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HIV-1 expresses a multifunctional protein called TAT (trans-

acting transcriptional activator), the function of which in �i�o is

tightly correlated with the incidence of Kaposi’s sarcoma in

AIDS patients. TAT is angiogenic and apparently binds to

receptors specific for vascular endothelial growth factor (VEGF).

Amino acids 46–60 of HIV-TAT, known as the basic peptide,

have been shown to be responsible for its functional interaction

with VEGF receptors. To characterize further the binding

properties of this peptide, its coding sequence was fused to the

reading frame of bacterial thioredoxin, allowing the production

of large amounts of chimaeric polypeptides in bacteria in a

biologically active form. Binding of chimaeric proteins to VEGF

receptors was studied in �itro in endothelial cell cultures ex-

pressing either of the two receptors. Chimaeric thioredoxin

proteins carrying the basic domain of TAT bound to both VEGF

receptors with affinities similar to those of HIV-TAT or VEGF.

INTRODUCTION

Angiogenesis, the process leading to the formation of new blood

vessels from existing vessels by sprouting, bridging and in-

tussusception, is regulated by a plethora of growth and

differentiation-promoting factors (reviewed in [1,2]). Angiogenic

factors are released locally by cells under hypoxic conditions [3].

In a healthy adult mammal, angiogenesis is restricted to sites of

vessel injury and to organs of the female reproductive tract, such

as the ovaries and the endometrium [4]. Pathological forms of

increased angiogenesis have been studied extensively and are well

documented for degenerative eye disease [5] and atherosclerosis

[6], but also occur during tumour progression (reviewed in [1,7]).

Hypoxic tumour cells secrete angiogenic factors, such as vascular

endothelial growth factor (VEGF) and basic fibroblast growth

factor (bFGF), which stimulate endothelial cells in adjacent

blood vessels [8].

A complex series of biological effects is required for sprouting

of blood vessels during angiogenesis, and VEGF is among the

primary factors modulating the behaviour of endothelial cells in

this process. It is well established that VEGF induces cell
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Interestingly, these polypeptides competed only partially with

VEGF for receptor binding, implying different binding sites for

the TAT peptide and VEGF. This suggests that TAT binds

VEGF receptors at new sites that might be useful targets for

pharmacological intervention during pathological angiogenesis.

The thioredoxin}basic-peptide chimaeras are functional agonists

that mediate VEGF receptor signalling: (1) they stimulate the

growth of endothelial cells ; (2) together with basic fibro-

blast growth factor they cause tube formation of endothelial cells

in collagen gels ; (3) they induce blood vessel formation on the

chicken chorioallantoic membrane; and (4) they activate VEGF

receptor kinase and mitogen-activated protein kinase activity.

Key words: angiogenesis, HIV-TAT, signal transduction, VEGF

receptor.

migration [9], stimulates cell growth [10], prevents apoptosis

[11–14], promotes the expression of proteases required for

invasion into the basal membrane delimiting the layers of smooth

muscle and endothelial cells [15,16], and leads to the re-

arrangement of cell–cell contacts and endothelial cell fenestrae

[17,18]. VEGF is a dimeric polypeptide growth factor related to

platelet-derived growth factor (reviewed in [19]), and specifically

activates endothelial cells upon binding to either of two isoforms

of tyrosine kinase receptor, i.e. VEGF receptor-1 [VEGFR-1;

also called fms-like tyrosine kinase receptor (Flt-1)] [20] and

VEGFR-2 [kinase domain receptor (Flk-1}KDR)] [21] (reviewed

in [19,22]). Stimulation of endothelial cells by VEGF is absolutely

essential for the formation of new blood vessels during fetal

development [23–26] and in young animals [27], as demonstrated

in VEGF or VEGFR knockout mice. We are interested in the

molecular mechanisms responsible for VEGF-mediated signal-

ling that will allow the design of new agonists or antagonists

suitable for pro- or anti-angiogenic therapy. Anti-angiogenic

therapies directed at tumour-stimulated blood vessels have

recently emerged as a promising strategy to destroy growing

tumours indirectly by choking oxygen and nutrient supply [7].
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Several previous studies have indicated that VEGFRs are also

targeted by the TAT (trans-acting transcriptional activator)

protein expressed by HIV-1-infected cells [28–33]. Located intra-

cellularly, this protein is required for transcription of viral and

cellular genes.However, upon secretion via an undefined pathway

from infected cells, TAT is also capable of stimulating angio-

genesis. This has, for instance, been observed in Kaposi’s

sarcoma, a condition often observed in AIDS patients. A short

basic sequence of 15 amino acids apparently mediates binding to

VEGFR-2 [28]. Binding of TAT to this receptor has been shown

to be blocked by VEGF, indicating that binding occurs at the

same sites as for authentic VEGF [28]. On monocytes, TAT has

also been shown to bind VEGFR-1 [34]. Finally, the basic

peptide of TAT was shown to stimulate endothelial cell migration

in cell culture and to induce angiogenesis in �i�o in Matrigel

implants in mice [31]. From these data, it was concluded that

TAT is a functional peptide-mimetic for VEGF, a concept

that is also tentatively supported by clinical data [30,35,36].

The fact that this TAT-derived peptide mimics the effects of

VEGF on its cognate receptors is puzzling, for several reasons.

