
B
P

A
a

b

a

A
R
R
A

K
A
H
T
H
I
V
2
E
A

1

r
e
a
e
(
c
1
v
k
i
s
s
a
e

B
T

0
d

Antiviral Research 87 (2010) 30–39

Contents lists available at ScienceDirect

Antiviral Research

journa l homepage: www.e lsev ier .com/ locate /ant iv i ra l

SA conjugates bearing multiple copies of the basic domain of HIV-1 Tat:
rototype for the development of multitarget inhibitors of extracellular Tat

ntonella Bugatti a, Paola Chiodelli a, Joseph Rosenbluhb, Abraham Loyterb, Marco Rusnati a,∗

Department of Biomedical Science and Biotechnology, School of Medicine, University of Brescia, 25123 Brescia, Italy
Department of Biological Chemistry, The Alexander Silberman Institute of Life Sciences, The Hebrew University of Jerusalem, 91904 Jerusalem, Israel

r t i c l e i n f o

rticle history:
eceived 20 November 2009
eceived in revised form 2 March 2010
ccepted 6 April 2010

eywords:
IDS
IV
ransactivation
eparan sulfate proteoglycans

a b s t r a c t

The transactivating factor (Tat) of HIV-1 is involved in AIDS progression and associated pathologies.
Tat possesses a basic amino acid sequence implicated in heparan sulfate proteoglycan (HSPG)-mediated
internalization, nuclear localization and transactivation by Tat and in the interaction of Tat with inte-
grins and with the vascular endothelial growth factor receptor 2 (KDR) (kinase insert domain receptor).
A BSA conjugate bearing an average of four copies of a peptide representing the basic domain/nuclear
localization signal of Tat (BSA-Tat-NLS) inhibits transactivation by Tat exogenously added to cells but not
by Tat endogenously produced after cell transfection with a tat cDNA, indicating that BSA-Tat-NLS does
not interfere with Tat at an intracellular level. Surface plasmon resonance (SPR) experiments revealed
that BSA-Tat-NLS binds to the HSPG analogue heparin. Accordingly, BSA-Tat-NLS binds to HSPGs of HL3T1
ntegrins
ascular endothelial growth factor receptor

ndothelial cells
ngiogenesis

cell surface and inhibits HSPG-dependent Tat internalization. BSA-Tat-NLS retains its inhibitory potential
when pre-incubated with HL3T1 cells before Tat administration, possibly by masking cell-surface HSPGs
thus preventing Tat binding and internalization. SPR experiments revealed that BSA-Tat-NLS binds also to
integrin �v�3 and KDR. Accordingly, it inhibits pro-angiogenic endothelial cell adhesion to Tat and moto-
genesis. In conclusion, BSA-Tat-NLS binds/masks three different cell-surface receptors of Tat inhibiting
different biological activities. These data point to BSA-Tat-NLS as a prototype for the development of

with
Tat-antagonists endowed

. Introduction

HIV-1 Tat is a transcriptional activator of the viral long terminal
epeat (LTR) promoter that is essential for viral replication (Dayton
t al., 1986; Fisher et al., 1986). Tat is a polypeptide of 86–102
mino acids, depending on the viral strain, which is encoded by two
xons and is translated from multiply spliced 2-kilobase mRNAs
Schwartz et al., 1990). In HIV+ cells, Tat must be actively translo-
ated to the nucleus to exert its transactivating function (Cullen,
995). Usually, translocation of molecules to the nucleus occurs
ia the nuclear pore complex and is governed by cellular proteins
nown as importins (Kim et al., 1992). The interaction between
mportins and target proteins is mediated by nuclear localization

ignals (NLSs) present in the latter. NLSs are short amino acid
tretches usually containing positively charged residues such as Lys
nd Arg (Jans et al., 2000). Within the sequence encoded by the first
xon of tat is present an amino acid sequence (49–57) (also known
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el.: +39 0303717315; fax: +39 0303701157.
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a multitargeted mechanism of action.
© 2010 Elsevier B.V. All rights reserved.

as the basic domain of Tat) constituted by a stretch of repeated Arg
and Lys residues that is highly immunoreactive and well conserved
among Tat isolated from different HIV-1 strains (Goldstein, 1996).
This basic domain plays different roles in the intracellular fate of
Tat: it acts as an effective Tat NLS, able to mediate nuclear import
of large cargoes (Efthymiadis et al., 1998; Gautier et al., 2005). Also,
it is necessary for Tat stability inside the cell and for Tat interaction
with the transactivation responsive region (TAR) RNA (Watson and
Edwards, 1999).

Although originally discovered as an intracellular transactivator,
Tat can be released by HIV+ cells (Ensoli et al., 1993). Extracellular
Tat enters latently HIV+ cells and activates the transcription of the
viral genome (Mann and Frankel, 1991). In AIDS patients, HIV re-
activation by extracellular Tat may explain the “burst” of replication
associated with early phases of HIV infection, where synchronized
virion replication takes place (Peterlin et al., 1993). Extracellular Tat
uptake by cells occurs via the interaction of cell-surface heparan
sulfate proteoglycans (HSPGs) with the basic domain/NLS of Tat

(Rusnati et al., 1998; Futaki et al., 2001). Accordingly, this sequence
has been exploited as an effective protein transduction domain to
mediate cell internalization of a variety of molecules (Fittipaldi and
Giacca, 2005; Chauhan et al., 2007). Extracellular Tat can act also as
a cytokine, targeting HIV-non permissive cells [including endothe-

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:rusnati@med.unibs.it
dx.doi.org/10.1016/j.antiviral.2010.04.004
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Table 1
Peptides used in this study.

