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The human immunodeficiency virus (HIV) genome codes for a trans-activating regulatory protein, tat. Using
chemically synthesized tat, it was found that '**I-tat and '**I-tat,z 4 specifically bound to rat brain
synaptosomal membranes with moderate affinity (K, s = 3 pM). Interaction of tat with nerve cells was also
revealed by flow cytometry, which showed its binding to rat glioma and murine neuroblastoma cells, using both
direct fluorescence with fluorescein isothiocyanate-labeled tat and indirect immunofluorescence assays. This
interaction was investigated with electrophysiology using isolated excitable frog muscle fibers and cockroach
giant interneuron synapses. tat acted on the cell membrane and induced a large depolarization, accompanied
by a decrease in membrane resistance, thereby modifying cell permeability. The neurotoxicity of tat was further
demonstrated in vitro, on glioma and neuroblastoma cell growth, as well as by a 5’Cr release assay in both
tumor cell lines. Interestingly, no hemolytic activity of zaf for human erythrocytes was found even when tat was
tested at its highly neurotoxic concentration. Experiments in vivo showed that synthetic zat is a potent and lethal
neurotoxic agent in mice. The use of taf peptide derivatives showed that basic region from 49 to 57 is necessary

and sufficient for binding to cell membranes and toxicity.

It is now established that infection with human immuno-
deficiency virus type 1 (HIV-1) is often complicated by
neurological syndromes that include dementia, subacute
encephalitis, and vacuolar degeneration of the spinal cord (9,
19, 28, 32). The identification and isolation of HIV-1 from the
brain suggests that the retrovirus itself is responsible for the
neurological disorders observed in HIV-infected patients.
Other lentiviruses, including visna virus (15) and simian
immunodeficiency virus (22), are also associated with brain
infections. Among central nervous system (CNS) cells,
monocyte and macrophage lines are preferentially infected
by HIV, but infection of other neural cell types has also been
discussed (20, 35).

The pathogenic mechanism by which the virus causes
encephalopathy remains unknown. It was reported recently
that the HIV envelope glycoprotein manifests neurotoxic
activity by increasing free Ca®* in rat neurons, thus causing
cellular damage (4, 7). This effect can be prevented by Ca2*
channel antagonists.

As an approach to another possible cause of neurological
dysfunction, we investigated whether other HIV proteins
could be implicated in this pathology. For this study, numer-
ous peptides were chemically synthesized on an Applied
Biosystems peptide synthesizer (model 430A) with the step-
wise solid-phase method (25, 29).

By testing the neurotoxicity of synthetic fragments of
various lengths, derived from gpl60, p25, nef, and tat
proteins, we discovered that the intracerebroventricular
injection of rat or some rat fragments caused toxic and lethal
effects in mice. The 86-residue tat protein from HIV-1 has
been previously reported to be critical for virus replication
through its role in viral trans activation (1, 11, 12, 14, 18, 33).
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We have further investigated tatr neurotoxicity by struc-
ture-activity relationships, using binding experiments and
electrophysiology. We first investigated the capacity of
radiolabeled tat,g ¢¢ from HIV-1, LAV, isolate, to bind to
rat brain synaptic nerve ending particles (synaptosomal
membranes) prepared by the method of Gray and Whittaker
(13). Protein was measured by a modified Lowry method
(24). PI-tatsg_g¢ (>1078 M), the most active peptide in vivo
(Table 1), bound to synaptosomal membranes in a dose-
dependent manner and with a saturable effect (Fig. 1A and
B). Binding was specific, as shown by the capacity of
increasing amounts of unlabeled rat;5 g4 to fully inhibit this
interaction (Fig. 1C). The concentration of unlabeled tat;g g¢
inhibiting 50% of 12°I-tat,s g4 binding (K, s) was about 3 uM.
The interaction between tat;g g¢ and synaptosomal mem-
branes thus has a medium-range affinity. Specificity of
interaction was further demonstrated by the capacity of
full-length synthetic rat,_g¢, tat, 3¢ CM (S-carboxamide me-
thylcysteine derivative of tat, g¢), taty; g6, taty; g¢ CM,
taty, 55, and tat,g g¢ to fully inhibit the interaction of '*°I-
tatyg g With synaptosomal membranes in a binding assay.
The K|, s values obtained with these tat peptides were 2.5 to
4.5 pM, comparable to that of tat,g g6, indicating compara-
ble affinities for the synaptosomal binding site. In addition, a
binding assay with full-length *I-tat, ¢ CM gave results
similar to those obtained with 12°I-tat,s g (data not shown).
Interestingly, peptide tfat, g did not compete with 2I-
tatsg ¢ for binding, while tat,g g6 fully inhibited this inter-
action, indicating that region from 48 to 66 includes the rat
binding site. This region contains a highly basic domain from
49 to 57 previously found critical for efficient tat trans
activation, which was presumed to be a nuclear targeting
signal or a nucleic acid binding site (18). Also, the basic
domain possesses sequence homology with HIV-1 zev and
human T-cell leukemia virus type 1 rex proteins (2, 31). The
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TABLE 1. Specific neurotoxicity of synthetic tat, g, tat, g CM,
and peptides mimicking various regions of rat
(tat peptides) in mice?