First, a much smaller binding epitope on the receptor surface is

expected to be covered by this low-M
r

peptide mimetic as

compared with the highly complex dimeric VEGF. Secondly, the

functional interaction of receptors with dimeric ligand molecules

has been shown to dimerize receptors, followed by activation

of the intracellular kinase domain. So far there is no evidence that

the TAT basic peptide forms dimers, and it will therefore be

interesting to dissect the molecular mechanisms underlying the

activity of this VEGF mimetic.

HIV-TAT binds with high affinity to VEGFR-2, while the

isolated basic peptide derived from TAT has been shown to be

internalized rapidly by cells via an unknown mechanism [37].

This peptide is therefore unsuitable for receptor binding studies

on live cells. To investigate its role in VEGFR binding and

activation in more detail, we chose to construct two chimaeric

polypeptides carrying amino acids 46–60 of TAT either in the

active-site loop or at the C-terminus of bacterial thioredoxin

(Trx). These polypeptides showed saturable binding to VEGFR-

1 and -2. The binding sites for the Trx}basic-peptide chimaera

and VEGF are shown to be distinct, as deduced from competition

experiments. Both chimaeric proteins had biological activities

similar to those of VEGF.

EXPERIMENTAL

Materials

Human umbilical vein endothelial cells (HUVEC) were pur-

chased from Clonetics (San Diego, CA, U.S.A.). The cells were

grown in endothelial cell growth medium (Clonetics) containing

10% (v}v) fetal bovine serum and the endothelial cell growth

supplements provided by the company. The human endothelium-

derived permanent cell line EA.hy 926 [38] was obtained from

C.-J. S. Edgell (Pathology Department, University of North

Carolina, Chapel Hill, NC, U.S.A.) and grown in Dulbecco’s

modified Eagle’s medium (DMEM; Life Technologies) con-

taining 10% (v}v) fetal bovine serum. Porcine aortic endothelial

cells (PAEC) and VEGFR-1- and VEGFR-2-expressing cells

were grown in DMEM containing 10% (v}v) fetal calf serum

(FCS). Clonally derived bovine microvascular endothelial cells

(BMEC) from the adrenal cortex [39], kindly provided by Dr

M. B. Furie and Dr S. C. Silverstein (Columbia University, New

York, NY, U.S.A.), were cultured inα-modifiedminimal essential

medium (GibcoBRL, Life Technologies, Paisley, Scotland, U.K.)

containing 15% (v}v) donor calf serum (Gibco BRL) and

antibiotics. Recombinant human bFGF was kindly provided by

Dr P. Sarmientos (Farmitalia Carlo Erba, Milano, Italy). Recom-

binant human VEGF (165-amino-acid homodimeric species) was

purchased from PeproTech (Rocky Hill, NJ, U.S.A.). Endotoxin

levels were 10.8–13.3 and 11.0–17.0 ng per mg of protein for

bFGF and VEGF respectively. Recombinbant canine VEGF
"'%

(i.e. VEGF comprising 164 amino acids) was produced as

described below [40].

Cloning and expression of canine VEGF164

The methylotrophic yeast strain Pichia pastoris was used to

express both VEGF isoforms. The vector pPICZαA (Invitrogen,

San Diego, CA, U.S.A.) has a Saccharomyces cere�isiae α-factor

secretion signal sequence and was used for expression. The

plasmid pCR-Script SK(­) [40] containing the coding region of

canine VEGF
"'%

was used as a template for subcloning into the

eukaryotic expression vector (pPICZαA) by PCR. The following

primers were used in the PCR amplification: primer 1, 5«
GCTGAATTCGCTGCGCCTATGGCAGGAGG 3« ; primer 2,

5« ATGATGGTCGACTCATCACCGCCTCGGCTTGACAC

3«. The amplified DNA fragments were purified and digested

with EcoRI and SalI and ligated with the corresponding vector

backbone, followed by transformation into Escherichia coli

Top10F’ (Invitrogen) by electroporation. Positive clones were

sequenced to confirm the modification. The plasmid was

linearized by digestion with BstXI and electroporated into the

yeast strain X-33 for homologous recombination. Electroporated

cells were transferred to 1 ml of 1 M sorbitol and plated on to

YPDS (1% yeast extract, 2% peptone, 2% dextrose, 1 M

sorbitol) plates containing 100 µg}ml Zeocin. For selection,

putative multi-copy recombinant colonies were replica-plated on

YPDS containing 500, 1000 and 2000 µg}ml Zeocin. Hom-

ologous recombination occurs between the 5« and 3« ends of

the AOX 1 sequence (alcohol oxidase 1 promoter sequence) in the

Pichia vector. The integration at the correct loci was screened by

replica plating on glycerol- and methanol-containing plates.

Colonies were allowed to grow for 2 days ; they grew normally on

glycerol plates, but showed little growth on methanol plates.

VEGF was expressed as suggested by the manufacturer.