Peptide Sequence Derived from

SV40-NLS PKKKRKV*
SV40 T-antigen

SV40 reverse (rev) VKRKKKP*

Tat-NLS
GRKKRRQRRRAHQN* HIV-1 transcription

activation proteinKALGISYGRKKRRQRRRAH
p53 MFRELNEALELKDAQA* tumor suppressor
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eptides derived from SV40 and Tat act as nuclear localization signal (Hodel et al.,
001; Gautier et al., 2005). The peptide derived from p53 acts as nuclear export
ignal (Liang and Clarke, 2001). *Peptides fused to BSA on the average of 4 copies/BSA
onomer (Friedler et al., 1999).

ial cells (ECs) (Rusnati and Presta, 2002a)], and inducing a variety
f biological effects that contribute to the pathogenesis of AIDS-
ssociated pathologies (Rusnati and Presta, 2002a). Tat exerts these
ffects by interacting with different cell-surface receptors including
ntegrins (Urbinati et al., 2005a), the vascular endothelial growth
actor receptor 2 (KDR) (kinase insert domain receptor) (Albini et
l., 1996b) and the chemokine receptors CXCR4 and CCL5 (Albini
t al., 1998). Interestingly, the interaction of Tat with integrins and
DR occurs, at least in part, through the basic domain/NLS of Tat

Rusnati et al., 2001b; Urbinati et al., 2005a), as already seen for
SPGs. At variance, the interaction of Tat with chemokine recep-

ors occurs through its cystein-rich domain (amino acid sequence
4–51) (Albini et al., 1998).

In conclusion, by acting with both intra- and extracellular mech-
nisms of action, Tat plays crucial roles in HIV replication and in the
athogenesis of AIDS-associated diseases, Tat being considered as a
ivotal target for the development of anti-AIDS therapies. Accord-

ngly, numerous intra- (Richter and Palù, 2006) and extracellular
Rusnati et al., 2005) inhibitors of Tat have been developed. In this
cenario, the basic domain/NLS of Tat emerges as a pivotal molec-
lar target because of its involvement in many important aspects
f Tat biology both inside and outside the cell.

Conjugation of synthetic peptides to carriers such as bovine
erum albumin (BSA) leads to multivalent complexes that increase
lmost a thousand fold the binding affinity of the peptides for their
atural ligands (Goldfarb et al., 1986). In effect, NLSs have been
uccessfully conjugated to BSA to produce complexes that retain
uclear localization capacity (Goldfarb et al., 1986; Hariton-Gazal et
l., 2003; Armon-Omer et al., 2004). Accordingly, BSA bearing cova-
ently attached peptides representing the basic domain/NLS of Tat
cts as a nuclear import vehicle in permeabilized cells (Krichevsky
t al., 2005).

On these bases, we decided to evaluate the capacity of Tat-NLS,
efore or after its fusion to BSA in multiple copies (BSA-Tat-NLS),
o interfere with the intra- and extracellular activity of Tat. The aim
as to validate the use of this class of compounds as a prototype for

he development of Tat-antagonists endowed with a multitargeted
echanism of action.

. Materials and methods

.1. Reagents

86 amino acid HIV-1 Tat was expressed and purified by
scherichia coli as glutathione-S-transferase (GST-Tat) or GST-Tat-
reen fluorescent protein (GST-Tat-GFP) fusion proteins (Rusnati
t al., 1998, 2000). To avoid Tat oxidation, purified proteins were
aintained at −20 ◦C in Tris 100 mM pH 9.5 containing 250 mM
aCl, 20 mM glutathione and 5 mM dithiothreitol. GST and GFP

oieties do not interfere with Tat internalization nor with its

eparin-binding, transactivating and cell-adhesive capacity (Tyagi
t al., 2001). The synthetic peptide representing the amino acid
equence 41–60 of Tat (Table 1) was from MRC AIDS Reagent Project
Potters Bar, Herts, UK). The synthetic peptides used as fusion pro-
earch 87 (2010) 30–39 31

teins with BSA (Table 1) were from GL-Biochem (China). Heparin
(13.6 kDa) was from Laboratori Derivati Organici Spa (Milan, Italy).
The soluble form of recombinant human KDR was from RELIAtech
(Lindenerstr, Germany). Biotinylated BSA (bBSA), fibronectin (FN)
and heparinase II were from Sigma (St. Louis, MO). Purified inte-
grin �v�3 was from Chemicon International-Inc. (Temecula, CA).
Biotinylated Tat (bTat) was from Tecnogen (Caserta, Italy). SU5416
(an inhibitor of the tyrosine kinase activity of KDR) was from Cal-
biochem (La Jolla, CA).

2.2. Synthesis of BSA conjugates containing multiple copies of
NLSs

A cysteine residue was added to the C termini of the peptides to
allow conjugation to BSA through the maleimide group of the sul-
fosuccinimidyl 4-(N-maleimidomethyl)cyclohexan-1-carboxylate.
The peptides were then conjugated to unlabelled BSA or to bBSA as
described (Broder et al., 1997), allowing the fusion on the average
of 4 molecules of peptide for each BSA monomer (Friedler et al.,
1999).

2.3. Surface plasmon resonance (SPR) equipment and reagents

SPR measurements were performed on a BIAcore X instru-
ment (GE-Healthcare, Milwaukee, WI). The reagents 1-ethyl-
3-(3-diaminopropyl)-carbodiimide hydrocloride (EDC) and N-
hydroxysuccinimide (NHS) were purchased from GE-Healthcare
and used according to recommended protocols.

For the study of BSA conjugates/heparin interaction, heparin
was immobilized to a BIAcore sensorchip (Rusnati et al., 2001a).
Briefly, a CM3 sensorchip activated with 50 �l of a mixture con-
taining 0.2 M EDC and 0.5 M NHS was coated with streptavidin.
Heparin was biotinylated at its reducing end and immobilized onto
the streptavidin-coated sensorchip, allowing the immobilization
of 80 resonance units (RU) (5.8 fmol/mm2 of heparin). A sensor-
chip coated with streptavidin alone was used as a reference and
for blank subtraction. The various BSA conjugates in 10 mM HEPES
pH 7.4 containing 150 mM NaCl, 3 mM EDTA, 0.005% surfactant P20
(HBS-EP) were injected over the heparin or streptavidin surfaces for
4 min (to allow their association with immobilized molecules) and
then washed until dissociation was observed. After every run, the
sensorchip was regenerated by injection of 2.0 M NaCl in HBS-EP.

