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Human immunodeficiency virus type 1 (HIV-1) transcrip-

tion relies on its transactivating Tat protein. Although

devoid of a signal sequence, Tat is released by infected

cells and secreted Tat can affect uninfected cells, thereby

contributing to HIV-1 pathogenesis. The mechanism and

the efficiency of Tat export remained to be documented.

Here, we show that, in HIV-1-infected primary CD4þ

T-cells that are the main targets of the virus, Tat accumulates

at the plasma membrane because of its specific binding to

phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2). This

interaction is driven by a specific motif of the Tat basic

domain that recognizes a single PI(4,5)P2 molecule and is

stabilized by membrane insertion of Tat tryptophan side

chain. This original recognition mechanism enables bind-

ing to membrane-embedded PI(4,5)P2 only, but with an

unusually high affinity that allows Tat to perturb the

PI(4,5)P2-mediated recruitment of cellular proteins. Tat–

PI(4,5)P2 interaction is strictly required for Tat secretion, a

process that is very efficient, as B2/3 of Tat are exported

by HIV-1-infected cells during their lifespan. The function

of extracellular Tat in HIV-1 infection might thus be more

significant than earlier thought.
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Introduction

Some cell proteins, generally small ones (o40 kDa), are

secreted despite their lack of signal sequence. These proteins

include homeodomain transcription factors, as well as nu-

merous cytokines, including FGF-1, FGF-2 and IL-1b (Nickel

and Rabouille, 2009). Their secretion pathways are collec-

tively designed as nonclassical or unconventional export

routes (Dupont et al, 2007; Nickel and Rabouille, 2009).

These processes are intriguingly diverse and, so far, there

seems to be as many pathways as proteins. Although the

overall secretion route has been identified for most proteins

that are secreted in an unconventional manner, mechanistic

details on these pathways are lacking (Keller et al, 2008;

Nickel and Rabouille, 2009).

The human immunodeficiency virus type 1 (HIV-1) trans-

activating protein Tat is a small (B11 kDa) and basic protein

that binds to the transactivation-response element (TAR) on

nascent RNA and recruits cyclin T1, a component of the

transcription elongation factor P-TEFb. As Tat promotes

efficient transcription from the 50 long-terminal repeat (LTR)

of HIV-1, it has, therefore, a crucial function in virus multi-

plication within infected T-cells (Jeang et al, 1999). In agree-

ment with this transcriptional function, Tat was found to

accumulate within the nucleus or nucleolus of HIV-1-infected

(Ranki et al, 1994) or Tat-transfected (Marasco et al, 1994)

T-cell lines.

Although Tat is devoid of signal sequence, it is secreted by

infected cells using an unconventional secretion pathway and

in the absence of cell lysis (Ensoli et al, 1990). The fact that

nanomolar Tat concentrations are present in the sera of HIV-

1-infected patients (Xiao et al, 2000) indicates that this

secretion process should be efficient and there is increasing

evidence that circulating Tat is implicated in viral multiplica-

tion, AIDS development and HIV-1-associated dementia.

Strikingly, secreted Tat acts as a viral toxin, inducing deleter-

ious effects on numerous cell types. For instance, extracel-

lular Tat can deregulate cytokine secretion by monocytes and

lymphocytes, and directly induce lymphocyte and neuron

death (Rubartelli et al, 1998; Gallo, 1999; Huigen et al,

2004). Nevertheless, both the efficiency and the mechanism

of Tat secretion remain to be elucidated.

Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) is a phos-

pholipid that is specifically concentrated within the inner leaflet

of the plasma membrane to which it can recruit proteins

involved in several important cell activities such as endocyto-

sis, phagocytosis, exocytosis and cell adhesion (De Matteis and

Godi, 2004; Di Paolo and De Camilli, 2006). Here, we showed

that Tat concentrates at the plasma membrane in primary T-

cells. We identified PI(4,5)P2 as the cell component responsible

for Tat recruitment at this level, and found that Tat–PI(4,5)P2

interaction enables Tat secretion. Intriguingly, Tat only binds

PI(4,5)P2 when present in a membrane. This is due to the

concomitant membrane insertion of Tat single Trp that is

required to stabilize Tat–PI(4,5)P2 interaction. This binding is
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actually so tight that Tat can displace cell proteins from

PI(4,5)P2. We also found that secreted Tat strongly affects

HIV-1 multiplication in CD4þ primary T-cells.

Results

A cellular ELISA assay to monitor Tat secretion

by T-cells

A first aim of this study was to set up a quantitative Tat

secretion assay. A problem for Tat detection is the poor

affinity of most anti-Tat antibodies. We tested 11 of them

and found a couple that enabled reliable Tat detection by

sandwich ELISA. Another problem was Tat susceptibility to

oxidation. We observed that secreted Tat is readily oxidized

by air oxygen and this makes it unreactive to antibodies (data

not shown). To circumvent this difficulty, we modified a

standard ELISA procedure. Jurkat cells, which are CD4þ

T-lymphocytes similar to most HIV-1-infected cells (Stebbing

et al, 2004), were first transiently transfected by plasmids

coding for Tat and luciferase (used as a control for cell lysis)

before plating onto 96-well plates earlier coated with anti-Tat

monoclonal antibodies. Cells were then incubated for various

times in degassed medium containing a low concentration of

reductant (20mM 2-mercaptoethanol) before assaying plate-

bound Tat by ELISA. This ‘cellular ELISA’ procedure enabled

antibodies to capture secreted Tat before it becomes oxidized.

Under these conditions, Tat secretion was linear up to 6 h. After

this time, up to 30% of cellular Tat had been secreted by Jurkat

cells (Figure 1A), whereas no release of cotransfected luciferase

was observed. Hence, B5% of cellular Tat is secreted hourly by

transfected Jurkat cells.

Tat secretion by HIV-1-infected cells is an efficient

process

We then examined the efficiency of Tat secretion in a biolo-

gically relevant system. We purified primary CD4þ T-cells,

infected them with HIV-1 and assayed Tat secretion 3 days

later, i.e. shortly after the beginning of infection to minimize

cell lysis. Less than 10% of the cells were infected after this

time, and we had to leave cells 12–18 h in the plate to

capture enough Tat to allow reliable quantitation. After 15 h,

B55% of total Tat (cells þ medium) was found in the

medium (Figure 1B) and extracellular concentration reached

B0.25 nM. It should be noted that, because Tat capture by

antibodies takes place under native conditions, the cellular

ELISA assay only detects free Tat in the medium and not any

Tat that could be incorporated into virions. Infected cells

secrete Tat almost as efficiently as the viral capsid protein

p24, whereas Nef was not significantly exported (Figure 1B).

According to the average half-life of 2.2 days for an infected

primary CD4þ T-cell (Perelson et al, 1996), that secretes

3.7±0.2% of cellular Tat hourly, it can be calculated that

2/3 of Tat is exported (i.e. 195% of the intracellular amount).