Scaling up was performed by growing P. pastoris in a 3.7-

litre fermentor (Bioengineering, Wald, Switzerland). Briefly,

fermentation was started with 2000 ml of medium containing

85 g of glycerol and 645 ml of basal salt solution (52 ml}l 85%

phosphoric acid, 1.8 g}l CaSO
%
[2H

#
O, 28.6 g}ml K

#
SO

%
, 6.5 g}l

KOH and 23.4 g}l MgSO
%
[7H

#
O). After sterilization, 8.5 ml of

a trace salt solution (20 ml}l 25% sulphuric acid, 65 g}l

FeSO
%
[7H

#
O, 6 g}l CuSO

%
[5H

#
O, 20 g}l ZnSO

%
[7H

#
O, 3 g}l

MnSO
%
[H

#
O and 0.1 g}l biotin) was added and the pH was

adjusted to 5.0 by the addition of 20%-satd. ammonium hy-

droxide. Extensive foaming was controlled throughout the fer-

mentation by the addition of 5% Struktol J673 (Schill &

Seilacher, Hamburg, Germany). The fermentor was inoculated

with a 50 ml overnight culture in phosphate-buffered medium

containing 0.65% yeast nitron base YNB (Difco) and 2%

glycerol. Upon exhaustion of the initial glycerol charge, a 50%

(w}w) glycerol feed containing 12 ml}l trace salt solution was

started at 15 ml}h for 6 h, and a methanol feed containing

12 ml}l trace salt solution was initiated at 5.5 ml}h, to reach a

residual methanol concentration of approx. 1% after 6 h.

Aeration during fermentation was maintained above 20% air

saturation. The cells were harvested 72 h after the methanol feed.

Purification of VEGF

Cell-free medium was collected from the culture and pre-filtered,

followed by sterile filtration using a 0.2 µm Nalgene filter system.
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Figure 1 Trx/basic-peptide constructs

(A) Schematic representation of the sequences of Trx/basic-peptide chimaeras. All proteins have

an N-terminal 6¬His-tag, shown as a diagonally hatched box. The 109-amino-acid Trx

sequence is represented as the horizontally hatched region, denoted with Trx starting at position

1 and ending at position 109. Trx-bp-loop contains the basic region of HIV-TAT (amino acids

46–60 of TAT), shown as a diagonally hatched box, inserted at position 35 of the Trx sequence.

The other proteins have the short linker sequence Gly-Ser following position 109 of Trx, and

carry a C-terminal peptide fusion drawn as differently hatched boxes. Trx-bp-lin contains the

basic region of HIV-TAT (amino acids 46–60), Trx-bp-RGD contains the basic region plus

the RGD region of HIV-TAT (amino acids 46–86), and Trx-RGD contains only the RGD region of

HIV-TAT (amino acids 73–86). (B) Purification of Trx-bp-loop. Samples were loaded on to an

SDS/15%-polyacrylamide gel and stained with Coomassie Blue G. Lane 1 shows a bacterial

culture sample before induction of protein expression with IPTG. Lane 2 shows a sample after

4 h of protein expression. Lanes 3 and 4 show the pellet and supernatant samples respectively

after sonication and centrifugation of the bacteria. Lane 5 shows a sample of the lysate after

incubation with Ni2+-nitrilotriacetate–agarose beads, and lane 6 shows a sample of the beads

after elution of the protein. Lanes 7 and 8 show two samples of purified Trx-bp-loop. The protein

migrates below the 20000-Mr band of the low-range protein markers (Bio-Rad) denoted by M.

The medium was concentrated through a YM 30 membrane

(Amicon), and VEGF was purified by ion-exchange and gel-

filtration chromatography. The concentrated solution was

dialysed overnight in 20 mM Hepes, pH 7.4, and loaded on to a

Mono Q HR 5}5 column. VEGF was eluted with an NaCl

gradient (20 mM Hepes}0–1 M NaCl). The peak fraction was

obtained between 0.3 M and 0.6 M NaCl. The fraction was

loaded on to a Superose 12 column to separate the dimeric

VEGF from salt and from monomeric and multimeric VEGF.

The concentration of protein was determined by the colorimetric

DC protein assay (Bio-Rad). The purified recombinant proteins

were electrophoresed on a 12% (w}v) polyacrylamide gel in the

presence of SDS.

Cloning and expression of HIV-TAT

The E. coli strain Top10F’ was used to express HIV-TAT with

the vector pQE30 from Qiagen. This vector contains an optimized

promoter}operator element consisting of the phage T5 promoter

and two lac operator sequences which increase lac repressor

binding and ensure efficient repression of the powerful T5

promotor. The plasmid pcTAT, obtained from B. R. Cullen

(Howard Hughes Medical Institute, Durban, NC, U.S.A.),

containing the coding region of HIV-TAT was used as a template

for subcloning TAT into the expression vector pQE30 by PCR.

The following primers were used in the PCR amplification:

primer 1, 5« GCTGGATCCATGGAGCCAGTAGATCCTAG

3« ; primer 2, 5« GATGAAGCTTTCATTCCTTCGGGCCTG-

TCG 3«. The amplified fragments were purified, digested with

BamHI and HindIII and ligated with the corresponding pQE30

fragment, followed by transformation of E. coli Top10F’

(Invitrogen). Positive clones were sequenced. Expression of Trx

constructs and of HIV-TAT was performed in a 3.7-litre

fermentor. The bacterial cells were grown until they reached a

D
'!!

of 0.8–1.2. Expression was induced by adding IPTG to a

final concentration of 0.1 mM. After 4 h, the expression was

stopped.