For the study of BSA-Tat-NLS/�v�3 interaction, an experimen-
tal model already set up was used (Urbinati et al., 2005a). Briefly,
50 �g/ml of BSA-Tat-NLS were allowed to react with a CM5 sensor-
chip activated as described above, leading to the immobilization of
10,200 RU (0.3 pmoles/mm2 of BSA-Tat-NLS). Similar results were
obtained for the immobilization of BSA, used as a negative con-
trol and for blank subtraction. Integrin �v�3 in 10 mM HBS-EP was
then injected over the BSA-Tat-NLS or BSA surfaces for 4 min and
then washed until dissociation. After every run, the sensorchip was
regenerated by injection of 2.0 M NaCl in HBS-EP.

For the study of BSA conjugates/KDR interaction, recombinant
KDR (20 �g/ml in 10 mM sodium acetate buffer pH 5.3) was allowed
to react with a flow cell of a CM5 sensorchip activated as described
above, allowing the immobilization of 6900 RU (0.06 pmoles/mm2

of KDR). Similar results were obtained for the immobilization of
gelatin, used as a negative control and for blank subtraction. The
various BSA conjugates in 10 mM HBS-EP were injected over the
KDR or gelatin surfaces for 4 min and then washed until dissocia-
tion. After every run, the sensorchip was regenerated by injection of

HBS-EP containing 2.0 M NaCl followed by a pulse of 5 �l of HBS-EP
containing 0.02% SDS.

Binding parameters were calculated by the non-linear curve fit-
ting software package BIAevaluation 3.2 using a single site model
with a drifting baseline.
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.4. Cell cultures

HL3T1 cells, derived from HeLa cells, contain integrated copies
f pL3CAT plasmid in which the chloramphenicol acetyltransferase
CAT) bacterial gene is driven by HIV-1 LTR (Wright et al., 1986).
L3T1 cells were maintained in DMEM (Gibco, Grand Island, NY)

upplemented with 10% FCS, 100 U/ml penicillin and 100 U/ml
treptomycin (Broder et al., 1997). Transformed fetal bovine aor-
ic endothelial GM7373 cells (Grinspan et al., 1983) were grown in
MEM supplemented with 10% FCS.

.5. Cell-binding assay of biotinylated proteins

Monolayer of HL3T1 cells in 96-well plates was incubated for
h at 4 ◦C with increasing concentrations of biotinylated proteins

n phosphate-buffered saline (PBS) containing 0.1 mg/ml CaCl2,
.1 mg/ml MgCl2, 0.1% gelatin. In some experiments, HL3T1 cell
onolayers were incubated for 90 min at 37 ◦C with PBS con-

aining heparinase II (1.5 mU/ml) before the binding assays. After
BS washing, the amount of cell associated biotinylated proteins
as determined with horseradish peroxidase-labeled streptavidin

1/5000) and the chromogen substrate ABTS (Kierkegaard & Perry
aboratories, Gaithersburg, MD).

.6. Internalization of GST-Tat-GFP

HL3T1 cells adherent to glass coverslips were incubated for 6 h at
7 ◦C in DMEM containing 10% FCS, 100 �M chloroquine (Frankel
nd Pabo, 1988) and GST-Tat-GFP (6 nM) in the presence of the
arious BSA conjugates. Then, cells were washed with PBS con-
aining NaCl at a final concentration equal to 2.0 M (PBS/2 M NaCl)
o remove cell-surface-bound GST-Tat-GFP and fixed. Observations
ere carried out under a Zeiss Axiovert 200 M microscope equipped

or fluorescence analysis and connected to a Hal 100 digital camera
Carl Zeiss, Jena, Germany) (Rusnati et al., 1999).

.7. HIV-1 LTR transactivation assay

HL3T1 cells were incubated for 24 h in DMEM containing 10%
CS, 100 �M chloroquine (Frankel and Pabo, 1988), and GST-Tat
6 nM) in the presence of the various BSA conjugates. Conditioned

edium was removed and cells further incubated for 24 h in DMEM
ontaining 10% FCS. Then, the amount of CAT protein present in the
ell extracts was determined using a CAT ELISA kit (Boehringer,
annheim, Germany) (Rusnati et al., 1997a).

.8. Cell adhesion assay

Aliquots (100 �l) of 100 mM NaHCO3 pH 9.6 containing GST-Tat
r FN (20 �g/ml) were incubated onto 96-wells polystyrene non-
issue culture plates for 16 h at 4 ◦C. Then, the solution was removed
nd the wells washed with PBS. GM7373 cells (50,000/200 �l) were
irectly seeded onto coated wells or mixed for 2 h at 4 ◦C with the
arious BSA conjugates or with the HSPG-antagonist heparin before
eeding. After 2 h of incubation at 37 ◦C, wells were washed with
mM EDTA in PBS and DMEM without serum. Adherent cells were

hen trypsinized and counted in a Burker chamber (Rusnati et al.,
997b).

.9. EC monolayer scratching assay
Monolayers of GM7373 cells adherent to GST-Tat were
cratched and incubated at 37 ◦C with DMEM containing 0.4% FCS in
he presence of the HSPG-antagonist heparin, of the KDR inhibitor
U5416 or of the various BSA conjugates. Photomicrographs were
aken under an inverted microscope (Olympus 1×51 microscope
earch 87 (2010) 30–39

with a Camedia C-4040 digital camera, ×10/0.25; Olympus Biosys-
tem, Munich, Germany). The area of the scratch was evaluated by
computerized image analysis using the Image Pro-Plus analysis sys-
tem (Urbinati et al., 2005a).

3. Results

3.1. BSA-Tat-NLS binds to heparin/HSPGs and inhibits Tat
internalization and transactivating activity

The basic domain/NLS of Tat is necessary for the uptake of the
protein, its nuclear translocation, its interaction with TAR RNA and
its transactivating activity. On these bases, we decided to evaluate
the effect of synthetic peptides representing the basic domain/NLS
of Tat (Tat-NLS) on Tat-driven LTR-transactivation in HL3T1 cells.