Tat is membrane bound in HIV-1-infected T-cells

In the search for membrane compartments involved in Tat

export, we examined Tat localization in CD4þ T-cells. We

first used Tat-transfected cells. In agreement with earlier

studies performed on cell lines (Stauber and Pavlakis, 1998;

Marcello et al, 2001), in stably transfected Jurkat Tat-III cells

(Figure 2A) or conventional Jurkat cells transiently trans-

fected by Tat (Figure 2B), Tat concentrated within the nucleus

and nucleoli. Nevertheless, in Tat-transfected primary CD4þ

T-cells, Tat localized at the plasma membrane (Figure 2C).

On HIV-1 infection, Tat concentrated at the plasma mem-

brane of primary CD4þ T-cells (Figure 2D and E) together

with Gag (p24). In some cells, especially at late stages of

infection, Tat was also observed in the cytosol (Figure 2E;

Supplementary Figure S1). The same localization was

obtained using either a polyclonal or a monoclonal anti-Tat

antibody, and controls were performed using antibodies

against the nucleolar antigen Ki67 or histone H1 to check

for the proper permeabilization of the nuclear envelope

during immunofluorescence labelling of primary cells

(Figure 2C–E; Supplementary Figure S1).

As it was surprising to find a transcription factor such

as Tat concentrated at the plasma membrane, we tried to
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Figure 1 Tat secretion is an efficient process. (A) Time dependence
of Tat secretion by transfected Jurkat cells. Cells were transfected
with Tat and luciferase expression vectors. After 48 h, they were
plated onto ELISA plates precoated with anti-Tat monoclonal anti-
body. Secretion was allowed for the indicated time and was
calculated as medium/(cellþmedium) (%) for both Tat and luci-
ferase. (B) Secretion of Tat, Gag p24 and Nef by HIV-1-infected
primary CD4þ T-cells. Primary CD4þ T-cells were isolated, stimu-
lated and infected with HIV-1. Three days after, cells were plated
onto anti-Tat-coated ELISA plates for 15 h. Tat binding takes place
under native conditions and this assay only detects free Tat in the
medium, whereas the ELISA used to assay extracellular p24 and Nef
involves the use of a detergent that releases any virion-incorporated
protein.
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confirm this result using cell fractionation. Primary CD4þ

T-cells were thus transfected with Tat before cell fractionation

in three different fractions containing cytosolic, membrane-

associated and nuclear proteins. The efficiency of the fractio-

nation procedure was examined using markers such as the

cytosolic chaperone Hsp90 that was primarily observed in the

cytosolic fraction, and histone H1 that was only found in

the nuclear fraction (Figure 2F and G). The integral mem-

brane protein CD4 mainly localized to the membrane frac-

tion. For reasons that will become clearer later, a transfected

EGFP chimera of PH domain of PLCd (PHPLCd), a well

characterized specific probe for PI(4,5)P2 (De Matteis and

Godi, 2004), was used as a marker for peripheral membrane

proteins. This construct concentrated into the membrane

fraction (80%), although it was present to some extent

(24%) in the nuclear fraction. This distribution is consistent

with PI(4,5)P2 intracellular localization (Watt et al, 2002). Tat

was essentially observed (80%) in the membrane fraction,

although 18% were present in the nucleus (Figure 2F and G).

Altogether with immunofluorescence data, these results

showed that Tat is concentrated at the plasma membrane

in primary CD4þ T-cells and strongly suggested that Tat

secretion could directly take place at this level.

Tat could be significantly detected in the nucleus by cell

fractionation only, indicating that Tat concentration at this

level is below the detection threshold of immunofluores-

cence, and that the nucleus is not a major destination for

Tat in primary CD4þ T-cells. The fact that the virus replicates
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Figure 2 Tat is membrane bound in HIV-1-infected primary CD4þ T-cells. (A–E) Immunofluorescence. Cells were fixed with paraformaldehyde
and permeabilized with saponin. Tat, Gag p24, histone H1 or Ki67 were then revealed by immunofluorescence, as indicated. A fluorescent
lectin (WGA) was used to localize the plasma membrane and the trans-Golgi network (TGN). (A) Jurkat-TatIII cells, which are stable Tat-
transfected cells, were labelled with 100 nM fluorescent transferrin for 40 min to localize endosomes before fixation. (B) Jurkat cells were
transiently transfected by Tat. (C) Tat-transfected-activated primary CD4þ T-cells. (D, E) HIV-1-infected primary CD4þ T-cells. Images are
representative medial representative confocal sections. Bar, 5 mm. Wide field views are shown in Supplementary Figure S1. (F, G) Cell
fractionation. Primary CD4þ T-cells were transfected with Tat or PHPLCd-EGFP. One day later, cells were fractionated in three fractions, cytosolic
(C), membranes (M) and nucleus (N). Proteins were precipitated and separated by tricine SDS–PAGE before western blots that were revealed
using antibodies against the indicated proteins (F). An anti-GFP was used to detect PHPLCd-EGFP. (G) The experiment was repeated three times
and films were scanned for band quantification. The results are mean±s.e.m. (n¼ 3).
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shows Tat accumulation within the nucleus is not required for

efficient transactivation. To examine this point more directly

using the same cellular background, we hooked the nuclear

export signal (NES) of Rev to Tat C-terminus. As shown

earlier in HeLa cells (Stauber and Pavlakis, 1998;

Sivakumaran et al, 2009), the resulting Tat-NES was excluded

from the nucleus of transiently transfected Jurkat cells and

was exclusively observed in the cytosol or at the plasma

membrane (Supplementary Figure S2A). We then compared

the efficiency of transactivation by Tat-NES with that of

native Tat using a dose-response curve. The efficiency of

transactivation by Tat-NES was B70% of that of native Tat

and this ratio remained constant whatever the plasmid doses,

even for low Tat/LTR ratios (Supplementary Figure S2B). This

result confirmed that efficient transactivation by Tat does not

require Tat nuclear/nucleolar accumulation. This is consis-

tent with the very high affinity of the cyclin T1–Tat–TAR

ternary complex that assembles with subnanomolar Kd

values (Zhang et al, 2000). We will come back to this point

in the Discussion section.

Tat binds liposomal PI(4,5)P2 with a high affinity

and specificity

The next question was thus how Tat was recruited at the

plasmalemma. We noticed that Tat had a putative-binding

site for PI(4,5)P2 in its basic domain (49-RKKRRQRRR-57).