Peptide LDsq (18)

[l g remoeeoe oo 13.5 (2.4)

Inactive
Inactive

9 tat peptides were tested in vivo for toxicity by determining the LDs, after
intracerebroventricular injection in 20-g C57/BL6 mice. Injections were
carried out in groups of eight mice per dose, using 5 ! of solutions containing
peptides in 0.1% (wt/vol) bovine serum albumin and 0.9% (wt/vol) sodium
chloride. The LDy, is expressed in both micrograms and nanomoles (in
parentheses) of inoculated peptides. Peptides were considered inactive when
no lethal effect was observed after injection of 200 pg. At this dose, 30
various-length (M, = 1,500 to 8,000) control peptides, either derived from HIV
proteins or unrelated to HIV, were found to be inactive (data not shown).
These control peptides include highly basic peptides: fragment 1-34 of human
spleen H1b histone, full-length histone from calf thymus or its fragments 1-25
or 21-38 from H2b and 1-29 from H4, peptide 1419-1444 from M. genitalium
adhesin, and poly-L-lysine (M, = 3,800). Proteolytic digestions of tat peptides
were controlled by Edman sequencing.

data suggest that the interaction of tar with synaptosomal
membranes is mediated primarily by its basic domain. As a
negative control, a highly basic peptide, but unrelated to the
tat protein (fragment 1-34 from human spleen H1b histone)
(27), was tested as a competitor for >’I-tat;5 ¢, and no
binding inhibition was obtained (Fig. 1C). These results
demonstrate a specific binding of tat and argue for the
presence of tat binding sites in rat CNS membranes.

To further investigate this interaction with nervous system
cells, fluorescence was used to analyze the binding of
fluorescein isothiocyanate (FITC)-labeled tat, g with mu-
rine neuroblastoma and rat glioma cells. Figure 1D clearly
shows specific direct binding of FITC-labeled tat, g (>10~7
M) on cell membranes, in a dose-dependent manner. Similar
results were obtained when rat-cell binding was stained by
rabbit anti-fat antibodies in an indirect immunofluorescence
assay. FITC-labeled tat peptides including the basic domain
(tatyg 6o, tatsg 4, and tat,,_;,) bound to both cell types,
while FITC-labeled tat, ,, and tats;_g¢ were inactive for
binding (data not shown).

At the electrophysiological level, we tested the effects of
these peptides on the polarization of excitable frog muscle
fibers (8) and the postsynaptic membrane of the giant inter-
neuron on the sixth abdominal ganglion of the cockroach
Periplaneta americana (5, 17). The effects of tat, g¢ CM in
isolated frog muscle fibers (Fig. 2A) were determined by
studying the modification of membrane potentials measured
under current clamp conditions with the double mannitol-

J. VIROL.

gap technique (8). The application of 5 pM tat, 3¢ CM
induced a rapid and large membrane depolarization of 66.2 +
2.1 mV (mean = standard error of the mean; n = 6).
Consequently, the amplitude of the action potential elicited
with a brief depolarization under current clamp conditions
decreased and disappeared without any modification in its
shape. Depolarization was accompanied by a decrease of
membrane resistance. Tetrodotoxin at 1 uM, which blocks
Na* entry through the Na* channel (26), did not antagonize
this effect. Similarly, Cd?* ions (10~2 M), which block Ca*
permeability (16), did not inhibit the depolarization effect
induced by tat, g CM. A depolarization effect similar to that
of tat, 3 CM was obtained with tats5 g. In accordance with
binding assay results, peptides tat,; -6 and fragment 1-34 of
human spleen H1b histone at 10™* M had no effect on
membrane polarization or on the action potential.