In a first series of experiments, we compared the Tat-antagonist
potential of these peptides before or after their conjugation to BSA
in multiple copies, a procedure that usually increases the affinity of
conjugated peptides for their natural ligands (Goldfarb et al., 1986).
As shown in Fig. 1A, the synthetic peptide representing the basic
domain/NLS of Tat per se does not inhibit the LTR-transactivation
induced by GST-Tat in HL3T1 cells when assayed at doses up to
4 �M. On the contrary, the BSA-Tat-NLS conjugate, containing up
to 4 peptides for each BSA monomer (Friedler et al., 1999), inhibits
Tat-driven transactivation in a dose-dependent way. The inhibition
is specific since the other BSA conjugates tested are ineffective. As
expected, heparin, a polyanionic Tat-antagonist that sequesters the
transactivating factor in the extracellular environment (Rusnati et
al., 1997a), inhibits Tat transactivating activity. These data indicate
that a peptide representing the basic domain/NLS of Tat does not
inhibit the transactivating activity of HIV-1 Tat, unless it is fused in
multiple copies to a carrier as BSA.

As mentioned in the Introduction, the basic domain/NLS of Tat
drives its nuclear translocation and interaction with TAR RNA. To
determine whether BSA-Tat-NLS inhibits Tat transactivating activ-
ity by interfering with these intracellular processes, HL3T1 cells
were transiently transfected with an expression vector harboring
the HIV-1 tat cDNA, obtaining an intracellular overexpression of
Tat. This experimental model has been already used to bypass the
process of extracellular Tat internalization (Tyagi et al., 2001) and to
discriminate between intra- or extracellular inhibitors of Tat (Rizzi
et al., 2004). As shown in Fig. 1B, LTR transactivation driven by
intracellular Tat is not affected by exogenously added BSA-Tat-NLS.
Noticeably, this lack of inhibition is maintained in the presence of
sub-optimal levels of LTR transactivation (obtained by perform-
ing cell transfection with tat cDNA at 0.25 �g/ml or by adding
exogenous GST-Tat at 6 nM). Also, raising the amount of exoge-
nous GST-Tat added to cells, an increase of LTR-transactivation is
obtained that remains, however, inhibited by BSA-Tat-NLS. Thus,
the inability of BSA-Tat-NLS to interfere with intracellular Tat is
not merely due to the presence of an excess of intracellular protein
driven by tat cDNA tranfection.

To further investigate the mechanism of inhibition, BSA-Tat-
NLS was administered to HL3T1 cells together with GST-Tat or at
different times after GST-Tat administration. As shown in Fig. 1C,
BSA-Tat-NLS inhibits the LTR-transactivating activity of Tat when
added 1 h after the administration of GST-Tat, while its addition 3 h
after the beginning of GST-Tat treatment was ineffective. In these
experimental conditions, the extracellular Tat-antagonist heparin
(Rusnati et al., 1997a) behaves exactly as BSA-Tat-NLS. Relevant to

this point, a 3-h incubation allows the internalization of an amount
of Tat that is sufficient to exert an optimal LTR-transactivation
(Tyagi et al., 2001) and that becomes inaccessible to extracellular
inhibitors remaining, however, sensible to intracellular inhibitors
(Rizzi et al., 2004).
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Fig. 1. Effect of BSA-Tat-NLS on Tat transactivating activity.
(A) HL3T1 cells were incubated with GST-Tat in the presence of the indicated BSA conjugates, of heparin or of a synthetic peptide representing Tat basic domain/NLS (Tat-NLS).
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account for the presence of one biotin for each BSA monomer bear-
ing four copies of the Tat-NLS versus one biotin for each intact
Tat protein (Fig. 2C and D). bBSA-Tat-NLS binds HL3T1 cells in a
dose-dependent way with an ED50 equal to 4.5 nM (Fig. 2C). This

Table 2
Binding parameters of the interactions of BSA-NLS conjugates to heparin immobi-
lized to a BIAcore sensorchip.

Conjugate Association
rate (1/Ms)

Dissociation
rate (1/s)

Dissociation
constant (M)

BSA-Tat-NLS 1.45 × 105 8.01 × 10−4 1.57 × 10−9

BSA-SV40-NLS n.d. n.d. n.d.
B) HL3T1 cells were transfected with tat cDNA or incubated with GST-Tat at the in
ith BSA-Tat-NLS or with heparin (1 �M and 7 nM, respectively) together with G
eparin (1 �M and 7 nM, respectively) were added to HL3T1 cells, incubated for the

or further 18 h at 37 ◦C. At the end of incubations, cell extracts were assayed for th

Taken together, these data sustain the hypothesis that BSA-
at-NLS exerts its inhibition acting extracellularly, being unable
o block Tat once this is penetrated inside the cell in bioactive
mounts.

In parallel experiments, BSA-Tat-NLS was allowed to react with
he surface of HL3T1 cells and the excess of free conjugate removed.
hen, HL3T1 cells were assayed for their responsiveness to Tat. As
hown in Fig. 1D, very short pre-incubation of HL3T1 cells with
SA-Tat-NLS causes a loss of cell responsiveness to Tat. The effect is
pecific since HL3T1 cells pre-incubated with BSA-SV40-NLS retain
heir capacity to transactivate in response to Tat. Heparin [that
equesters Tat extracellularly (Rusnati et al., 1997a)] is ineffective
hen added to cells in the absence of the transactivating factor.

aken together, these data indicate that BSA-Tat-NLS exerts its inhi-
ition by interfering with an early event (most likely cell-surface

nteraction/internalization of extracellular Tat) without the neces-
ity to physically interact with the transactivating factor.