Cloning of Trx/basic-peptide chimaera expression plasmids

The Trx coding region plus the stop codon of the plasmid

pTrxFus (Invitrogen) was amplified by PCR using the oligo-

nucleotides CTGATCAAGATCTCATATGAGCGATAAAA-

TTATTCAC and AGTACAAGCTTTCAGGCCAGGTTAG-

CGTCGAG. The resulting fragment was cut with the restriction

enzymes BglII and HindIII and ligated into vector pQE30 that

had been cut with BamHI and HindIII. This pQE30-Trx plasmid

was treated with RsrII, which cuts at the Trx active-site loop

sequence. The two annealed oligonucleotides, GTCCGTCC-

TATGGCAGGAAGAAGCGGAGACAGCGACGAAGAG-

CTCCTCAAG and GACCTTGAGGAGCTCTTCGTCGC-

TGTCTCCGCTTCTTCCTGCCATAGGACG, encoding the

HIV-TAT basic region (amino acids 46–60), were ligated into

this site. The plasmid was named pQE30-Trx-bp-loop.

To fuse the coding sequence of the peptide to the C-terminus

of Trx, the Trx coding region without the stop codon was

amplified by PCR using the same forward primer as above and

the oligonucleotide AGTACAAGCTTTGCAGGATCCGGC-

CAGGTTAGCGTCGAG. This generates a BamHI site just

downstream of the Trx coding region in the resulting PCR

fragment. The fragment was cut with BglII and HindIII and

ligated into vector pQE30 that had been cut with BamHI and

HindIII. This pQE30-Trx fusion plasmid was cut with BamHI

and HindIII to allow ligation of two annealed oligonucleotides

or PCR fragments encoding fusion peptides. The annealed

oligonucleotides GATCCTCCTATGGCAGGAAGAAGCGG-

AGACAGCGACGAAGAGCTCCTCAATGAA and AGCT-

TTCATTGAGGAGCTCTTCGTCGCTGTCTCCGCTTCT-

TCCTGCCATAGGAG, encoding the HIV-TAT basic region

(amino acids 46–60) plus the stop codon, were ligated into this

site to generate the plasmid pQE30-Trx-bp-lin. The annealed

oligonucleotides GATCCCCCACCTCCCAATCCCGAGGG-

GACCCGACAGGCCCGAAGGAATGAA and AGCTTTC-

ATTCCTTCGGGCCTGTCGGGTCCCCTCGGGATTGG-
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GAGGTGGGG, encoding the HIV-TAT RGD region [i.e. the

region that contains the integrin binding site sequence RGD (Arg-

Gly-Asp); amino acids 73–86] plus a stop codon, were ligated

in the same way to generate pQE30-Trx-RGD. The plasmid

pcTAT (B. R. Cullen) was used as a template for PCR using the

oligonucleotides GTACGGATCCTCCTATGGCAGGAAGA-

AGC and AGTACAAGCTTTCATTCCTTCGGGCCTGTC-

GG to amplify a fragment encoding both the basic region

and the RGD region of HIV-TAT (amino acids 46–86) plus a

stop codon. The fragment was cut with BamHI and HindIII and

ligated analogously C-terminal of the Trx gene to generate

pQE30-Trx-bp-RGD.

Purification of HIV-TAT and Trx chimaeric proteins

Bacteria were collected by centrifugation and lysed by sonication

at 4 °C in 6 M guanidine}0.1 M sodium acetate, pH 8.0 (5 ml per

g of wet bacterial pellet). The lysate was clarified by centrifu-

gation at 16000 g for 30 min at 4 °C and purified on

Ni#+-nitrilotriacetate–agarose (Quiagen). After binding to Ni#+-

nitrilotriacetate, the slurry was washed six times with 6 M

guanidine}0.1 M sodium acetate, pH 6.0. The purified protein

was refolded on the beads by the addition of 0.25 vol. of PBS

every 15 min until the guanidine concentration was below 1 M.

The beads were washed twice with PBS and the protein was

eluted with 0.2 M EDTA in PBS at 4 °C. The supernatant

was dialysed extensively against PBS at 4 °C. The proteins were

stored in PBS containing 50% (v}v) glycerol at ®20 °C.

Cell proliferation assay

EA.hy 926 cells were seeded into 24-well tissue culture plates

(2.5¬10$ cells}well) in 250 µl of DMEM}10% (v}v) FCS. After

5 h the medium was removed and the cells were washed with

DMEM}0.1% (v}v) FCS. Proteins were added at a concen-

tration of 2 nM in 250 µl of DMEM}0.5% (v}v) FCS. After 72 h

the cells were treated with trypsin and the cell number was

determined in a Coulter cell counter.

In vitro angiogenesis assay

Three-dimensional collagen gels were prepared in 18 mm tissue

culture wells as described [41]. Approx. 1¬10& BMEC in a

volume of 0.5 ml of α-modified minimal essential medium

containing 5% (v}v) donor calf serum were seeded on to 500 µl

collagen gels in each well. After 3 days, when the cells had

reached confluency, medium was changed and donor calf serum

was reduced to 2% (v}v). bFGF or human VEGF (PeproTech),

with or without Trx or Trx-bp-loop (a chimaeric protein com-

prising Trx with the basic peptide of HIV-TAT ligated into its

active-site loop sequence; see Figure 1), was added at the

concentrations indicated. Medium and compounds were renewed

every 2–3 days. Cultures were photographed after 4 or 7 days.

