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The Tax protein of human T-cell leukemia virus type 1 (HTLV-1) can form homodimers. Tax dimerization
contributes to optimal Tax activity involved in transactivation of the HTLV-1 promoter. The mechanisms used
to form specific Tax dimers are poorly understood because the domains that mediate such interactions have
not been clearly characterized. Here we have used different approaches (the two-hybrid assay in yeast, the
glutathione S-transferase pull-down assay, and the Spot method) to study Tax-Tax interactions. Our results
indicate that the integrity of the sequence of Tax, except for the last 16 amino acids (residues 338 to 353), is
critical, suggesting that Tax dimerization is dictated more by secondary structure than by primary structure.
We were, however, able to delimit a central region involved in Tax self-association that encompasses the
residues 127 to 228. This region can be divided into three subdomains of dimerization: DD1 (residues 127 to
146), DD2 (residues 181 to 194), and DD3 (residues 213 to 228). Moreover, the Tax mutants M22 (T130A and
L131S) and M29 (K189A and R190S), with amino acid substitutions located in DD1 and DD2, respectively,

were found to be impaired in Tax self-association.

Human T-cell leukemia virus type 1 (HTLV-1) Tax protein
is a 40-kDa nuclear protein involved in viral transcription reg-
ulation (4, 29). Tax does not bind DNA specifically (10, 15) but
rather interacts with different members of the activating tran-
scription factor/CRE-binding protein (ATF/CREB) family, in-
cluding CREB, CREB-2, and CREM (1, 6, 14, 32). These
factors are characterized by their basic-leucine zipper C-ter-
minal structures required for DNA binding and protein dimer-
ization. The HTLV-1 promoter carries three conserved 21-bp
repeats, called Tax-responsive elements, that contain an im-
perfect cyclic AMP response element (CRE) recognized by
CREB, CREB-2, or CREM (7, 28, 33). Tax first increases the
DNA-binding activity of these factors by promoting their basic-
leucine zipper domain dimerization (8, 17, 31) and then stabi-
lizes the nucleoprotein complex by direct contacts with nucle-
otides flanking the CRE site (18, 20, 22). The formation of this
complex allows the recruitment of the histone acetyltransferase
CREB-binding protein (CBP) or its homologue, p300 (12, 19,
24). The recruitment of CBP/p300 to the HTLV-1 promoter
induces local nucleosome modifications by histone acetylation
and facilitates stable binding of components of the basal tran-
scription machinery (5, 9, 21).

Tax has been shown to form homodimers (11, 17, 30) that
contribute to optimal transcriptional activity from the HTLV-1
promoter (17, 30). The process of Tax self-association, how-
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ever, still remains largely misunderstood, and domains needed
for Tax dimerization have not been fully characterized. Gitlin
et al. (11) were the first to demonstrate by chemical cross-
linking with glutaraldehyde that Tax can form homodimers.
They also suggested that dimer formation was dependent on
the cysteines at amino acid residues 153, 174, 212, and 261. On
the other hand, Tie et al. (30), by using Tax mutants and
cross-linking with BS3, delimited a central region critical for
Tax dimerization that extended from residues Thr-123 to Ala-
204. Lastly, by using the yeast two-hybrid assay, Jin and Jeang
(17) found that the zinc-finger structure localized in the N-
terminal part of Tax (residues 22 to 53) was also necessary for
its dimerization. If we consider all of these results, it is evident
that Tax dimerization cannot be explained by the involvement
of a single linear subdomain in Tax. In order to better under-
stand mechanisms of Tax dimerization, we have used three
different approaches known to study protein-protein interac-
tions: (i) the two-hybrid assay in yeast, (ii) the glutathione
S-transferase (GST) pull-down assay, and (iii) the Spot
method. Analyses of Tax mutants indicate that a central region
from residues 127 to 228 is involved in Tax self-association.
This region can be divided into three subdomains of dimeriza-
tion: DD1 (residues 127 to 146), DD2 (residues 181 to 194),
and DD3 (residues 213 to 228). Moreover, the Tax mutants
M22 (T130A and L131S) and M29 (K189A and R190S), with
amino acid substitutions located in DD1 and DD2, respec-
tively, were found to be impaired in Tax self-association.

