domain at the C-terminal
tail. Eight deletion constructs of R1234G were generated expressing
different RBDs with or without the RGG domain: R1234, R12, R123,
R234, R234G, R34, R34G, and G. The — and + signs next to each
construct indicates binding capacity to HB-19A.

with GST as a tag to permit their detection by antibodies
against GST. The C-terminal part of nucleolin was referred to
as R1234G; R1234 for the RNA binding domains (RBDs) I, II,
II1, and IV, and G for the RGG domain at the C-terminal tail.
Eight deletion constructs of R1234G were generated expressing
different RBDs with or without the RGG domain: R1234, R12,
R123, R234, R234G, R34, R34G, G (Fig. 5B). The HB-19A
binding capacity of each construct was then investigated by
incubation of crude bacterial extracts with the biotinylated
HB-19A. The results show that the presence of the RGG do-

8T0Z ‘8T aunC uo anbwouo.By aydJeydey B ap [euolIeN NNsu| WEN| e /610°5q [-mmmw/:dny wouy papeojumod


http://www.jbc.org/

Mechanism of Action of the Anti-HIV Pseudopeptide HB-19

Nueleolin N-Terminal _C-Terminal
E 0 05 1 E 005 1 E 0 05 1
- ' -
97 - - -N
66 -
i - . NNt - - - - N/Ct
30-

Fic. 6. HB-19A binds to the C-terminal part of nucleolin. The
[2°S]Met/Cys-labeled full-length nucleolin, N-terminal and the C-termi-
nal parts containing amino acids 1-707, 1-275, and 276707, respec-
tively, were generated using an in vitro transcription-translation sys-
tem. Crude labeled products were then incubated with 0, 0.5, or 1 um
biotinylated HB-19A, and the complexes formed between nucleolin and
HB-19A were recovered by avidin-agarose (lanes 0, 0.5, and 1). The
purified proteins were eluted by heating in the electrophoresis sample
buffer containing SDS, analyzed by SDS-PAGE, and the labeled bands
revealed by fluorography (“Experimental Procedures”). An aliquot of
the crude labeled products was diluted in an equal volume of 2X
electrophoresis sample buffer containing SDS and analyzed by SDS-
PAGE (lanes E). N, N/Nt, and N/Nc indicate the position of the full-
length nucleolin, nucleolin/N-terminal part, and nucleolin/C-terminal
part, respectively. The numbers on the left indicate the position of
molecular mass (in kDa) protein markers.

main determines the HB-19A binding capacity of a given con-
struct in the C-terminal part of nucleolin. Furthermore, the
RGG domain alone is sufficient for binding (Fig. 7). The faint
binding of some constructs lacking the RGG domain was most
probably nonspecific because it was not dependent on the con-
centration of HB-19A (Fig. 8, lanes R1234 and R234). On the
other hand, the binding of constructs containing the RGG do-
main was increased with the dose of HB-19A and reached a
maximum value at 5 um HB-19A (Fig. 8, lanes 1234G, R234G,
and G).