Invasion was quantified from three randomly selected fields per

well, each measuring 1 mm¬1.4 mm, by counting the total

length of all cells which penetrated into the underlying gel either

as single cells or in the form of cell cords [47]. Results are from

at least four experiments, i.e. at least 12 microscopic fields per

condition (three measurements per experiment).

Radioiodination and binding studies

Recombinant VEGF
"'%

and Trx-bp-loop were radioiodinated by

the Iodogen method. Samples of 20 µg of VEGF
"'%

or 6 µg of

Trx-bp-loop were treated with 1 mCi of carrier-free Na"#&I

(Amersham Pharmacia Biotech) in a tube precoated with 50 µg

or 1 µg respectively of Iodogen (Pierce, Rockford, IL, U.S.A.)

for 10 min at 0 °C. The reaction was terminated by separating

the protein solution from Iodogen. The protein-associated radio-

activity was separated from free iodine on a PD10 gel-filtration

column (Amersham Pharmacia Biotech) in the presence of 0.5%

(w}v) BSA in PBS. The specific radioactivities of VEGF
"'%

and

Trx-bp-loop were 9¬10% c.p.m.}ng and 2.5¬10& c.p.m.}ng

respectively.

HUVEC and PAEC were grown overnight to confluency in

24-well tissue culture plates. Binding assays were carried out in

triplicate using "#&I-VEGF (0–10 ng}ml) or "#&I-Trx-bp-loop

(0–5 ng}ml). To determine non-specific binding for each data

point, radiolabelled peptide was added together with a 200-fold

excess of unlabelled protein. Binding assays were performed at

4 °C for 1 h. The cells were then washed with 0.5% BSA in PBS

and lysed with 1 M NaOH. The radioactivity associated with the

cells was determined in a Beckman γ-radiation counter. The data

were plotted according to Scatchard [42], and a linear regression

analysis (SigmaPlot) of the data points was performed to

determine the dissociation constant (K
d
, derived from the slope

of the linear regression curve) and the receptor number per cell

(derived from the intersection of the linear regression curve with

the x-axis). For competition assays, cells were incubated

with 10 ng}ml "#&I-labelled VEGF
"'%

or with 5 ng}ml "#&I-labelled

Trx-bp-loop, with or without the indicated amount of unlabelled

protein, for 2 h at 4 °C, followed by washing and cell lysis. In all

experiments each data point was determined in triplicate.

VEGFR-2 and mitogen-activated protein (MAP) kinase assays

Kinase assays for VEGFR-2 and the extracellular-signal-

regulated kinase (Erk) branch of MAP kinases were performed

in PAEC or HUVEC as described [43,44]. Immunoprecipitation

of VEGFR-2 was performed with a polyclonal rabbit antiserum

obtained from Dr A. Kazlauskas (The Schepens Eye Research

Institute, Harvard Medical School, Boston, MA, U.S.A.), and

Erk1 and Erk2 were immunoprecipitated with rabbit antibodies

obtained from Dr D. Fabbro (Novartis, Basel, Switzerland).

SDS}PAGE gels were treated with 1 M KOH for 60 min at 55 °C
to decrease background in VEGFR-2 assays.

RESULTS

Chemically synthesized basic peptide encompassing amino acids

46–60 of HIV-TAT was radiolabelled with "#&I and used for

VEGFR binding assays on HUVEC. The material was un-

specifically taken up by cells in an unsaturable way, and no spe-

cific binding could be detected (results not shown). This was rem-

iniscent of earlier studies that showed that this peptide was

able to be translocated efficiently across the plasma membrane

via an unknown mechanism [37]. We therefore chose to construct

chimaeric proteins that carry this peptide sequence in a struc-

turally restricted conformation in the context of a carrier protein,

thus reflecting its arrangement in HIV-TAT. Amino acids 46–60

of HIV-TAT were expressed either in the active-site loop (Trx-

bp-loop) or at the C-terminus (Trx-bp-lin) of bacterial Trx. All

Trx constructs were tagged with six histidine residues at the N-

terminus for easy purification (Figure 1A). Chimaeric Trx}basic-

peptide proteins were expressed in E. coli and purified and

labelled as decribed in the Experimental section. An example of

the purification for one of these Trx fusion proteins, Trx-bp-

loop, is shown in Figure 1(B).

Next we compared the binding properties of canine VEGF
"'%

produced in P. pastoris on HUVEC, a primary endothelial
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Table 1 Binding of VEGF164 to HUVEC and PAEC

Binding studies with radioiodinated VEGF were performed as described in the Experimental

section. Data shown are averaged from three separate experiments, ³S.E.M.

Cell line

High-affinity receptors Low-affinity receptors

Kd (pM)

Receptor number

per cell Kd (pM)

Receptor number

per cell

HUVEC 28³4 (34³4.5)¬103 420³180 (110³11)¬103

PAEC-Flt-1 22³5 (36³8)¬103 – –

PAEC-KDR – – 500³150 (110³15)¬103

Figure 2 Binding of Trx-bp-loop to endothelial cells

Representative binding curves (insets) and Scatchard plots of Trx-bp-loop bound to PAEC-

Flt-1 (A) and PAEC-KDR (B) cells are shown. Values of dissociation constant (Kd) and receptor

number per cell (RN) were calculated using Sigma Plot linear regression analysis of the data ;

the correlation coefficient (r 2) for the analysis is indicated. Binding studies were performed in

triplicate ; the S.E.M. of each data point was! 8.2%.

cell expressing both VEGFRs (Table 1). The apparent dis-

sociation constants were approx. 28 pM for binding to VEGFR-

1 and 420 pM for binding to VEGFR-2, in agreement with

published data [45]. The number of receptors expressed per cell

was also similar to values published previously. We also de-

termined the binding properties of VEGF
"'%

on PAEC, which

lack endogenous VEGFRs and which were transfected with

plasmids encoding either VEGFR-1 or VEGFR-2 [45]. The

observed affinity constants for VEGF
"'%

binding were similar to

those observed on HUVEC (Table 1).