MATERIALS AND METHODS

Two-hybrid assay in yeast. Tax homodimerization was analyzed by two-hybrid
assay in Saccharomyces cerevisiae strain Y190. Strain Y190 possesses the Esche-
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FIG. 1. Study of Tax self-association by yeast two-hybrid assay.
(A) Schematic representation of Tax proteins fused to the GAL4
activation domain: the cysteine-rich zinc-binding domain is repre-
sented by a black box. The Y190 yeast cells were transformed with
either WT Tax or truncations of Tax fused to the activation domain of
GALA4 and the plasmid pAS-Tax (WT Tax fused to the GAL4-DNA-
binding domain). The B-galactosidase assay with CPRG as substrate
was carried out on three independent colonies per transformation.
Symbols: +, B-galactosidase activity corresponding to the level of in-
teraction obtained with WT Tax; —, no stimulation of B-galactosidase
activity. (B) Stability of the different mutant Tax proteins fused to the
GALA4 activation domain in S. cerevisiae. Yeast extracts were analyzed
by SDS-PAGE and Western blotting with GAL4 AD monoclonal an-
tibodies. Molecular size markers (in kilodaltons) are shown on the left.

richia coli lacZ gene driven by the GAL4-responsive GAL1 promoter. Wild-type
(WT) Tax and mutated Tax were cloned in frame with the GAL4 activation
domain of pGAD (Clontech Laboratories, Inc., Palo Alto, Calif.). The Tax
mutants M22, M29, M37, and M47 have been described previously (27). The
deleted Tax cDNAs were generated by PCR amplification on pSG-Tax, digested
by BamHI, and subcloned into pGAD. Yeasts were cotransformed with pAS-Tax
and pGAD-Tax by using the lithium acetate method (13), and the B-galactosi-
dase assay, with chlorophenol red-B-p-galactopyranoside (CPRG) as a substrate,
was carried out on three independent colonies per transformation as described in
the Clontech protocol. The B-galactosidase activity was calculated in Miller units
(23).

GST pull-down assay. WT Tax and mutated Tax cDNAs were cloned in frame
into the pGEX plasmid (Amersham Biosciences) that express the Schistosoma
Jjaponicum GST. pGEX vectors were transformed into E. coli BL21 to produce
GST-Tax fusion proteins, which were purified as described by the manufacturer
(Amersham Biosciences). Then, Tax cDNA cloned into pSG was transcribed and
translated in the presence of [**S]methionine and [**S]cysteine by using the TNT
T7 coupled reticulocyte lysate system of Promega, followed by incubation at 4°C
with equal amounts of GST-Tax or GST immobilized on glutathione-Sepharose
beads in a buffer containing 50 mM Tris-HCI (pH 7.4), 1 mM EDTA, 250 mM
NaCl, and 0.1% Nonidet P-40. After a 2-h incubation, the beads were washed five
times with incubation buffer, and the bound proteins were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
autoradiography.

Spot method. The cellulose-bound peptides were prepared automatically ac-
cording to standard spot synthesis protocols (3) by using a spot syntheziser
(Abimed GmbH, Langenfeld, Germany). The set of membrane-bound peptides
was incubated at 37°C with 8 wg of GST-c-Jun or GST-Tax and peroxidase-
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conjugated anti-GST (Amersham Biosciences)/ml in a buffer containing 145 mM
sucrose, Tris-buffered saline-0.1% Tween 20, and blocking buffer (GenoSys).
After 1.5 h of incubation, the membrane was washed twice with Tris-buffered
saline—0.2% Tween 20, incubated with enhanced chemiluminescence substrate
for the detection of peroxidase (Pierce), and then exposed for 0.5 to 5 min to
Hyperfilms-ECL (Amersham Biosciences). The membrane was further treated
to remove bound proteins and reused when necessary.