We first examined whether Tat actually bound PI(4,5)P2 using

a conventional liposome sedimentation assay (Barret et al,

2000). Tat was quantitatively pelleted with liposomes as soon

as they contained 2.5% PI(4,5)P2 (Figure 3A), which is the

approximate concentration of PI(4,5)P2 in the inner leaflet of

the plasma membrane (Lemmon, 2003). If PI(4,5)P2 was

involved in Tat recruitment at the plasma membrane, Tat

should specifically bind to this phosphoinositide. We thus

examined the specificity of Tat binding to different phospho-

inositides. Tat bound, with roughly the same efficiency,
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Figure 3 Tat binds with high affinity to lipsomes containing PI(4,5)P2. (A) Effect of PI(4,5)P2 concentration on Tat binding to liposomes.
Multilamellar PC liposomes were incubated with Tat before ultracentrifugation. The pellet and supernatant (SN) were analysed by SDS–PAGE,
and gels were stained with Coomassie blue. (B) Specificity of Tat binding to phosphoinositides. Liposomes included 2.5% (mol/mol) of the
indicated phosphoinositide. (C) Specificity of phosphoinositide recognition by Tat deduced from liposome sedimentation assays. The results are
mean±s.e.m. (n¼ 3). (D) SPR sensorgrams of Tat (200 nM) and GST–PHPLCd (200 nM) binding to immobilized liposomes containing PC
(75%), PE (20%) and PI(4,5)P2 (5%). (E) SPR sensorgrams showing the binding of Tat (200 nM) to liposomes containing 5% of either PI(4,5)P2

or PI(3,4,5)P3. (F) Affinities for PS, PI(4,5)P2 or PI(3,4,5)P3 of different phosphoinositide-binding proteins used in this study. Kd were
determined using ITC. No heat production was detectable when mixing PI(3,4,5)P3 liposomes with Tat indicating that, according to ITC, Tat
does not bind PI(3,4,5)P3.
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to PI(4,5)P2 and PI(3,4,5)P3, to a lesser extent to PI(3,4)P2,

and did not show any significant affinity to any other

phosphoinositide (Figure 3B and C).

It was also important to check whether Tat bound phos-

phatidylserine (PS), which is a negatively charged phospho-

lipid present at high concentration (B18%) within the inner

leaflet of the plasma membrane (Corbin et al, 2004). We

found that Tat quantitatively sedimented with PS-containing

liposomes only when the PS concentration reached 20%

(Supplementary Figure S3). Hence, Tat interacted with PS in

this sedimentation assay.

To identify among PS, PI(4,5)P2 and PI(3,4,5)P3 the phos-

pholipid(s) that was or were most likely to be responsible for

Tat recruitment to the plasma membrane, we measured the Kd

of their interaction with Tat. To this end, we first immobilized

small unilamellar vesicles on chips for surface plasmon

resonance (SPR) experiments (Honing et al, 2005). Tat

strongly bound to chips coated with vesicles containing 5%

PI(4,5)P2 (Figure 3D and E) and this binding was inhibited

when anti-PI(4,5)P2 antibodies were applied before Tat (not

shown). Regarding affinity, Tat dissociated very weakly from

immobilized PI(4,5)P2 liposomes (Figure 3D and E), with a

dissociation rate close to the sensitivity limit of the biosensor

apparatus, and the Kd we obtained (Kd o0.3 nM) was over-

estimated.

To validate these findings, we used a GST-tagged version of

the PH domain of PLCd (PHPLCd) that specifically recognizes

PI(4,5)P2 (De Matteis and Godi, 2004). Immobilized PI(4,5)P2

liposomes bound GST–PHPLCd with a Kd of 4 nM (Figure 3D).

This value is very close to that (6.6 nM) obtained before using

the same experimental system (Zimmermann et al, 2002). It

should be noted that in these SPR experiments, Tat (B11 kDa)

always gave a smaller signal (140–160 RU) compared with

GST–PHPLCd (B44 kDa) that gave B550 RU (Figure 3D). This

is likely due to the difference in size between the two

proteins. Indeed, the ratio of protein masses (4) is essentially

the same as the RU ratio (3.7). We then checked Tat specifi-

city for phosphoinositides in this experimental system. When

PI(4,5)P2 was replaced by PI or PI4P, Tat did not bind any-

more (Supplementary Figure S4). These results thus con-

firmed the specificity of Tat binding deduced from

centrifugation assays (Figure 3B and C). SPR experiments

also showed that Tat had at least a 10-fold higher affinity for

PI(4,5)P2 as compared with PI(3,4,5)P3 (Figure 3E). The

apparent discrepancy between these results and the equiva-

lent binding of Tat to these lipids observed when using the

cosedimentation assay (Figure 3B and C) is due to the fact

that the latter assay is not very quantitative and does not

discriminate between ligands unless they display dramati-

cally different affinities (Blin et al, 2008).

SPR data were confirmed by isothermal tritration calorime-

try (ITC), a technique that is quantitative and enables reliable

measurements of affinities over a wide-concentration range

(nM to mM). ITC results showed that Tat bound PI(4,5)P2

liposomes with a high affinity (Kd B 16 nM; 1 PI(4,5)P2/Tat),

whereas Tat poorly recognized PS (Kd4100mM; 3 PS/Tat) and

did not bind to PI(3,4,5)P3 in this system (Figure 3F).

Altogether, SPR and ITC data showed that Tat is a specific

PI(4,5)P2 ligand that displays a very high affinity for this lipid.

Indeed, Tat avidity for PI(4,5)P2 (0.3 nM for SPR and 16 nM for

ITC) is 20- to 50-fold higher than that of PHPLCd (6.6 nM for

SPR and 900 nM for ITC). As a negative control, we also used

HIV-1 Rev that owns a basic domain (Truant and Cullen,

1999). Nevertheless, this does not endow Rev with PI(4,5)P2-

binding properties (Figure 3F).

Tat is a strong and specific PI(4,5)P2 ligand

intracellularly

As a number of proteins containing basic motifs were found

to bind both PI(4,5)P2 and PI(3,4,5)P3 (Heo et al, 2006), it

was important to check whether Tat was a specific PI(4,5)P2

ligand intracellularly. It was also interesting to examine

whether the superior affinity of Tat for PI(4,5)P2 compared

with PHPLCd was not only observed using SPR or ITC, but also

on living cells. To examine these issues, we used PHPLCd and

PHAkt domains that are specific ligands of PI(4,5)P2 and

PI(3,4,5)P3, respectively (Varnai and Balla, 1998; Astoul

et al, 2001). When measured by ITC, we found the Kd of

both interactions to be 0.9 mM for GST–PHPLCd/PI(4,5)P2

interaction and 2.4 mM for GST–PHAkt/PI(3,4,5)P3

(Figure 3F), consistent with published data (Lemmon et al,

1995; Stephens et al, 1998). As these values lie within the

same range, the ability of Tat to compete with these PH

domains for their favourite phosphoinositide will, therefore,

directly reflect Tat affinity for this lipid in the cellular context.