The chimaeric Trx construct expressing the basic TAT peptide

sequence in the catalytic loop (Figure 1A) was studied next. Trx-

bp-loop bound specifically to PAEC expressing VEGFR-1

(Figure 2A) or VEGFR-2 (Figure 2B), with K
d
values of 150 and

450 pM respectively. The receptor numbers on PAEC were

similar to those seen for VEGF, i.e. approx. 30000 and 90000

receptors for VEGFR-1 and VEGFR-2 respectively. In all assays,

binding was blocked efficiently with unlabelled ligand, indicating

that interaction with the receptor was specific and that iodination

did not change the binding properties of the ligands. These data

show that the basic peptide derived from HIV-TAT interacts

specifically with both VEGFRs, even when expressed as a fusion

protein with bacterial Trx. Trx lacking the TAT sequence did not

bind to VEGFR-expressing PAEC. Finally, untransfected PAEC

showed no specific binding of any of the Trx}basic-peptide

chimaeric proteins (results not shown).

We next asked whether our Trx}basic-peptide chimaeras

bound to the same sites on VEGFRs as VEGF. Figures 3(A) and

3(B) show representative binding assays with radiolabelled

VEGF
"'%

and a series of unlabelled competitors. While VEGF

efficiently blocked binding of "#&I-VEGF to both VEGFR-1 and

VEGFR-2, the Trx-bp-loop chimaera only partially blocked

binding of VEGF. Trx alone and a chimaeric Trx protein

carrying an integrin-specific RGD sequence derived from HIV-

TAT (amino acids 73–86) in place of the TAT basic peptide

sequence (see Figure 1) did not compete with VEGF for either of

the two receptors. The reverse experiment, in which "#&I-labelled

Trx-bp-loop was competed with unlabelled VEGF, also showed

that Trx}basic-peptide chimaeras and VEGF bound to distinct

sites on both VEGFRs (Figures 4A and 4B). Trx-bp-loop and

Trx-bp-lin competed efficiently for binding to both receptors,

suggesting that the basic peptide is similarly exposed in both

fusion proteins. The Trx}RGD chimaera did not block binding

of the Trx}basic-peptide chimaeras, in agreement with earlier

findings that RGD peptides bind to distinct isoforms of the

integrin family of cell surface receptors, but not to VEGFRs. In

conclusion, these data show that the basic peptide sequence

present in HIV-TAT interacts with both VEGFRs. Binding of

this peptide to VEGFRs is highly specific and involves interaction

with receptor sites that are, at least partially, distinct from VEGF

binding sites. The fact that the basic peptide and VEGF show

weak competition in binding assays might be indicative of

allosteric interaction between binding sites specific for these two

ligands.

We next studied the mitogenic activity of the Trx}basic-

peptide chimaeric proteins in an immortalized endothelial cell

line derived from HUVEC, EA.hy 926 [38]. As shown in Table

2, Trx-bp-lin and Trx-bp-loop triggered cell growth to a similar

extent as did full-length HIV-TAT protein or VEGF
"'%

, while

Trx alone was completely inactive. When cells were first starved

for more than 4 days in! 0.1% serum, a high rate of apoptosis

was observed. Under these conditions VEGF or the Trx}basic-

peptide chimaera did not stimulate cell growth, but behaved as

survival factors (results not shown).

We have reported previously that bFGF and VEGF induce

BMEC to invade three-dimensional collagen gels, within which

they form capillary-like tubes [46,47]. The effect induced by

bFGF is maximal after 3–4 days, whereas at least 7–10 days are

required to see a maximal effect with VEGF [48]. We have also

shown that bFGF and VEGF induce a synergistic invasive

response [47]. We investigated the effects of Trx and Trx-bp-loop

on BMEC collagen gel invasion in the absence or presence of

bFGF or VEGF. When added on its own, up to 1 µg}ml Trx-bp-
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Figure 3 Competition of VEGF164 with Trx/basic-peptide chimaeras

Shown are competition assays with radiolabelled canine VEGF164 and Trx/basic-peptide

chimaeras on PAEC-Flt-1 (A) and PAEC-KDR (B) cells. Competitor peptides used are indicated

in the key.

loop had a minimal effect. However, Trx-bp-loop potentiated the

effect of bFGF in a dose-dependent manner (Figure 5), with

concentrations of 300 ng}ml and 1 µg}ml reaching statistical

significance (P! 0.001). Assuming that VEGF has an M
r

of

43000 and Trx-bp-loop has an M
r

of 15400, then, on an

equimolar basis, 30 ng}ml VEGF would be equivalent to

10 ng}ml Trx-bp-loop. Figure 6 also shows that Trx-bp-loop was

less effective than VEGF in potentiating bFGF-induced invasion.