Western blotting. Proteins were electrophoresed onto an SDS-polyacrylamide
gel and blotted to polyvinylidene difluoride membranes (Millipore). The blot was
then incubated for 1 h at room temperature with a blocking solution (Tris-
buffered saline containing 5% milk) prior to the addition of antiserum. After 2 h
at 20°C, the blot was washed four times with Tris-buffered saline-0.2% Tween 20
and incubated for 1 h with goat anti-mouse immunoglobulin-peroxidase conju-
gate (Beckman Coulter). After three washes, the membrane was incubated with
enhanced chemiluminescence substrate for the detection of peroxidase (Pierce).
The membrane was then exposed for 0.5 to 5 min to Hyperfilms-ECL (Amer-
sham Biosciences). The GAL4 activation domain (AD) monoclonal antibodies
were purchased from Clontech.
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FIG. 4. Identification by the Spot method of Tax peptides recog-
nized by GST-Tax. The set of membrane-bound peptides was incu-
bated with GST—c-Jun (A) or GST-Tax (B). The binding was revealed
by peroxidase-conjugated anti-GST.

RESULTS AND DISCUSSION

To map the domains in Tax that were required for its ho-
modimerization, we first tested various N- and C-terminal
truncations of Tax by the yeast two-hybrid assay. Each of the
Tax mutants was fused to the GAL4 activation domain
(pGAD-Tax) and tested in yeast for its interaction with WT
Tax fused to the GAL4 DNA-binding domain (pAS-Tax).
When the last 16 C-terminal amino acids of Tax were deleted
[pPGAD-Tax(1-337)], yeasts cotransformed with this mutant
and WT Tax showed B-galactosidase activity equivalent to that
obtained with yeasts cotransformed with pGAD-Tax and pAS-
Tax (Fig. 1). On the other hand, with further C-terminal de-

J. VIROL.

letions of Tax, no B-galactosidase activity was detected. In the
same way, all of the Tax mutants with the N-terminal cysteine-
rich zinc-binding domain truncated were unable to interact
with WT Tax (Fig. 1A). As shown in Fig. 1B, absence of
B-galactosidase activity was not due to an instability of trun-
cated Tax in yeast. Thus, by this approach, we obtained results
that failed to reveal a single linear region involved in Tax
self-association. In addition, these results suggest that Tax
dimerization in vivo is dictated more by secondary structure
than by primary structure and that the C- and N-terminal
regions are probably necessary to configure Tax into a proper
secondary conformation.

Since Tax secondary structure is a limiting factor to study the
protein homodimerization in vivo, the interactions between the
truncated Tax mutants with WT Tax were then studied by in
vitro assay. Mutated Tax proteins were cloned in frame with
GST, expressed in E. coli, immobilized on glutathione-Sepha-
rose beads, and incubated with Tax translated in the presence
of [**S]methionine and [*S]cysteine. As shown in the Fig. 2A,
GST-Tax but not GST allowed the efficient capture of WT Tax
on glutathione-Sepharose (for instance, compare lane 2 with
lane 3). Moreover, several subdomains of Tax fused to GST
were able to capture WT Tax. The first one corresponds to the
N-terminal region (Fig. 3) encompassing the cysteine-rich zinc-
binding domain (amino acids 22 to 53 [25]). Indeed, Tax(1-66),
Tax(1-109), and Tax(1-148) (Fig. 2A, lanes 4, 5, and 6) inter-
acted with WT Tax, but Tax(65-114) (Fig. 2A, lane 14) was no
longer able to bind to Tax (Fig. 3). This observation confirms
previous results suggesting that the zinc-finger domain was
necessary for Tax dimerization (17). A second subdomain in-
volved in Tax-Tax interactions is comprised in the central re-
gion of Tax (Fig. 3). Indeed, the truncated mutant Tax(114-
204) strongly interacted with WT Tax (Fig. 2A, lanes 7 and 11).
Lastly, whereas Tax(308-353) did not capture radiolabeled Tax
(Fig. 2A, lane 21), Tax(204-353) did so (Fig. 2A, lane 20),
suggesting that a last subdomain of interaction is present be-
tween residues 204 and 308 (Fig. 3). Taken together, these data
obtained by GST pull-down assay reveal that different subdo-
mains of Tax are necessary for its homodimerization.