For these competition experiments, we used Jurkat cells, as

they lack phosphatases PTEN and SHIP that degrade

PI(3,4,5)P3 into PI(4,5)P2 and PI(3,4)P2, respectively. These

cells thus have a high basal level of PI(3,4,5)P3 (Astoul et al,

2001) and specific ligands for this lipid such as PHAkt domain

(Astoul et al, 2001) and Gab1 (Maroun et al, 2003), therefore,

localize at their plasma membrane (Figure 4A). Transfected

Tat was able to displace an PHPLCd-EGFP probe, but neither

PHAkt-EGFP nor Gab1-EGFP from the membrane (Figure 4A).

To have a more precise idea of the efficiency of PHPLCd-EGFP

displacement, we performed image quantification on n430

cells. The results showed that, in control cells, 15% of

PHPLCd-EGFP is cytosolic. This fraction rose to 40% when

Tat was cotransfected (Figure 4B). As a positive control for

displacement of the PHPLCd probe, we used neomycin. This

cationic antibiotic binds tightly to the headgroup of phos-

phoinositides, thereby inhibiting protein binding to PI(4,5)P2

(Aharonovitz et al, 2000). In neomycin treated cells, 39% of

PHPLCd-EGFP was cytosolic, just as observed on Tat cotrans-

fection (Figure 4B). Hence, Tat is able to efficiently displace

PHPLCd-EGFP from PI(4,5)P2. As a positive control for the

displacement of PI(3,4,5)P3 probes to the cytosol, we co-

transfected cells with PTEN that induced quantitative reloca-

lization of both PI(3,4,5)P3 probes to the cytosol, whereas

PHPLCd-EGFP remained at the plasma membrane, as ex-

pected. The inactive (G129E) PTEN mutant had no effect

(Figure 4A). Collectively, these data confirmed biochemical

data (Figure 3F) and showed that Tat is a PI(4,5)P2 selective

ligand that does not significantly interact with PI(3,4,5)P3

intracellularly. They also corroborated biochemical results

indicating that Tat has a higher affinity for PI(4,5)P2 com-

pared with PHPLCd and indicated that, despite the fact that Tat

is not easily visualized at the plasma membrane of Jurkat

cells, it is nevertheless recruited at this level in a PI(4,5)P2-

dependent manner. The efficiency of Tat nuclear import is

such that it apparently perturbs the stability of Tat–PIP2

interaction, thereby decreasing Tat residence time at the

plasma membrane. Nuclear accumulation, therefore, likely
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explains why it is difficult to visualize Tat at the plasmalem-

ma in Jurkat cells.

PI(4,5)P2 is required for Tat targeting to the plasma

membrane and for Tat secretion

To assess the function of this Tat–PI(4,5)P2 interaction in Tat

secretion, we first used neomycin that masks PI(4,5)P2. This

drug displaced Tat from the membrane of transfected primary

CD4þ T-cells (Figure 5A and B), and strongly inhibited Tat

secretion by Jurkat cells (�60%, Figure 5C). Cell transfection

with a phosphoinositide 5-phosphatase IV (5-pase IV) that

hydrolyses PI(4,5)P2 (Ono et al, 2004) strongly displaced Tat

towards the cytosol (Figure 5A and B) and concomitantly

inhibited Tat secretion by 65% (Figure 5C). Conversely, the 5-

pase IV D1 inactive mutant affected neither Tat localization

nor secretion (Figure 5A–C). The Ipn54 yeast 5-phosphatase

(Pendaries et al, 2006) partly displaced Tat to the cytosol

(Figure 5A and B) and inhibited Tat secretion by 40%

(Figure 5C). A similar level of inhibition was achieved by

the IpgD bacterial 4-phosphatase (Pendaries et al, 2006),

whereas the IpgD C438S inactive mutant had no effect on

Tat secretion by Jurkat cells (Figure 5C). A permanently

activated mutant of Arf6 (Arf6-Q67L) that induces the for-

mation of PI(4,5)P2-positive actin-coated endosomes that are

no longer able to recycle back to the plasma membrane

(Brown et al, 2001) reduced Tat secretion by 40%

(Figure 5C). Both Arf6-Q67L and IpgD were toxic when

expressed in primary T-cells. We also found that PHPLCd,

even when overexpressed, does not inhibit Tat secretion

(Figure 5C), confirming that Tat is an intriguingly strong

PI(4,5)P2 ligand. Altogether, the use of these various

PI(4,5)P2 effectors that either masked, hydrolysed or dis-

placed this lipid confirmed that Tat is bound to PI(4,5)P2

intracellularly. They further indicated that this binding is

responsible for Tat recruitment to the plasma membrane

that is a prerequisite for Tat secretion by Jurkat cells.

It was important to check whether this was also the case in

a biologically relevant system. Treatment of HIV-1-infected

primary CD4þ T-cells for 1 h with 2 mM neomycin resulted in

quantitative displacement of Tat and Gag (p24) towards peri-

Golgi compartments, that is around the main wheat germ

agglutinin (WGA)-positive structure (Figure 5D). Neomycin

toxicity limited the drug concentration that could be used

during the overnight incubation required to assay Tat secre-

tion by infected cells. Nevertheless, we found that Tat secre-

tion by infected primary CD4þ T-cells was inhibited in a

dose-dependent manner by neomycin (Figure 5E), confirming

that Tat secretion by HIV-1-infected cells relies on PI(4,5)P2

binding.

Tat binds PIP2 using a specific motif of its basic domain

We then examined whether the Tat basic domain was indeed

responsible for PI(4,5)P2 binding. To this end, we first used

SPR and overlapping 20 mer peptides covering the Tat

sequence (Figure 6A). Each peptide was injected twice to

achieve saturation of binding sites as much as possible,

before applying Tat to assess whether Tat fixation was

affected by the peptide. Peptide 5 (residues 42–61), which

covers the entire basic domain (residues 49–57) efficiently

bound to PI(4,5)P2 albeit, contrary to Tat, it readily disso-

ciated (Figure 6B). It should be noted, therefore, that the Tat

basic domain, also known as the ‘protein transduction do-

main’, that is used for protein vectorization into cells (Joliot

and Prochiantz, 2004) is a weak PI(4,5)P2 ligand (Kd

B600 nM for peptide 5 according to SPR). Peptide 5 never-

theless prevented Tat binding, whereas peptide 6 (residues

52–71), although encompassing most of the basic domain and

containing five of its eight basic residues, did not bind

PI(4,5)P2 and, therefore, did not prevent Tat binding

(Figure 6B). The remaining peptides behaved as peptide 6

(not shown). SPR data, therefore, indicated that Tat binding

to PI(4,5)P2 is mediated by its basic domain, and that at least
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one residue among the three basic residues 49–51 is involved

in this interaction. We then performed an Ala scan on the

basic residues of the domain to identify important residues.

The secretion efficiency of these point mutants was essen-

tially unaffected (Figure 6C). Nevertheless, when the first

residues of the domain were progressively replaced by Ala,

the secretion efficiency dropped from 82% (R49A) to 58%

((49–50)A) and 1% ((49–51)A). Equivalent mutations on the

other end of the domain only weakly affected secretion (70%

of secretion for (55–57)A). To monitor and compare the

capacity of these mutants to bind PI(4,5)P2, we used ITC.