The C-terminal Part of Nucleolin Containing the RGG Do-
main Inhibits HIV Infection—The nucleolin constructs R1234G
and R1234 were purified by using a glutathione-Sepharose
column and assayed for their potential capacity to inhibit
HIV-1 infection in the HeLa P4 cell experimental model (Fig.
9). The HeLa P4 cells provide an efficient system to monitor
inhibitors of the T-lymphocyte-tropic HIV-1 LAI attachment
and entry into cells. For example, pretreatment of cells with
HB-19 or HB-19A leads to inhibition of HIV entry at the level
of HIV attachment to cells (1, 4) (Fig. 9). In the presence of the
R1234G construct, HIV infection was inhibited by more than
75%, whereas the R1234 construct lacking the RGG domain
had no effect. In view of this result, we then synthesized a
peptide corresponding to the last 63 amino acids of nucleolin
containing the nine repeats of RGG. This peptide referred to as
NP63, for nucleolin peptide containing 63 amino acids, inhib-
ited completely HIV-1 LAI infection (Fig. 9A4). The NP63 effect
was most probably mediated via its affinity to bind HIV. In-
deed, cells pretreated with NP63 manifested no resistance to
HIV when the culture supernatants containing the peptide
were replaced by fresh culture media before addition of HIV
(not shown). In contrast, we have demonstrated previously (1)
that HB-19-pretreated cells remain resistant to HIV even sev-
eral hours after removal of the culture medium containing the
inhibitor. NP63 inhibited HIV-1 LAI infection in a dose-de-
pendent manner with an IC;, value of 5 um (Fig. 9B). This was
the consequence of inhibition of virus attachment to cells in a
dose-dependent manner (Fig. 9D). The IC;, value for the inhi-
bition of HIV-1 LAI attachment by NP63 was estimated to be 5
uM. The inhibitory effect of N63 was not restricted to T-lym-
phocyte-tropic HIV-1 isolates, because it inhibited also mac-
rophage-tropic HIV-1 Ba-L isolate in a dose-dependent manner
with an IC;, value of 1 um (Fig. 9C). Therefore, HIV-1 Ba-L
appears to be more sensitive to the inhibitory effect of N63
compared with HIV-1 LAIL. Whether this is due to the presence
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Fic. 7. HB-19A binds the RGG domain in the C-terminal part of
nucleolin. A, expression of the GST fusion/deletion constructs of the
C-terminal part of nucleolin. Aliquots of the crude bacterial extracts
(containing equivalent amounts of protein) were diluted in an equal
volume of 2X electrophoresis sample buffer containing SDS and ana-
lyzed by immunoblotting using anti-GST antibodies. In the different
constructs, the bands lower than the most upper band represent deg-
radation products. (Partial cleavage of nucleolin has been shown to
occur under different experimental conditions (3, 52).) B, the binding of
the constructs to HB-19A. Aliquots of the crude bacterial extracts
(containing equivalent amounts of protein) were incubated with 5 um of
the biotinylated HB-19A, and the complexes formed between a given
construct and HB-19A were recovered by avidin-agarose. The purified
proteins were eluted by heating in the electrophoresis sample buffer
containing SDS and analyzed by immunoblotting using anti-GST anti-
bodies. Experimental details are described under “Experimental Proce-
dures.” The numbers on the left (in A and B) indicate the position of
molecular mass (in kDa) protein markers.
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Fic. 8. The dose-dependent binding of HB-19A to the C-termi-
nal part of nucleolin. Aliquots of the crude bacterial extracts (con-
taining equivalent amounts of protein) were incubated with the bioti-
nylated HB-19A at 0, 0.5, 1, 2, 5, and 10 uM concentrations, and the
complexes formed between a given construct and HB-19A were recov-
ered by avidin-agarose. The purified proteins were eluted by heating in
the electrophoresis sample buffer containing SDS, analyzed by immu-
noblotting using anti-GST antibodies. A section of each gel in the region
of the corresponding band is presented.

of a lower number of basic residues in the V3 loop of macroph-
age-tropic HIV-1 isolates compared with that of T-lymphocyte-
tropic HIV-1 isolates (39) remains to be investigated.