To map more precisely the subdomains involved in Tax
dimerization, the complete amino acid sequence of Tax was
synthesized on a cellulose membrane support as a set of 171
overlapping peptides of 14 amino acids frameshifted by two
residues. In this method, the peptides remain attached to the
cellulose membrane used for the synthesis. Their capacity to
specifically bind Tax was analyzed by incubating the membrane
with purified GST-Tax, and the interaction was visualized by
peroxidase-conjugated anti-GST (Fig. 4B). Binding of GST-
Tax to Tax peptides essentially focused on three distinct re-
gions, including (i) peptides 63 to 66, with a stronger signal for
the peptide 65 (131-LSFPDPGLRPQNLY-144); (ii) peptide
90 (181-AFLTNVPYKRIEEL-194), and (iii) peptides 106 and
107, with a stronger interaction with peptide 106 (213-LPTT
LFQPARAPVT-226). A faint but reproducible interaction
with the peptides 113, 114, and 116 was also observed (Fig.
4B). When the membrane was incubated with GST-c-Jun as
negative control, no interaction was detected (Fig. 4A). The
data obtained by the Spot technique (Fig. 5) confirm that three
subdomains of Tax are involved in Tax self-association.

Having determined that different subdomains could be in-
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FIG. 5. Amino acid sequence of Tax and mapping of the peptides recognized by Tax by the Spot method. The peptides recognized by GST-Tax
are underlined. The dotted lines correspond to weak interactions between the peptides and GST-Tax.

volved in Tax homodimerization, we analyzed a subset of Tax
mutants (M22, M29, and M37), previously generated by Smith
and Greene (27), in their capacity to homodimerize. As shown
in Fig. 5, each mutation is located in one of the three charac-
terized subdomains. Mutants M22 (T130A and L131S) and
M37 (F237A and H238S) are reduced, whereas mutant M29
(K189A and R190S) is inhibited, in their capacities to trans-
activate the HTLV-1 promoter (27). As a negative control, we

A.

Gal4bd fusion Gal4ad fusion lacZ CPRG units
pAS-Tax + pGAD 20
pAS-Tax + pGAD-Tax 126
pAS-Tax + pGAD-M22 20
pAS-Tax + pGAD-M29 63
pAS-Tax + pGAD-M37 130
pAS-Tax + pGAD-M47 177
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FIG. 6. Analysis of interactions of mutant Tax proteins in yeast.
(A) The Y190 yeast cells were transformed with pAS-Tax and mutant
Tax proteins fused to the GAL4 activation domain (pGAD-M22,
-M29, -M37, or -M47). The B-galactosidase assay with CPRG as sub-
strate was carried out on three independent colonies per transforma-
tion. The B-galactosidase activity was calculated in Miller units.
(B) Stability of the different mutant Tax proteins fused to the GAL4
activation domain in S. cerevisiae. Yeast extracts were analyzed by
SDS-PAGE and Western blotting with GAL4 AD monoclonal anti-
bodies.