In addition, fat;5_gs Was tested on the cercal-afferent giant
interneuron synapses in the CNS of the cockroach P.
americana. The electrophysiological method used was the
single-fiber oil-gap method (5). The tat peptide was applied
close to the synapses with a micropressure ejection system.
Synaptic events were monitored on an oscilloscope, digi-
tized, and stored with a signal analyzer. The most striking
effect of tatsg g6 (107° to 107> M) was a sudden depolariza-
tion with firing of the postsynaptic membrane of the giant
interneuron under test (Fig. 2B). This effect was accompa-
nied by a decrease of postsynaptic membrane resistance
(about 50%) and a resulting decrease in the composite
excitatory postsynaptic potential evoked by electrical pre-
synaptic stimulation. The amplitude of the AP triggered by
block stimulation was somewhat modified. fatyg g at 107° M
produced a mean amplitude depolarization of 10 mV, vary-
ing with the localization of the tip of the injecting micropi-
pette. This depolarization was totally reversible within 30
min after zat action.

In summary, peptides tat, g CM and tat,g 4¢ dramatically
modify membrane polarization, probably by creating a non-
ion-selective membrane permeability.

The modification of cell membrane permeability was also
shown by the capacity of tat, g to induce >'Cr release from
chromated murine neuroblastoma and rat glioma cells (5 X
10* cells at 53,000 cpm). Significant >'Cr release from these
labeled cells was obtained with about 3 and 7 pg of tat, g¢
(2.8 and 6.6 uM); 50% release of 5'Cr from these cells was
obtained with 60 to 70 pg of tat, g (5.7 X 107° and 6.6 X
10~° M), in which the 100% effect corresponds to cellular
S1Cr release in the presence of 1% (vol/vol) Triton X-100. As
expected, a similar neurotoxic effect of tat, g4 on these cell
lines was observed when propidium iodine-treated cells were
analyzed for viability by using flow cytometry (data not
shown).

When murine neuroblastoma and rat glioma cells were
cultured in the presence of tat, g, there was obvious dam-
age and growth inhibition of tumor cell lines. Culture of rat
glioma cells in the presence of various concentrations of
tat, g6 (0.7 to 70 ug; 1.3 x 1077 to 1.3 x 10~° M) induced cell
death after 72 h (Fig. 3). Similar neurotoxicity was observed
in cell culture with tat peptides including the basic domain
(data not shown). The mode of action of rat, 4 apparently
differs from that of mellitin, a cytolytic neurotoxic from Apis
mellifera venom (34), since no hemolytic activity was found
when human erythrocytes were incubated with a highly
neurotoxic concentration of tat, g6 (4 X 107> M). The
analysis of the tropism of tat,_g¢ and its peptide derivatives
for phospholipids, using the monomolecular film technique,
demonstrated a direct interaction of the rat basic domain
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FIG. 1. (A) Titration of 2°I-tatys ¢¢ binding to increasing
amounts of rat brain synaptosomal membranes. Synaptosomes (0 to
100 pl at 1 mg of protein per ml) were incubated for 1 h at 37°C with
50 pl of 1%I-tatsg ggat 7.5 x 1078 M (2.5 X 10° cpm) in a final volume
of 150 pl of phosphate-buffered saline (PBS; pH 7.4) containing
0.5% (wt/vol) bovine serum albumin and 0.05% (wt/vol) NaN,. After
three washes and centrifugations (5 min at 3,000 X g), the radioac-
tivity in the pellet was counted in a gamma counter (Kontron). (B)
Saturable binding of >’I-tat;s g to rat brain synaptosomes. Synap-
tosomes (30 pl at 1 mg of protein per ml) were incubated with
variable concentrations of 125I-tat;5 g6 (3 X 1078 to 3 x 10~7 M) with
the protocol described for panel A. (C) Inhibition of binding of
125]-tat,q 46 to rat brain synaptosomes by unlabeled tat, g, tat, g
CM, tat;s g6, and tat,g g6 2°I-tatsg g6 (50 pl) at 1.2 x 102 M and 50
wl of synaptosomes at 1 mg of protein per ml were incubated with
increasing concentrations of competitors (10~8 to 10~3 M) in a final
volume of 150 pl. The pellets were washed three times in 1 ml of the
same buffer, and radioactivity was determined. BO is the binding of
125]-tat,g g in the absence of competitors and, B is the binding in the
presence of the indicated concentrations of unlabeled peptides. The
values are means of four identical experiments. Nonspecific binding,
less than 10% of the total binding, was determined in the presence of
a large excess (10™* M) of unlabeled tat,5 6. (D) Neural cell surface
binding of synthetic FITC-labeled tat, 4. For FITC labeling, tat, g
(5 mg) was incubated in darkness with FITC (125 pg) for 2 h at 25°C
in 250 pl of 100 mM sodium bicarbonate buffer (pH 9.5). After
purification of the fluorescent derivatives, various amounts (0.1 to
10 pg; 2 X 1077 to 2 X 10~° M) of FITC-labeled tat, o5 were
incubated for 1 h at 37°C with 10° murine neuroblastoma NB2 Ag
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(histogram a) or rat glioma C6 BU1 (histogram b) cells in 50 pl of
PBS (pH 7.4) containing 0.5% (wt/vol) bovine serum albumin and
0.05% (wt/vol) NaN;. After two washes, cells were resuspended in
500 pl of PBS containing 1% (wt/vol) paraformaldehyde. Membrane
fluorescence intensity was measured by flow cytometry, using the
FACS analyzer (Becton-Dickinson). Shown is cell fluorescence in
the absence (—) or in the presence of 0.1 pg (- - -), 1 pg (------), and
10 pg (- - - -) of FITC-labeled tat, 4.