The basic domain/NLS of Tat mediates the interaction of extra-
ellular Tat with cell surface HSPGs (Rusnati et al., 1998) that, in
urn, is necessary for Tat internalization and transactivating activ-
ty (Tyagi et al., 2001). We then investigated if BSA-Tat-NLS exerts
ts inhibition by binding to cell-surface HSPGs, hampering their

nteraction with Tat and thus inhibiting Tat internalization. To this
urpose, we firstly evaluated the capacity of BSA-Tat-NLS to bind
eparin (a structural analogue of HSPGs) immobilized on a BIAcore
ensorchip, a “cell-free” model that resembles Tat interaction with
ell-surface HSPGs (Rusnati et al., 2001a). BSA-Tat-NLS, but not the
d doses in the presence of BSA-Tat-NLS (1 �M). (C) HL3T1 cells were administered
(t0) or at the indicated time after GST-Tat administration. (D) BSA conjugates or

ated periods of time and removed. Then, GST-Tat was administered and incubated
levels. Each point is the mean ± S.E.M. of 3–6 duplicate determinations.

other BSA conjugates tested, binds to the heparin surface (Fig. 2A).
The binding is dose-dependent (Fig. 2B) and occurs with parame-
ters (Table 2) that are comparable to those calculated for the intact
Tat protein (Rusnati et al., 2001a).

Given the capacity of BSA-Tat-NLS and intact Tat to bind to
surface-immobilized heparin, we compared their capacity to bind
to HSPGs expressed at the surface of HL3T1 cells. As shown in
Fig. 2, bTat and bBSA-Tat-NLS, but not bBSA-SV40-NLS, binds to
HL3T1 cells. The different O.D. values measured for bBSA-Tat-NLS
and intact bTat at saturation (0.07 and 0.2, respectively) likely
BSA-SV40 rev-NLS n.d. n.d. n.d.
BSA-p53 n.d. n.d. n.d.
GST-Tat 1.0 × 106 1.68 × 10−3 5.53 × 10−9

The results shown are representative of other two that gave similar results. n.d.: not
determinable.
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Fig. 2. Binding of BSA-Tat-NLS to heparin and to HL3T1 cell surface.
Blank-subtracted sensorgrams showing the binding to sensorchip-immobilized heparin of the indicated BSA conjugates or of GST-Tat assayed at 100 nM (panel A) or of BSA-
T are r
w d Tat (
o nylate
b of 3–5
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at-NLS assayed at the indicated concentrations (panel B). The experiments shown
ith the indicated biotinylated BSA (bBSA) conjugates (panel C) or with biotinylate

r treated with heparinase II (15 mU/ml), washed and further incubated with bioti
iotinylated proteins bound to cells was measured. Each point is the mean ± S.E.M.

alue is comparable to that calculated for the binding of bTat (ED50
qual to 4.9 nM, Fig. 2D) and to the dissociation constant (Kd) cal-
ulated for BSA-Tat-NLS/heparin interaction in the BIAcore model
Table 2). Taken together, these data suggest that the binding of
SA-Tat-NLS to HL3T1 cell-surface occurs via HSPGs. To formally
emonstrate this possibility, HL3T1 cells were treated with hep-

rinase II, a glycosidase that removes HSPGs from the surface of
ifferent cell types (Urbinati et al., 2009), and then evaluated for
heir capacity to bind to bBSA-Tat-NLS. As shown in Fig. 2E, hep-
rinase II-treatment causes a significant reduction of the capacity

ig. 3. Effect of BSA-Tat-NLS on Tat internalization.
A) HL3T1 cells were incubated with GST-Tat-GFP (6 nM) in the presence of increasing con
ere incubated for 1 h at 37 ◦C with BSA-Tat-NLS or with heparin (1 �M and 7.3 nM, res
SA-Tat-NLS or heparin were added to HL3T1 cells 1 h or 3 h after GST-Tat-GFP administrat
ell-associated fluorescence was measured. Each point is the mean ± S.E.M. of 4 duplicate
reated without (a) or with GST-Tat-GFP alone (6 nM) (b) or in the presence of BSA-Tat-N
epresentative of other three that gave similar results. HL3T1 cells were incubated
bTat) (panel D). Alternatively, HL3T1 cell monolayers were left untreated (control)
d BSA-Tat-NLS (bBSA-Tat-NLS) (panel E). At the end of incubations, the amount of
duplicate determinations.

of HL3T1 cells to bind bBSA-Tat-NLS, thus demonstrating that this
interaction mainly occurs via cell-surface HSPGs, as already demon-
strated for intact Tat protein (Albini et al., 1996a). Interestingly,
HSPG depletion by heparinases has been demonstrated to inhibit
also Tat internalization in HL3T1 cells (Tyagi et al., 2001). Taken
together, these data suggest that BSA-Tat-NLS competes with extra-

cellular Tat for the binding to cell-surface HSPGs preventing Tat
internalization and transactivation.

Tat is rapidly internalized by HL3T1 cells in a HSPG-dependent
way (Tyagi et al., 2001). Two hours after its addition, it is found

centrations of the indicated BSA conjugates or of heparin (7.3 nM). (B) HL3T1 cells
pectively), washed and further incubated with GST-Tat-GFP (−1 h). Alternatively,
ion (+1 h and +3 h, respectively). At the end of the 6-h incubation with GST-Tat-GFP,
determinations. (C) Microphotographs (original magnification 650×) of HL3T1 cells
LS (c) or of BSA-SV40-NLS (d) (1 �M).
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Table 3
Binding parameters of the interactions of BSA-NLS conjugate and GST-Tat to integrin �v�3 and KDR.