DISCUSSION

We have reported previously (4) that HIV particles can prevent
the binding of HB-19 to cells and complex formation with surface
nucleolin, thus suggesting that HB-19 and HIV interact with a
common site in nucleolin. Accordingly, cross-linking of either
cell-bound HB-19A or HIV particles leads to capping of sur-
face nucleolin in accord with ligand-dependent clustering of a
common surface receptor. These observations and the pres-
ence of surface nucleolin in the vicinity of HIV particles
observed in electron micrographs are consistent with the
implication of surface nucleolin in the HIV attachment and
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Fic. 9. The RGG domain of nucleolin inhibits HIV infection by blocking attachment of virus particles to cells. A, inhibition of HIV
infection by the C-terminal part of nucleolin. HIV-1 LAI infection was monitored in HeLa P4 cells by the expression of the lacZ gene (corresponding
to B-galactosidase) under the control of HIV-1 LTR (1). Cells were infected in the presence of either AZT (5 um), HB-19A (1 pum), R1234G and R1234
constructs (each at 25 pg/ml), and NP63 peptide (20 um). The B-galactosidase activity was measured at 48 h post-infection (A5, ,...)- Each point
represents the mean of duplicate samples. B, the NP-63 peptide corresponding to the RGG domain of nucleolin inhibits HIV-1 LAI infection in a
dose-dependent manner. HeLa P4 cells were infected in the presence of HB-19A (1 uM) or 2, 5, 10, and 20 uM of the NP63 peptide. The
B-galactosidase activity was measured as in A. The mean * S.D. of triplicate samples is shown. C, the NP-63 peptide inhibits HIV-1 Ba-L infection
in HeLa P4-C5 cells in a dose-dependent manner. HeLa P4-C5 cells were infected in the presence of AZT (5 um) or 1, 2.5, 5, and 10 uM of the NP63
peptide. The B-galactosidase activity was measured as in A. The mean * S.D. of triplicate samples is shown. Note that at 10 uM of the NP63 peptide
the inhibition is as efficient as AZT (which gives the background value in HeLa P4-C5 cells). D, the NP-63 peptide corresponding to the RGG
domain of nucleolin inhibits HIV attachment. Assay of HIV-1 LAI attachment (“Experimental Procedures”) was performed in the presence of
HB-19A (1 pum) or 2, 5, 10, and 20 uM of the NP63 peptide. The concentration of the HIV-1 core protein p24 was measured in cell extracts as an

estimation of the amount of HIV attached to cells. The mean * S.D. of triplicate samples is shown.

anchorage process. By the in vitro transcription-translation
system, we identified that the C-terminal part of nucleolin is
the domain that binds HB-19A, whereas the N-terminal part
does not bind at all. This lack of interaction between the
cationic HB-19A and the N-terminal part of nucleolin con-
taining long stretches of acidic amino acid residues, and its
specific binding to cells independent of expression of anionic
proteoglycans, indicates that the binding of HB-19A with
nucleolin is not simply a matter of charge. The specific nature
of HB-19 interaction with nucleolin has also been demon-
strated recently in vivo in rats (33). Indeed, HB-19 was
shown to be preferentially taken up in vivo by lymphoid
organs where it forms a stable complex with nucleolin. Thus
the molecular target of HB-19 in vivo is once again nucleolin
(33).

Several reports (3, 4, 15, 18, 19, 21, 22) have demonstrated
that surface nucleolin functions as a receptor for different
ligands. By studies using electron and confocal laser immuno-
fluorescence microscopy, we have confirmed that nucleolin is
expressed at the cell surface where it exists in close association
with the intracellular actin cytoskeleton (20). As the amino acid
sequence of nucleolin does not predict a hydrophobic domain to
account for its anchorage into the plasma membrane, associa-
tion of nucleolin with actin could be mediated by an integral
membrane protein that binds both nucleolin and actin fila-
ments. Whatever is the case, surface nucleolin is tightly asso-
ciated with the plasma membrane because extensive washing
of cells with high concentrations of EDTA, EGTA, or NaCl has
no effect (20). However, surface nucleolin is readily solubilized
by treatment of cells with a non-ionic detergent. Recently, we
reported that surface nucleolin becomes detergent-resistant