tested M47 (L319R and L320S), that is also inhibited in trans-
activation of the HTLV-1 promoter. Each mutant was fused to
the GAL4 activation domain and tested in yeast for interaction
with WT Tax (Fig. 6). Although M37 and M47 were able to
interact with WT Tax, M29 bound WT Tax modestly. More-
over, no B-galactosidase activity was detected in yeast trans-
formed with M22 and WT Tax. The interactions were also
analyzed by in vitro assay. By this approach, WT Tax interacted
with every tested Tax mutant, but the interactions with M22
and M29 were weaker than those with M37 and M47 (Fig. 7).
Taken together, these results show that the mutations in M22
and M29 are effectively located in subdomains important for
Tax self-association. They also confirm the data obtained by
BS3 cross-linking where M22 yielded a low level of cross-linker
dimer (30). However, it is the first time that M29 is described
to be impaired in Tax-self association. On the other hand, we
detected no difference between M37/Tax and Tax/Tax interac-
tions by the approaches we used. This result is not totally
unexpected since M37 is located in a region of Tax that is
weakly recognized by the Spot technique (see Fig. 5). Although
it would be of interest to test Tax mutations located upstream
from M37, between amino acids 213 and 228, no such mutants
are currently available (26, 27).

In the present study we show that a central region, from
residues 127 to 228, is involved in Tax homodimerization. This
region can be divided into three subdomains: DD1 (residues
127 to 146), DD2 (residues 181 to 194), and DD3 (residues 213
to 228). Interestingly, the mutated residues of the Tax mutants
M22 and M29, which we found impaired in Tax self-associa-
tion, are included in the subdomains DD1 and DD2, respec-
tively. Moreover, the three domains are located in the central
region of Tax, for which no particular function has yet been
determined. In addition, the results presented here not only
provide additional detailed information on Tax-Tax interac-
tions, but they also corroborate those published previously
(30). However, we cannot totally exclude that one or the other
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FIG. 7. Analysis of interactions of mutant Tax proteins in vitro.
Radiolabeled WT Tax (lanes 1, 7, 13, and 19), M22 (lane 4), M29 (lane
10), M37 (lane 16), or M47 (lane 22) was incubated with GST (lanes 2,
5,8, 11, 14, 17, 20, and 23) or GST-WT Tax (lanes 3, 6, 9, 12, 15, 18,
21, and 24). The bound *S-labeled Tax was analyzed as described in
the legend of Fig. 2 and quantified by scanning. The results are re-
ported in calibrated units (CU) under each lane.

of the different subdomains characterized by the in vitro ap-
proaches are not surface exposed in the native structure and
then not involved in Tax-Tax interactions in vivo. Only deter-
mination of the crystal structure of Tax will definitively answer
this question.

The data obtained with the GST pull-down assay suggest
that the N-terminal zinc-finger domain could be also involved
in Tax dimerization. This observation is confirmed by the re-
sults obtained in vivo with the yeast two-hybrid assay, for which
the mutant Tax(63-353) is no longer able to interact with WT

J. VIROL.

Tax, as previously reported by Jin and Jeang (17). However,
the exact function of the zinc-finger domain is not clear at
present. It could be directly involved in Tax-Tax interactions or
only necessary to configure Tax into a proper secondary con-
formation for the interaction with cellular partners (2). Such a
structure has also been described to be involved in the mul-
timerization of human immunodeficiency virus type 1 integrase
(34), which is a 32-kDa protein comprised of three structurally
and functionally distinct domains: the N-terminal domain con-
taining a pair of His and Cys residues involved in zinc binding,
the central core domain, and the C-terminal domain. Tet-
ramerization of human immunodeficiency virus type 1 inte-
grase requires only the core and C-terminal domains (16).
However, when zinc is bound, the full-length protein forms
tetramers at a lower concentration than when in its absence
(34), suggesting that one role of the N-terminal domain of the
integrase may be to facilitate assembly of the active multimeric
form of the enzyme. The zinc finger of Tax may play a similar
role by favoring proper folding of the central region of Tax and
then its homodimerization. In conclusion, taken together, our
results suggest that interactions between different domains of
Tax is needed for functional dimerization.
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