Receptor Ligand Association rate (1/Ms) Dissociation rate (1/s) Dissociation constant (M)

Integrin �V�3
BSA-Tat-NLS 1.66 × 108 9.48 × 10−3 6,03 × 10−9

*GST-Tat 1.16 × 107 3.78 × 10−1 3,2 × 10−8

BSA-Tat-NLS 1.3 × 104 2.1 × 10−3 1.72 × 10−7

BSA-SV40-NLS n.d. n.d. n.d.
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KDR BSA-p53 n.d.
GST-Tat 1.74 × 105

he results shown are representative of other two that gave similar results. n.d.: no

nside endosomal vesicles (Mann and Frankel, 1991; Tyagi et al.,
001). At 4 h, it reaches significant intracellular levels and is found

n the nucleus (Tyagi et al., 2001). To directly demonstrate the
apacity of BSA-Tat-NLS to inhibit Tat internalization, GST-Tat-GFP
as administered to HL3T1 cells in the absence or in the pres-

nce of BSA-Tat-NLS. As shown in Fig. 3A, BSA-Tat-NLS inhibits
n a dose-dependent way the internalization of GST-Tat-GFP in
L3T1 cells. The inhibition is specific since the other BSA conju-
ates tested are ineffective. Also, a 1-h pre-incubation of cells with
SA-Tat-NLS (Fig. 3B), but not with BSA-SV40-NLS or BSA-p53 (data
ot shown), inhibits the capacity of HL3T1 cells to internalize GST-
at-GFP. Heparin inhibits Tat internalization only when incubated
ogether with the transactivating factor [allowing the formation of
nactive heparin/Tat complexes in the extracellular environment
Rusnati et al., 1997a)], while it is ineffective when pre-incubated
ith the cells in the absence of Tat (Fig. 3B). Finally, both BSA-Tat-
LS and heparin retain their capacity to inhibit Tat internalization

f added 1 h, but not 3 h after Tat administration (Fig. 3B). Notice-
bly, the different capacity displayed by BSA-Tat-NLS and heparin
o inhibit Tat-internalization correlate with their capacity to inhibit
at-driven transactivation (see Fig. 1).

In conclusion, BSA-Tat-NLS acts as an extracellular Tat-
ntagonist that prevents HSPG-dependent internalization of Tat,
ikely by binding and masking HSPGs to the transactivating factor.

.2. BSA-Tat-NLS binds integrin ˛vˇ3 and KDR and inhibits the
ro-angiogenic activity of Tat

As mentioned in the Introduction, the basic domain/NLS of Tat
ontributes to the interaction of extracellular Tat with integrins
Urbinati et al., 2005a) and KDR (Albini et al., 1996b) that, in turn,
rigger a complex signal transduction pathway that leads to pro-
ngiogenic activation of ECs (Urbinati et al., 2005a,b). On these
ases, we investigated the possibility that, besides HSPGs, BSA-Tat-
LS binds also integrin �v�3 and KDR, masking them to native Tat.
e firstly evaluated the capacity of BSA-Tat-NLS to bind integrin

v�3 by exploiting a SPR model that allows the study of the inter-
ction of integrins with cognate ligands (Urbinati et al., 2005a).
s shown in Fig. 4A, integrin �v�3 binds surface-immobilized
SA-Tat-NLS. The binding is dose-dependent (Fig. 4B) and occurs
ith kinetic parameters (Table 3) that are comparable to those

lready calculated for the interaction of integrin �v�3 with GST-
at (Urbinati et al., 2005a). In the same experimental conditions,
he binding of the integrin to surface-immobilized BSA (here used
s a negative control) is significantly lower (Fig. 4A) and is not
ose-dependent (data not shown).

BSA-Tat-NLS binds also to surface-immobilized KDR (Fig. 4C).
he interaction is specific since the other BSA conjugates tested do
ot bind to KDR (Fig. 4C). The binding is dose-dependent (Fig. 4D)

nd occurs with an affinity that is significantly lower in respect to
hat calculated for Tat/KDR interaction (Table 3).

Given the ability of BSA-Tat-NLS to bind to both integrin �v�3
nd KDR, we investigated its capacity to inhibit the biological con-
equences of the interaction of Tat with these two receptors. Once
n.d. n.d.
1.16 × 10−5 6,68 × 10−11

rminable, *data from (Urbinati et al., 2005a).

released by HIV+ cells, Tat accumulates in the extracellular matrix
(Chang et al., 1997), where it promotes EC adhesion in a �v�3-
dependent way (Urbinati et al., 2005a,b). We then evaluated the
capacity of BSA-Tat-NLS to inhibit EC adhesion to plastic-coated Tat.
As shown in Fig. 5A, BSA-Tat-NLS inhibits EC adhesion to plastic-
immobilized Tat. The inhibition is specific since the other BSA
conjugates tested are ineffective on Tat and BSA-Tat-NLS is ineffec-
tive on the EC adhesion to FN, a �5�1-ligand here used as a negative
control (Fig. 5A). Also, the inhibition is dose-dependent, occurring
with an ID50 equal to 20 nM, a value that is close to the Kd calculated
for the interaction of integrin �v�3 with both BSA-Tat-NLS and
intact Tat (Table 3). The HSPG-antagonist heparin, successfully used
to inhibit HSPG-dependent lymphoid cell adhesion to Tat (Urbinati
et al., 2009), does not affect EC adhesion to the transactivating fac-
tor (Fig. 5A). Taken together, these data indicate that BSA-Tat-NLS
inhibits EC adhesion to Tat mainly by binding to integrin �v�3.

Integrin-dependent EC adhesion can be considered the first
step of a process that, together with EC migration and prolifera-
tion, leads to neovascularization (Folkman and Klagsbrun, 1987).
EC activation following a mechanical scratch of an EC monolayer
resembles, at least in part, this process (Lauder et al., 1998). Tat-
adherent ECs are stimulated to repair a scratched monolayer, a
biological activity often referred to as “motogenesis”. In a pre-
liminary set of experiments, we evaluated the contribution given
by KDR, integrin �v�3 and HSPGs to Tat-induced motogenesis. As
shown in Fig. 5B, the KDR inhibitor SU5416 prevents the repair of
the scratched area by Tat-adherent EC while the HSPGs-antagonist
heparin exerts a very limited inhibition. The role of integrin �v�3
in Tat-driven motogenesis was already demonstrated by using a
peptidomimetic of the integrin recognition motif RGD present in
Tat (Urbinati et al., 2005b). Taken together, these data suggest that
Tat triggers motogenic activity in EC mainly by engaging KDR and
�v�3, with a marginal contribution given by HSPGs. On these bases
we evaluated the effect of BSA-Tat-NLS on Tat motogenic activity.
As shown in Fig. 5, BSA-Tat-NLS inhibits the repair of the scratched
area by Tat-adherent EC. Although this inhibition is lower than that
exerted by SU5416, it is specific since BSA-p53 shows a very limited
inhibitory capacity.