following HIV anchorage to cells and is recovered along deter-
gent-insoluble membrane microdomains containing lipid raft
components, such as CD59 and CD90 (34). At the cell surface,
cross-linking of HIV particles results in coaggregation of HIV
particles with CD4, CXCR4, CD56, and CD90 in addition to
surface nucleolin. The aggregation of these antigens is a spe-
cific event because the surface distribution and organization
CD45 are not affected. Equilibrium density fractionation of
extracts from infected cells revealed that HIV proteins and
nucleolin copurify with Triton X-100-resistant glycolipid-en-
riched membrane microdomains-associated proteins. After HIV
entry, nucleolin is recovered also in fractions containing HIV
DNA, viral matrix, and reverse transcriptase, thus suggesting
that it could accompany viral entry. Interestingly, surface
nucleolin is markedly down-regulated a few hours following
HIV entry into permissive cells, an effect that appears to be the
consequence of its translocation into the cytoplasm. Thus an-
chorage of HIV particles on permissive cells induces aggrega-
tion of surface nucleolin and its association with detergent-
insoluble lipid raft components. Moreover, our results also
supported the suggestion that surface nucleolin and lipid rafts
are implicated in early events in the HIV entry process (34).
By using truncated deletion constructs of the C-terminal
part of nucleolin, we identified the C-terminal tail of nucleolin
containing the RGG domain as the site that binds the pseu-
dopeptide HB-19A. Preliminary observations suggest that the
nine RGG repeats at the C-terminal tail of nucleolin are nec-
essary for HB-19A binding. Indeed, synthetic peptides contain-
ing four or five RGG repeats were found not to bind HB-19A
and moreover not affect HIV infection (data not shown). Con-
sequently, the nine RGG repeats in the nucleolin tail appear to
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be required to generate a conformation that is optimum for
HB-19A binding and inhibition of HIV infection. The arginine
residues in the RGG domain of nucleolin purified from eucary-
otic cells are found to exist as N9, N®-dimethylarginine (40, 41).
The significance of this post-translational modification of the
RGG domain on the binding to HB-19A is not known. However,
it is unlikely that it is essential for HB-19A binding because the
nucleolin C-terminal constructs expressing the RGG domain
that we generated in E. coli were shown to bind HB-19A effi-
ciently. Previously, the RGG domain in nucleolin has been
reported to bind RNA (42), rDNA (43), and subset of ribosomal
proteins (44). Studies using a combination of circular dichroism
and infrared spectroscopy have provided evidence that re-
peated B-turns are a major structural component of the RGG
domain and might play a role in the formation of protein-
protein interactions (42). It should also be noted that the RGG
domain contains five phenylalanine residues that potentially
could establish cation-7 interactions (45) with the arginine and
lysine residues accessible in HB-19A or in the V3 loop of HIV.
Indeed, a large amount of evidence has now established the
importance of the cation-7 interactions as a force for molecular
recognition in a number of biological binding sites for cations.
The cation-7 interaction is a general noncovalent binding force,
in which the face of an aromatic ring (Phe, Tyr, and Trp)
provides a region of negative electrostatic potential that can
bind cations with considerable strength (45, 46). The cation-7
interactions have been considered in such diverse systems as
acetylcholine receptors, K* channels, the cyclase methylation
reactions involving S-adenosylmethionine, and finally in spe-
cific drug-receptor interactions (45, 47, 48). Recently, cation-m
interactions between amino acid side chains of basic amino
residues on the one hand and of the aromatic amino acids on
other hand have been shown to play an important role in
intermolecular recognition at the protein-protein interface (49).
In accord with this, the RGG domain has been implicated in the
process of self-annealing of nucleolin (50). Interestingly, an
analogous RGG domain in the C terminus of the heterogeneous
nuclear ribonucleoprotein Al has also been shown to mediate
protein-protein interactions (51). As the RGG domain in
nucleolin is the binding site of HB-19A, then the C-terminal
tail of nucleolin should be well exposed on the cell surface
because HB-19 and HB-19A analogues bind readily to the
cell-surface-expressed nucleolin (4) (Fig. 4). We have reported
(3) that the HIV-1 external envelope gpl120 binds with high
affinity a partially purified preparation of nucleolin. The fact
that the binding of gp120 to nucleolin is inhibited by HB-19
suggests that the RGG domain in surface nucleolin could rep-
resent a potential site for binding of HIV particles.

The demonstration that the anti-HIV pseudopeptide binds
the C-terminal RGG domain of nucleolin further demon-
strates that nucleolin is a specific target for the action of
inhibitors of HIV infection (1, 4). This and the fact that the
synthetic NP63 peptide corresponding to the RGG domain
inhibits HIV infection by preventing virus binding to cells is
consistent with the implication of nucleolin at an early phase
of HIV infection. As the NP63 peptide inhibits HIV attach-
ment in a dose-dependent manner, it provides a novel inhib-
itor of HIV infection that blocks virus particle attachment to
cells. The NP63 peptide could be used as a model for the
development of novel inhibitors of HIV infection with a dis-
tinct mode of antiviral action.
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