(sequence 49 to 57) with only negatively charged phospho-
lipids, as assessed by increased surface pressure (Aw = 5.63
dynes/cm) when 4.5 uM of tat,,_,, was applied on a dilauryl
phosphatidylserine monolayer (initial film pressure, @ =
11.25 dynes/cm). These results indicate the capacity of zat to
bind to the membrane lipid bilayer by its basic domain and to
penetrate. In view of this mechanism, the nonhemolytic
activity of tat is in good agreement with the asymmetrical
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FIG. 2. (A) Evolution of action potential (a) and resting potential (b) in frog muscle fiber during the application of 5 uM tat, go CM. The
action potentials evoked under current clamp conditions in graph a were recorded on a digital oscilloscope, and the resting potential in graph
b was recorded on a chart recorder. In graph b, the small vertical deflections correspond to the lower part of the action potential. The
experiments were performed at room temperature (18°C) on skeletal muscle fibers isolated from the semitendinosus muscle of the frog Rana
esculanta. Em, Membrane potential; NR, normal Ringer solution. Normal physiological solution contained 12 mM NaCl, 2.5 mM KCl, 1.2
mM CaCl,, and 5 mM glucose. The solution was buffered with 6.5 mM Tris hydrochloride, and pH was adjusted to 7.2 with Tris base. The
mannitol solution was isotonic with the physiological solution. (B) Effect of ratg ¢¢ on the cercal-afferent giant interneuron synapses in the
neuropil of the sixth abdominal ganglion of the cockroach P. americana. Shown are changes of the action potential (a), excitatory
postsynaptic potential (b), resting postsynaptic potential (c), and membrane resistance (d) during microinjection of 1 ul of 1075 M of tatsg g¢
in the sixth abdominal ganglion. The peptide was solubilized in 208 mM NaCl-3.1 mM KCI-10 mM CaCl, buffer, pH 7.4. Arrow indicates the
injection of tat,g g¢. The membrane resistance is measured as the downward deflection of hyperpolarizing pulse (e).

lipid composition of the human erythrocyte plasma mem-
brane. The negatively charged phosphatidylserine is located
in the inner half of the lipid bilayer and is presumably not
accessible to tar action. Such interactions with negatively
charged phospholipids are also thought to be responsible for
pharmacological activities of some snake toxins (3).

The neurotoxicity of tat peptides in vivo was studied by
intracerebroventricular injection in mice. tat, g was lethal
to mice (Table 1), with clinical effects resembling the behav-
ioral neurotoxic symptoms induced by some snake toxins
such as cardiotoxins: apathy followed by preliminary mus-
cular tremors (about 10 min postinoculation), convulsions,
wasting, and spastic paralysis just before death generally
occurring between 15 min and 2 h, depending on the dose
injected. Moreover, the 50% lethal doses (LDs,) of tat, g
and its active peptide derivatives were in the same range as
those obtained with these snake toxins (3). This neurotoxic
activity is specific, since a number of control peptides
(derived from gpl60, nef, and p2S or unrelated to HIV
proteins) of different lengths (M, = 1,500 to 8,000) injected at

higher doses did not induce neurotoxic symptoms and lethal-
ity.