In conclusion, BSA-Tat-NLS binds integrin �v�3 and KDR,
two receptors that, together with HSPGs, are implicated in the
pro-angiogenic activation of ECs by Tat. Accordingly, besides
LTR-transactivation, BSA-Tat-NLS inhibits also pro-angiogenic EC
adhesion to Tat and Tat-driven motogenesis, suggesting its capacity
to inhibit simultaneously different receptors and different patho-
logical effects of Tat.

4. Discussion

Tat, the main transactivating factor of HIV-1, contributes to

both AIDS progression and AIDS-associated pathologies, thus being
considered a preferential target for the development of anti-AIDS
therapies. Tat being originally discovered as the main transactiva-
tor of the viral genome, its inhibition has been initially approached
by means of intracellular inhibitors (Giacca, 2004; Richter and Palù,
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Fig. 4. BSA-Tat-NLS interaction with integrin �v�3 and KDR.
(A) Sensorgrams showing the binding of integrin �v�3 (150 nM) to sensorchip-immobilized BSA-Tat-NLS or BSA. (B) Overlay of blank-subtracted sensorgrams showing
the binding of the indicated concentrations of integrin �v�3 to sensorchip-immobilized BSA-Tat-NLS. (C) Blank-subtracted sensorgrams showing the binding to sensorchip-
immobilized KDR of the indicated BSA conjugates assayed at 1 �M. (D) Blank-subtracted sensorgrams showing the the binding to sensorchip-immobilized KDR of BSA-Tat-NLS
assayed at the indicated concentrations. The experiments shown are representative of several others that gave similar results.

Fig. 5. Effect of BSA-Tat-NLS on �v�3-dependent cell adhesion to Tat and on Tat-induced motogenesis.
(A) GM7373 ECs were allowed to adhere onto non tissue culture plates coated with GST-Tat (black symbols) or FN (white symbols) in the presence of the indicated BSA
conjugates. The number of adherent cells was then evaluated. Each point is the mean ± S.E.M. of 3–6 duplicate determinations. The arrow points to the % of adherent cells
counted in the presence of heparin (7.3 �M), here used as a HSPG-antagonist. (B) GM7373 ECs adherent to GST-Tat were scratched and incubated in the presence of the
indicated BSA conjugates (1 �M), of SU5416 (5 �M), or of heparin (7.3 �M). After 24 and 48 h of incubation, the extension of the healed area was evaluated. Dashed line
indicates the original area of the scratch. Each point is the mean ± S.E.M. of 3–5 fields measured in one experiment out of 2–3 that gave similar results. (C) Microphotographs
(50×) of scratched monolayers of Tat-adherent GM7373 ECs after 48 h in the absence (Tat alone) or in the presence of the indicated BSA conjugates (1 �M). Straight and
dotted lines mark the edge of the scratch at the beginning and at the end of the experiment, respectively.
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006) aimed at the impairment of Tat nuclear translocation or of
at/TAR interaction. More recently, when the biological relevance
f extracellular Tat was assessed, a whole new set of extracellu-
ar inhibitors was developed (Rusnati and Presta, 2002b; Rusnati et
l., 2005). However, none of these intra- or extracellular inhibitors
urned out to act as efficient anti-AIDS drug. This is likely due to
he fact that the design of Tat inhibitors faces multiple difficulties:
) since Tat acts both inside and outside the cell, an intracellu-
ar inhibitor would be ineffective extracellularly and vice versa; ii)
ince Tat interacts with different receptors, an inhibitor specifically
irected at a selected interaction would be ineffective on the others.

t follows that a multitargeted antagonist (able to inhibit Tat inside
nd outside the cell and/or to block simultaneously the various Tat
eceptors) would benefit in terms of efficiency, being able to inter-
ere at once with different steps of Tat biology. In this scenario,
he basic domain/NLS of Tat emerges as a preferential molecular
arget, being involved in several intra- and extracellular actions of
at. In effect, the basic domain of Tat has been exploited to develop
olyanionic compounds, mainly studied for their potential as extra-
ellular Tat-antagonists (Rusnati and Presta, 2002b; Rusnati et al.,
005) or microbicides (Rusnati and Urbinati, 2009; Rusnati et al.,
009). Unfortunately, these compounds usually lack specificity and
ell permeability and suffer from high toxicity and anticoagulant
ctivity (Urbinati et al., 2008).

Alternative to the design of Tat-binding polyanions is the devel-
pment of Tat mimetics able to bind and mask Tat receptors, an
pproach that has been long neglected, likely because Tat binds
everal distinct cell-surface receptors. Two exceptions are NeoR, a
ynthetic compound containing a hexa-arginine that binds CXCR4
nd hampers its interaction with Tat (Hamy et al., 2000), and
CP64222 (Daelemans et al., 2000), a Tat peptoid that binds CXCR4
nd inhibits HIV entry. Interestingly, both the compounds are also
ble to act intracellularly, disrupting the Tat/TAR complex (Hamy
t al., 1997, 2000).