When co-added with VEGF, Trx-bp-loop appeared to reduce

invasion in a dose-dependent manner (Figure 5), with a con-

centration of 1 µg}ml reaching statistical significance (P! 0.02).

UnlikeTrx-bp-loop, Trx had no effect under any of the conditions

tested, i.e. no effect was seen in the absence or presence of bFGF

or VEGF when Trx was added at concentrations up to 1 µg}ml

and assessed for up to 7 days (results not shown). In addition,

when the collagen gel invasion assay was performed with PAEC

expressing either VEGFR-1 or -2, no tube formation was

observed (results not shown).

The biological activity of Trx}basic-peptide chimaeras was

also tested in �i�o using the chorioallantoic membrane (CAM) in

the chicken egg as a model system for angiogenesis. Figure 6

shows that Trx-bp-loop stimulated angiogenesis on the CAM,

although to a lesser extent than VEGF. This might be due to

increased turnover of this protein on the CAM, or to altered

Figure 4 Competition of Trx-bp-loop with VEGF164

Shown are competition assays with radiolabelled Trx-bp-loop on PAEC-Flt-1 (A) and PAEC-KDR

(B) cells. Competitor peptides used are indicated in the key.

Table 2 Stimulation of endothelial cell growth with Trx/basic-peptide
chimaeras

EA.hy 926 cells were grown in culture as described in the Experimental section. Cell numbers

in the presence of 0.5% (v/v) serum plus the indicated peptides were determined after 72 h.

Values are means³S.E.M. for triplicate wells.

Added peptide 10w3¬Cell number

None 26.1³2.0

Trx 26.9³2.6

Trx-bp-lin 90.0³2.3

Trx-bp-loop 89.6³1.6

HIV-TAT 87.7³3.2

VEGF164 111.4³2.3

Basic peptide 120.3³1.2

signalling through VEGFRs as compared with that induced by

VEGF.

Finally, we addressed the question of whether Trx}basic-

peptide chimaeras and VEGF activate the same pathways in the
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Figure 5 Collagen invasion by endothelial cells

Left panels : effect of Trx-bp-loop on collagen gel invasion by BMEC. Confluent monolayers of BMEC on three-dimensional collagen gels were treated as follows : (A) control ; (B) 1 µg/ml Trx-

bp-loop ; (C) 10 ng/ml bFGF ; (D) bFGF­Trx-bp-loop ; (E) 30 ng/ml human recombinant VEGF ; (F) human recombinant VEGF­Trx-bp-loop. Cultures were photographed by phase-contrast

microscopy after 4 days (A–D) or 7 days (E, F). Arrowheads in (C) and (E) reveal translucent lines in BMEC cords, which are indicative of lumen formation. Magnification : ¬80. Top right : Trx-

bp-loop potentiates bFGF-induced collagen gel invasion by BMEC. Confluent monolayers of BMEC on three-dimensional collagen gels were treated with human recombinant VEGF (30 ng/ml ; V30)

or Trx-bp-loop at the indicated concentrations, in the absence or presence of bFGF (10 ng/ml). Invasion was quantified after 4 days, as described in the Experimental section. Values are

means³S.E.M. from at least four experiments per condition, i.e. at least 12 photographic fields (three fields per experiment). Significance of differences : *P ! 0.001. Bottom right : Trx-bp-loop

inhibits VEGF-induced collagen gel invasion by BMEC. Confluent monolayers of BMEC on three-dimensional collagen gels were treated with Trx-bp-loop at the indicated concentrations, in the absence

or presence of human recombinant VEGF (30 ng/ml). Invasion was quantified after 7 days, as described in the Experimental section. Values are means³S.E.M. from at least four experiments

per condition, i.e. at least 12 photographic fields (three fields per experiment). Significance of differences : *P ! 0.02.

cellular signalling network downstream from VEGFRs. We

measured the activity of VEGFR-2 and the MAP kinase sig-

nalling cascade in PAEC and HUVEC. Figure 7(A) shows an in

�itro kinase assay performed with HUVEC. The in �itro auto-

phosphorylation activity of VEGFR-2 was stimulated by both

VEGF and Trx-bp-loop, but not by a control Trx protein lacking

the sequence of the TAT basic peptide. When lysates of control

and agonist-stimulated PAEC were used in MAP kinase assays,

we obtained the result shown in Figure 7(B). Both Trx-bp-loop

and VEGF stimulated the activity of the Erk branch of the MAP

kinases in PAEC expressing VEGFR-2 (left panel), whereas

control PAEC lacking VEGFR-2 were not stimulated (right

panel). This clearly shows that basic peptide, at least qualitatively,

mimics VEGF-induced signalling via VEGFR-2. The fact that

control PAEC were not activated by Trx-bp-loop supports the

notion that signalling is VEGFR-specific.

DISCUSSION

Our data extend earlier studies showing that an HIV-TAT-

derived peptide sequence promotes angiogenesis in a variety of

systems through interaction with VEGFRs [28,33,34]. VEGFRs

expressed on endothelial cells bind the basic peptide derived from

HIV-TAT. This activity might explain the high incidence of

Kaposi ’s sarcoma in AIDS patients, although additional factors,

such as infection with human herpes virus 8, might contribute to

these malignancies [49,50]. Our present study also suggests that

TAT and VEGF apparently bind to distinct sites on both

VEGFR-1 and VEGFR-2. Trx}basic-peptide chimaeras, but not

Trx lacking these sequences, bound VEGFRs with high affinity.