We found (Figure 6D) that recombinant Tat(49–51)A did not

significantly bind PI(4,5)P2, whereas Tat (55–57)A showed an

affinity (Kd¼ 42 nM) similar to that of native Tat

(Kd¼ 16 nM). Intracellular localization analysis by immuno-

fluorescence confirmed biochemical data as Tat(55–57)A

localized to the plasma membrane of transfected primary

CD4þ T-cells, whereas Tat(49–51)A was essentially cytosolic

(Figure 6E and F). Similar data were obtained using cell

fractionation, except that in that case, Tat(49–51)A was

observed in the nuclear and not in the cytosolic fraction

(Supplementary Figure S5).

The fact that Tat (55–57)A preserved essentially native

PI(4,5)P2 binding and secretion capacities shows that the loss

of these activities by Tat(49–51)A is not merely due to the

lack of three positive charges. These combined immunofluo-

rescence, SPR, ITC and secretion data showed that Tat binds

PI(4,5)P2 through residues 49–51 of its basic domain and

confirmed that PI(4,5)P2 binding is a prerequisite for Tat

secretion.
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Tat requires a lipid membrane for insertion

on PIP2 binding

As three positive charges of Tat are involved in the binding of

PI(4,5)P2 that has 3–5 negative charges (McLaughlin et al,

2002), the Tat–PI(4,5)P2 interaction should be stoichiometric.

Titration of Tat with PI(4,5)P2–liposomes by ITC indeed

revealed a stoichiometry of one PI(4,5)P2 per Tat molecule

(Table I). Surprisingly, this specificity was lost when using a

water-soluble PI(4,5)P2 analogue, diC8-PI(4,5)P2, or the

PI(4,5)P2 head group (Ins(1,4,5)P3) for which a 3–4

ligands/Tat interaction was observed, indicating that these

soluble ligands bound to virtually all Tat-positive charges

(n¼ 17). In addition, when using liposomes, the ITC injection

peaks were followed by a characteristic slow binding event
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(Figure 7A) that was not observed when using diC8-PI(4,5)P2

(data not shown), Ins(1,4,5)P3 (Figure 7B) or for the PHPLCd–

liposome interaction (Figure 7C). These three titration curves

(Figure 7A-C) were strikingly different.

Regarding the thermodynamics, PI(4,5)P2 recognition by

PH domains is known to be an enthalpy-driven reaction

(Lemmon et al, 1995) (Table I), as expected for a binding

event involving hydrogen bonding or ionic interactions with

phosphate groups. Surprisingly, under the same experimental

conditions, Tat interactions with PI(4,5)P2 liposomes were

driven by a very favourable entropy that compensated for a

large unfavourable enthalpy (Table I). This unfavourable

enthalpy was unexpected, and the association of Tat with

PI(4,5)P2 liposomes clearly seems to be atypical in this

respect. We also noted a significant reduction in favourable

entropy for Tat titrations with liposomes as compared with

those with Ins(1,4,5)P3 (Table I) or diC8-PI(4,5)P2 (data not

shown). Together with the slow binding event apparent for

Tat–liposome interactions (Figure 7A), this could be indica-

tive for Tat folding and/or membrane insertion.

These ITC results thus indicated that Tat requires a mem-

brane to bind PI(4,5)P2, and suggested that the intrinsically

unstructured Tat adopted a 3D-fold on interaction with

PI(4,5)P2–liposomes and directly engaged interactions with

the lipid membrane itself. This interpretation was consistent

with the observations that Tat did not bind to PI(4,5)P2

spotted on a blot membrane or coated on an ELISA plate

(data not shown). This was directly confirmed by the results

of monolayer penetration experiments. In these studies,

phospholipid monolayers of a chosen initial surface pressure

(p0) were spread at constant area and the change in surface

pressure (Dp) was monitored after protein injection into the

subphase. The extrapolation of the Dp versus p0 plot yields

the critical surface pressure (pc), which provides a p0 upper

limit of a monolayer that a protein can insert into. The cell

surface pressure of biological membranes has been estimated

to be 30–35 mN/m (or dyne/cm), and any protein that

presents a pc above this threshold can, therefore, sponta-

neously penetrate into biological membranes (Stahelin et al,

2003). Although Tat did not insert into PC/PG monolayers, in

the presence of 5% PI(4,5)P2, Tat showed exceptionally high

membrane penetrating power (pcB36 mN/m; Figure 7D),

that is higher than that of Epsin ENTH domain (pcB31 mN/

m; Stahelin et al, 2003) for instance. This result indicated that

Tat can spontaneously insert into the inner leaflet of the

plasma membrane.

Molecular basis for Tat-high affinity for PIP2

How does Tat insert into membranes on PI(4,5)P2 binding?

According to the poor affinity of the transduction peptide for

liposomal PI(4,5)P2 (Figure 6B), this interaction involves, in

addition to the Tat basic domain, the participation of other

parts of the molecule. Among hydrophobic residues that

could be involved in membrane interaction, Tat owns a single

and well-preserved Trp (Supplementary Figure S6; Pantano

and Carloni, 2005) that enables Tat insertion into the endo-

some membrane during endocytosis of extracellular Tat

(Yezid et al, 2009).

To examine whether Tat Trp indeed inserted into the

membrane on Tat binding to PI(4,5)P2, we monitored the

quenching of Tat-Trp fluorescence on binding to liposomes

containing the hydrophobic quencher 10-doxylnonadecane

(10-DN) (Caputo and London, 2003). Strong Trp-fluorescence

quenching was observed when using PC/PS/PI(4,5)P2/10-DN

vesicles, whereas fluorescence was not affected when using

vesicles lacking PI(4,5)P2 (Figure 7E). This result confirmed

that Tat inserts into the membrane on PI(4,5)P2 binding, and

showed that Tat Trp is involved in this insertion process.

Regarding the kinetics, insertion was essentially complete

within 2 min. This is in agreement with the time scale of

heat production detected during Tat–liposome interaction

(Figure 7A).

We then made two conservative (W11F and W11Y) muta-

tions on Trp11. We first monitored whether these mutations

preserved native Tat biological activity, as monitored using

the transactivation activity of the protein. This activity indeed

requires Tat interaction with several partners (proteins and

RNA) that recognize different domains of the protein (Jeang

et al, 1999). The W11F mutation induced a drop of 50% in

transactivation activity. This indicated a conformational pro-

blem in this mutant. Tat-W11Y showed native transactivation

activity, suggesting that it preserved a normal conformation

and reactivity of the molecule (Yezid et al, 2009).We then

monitored the PIP2-binding capacity of these mutants by ITC.