Taken together, these considerations point to peptides based on
he structure of Tat basic domain/NLS as promising molecules for
he design of intra- and/or extracellular inhibitors of Tat. However,
he therapeutical exploitation of synthetic peptides is greatly lim-
ted by the fact that their binding to natural targets occurs with
ffinities (Kd in the mM-�M range) that are very low if compared
o those of parent proteins (Kd in the pM-nM range) (Goldfarb
t al., 1986). This limit has been succesfully overcome by conju-
ating multiple copies of peptides to larger proteins (Goldfarb et
l., 1986). Accordingly, we found that a single peptide represent-
ng the basic domain/NLS of Tat does not inhibit HSPG-dependent
at-transactivation in HL3T1 cells (Fig. 1A), although it retains its
apacity to bind to heparin/HSPGs (Rusnati et al., 1998). In contrast,
hen conjugated to BSA in multiple copies (up to four) (Friedler et

l., 1999), Tat-NLS acquires Tat-antagonist potential. In agreement
ith these data, we never succeeded in saturate cell-surface HSPGs
ith different basic peptides including Tat-NLS (data not shown),
hile BSA-Tat-NLS saturates HL3T1 cell surface at concentrations

hat are close to that of Tat (5 and 8 nM, respectively, see Fig. 2). Also,
SA-Tat-NLS binds heparin with an affinity that is comparable to
hat of intact Tat (Table 2).

BSA-SV40-NLS and its reversed counterpart do not bind to
eparin despite their high positive charge. As a consequence, BSA-
V40-NLS does not bind to cell surface HSPGs and does not inhibit
at internalization and transactivating activity, demonstrating that
mere positive charge is not sufficient to basic peptides to bind

o heparin/HSPGs (Mulloy and Linhardt, 2001) and to exert Tat-

ntagonist activity and pointing to the specificity of the inhibitory
apacity of BSA-Tat-NLS.

As mentioned in introduction, the basic domain of Tat/NLS
ediates Tat nuclear translocation and interaction with TAR RNA,

uggesting that derivatives of the Tat basic domain/NLS may inter-
earch 87 (2010) 30–39 37

fere with these two intracellular events. Although we cannot
rule out this possibility, in our experimental conditions BSA-
Tat-NLS proved unable to inhibit Tat at an intracellular level.
Relevant to this point, however, is the observation that inhibi-
tion of nuclear translocation of transactivating factors turned out
to be an inefficient strategy, since only a small amount of protein
is enough for efficient transcriptional activity (Fulcher and Jans,
2003).

At an extracellular level, conjugation in multiple copies to BSA
confers to the Tat basic domain/NLS peculiar features that make it
an interesting compound for the design of efficient and versatile
Tat-antagonists:

i) due to its capacity to bind and mask HSPGs, BSA-Tat-NLS
“desensitizes” cells when administered in the absence of Tat.
Differently, classical extracellular Tat-binding inhibitors (like
polyanionic compounds) can only sequester the transactivat-
ing factor in the extracellular environment, exerting no effect
on the cells themselves;

ii) besides HSPGs, BSA-Tat-NLS binds also integrin �v�3 with an
affinity that is even higher than that of intact Tat (Table 3). As
a consequence, BSA-Tat-NLS inhibits EC adhesion to substrate-
immobilized Tat. BSA-Tat-NLS shares this capacity with other
classical integrin-antagonist such as RGD-containing peptides.
However, while the latters prevent integrin-dependent EC
adhesion to different adhesive proteins (Rusnati et al., 1997b),
BSA-Tat-NLS inhibits only EC adhesion to Tat, leaving unaffected
that to FN.

iii) BSA-Tat-NLS interacts also with KDR. Actually, the affinity of
this interaction is significantly lower than that of KDR with
intact Tat (Table 3). This is possibly due to the fact that Tat/KDR
interaction, in contrast with those with HSPGs and integrins,
occurs with a very high affinity (in the pM range), implying
a very intimate interaction that may be scarcely reproducible
with linear peptides, also if presented in multimeric form.
Despite its relatively low affinity for KDR, BSA-Tat-NLS succeeds
in inhibiting Tat-induced motogenesis, that depends, at least in
part, on KDR/Tat interaction.

Tat binds also chemokine receptors CXCR4 and CCR5 (Albini
et al., 1998). Although the basic domain of Tat does not seem
to mediate these interactions, a synthetic compound containing
a hexa-arginine binds CXCR4 hampering its interaction with Tat
(Hamy et al., 2000) and suggesting that also BSA-Tat-NLS (or its
derivatives) may inhibit this interaction.

The use of BSA-Tat-NLS may be envisaged in contexts other than
Tat inhibition:

i) always in the field of AIDS, an intricate network of interac-
tions exists among HSPGs, Tat, gp120 and HIV itself: besides Tat,
HSPGs bind gp120 through a basic domain called “variable loop
3” (Ping et al., 1999). As a consequence, HSPGs act as receptor
for HIV, promoting its adsorption to the surface of target cells
(Bobardt et al., 2004). On the other hand, Tat tethered to cell-
surface HSPGs binds gp120, enhancing virus attachment and
entry into the cell (Marchiò et al., 2005). In this complex sce-
nario, BSA-Tat-NLS may block HIV infection by disrupting the
direct interaction of gp120 with HSPGs and/or by preventing
the formation of the ternary complex HSPGs/Tat/gp120 at the
cell surface.

ii) in the field of angiogenesis, HSPGs are known to regulate the

process of neovascularization modulating ligand interaction and
activation of both KDR and integrins (Woods et al., 1998; Neufeld
et al., 1999). Altough in our hands HSPGs seem to play a marginal
role in the motogenic capacity of Tat (Fig. 5), the capacity of BSA-
Tat-NLS to bind and interfere with HSPGs, KDR and integrins may
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be exploited to design anti-angiogenic drugs aimed at disrupting
the intimate “cross talk” existing among these three receptors.

Additional experiments are required to investigate all these pos-
ibilities, with particular attention focused on possible toxic or
mmunogenic effects exerted by BSA-Tat-NLS or its derivatives and
heir possible agonist effects on signaling receptors such as KDR
nd integrins.

.1. Conclusions

In conclusion, once conjugated to BSA in multiple copies (up
o four), peptides representing the Tat basic domain/NLS interfere
ith Tat biology at different levels, thus representing promising
olecules for the design and development of new dendrimeric

ompounds to be employed as multitargeted drugs for the treat-
ent of AIDS and AIDS-associated pathologies.
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