Trx-bp-loop and VEGF partially competed for binding to

VEGFR-1 and -2, presumably through an allosteric effect or due

to steric interference. Trx-bp-loop potently stimulated endothelial

cell growth in culture. The kinase data shown in Figure 7 suggest

that the underlying mechanism depends, at least in part, on MAP

kinase activity. Similarly, this chimaeric protein was active in a

collagen gel invasion assay; it potentiated the effect of bFGF in

a manner qualitatively similar to what has been reported pre-

viously for bFGF and VEGF or VEGF-C [47,48]. However, on

a molar basis, higher concentrations of Trx-bp-loop were

required to observe an effect ; at very high concentrations, Trx-

bp-loop even inhibited the effect of VEGF. This suggests that
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Figure 6 Induction of angiogenesis on chicken CAMs

(A) Control CAM; (B) ­3 µg of Trx-bp-loop ; (C) ­3 µg of canine VEGF164. Eggs were

removed from the shell at day 3.5 after fertilization and the peptides were applied on day 8.5

on a 0.5% methyl cellulose disc. Eggs were cultivated in Petri dishes in a humidified incubator,

and pictures were taken between days 9.5 and 11.

these polypeptides compete for binding to the same receptor, yet

differ somewhat in their signalling properties through VEGFRs.

For instance, signalling by Trx}basic-peptide chimaeras through

VEGFRs might be less efficient than with VEGF because of

subtle differences in the kinetics of signalling to downstream

targets. Agonistic erythropoietin mimetics isolated by peptide

phage display may be precedents for such ligand behaviour [51].

These peptides evoked only a weak mitogenic response, although

they bound to receptors with affinities higher than that of

erythropoietin. The interpretation of those data was that proper

orientation of dimerized receptor subunits is crucial for efficient

receptor signalling. The different dose responses observed in the

collagen invasion and CAM assays for Trx-bp-loop in our study

might be similarly explained.

This leads to the interesting question of how Trx}basic-

peptide chimaeras and the full-length TAT protein activate

VEGFRs. Stimulation of VEGFR-2 by full-length TAT and a

TAT-derived short basic peptide have been described previously,

but the underlying mechanism was not elucidated [28]. Tyrosine

kinase receptors undergo changes in conformation upon ligand-

induced dimerization that lead to activation of the intracellular

kinase domain. Several mechanisms may be envisioned for the

functional interaction of the TAT peptide with VEGFRs. (i) The

basic peptide and Trx}basic-peptide chimaeras might form

dimers that interact with two VEGFR monomers. This is unlikely

for the basic peptide, which lacks sequences required for self-

Figure 7 In vitro kinase activity of VEGFR-2 and MAP kinase

(A) Starved HUVEC were treated for 15 min with : lane 2, 2 nM canine VEGF164 ; lane 4, 1 nM

Trx-bp-loop ; lane 5, 1 nM Trx. Lanes 1 and 3 show results from unstimulated control cells. Cells

were lysed and VEGFR-2 was immunoprecipitated as described in the Experimental section.

Quantification of the autoradiographs is shown below each lane ; the control value was arbitrarily

set to 1.0. (B) PAEC and PAEC-KDR cells were stimulated for 15 min with : lanes 2 and 6, 1 nM

canine VEGF164 ; lanes 3 and 7, Trx-bp-loop ; lanes 4 and 8, 1 nM Trx. Lanes 1 and 5 show

results from unstimulated control cells. Quantification of the autoradiographs is shown below

each lane ; the control value was arbitrarily set to 1.0. MBP, myelin basic protein.

association, but might play a role in signalling by Trx}basic-

peptide chimaeras. (ii) Binding of the basic peptide to the

extracellular domain of VEGFRs might alter the structure of

monomeric receptor molecules. The acquired conformation

might then be translated into structural changes in the in-

tracellular kinase domain that unleash receptor tyrosine kinase

activity. (iii) Structural changes in the extracellular receptor do-

main upon ligand binding might indirectly cause receptor di-

merization through a structural change in receptor monomers. In

all cases, receptor activation will be followed by recruitment

of cellular signalling proteins into an active signal transduction

complex located at the cell membrane. A detailed investigation

of the mechanisms responsible for VEGFR activation by the

described Trx}basic-peptide mimetics, involving biochemical and

structural studies, is under way.

The fact that peptides totally unrelated to VEGF stimulate

receptor activity opens interesting avenues for exploring receptor

signalling, particularly since low-M
r
mimetics specific for tyrosine

kinase growth factor receptors have not so far been characterized

in much detail. The identification of new bioactive ligands for

VEGFRs also opens up new possibilities for clinical applications

focusing on aberrant angiogenesis. We are currently pursuing the

possibility of using these peptides as specific address tags to

deliver cytotoxic reagents to tumour-induced blood vessels. Such

an anti-angiogenic therapy will allow selective destruction of

the tumour vasculature, thereby choking further growth of the

malignant tissue, as proposed in the Introduction (reviewed in

[7]). The polypeptides investigated in the present study may also
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be useful for the treatment of diseases associated with decreased

angiogenesis, since they behave as strong agonists for VEGFRs.
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