Replacement of Tat-Trp11 induced a drastic loss in the avidity

for PI(4,5)P2 as Tat-W11F and Tat-W11Y bound PI(4,5)P2 30-

and 300-fold less efficiently than WT Tat, respectively

(Figure 6D). Keeping in mind the reservations regarding

Tat-W11F conformation, it should be noted that the affinity

of Trp11-mutant for PI(4,5)P2 is consistent with the respective

ability of these residues to insert into membranes:

Trp44Phe 4Tyr (White and Wimley, 1999).

To confirm the function of Tat-W11 in PI(4,5)P2 binding

and Tat recruitment at the plasma membrane, we examined

the intracellular localization of W11 mutants. They were both

largely cytosolic (Figure 6E and F). This observation was

confirmed by the results of secretion assays, as both W11F

and W11Y mutations strongly inhibited Tat secretion by

Jurkat cells (by B80%; Figure 6C). Collectively, these results

showed that Tat Trp11 enables Tat membrane insertion that is

strictly required for Tat binding to PI(4,5)P2, and thus for Tat

secretion. This tight link and coupling between membrane

Table I Titration calorimetry of inositol phosphate binding to Tat and PHPLCd

N (Tat:ligand) Kd (nM) DG (kJ/mol) DH (kJ/mol) TDS (kJ/mol)

PHPLCd:PIP2 liposomes 1:1.0 900 �34.8 �18.7 +16.1
Tat:Ins(1,4,5)P3 1:3.6 24 �42.8 +181.4 +224.2
Tat:PIP2 liposomes 1:1.0 16 �43.9 +129.2 +173.1

N, stoichiometry; Kd, dissociation constant. Precisions on Kd are±10%.
Proteins were present in the cell and PIP2 liposomes (PC/PG/PI(4,5)P2 75/20/5) or Ins(1,4,5)P3 were sequentially injected.
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penetration and PIP2 binding is the basis of the Tat require-

ment for a lipid membrane to bind PI(4,5)P2.

Secreted Tat is biologically active

It was important to check the biological activity of secreted

Tat in our experimental system. To this end, we first used a

well-established transcellular transactivation assay (Helland

et al, 1991; Marcuzzi et al, 1992; Ensoli et al, 1993). Donor

cells were transfected with Tat (WT or W11Y) or EGFP as a

control, and recipient cells with luciferase reporter plasmids.

Donor and recipient cells were then mixed and collected for

luciferase assays after various times of cocultivation. A time-
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dependent transcellular transactivation was observed in the

case of WT-Tat (Figure 8A). Tat-W11Y that is poorly secreted

(Figure 6C) and unable to reach the cytosol of target cells

(Yezid et al, 2009) did not transactivate in this assay,

although it showed native transactivation activity when

coexpressed with luciferase vectors (Yezid et al, 2009),

Hence, secreted Tat is capable to enter recipient cells to

transactivate, and is thus biologically active.

Secreted Tat strongly affects HIV-1 multiplication

Transcellular transactivation assays are not very sensitive

(Ensoli et al, 1993), and we thought of using another effect

of extracellular Tat to confirm that secreted Tat is active on

target cells. Extracellular Tat was found to affect HIV-1 multi-

plication at the level of virus coreceptors (Huang et al, 1998;

Weiss et al, 1999; Ghezzi et al, 2000; Xiao et al, 2000). As a

Tat mutant that transactivates properly, but is not secreted,

was not available, these studies used recombinant Tat and

not Tat produced by infected cells. We took advantage of the

Tat-W11Y mutant that retains native transactivation activity

(Yezid et al, 2009), but is unable to cross membranes

(Figure 6C; Yezid et al, 2009). We prepared recombinant

viruses bearing the W11Y mutation either in an X4 or an R5

background, and used these viruses to infect CCR5-trans-

fected Jurkat T-cells or PBMCs. These systems provided

similar results. We monitored infection using extracellular-

and intracellular-p24 assays and assessed coreceptor expres-

sion at the cell surface using FACS analysis. The results of

extracellular p24 determinations (Figure 8B for Jurkat CD4-

CCR5 cells) showed that all viruses were replicative.

Regarding X4 (pNL4-3) viruses, the WT initially replicated

more quickly, but a maximum was reached at day 10 and

virus production decreased at later times. The highest virus

titres were obtained with the mutant (Tat-W11Y) X4 virus

(þ 40% compared with WT). Intracellular p24 assays by

FACS (Figure 8C) or western blots (not shown) confirmed

that X4-Tat-W11Y replicated more efficiently than the WT X4

viruses. Secreted WT Tat induced very strongly (up to 23-

fold) CXCR4 expression (Figure 8D). CCR5 induction was

lower (up to six-fold), but this weaker effect could be related

to the specific genetic background of Jurkat CD4-CCR5 cells.

The mutant (Tat-W11Y) X4 virus was much less efficient in

increasing coreceptor levels (up to 12-fold for CXCR4 and

three-fold for CCR5) and its effect likely represents the

participation of infected cells.

When R5 (AD8) viruses were used, the mutant replicated

less actively than the WT (Figure 8B and C). As noticed for X4

viruses, the WT R5 virus was at least two-fold more efficient

than the mutant in increasing coreceptor expression

(Figure 8E).
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Figure 8 Secreted Tat is biologically active. (A) Transcellular transactivation by secreted Tat. Jurkat cells were transfected with WT Tat, Tat-
W11Yor EGFP (mock); 18 h after transfection, cells were mixed (1/1) with Jurkats cells transfected with luciferase vectors, one encoding firefly
luciferase under the control of HIV-1 LTR, and the other renilla luciferase under the control of a Tat-independent promoter. Cells were harvested
for luciferase assays after the indicated coculture time, and transactivation was calculated using the increase in the firefly/renilla activity ratio
(%). (B, C) Secreted Tat differentially affects virus replication according to tropism. Jurkat CD4-CCR5 T-cells that express both CXCR4 and CCR5
were infected with an X4 (pNL4-3) or an R5 (AD8) HIV-1 variant, bearing either WT Tat or Tat-W11Y as indicated by 4W, 4Y, 8W and 8Y.
Infection was monitored using (B) p24 ELISA of culture supernatants and (C) intracellular p24 staining and FACS analysis using quadrant
statistics. Data shown are representative of three different experiments. Similar results were obtained using PBMCs as target cells (data not
shown). (D, E) Secreted Tat induces coreceptor expression. Coreceptor expression by Jurkat CD4-CCR5 T-cells infected with X4 (D) or R5 (E)
variants was monitored by FACS analysis. Expression was quantified as the average fluorescence of the cell population, and the fold induction
of CXCR4 and CCR5 was obtained by comparison with expression in control samples.
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Altogether, these results are consistent with established Tat

effects on HIV-1 coreceptors. The effect on CXCR4 is the most

complex. Extracellular Tat at 2–200 nM is known to bind

CXCR4, thereby inhibiting infection by X4 viruses (Ghezzi

et al, 2000; Xiao et al, 2000). Nevertheless, as shown earlier

using subnanomolar concentrations of exogenous Tat (Huang

et al, 1998), Tat strongly induced CXCR4 expression

(Figure 8D). As a result of these two opposite and concentra-

tion-dependent effects, the WT X4 virus started to multiply

more efficiently than the mutant (Figure 8B). This is notice-

able at day 7 in which WT X4 had already induced significant

CXCR4 expression (Figure 8D). After day 10, when Tat

accumulated in the medium, its inhibitory effect on the

multiplication of WT X4 became dominant (Figure 8B and

C). This concentration-dependent effect of Tat might modu-

late the spread of X4 viruses in patients by favouring infection

in which infected cells are scarce (low Tat concentration) and

inhibiting viral production in which infected cells are con-

centrated (high Tat concentration).