The use of a panel of tat peptides (Table 1) delimited the
minimal neurotoxic region of tat. tat, g¢¢ neurotoxicity in
vivo depends on its basic domain from 49 to 57, since
tat,e ¢y, Which mimics this region, or all peptides containing
the entire basic domain are lethal to mice whereas other tat
peptides are inactive (regions 2 to 24, 11 to 24, 13 to 48, 36 to
50, 56 to 70, 57 to 86, 65 to 80, and 67 to 86). Neurotoxic
activity is further demonstrated to be specifically related to
the basic domain of tat by the fact that tryptic digestion
within this arginine/lysine-rich region completely abolished
neurotoxicity, while chymotryptic cleavage of tat, g4 CM (at
specific positions 8, 11, 26, 32, 38, 43, 47, and 69), which
preserved the integrity of the basic domain, did not affect zat
lethality. Controls consisting of highly basic peptides such as
poly-L-lysine were inactive at the dose of 200 pg injected in
mice (see footnote to Table 1). The data show that both
oxidized tat, g and tat,, g, containing a region of cystines,
are about twofold less neurotoxic than their homologous
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FIG. 3. Effects of various concentrations (0.13 to 13 pM) of rat, ¢ on rat glioma cell line (C6 BU1) growth. Cells (10%) were cultured with
tat, g in 400 pl of RPMI containing 10% fetal calf serum, 1% glutamine, and 1% antibiotics (48-well plates from Nunc, Roskilde, Denmark).
Photographs (magnification, X172) were taken after 72 h of cell culture in the absence of tat, ¢ (a) or in the presence of tat, ¢ at 13 uM (b),
6.3 pM (c), 1.3 uM (d), and 0.13 uM (e). Cell growth with 10~* M poly-L-lysine (M, = 3,800) is shown in panel f.
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reduced and S-carboxamidated derivatives (tat,_gs CM and
taty; g6 CM). This decreased neurotoxicity could be ex-
plained by conformational constraints or variations in acces-
sibility of the basic domain within the intact molecule. The
conformational importance of the basic region for lethal
activity is suggested by the different neurotoxic potencies
(LDs,) of active tat peptides: the presence of adjacent but
per se inactive tat regions 38 to 46 and 73 to 86 was found to
increase the neurotoxicity of the basic domain about 6- and
14-fold respectively. Interestingly, neurotoxic peptides were
inactive when injected subcutaneously or intravenously in
mice at doses as high as 40 x LDsx,.

In summary, tat, g and its peptide derivatives containing
the basic domain can (i) specifically bind to rat brain synap-
tosomal membranes, rat glioma cells, and murine neuroblas-
toma cells, (ii) generate a membrane depolarization by
modifying cell membrane permeability in excitable biological
systems in both vertebrates and invertebrates, (iii) manifest
potential cytotoxic activity in nerve cell lines, and (iv)
induce lethal neurotoxicity in mice.

The neurotoxic effects are seen at relatively high tar, g
concentrations (1 to 10 pM), although there are no data
supporting the existence of free far, g at such a concentra-
tion in the plasma, the CNS, or cerebral spinal fluid from
HIV-infected individuals. Nevertheless, it cannot be ruled
out that the same concentration range of rat, g, could be
attainable locally during HIV infection within close proxim-
ity of some acutely replicating HIV cells. Moreover, it has
been shown recently that the protein can be released by
HIV-infected cells into the supernatant (10) and taken up by
other cells (12).

While *I-tat, 4 and FITC-labeled tat, g bound to the
cell membrane at concentrations greater than 108 and 10~7
M, respectively, the neural cell permeability changes and
toxicity on cell growth are mainly observed at tat, 4 con-
centrations of 107® to 107> M. Thus, it is possible that tat, g
interacts with the cell membrane at concentrations lower
than that causing cytotoxic cell changes. One can speculate
that rat, ¢¢ binding can directly provoke some biological
effects such as neural cell stimulation, promoting a neuro-
logical dysfunction, activation and growth of cells involved
in the formation of Kaposi’s sarcoma (10, 37), and inhibition
of antigen-induced lymphocyte proliferation (36). In addi-
tion, tat, g might act synergistically with other viral or
cellular factors in vivo to bring about increased cell lysis.
Such synergistic cytotoxicity has previously been described
for human neutrophil defensin (23), a highly basic peptide
exhibiting cytolytic activity at concentrations of 1 to 50 nM.
Many basic cytotoxic proteins and peptides, implicated in
contact-dependent antibody-mediated cytotoxicity and anti-
microbial activity, are active at micromolar concentrations
(6, 21, 30, 38, 39). The common mechanism by which all of
these basic peptides damage target cell membrane is re-
ported to be pore formation, leading to non-ion-selective
membrane permeability; rat, g may belong to this class of
cationic proteins. However, more studies are required to
investigate the involvement of zat in the pathogenicity of
virus-induced encephalopathy observed in patients with
AIDS.
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