Regarding R5 viruses, our data confirmed those obtained

using recombinant Tat and showing that extracellular Tat

induced CCR5 (Huang et al, 1998; Weiss et al, 1999).

Therefore, WT R5 viruses that trigger efficient Tat secretion

have more CCR5 available for entry than W11Y R5 viruses

(Figure 8E) and as a result multiply more quickly (Figure 8B).

Secreted Tat thus regulates HIV-1 multiplication at the cor-

eceptor level. For X4 viruses, this effect, positive when

infection starts, becomes negative when Tat reach a threshold

concentration in the nanomolar range, whereas Tat favours

the multiplication of R5 viruses.

Discussion

Although HIV-1-infected cells were found to secrete Tat 19

years ago (Ensoli et al, 1990), this process remained poorly

characterized (Chang et al, 1997). Meanwhile, a lot of studies

showed that extracellular Tat was indeed a viral toxin that

could affect the biological activity or the life span of different

cell types, (Rubartelli et al, 1998; Gallo, 1999; Huigen et al,

2004). Nevertheless, Tat function was thought to be essen-

tially restricted to the control of viral RNA production (Chiu

et al, 2002). This general belief was largely due to the

observations that transfected Tat was a nuclear or a nucleolar

protein in most laboratory T-cell lines such as Jurkats

(Figure 2A and B).

Tat intracellular localization

Here, we found that Tat accumulated at the plasma mem-

brane in primary CD4þ T-cells. This was observed in both

HIV-1-infected and Tat-transfected cells using immunofluor-

escence and cell fractionation (Figure 2). Hence, viral infec-

tion is not involved in Tat targeting to the plasmalemma in

this cell type. As HIV-1 replicates in primary CD4þ T-cells,

nuclear accumulation is not required for transactivation. This

interpretation is consistent with the subnanomolar affinities

involved in the assembly of the cyclin T1–Tat–TAR ternary

complex (Zhang et al, 2000). As these interactions are at least

20-fold tighter than Tat–PI(4,5)P2 interaction, and as signifi-

cant amounts of Tat are bound to PI(4,5)P2 in the infected cell

(Figure 2D and E), all TAR should have bound a Tat molecule.

Hence, in primary CD4þ T-cells, Tat transcriptional activity

only requires and uses minute Tat amounts, allowing the

infected cell to export most of the protein.

This interpretation was confirmed by the results obtained

using Jurkat cells transfected with Tat-NES. The NES, when

attached to Tat C-terminus, caused its relocalization to the

cytosol and the plasma membrane, whereas transactivation

activity was only moderately affected (Supplementary Figure

S2). Hence, significant transactivation by Tat does not require

Tat nuclear/nucleolar accumulation and Tat nuclear-concen-

tration levels required to insure robust transactivation are

below the immunofluorescence detection threshold.

Tat secretion is efficient and relies on PI(4,5)P2 binding

We found that, although unconventional, HIV-1 Tat secretion

is an efficient process as 4–5% of cell-associated Tat is

exported hourly. Interestingly, the extracellular Tat concen-

tration observed after overnight incubation of infected CD4þ

T-cells (5.106 cells/ml) reached 0.25 nM, a value that falls

within the Tat-concentration range (0.18–3.6 nM) that was

observed in the sera of HIV-1-infected patients (Xiao et al,

2000). This secretion efficiency also means that during the

life span of the infected cell B2/3 of synthesized Tat will be

exported, showing that the outside medium is a major

destination for Tat.

Tat secretion relies on PI(4,5)P2 binding. Such a require-

ment was recently observed for the unconventional secretion

of FGF-2, although compared with Tat, this cytokine showed

lower specificity and affinity for PI(4,5)P2. Moreover, FGF-2

does not require a membrane to bind PI(4,5)P2 (Temmerman

et al, 2008). Hence, although these proteins are similarly

targeted to the plasma membrane, the mechanisms of

PI(4,5)P2 recognition and membrane translocation are likely

different for Tat and FGF-2.

Tat is not the only HIV-1 protein recruited by PI(4,5)P2 at

the plasma membrane. This is also the case for Gag (Ono

et al, 2004) and both proteins were indeed found to colocalize

at the infected-cell plasmalemma (Figure 2D and E) and on

peri-Golgi structures when they were displaced from

PI(4,5)P2 by neomycin (Figure 5D). As HIV-1 virions were

found to be enriched in this phosphoinositide (Chan et al,

2008), this raises the possibility that Tat could be included

into virions, as discussed earlier (Chertova et al, 2006).

Molecular bases for Tat–PI(4,5)P2 high affinity

The bases for Tat–PI(4,5)P2 interaction are original in several

respects. It was first surprising to find that, although the Tat

basic domain contains eight basic residues out of a total of

nine, only the first three were involved in PI(4,5)P2 recogni-

tion. This indicates that Tat, although refractory to crystal-

lization and for which no precise 3D structure is currently

available, nevertheless undergoes some kind of molecular

organization, at least on ligand docking. This interpretation

was confirmed by ITC data showing that liposomal PI(4,5)P2

induced Tat conformational modifications (Figure 7A).

The sequence of molecular remodelling triggered by

PI(4,5)P2 binding and culminating with Tat membrane inser-

tion and translocation remains to be identified. Nevertheless,

as Tat Trp is buried within resting Tat (Bayer et al, 1995),

whereas PI(4,5)P2 binding generated structural modifications

that could be detected by ITC (Figure 7A), it seems likely that

interaction with PI(4,5)P2 precedes and triggers Trp exposure.
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Tat is an original PI(4,5)P2 ligand because of its high

affinity and its strict requirement for a membrane to bind

this lipid. These two specificities have the same molecular

basis, Tat single Trp residue that inserts into membranes on

PI(4,5)P2 binding, stabilizes the interaction and allows Tat

secretion. These events are thus governed by residues 11 and

49–51 of Tat. Interestingly, despite HIV-1 high mutation rate

(Walker and Burton, 2008), among the most conserved Tat

residues from different viral isolates, residues 11 and 49–51

were indeed present, but not 55–57 (Supplementary Figure

S6; Pantano and Carloni, 2005).

The high affinity of Tat for PI(4,5)P2 indicates that the

function of this interaction is unlikely restricted to Tat

secretion. Indeed, overexpression of PHPLCd prevents the

PI(4,5)P2-mediated recruitment at the plasma membrane of

cell machineries that enable clathrin-mediated endocytosis

(Jost et al, 1998), phagocytosis (Botelho et al, 2000) or

exocytosis (Holz et al, 2000) and inhibits these processes.

As Tat has a 50-fold better affinity for PI(4,5)P2 than PHPLCd

(Table I) and can accordingly displace it from the cell mem-

brane (Figure 4), it could, therefore, be reasonably concluded

that Tat, even at minute concentrations, would produce

similar or more pronounced effects on these cell activities,

which are crucial for proper immune system function. As Tat

is exported and can enter uninfected cells (Vendeville et al,

2004), this original and intriguing capacity of Tat to perturb

PI(4,5)P2-mediated protein recruitment could be involved in

immune system dysfunction during AIDS.

Conclusion

The main question raised by our study is why does HIV-1

trigger massive Tat export? The answer probably lies in the

vast body of literature that described the pronounced effects

of extracellular Tat on a variety of cell types (Rubartelli et al,

1998; Gallo, 1999; Huigen et al, 2004). The preservation

among Tats of important residues involved in Tat secretion

indeed indicates that the paracrine activity of Tat is critical for

HIV-1 multiplication and could be an interesting target to

develop future anti-HIV-1 therapeutics.

Materials and methods

Expression vectors
Tat mutants were generated from pBi-Tat or Pet11d-Tat (BH10
isolate, 86 residues) using Quickchange kits (Stratagene). Coding
sequences were entirely sequenced (Cogenics, Meylan, France).
Recombinant Tat or Tat mutants were purified from Escherichia coli
as described (Vendeville et al, 2004). Expression vectors coding for
PHPLCd-EGFP and its inactive mutant (R40L) were kindly provided
by Tamas Balla (NICHD, Bethesda); PTEN and its G129E mutant by
Patrick Raynal (INSERM, Toulouse, France); 5-phosphatase IV and
its D1 mutant by Akira Ono (NCI, Frederick); Arf6-Q67L by Julie
Donaldson (NIH, Bethesda); IpgD, IpgD-C438S and Inp54 by
Bernard Payrastre (INSERM, Toulouse); PHAkt-EGFP and GAB1-
EGFP by Georges Bismuth (Institut Cochin, Paris, France) and GST–
PHPLCd by Alexander Gray (University of Dundee, UK).

Cells
Primary CD4þ T-cells were purified from human blood by density
gradient centrifugation (Ficoll Hypaque) and immunomagnetic-
positive selection (Dynal). The human CD4þ T-cell line Jurkat E6.1
was from the American Type Culture Collection. Cells were
transfected using electroporation or infected by HIV-1 as indicated.
Cell fractionation was performed using a subcellular protein

fractionation kit (Thermo Scientific). Details are provided in
Supplementary Data.

Secretion assays
Jurkat cells were electroporated (Vendeville et al, 2004) with pBi-Tat
(20 mg), pBi-firefly luciferase (2mg), pUHD (2mg; required for
expression from pBi vector) and effector plasmid (10 mg) when
indicated. Two days after transfection, cells were washed and
resuspended in medium prepared from degassed RPMI, 10% FCS
and freshly diluted 20mM 2-mercaptoethanol. They were then
transferred (7.5�105 cells/well, in triplicate) to an ELISA Fluor-
oNunc plate that had been coated overnight at 41C with monoclonal
anti-Tat antibody (1 mg/ml in 50 mM sodium carbonate pH 9.6)
before saturation with 8% (w/v) skimmed milk in phosphate-
buffered saline (PBS). Dilutions of recombinant Tat (19 pg—
1.25 ng/well) were also added to the plate for calibration purposes.
After 6 h at 371C (except when otherwise stated), cells were
transferred to microtubes, centrifuged and the supernatant was
frozen for later luciferase assay. Cells were resuspended in passive
lysis buffer prepared from degassed water. Part of the lysate was
then used directly to assay intracellular Tat by ELISA using a fresh
plate prepared as described above (including Tat standards),
whereas the rest was frozen for the luciferase assay that was
performed using a Promega kit. The end of the ELISA procedure
involved washes with PBS then with PBS/0.05% Tween, incubation
with rabbit anti-Tat antibodies for 1 h, washes with PBS/Tween, 1 h
with peroxidase-labelled goat anti-rabbit antibodies, washes with
PBS/Tween and revelation using 3,3,5,5-tetramethylbenzidine.
Secretion was calculated using the Tat amounts present in the
medium and intracellularly using the medium/(intracellular þ
medium) formula. The same protocol was used for infected cells.
They were collected 3 days after infection (p24 from 48 to 88 ng/
ml), before plating 106 cells/well of the ELISA plate and overnight
incubation (12–18 h). HIV-1 p24 and Nef secretion were quantified
using commercial sandwich ELISA kits (Ingen, France and
ImmunoDiagnostics Inc., respectively).

Immunofluorescence
T-cells were allowed to adhere to alcian-blue-coated coverslips for
3 min at room temperature and were fixed in 3.7% paraformalde-
hyde before permeabilization with 0.1% saponin. Tat, Ki67 or
Histone H1 were then revealed by indirect immunofluorescence
(Vendeville et al, 2004). WGA-Cy5 was used to label glycoproteins
on the plasma membrane and in the TGN. For quantification of Tat
or PHPLCd displacement from the plasma membrane, the Image-
Quant software was used. Two circles (or more elaborated forms)
were drawn on the cell-fluorescence image, one just outside the cell
and one just beneath the membrane. The fluorescence signal
present in the circles was then used to calculate the proportion of
cell labelling coming from the cytosol and the plasma membrane.
A minimum of 30 cells were scored for each condition.

Transcellular transactivation assays
Jurkat cells were transfected (Vendeville et al, 2004) with 10mg of a
vector expressing WT Tat, Tat-W11Y or EGFP; 18 h after transfec-
tion, cells were mixed (1/1) with Jurkats cells transfected with 7mg
of pGL3-LTR, which expresses firefly luciferase under control of the
Tat-activated HIV-1-LTR promoter, and 1 mg of pRL-TK (Promega)
that codes for renilla luciferase under the control of the herpes
simplex virus thymidine kinase promoter. Cells were harvested for
dual luciferase assays (Promega) after the indicated coculture time,
and transactivation was calculated using the increase in the firefly/
renilla activity ratio (%) (Vendeville et al, 2004).

Lipid techniques
Liposome sedimentation assays were performed as described
(Barret et al, 2000). Small unilamellar vesicles (Méré et al, 2005)
were used for SPR (Zimmermann et al, 2002) and ITC (Lemmon
et al, 1995) analysis. Fluorescence and monolayer experiments
were performed as detailed (Stahelin et al, 2003; Méré et al, 2005).
Details are provided in Supplementary Data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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