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Human T-cell leukemia virus type 1 (HTLV-1) is the retrovirus responsible for adult T-cell leukemia and
HTLV-1-associated myelopathy. Adult T-cell leukemia development is mainly due to the ability of the viral
oncoprotein Tax to promote T-cell proliferation, whereas the appearance of HTLV-1-associated myelopathy
involves the antigenic properties of Tax. Understanding the events regulating the intracellular level of Tax is
therefore an important issue. How Tax is degraded has not been determined, but it is known that Tax binds
to proteasomes, the major sites for degradation of intracellular proteins, generally tagged through polyubiq-
uitin conjugation. In this study, we investigated the relationship between Tax, ubiquitin, and proteasomes. We
report that mono- and polyubiquitinated Tax proteins can be recovered from both transfected 293T cells and
T lymphocytes. We also show that lysine residues located in the carboxy-terminal domain of Tax are the
principal targets of this process. Remarkably, we further demonstrate that mutation of lysine residues in the
C-terminal part of Tax, which massively reduces Tax ubiquitination, impairs proteasome binding, and con-
versely, that a Tax mutant that binds poorly to this particle (M22) is faintly ubiquitinated, suggesting that Tax
ubiquitination is required for association with cellular proteasomes. Finally, we document that comparable
amounts of ubiquitinated species were found whether proteasome activities were inhibited or not, providing
evidence that they are not directly addressed to proteasomes for degradation. These findings indicate that
although it is ubiquitinated and binds to proteasomes, Tax is not massively degraded via the ubiquitin-
proteasome pathway and therefore reveal that Tax conjugation to ubiquitin mediates a nonproteolytic function.

Human T-cell leukemia virus type 1 (HTLV-1) is the etio-
logical agent of adult T-cell leukemia, a malignant monoclonal
proliferation of CD4� T lymphocytes and of a chronic myelop-
athy called HTLV-1-associated myelopathy/tropical spastic
paraparesis (36). Although these two diseases are definitely
divergent in term of pathogenic mechanisms, the HTLV-1 Tax
regulatory protein can be considered a key actor in both cases.
First, via its ability to activate the viral promoter (31, 34),
chronic Tax production is required to sustain viral replication.
Second, HTLV-1-mediated immortalization of T lymphocytes,
a fundamental event for subsequent cell transformation, re-
sults mainly from the ability of Tax to trigger T-cell prolifera-
tion through various mechanisms, including transcriptional
transactivation of cellular genes (reviewed in reference 21) and
promotion of cell cycle and deregulation of apoptosis (re-
viewed in reference 13).

HTLV-1-associated myelopathy/tropical spastic paraparesis
is not related to T-cell transformation and is considered as an
immune-mediated pathology (reviewed in reference 15). Com-
plex mechanisms are involved, among which exacerbation of
the antiviral cytotoxic T-cell response (7, 23) and cross recog-
nition of cellular proteins by anti-HTLV-1 antibodies are of
the utmost importance (25). Since Tax is chronically produced
in vivo (16), is the highly immunodominant target of anti-
HTLV-1 cytotoxic T cells (22), and the primary target of cross-

reacting antibodies (25), it also plays a major role in the patho-
genesis of HTLV-1-associated myelopathy/tropical spastic
paraparesis. Exploring the mechanisms underlying the regula-
tion of Tax protein turnover is therefore a central issue for the
understanding of persistent HTLV-1 infection and associated
pathologies.

The cellular mechanisms that regulate Tax production and
stability have not been fully characterized. Tax is synthesized in
the cytosol and then transported to the nucleus via an unknown
mechanism requiring the integrity of the N-terminal amino
acid sequence (32). Tax also possesses a nuclear export signal
and can therefore shuttle between the nucleus and the cytosol
(1). Tax is posttranslationally modified by phosphorylation on
two adjacent serine residues at positions 300 and 301, a mod-
ification that is critically required for its transactivation prop-
erties (5). Although the mechanisms of Tax degradation are
unknown, it has been shown that Tax interacts with the pro-
teasome (3, 17, 26, 30), the major intracellular site for the
degradation of cytosolic and nuclear proteins, including tran-
scription factors.

Proteasomes are multisubunit proteases present in both the
nucleus and the cytoplasm of eukaryotic cells (9). They are
composed of a central core (20S) surrounded by various reg-
ulatory caps (19S) (reviewed in reference 37). The 20S cylin-
der, which accommodates the proteolytic compartment, is
composed of two outer rings of seven �-subunits and two inner
rings of seven �-subunits. Attached to both ends of the 20S
cylinder to constitute the 26S proteasome, 19S particles are
regulatory subunits, responsible for the recognition and un-
folding of substrates and their subsequent gating into the core.
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Besides their role in the degradation of intracellular proteins,
proteasomes are responsible for the generation of the majority
of peptides presented by major histocompatibility complex
class I molecules (29). Furthermore, a nonproteolytic role in
excision repair and transcription elongation was recently iden-
tified for the Saccharomyces cerevisiae 19S proteasome regula-
tory particle (12, 14).

Tax has been shown to physically interact in vitro with the
proteasome core and especially with the HC9 (�3) and HsN3
(�7) subunits (3, 30). Some Tax mutants were found to display
an increased (M47, L319R/L320S) or a reduced (M22, T130A/
L131S) affinity to these subunits (30). Recent studies further
showed that Tax also binds to assembled proteasomes in both
human and murine cells (17, 26).

One of the signals targeting proteins toward the proteasome
is conjugation to ubiquitin (reviewed in reference 19). Ubiq-
uitin is a small, abundant, highly conserved 76-amino-acid
polypeptide found in all eukaryotic cells. Proteins can be mod-
ified by covalent attachment of ubiquitin molecules to either
lysine residues or their N termini (10) via an ATP-dependent
process. The ubiquitination reaction first involves an activating
enzyme (E1) that activates the ubiquitin, and then the ligation
of ubiquitin to the substrate is carried out by a complex com-
posed of a ubiquitin conjugating enzyme (E2) and a ubiquitin-
protein ligase (E3), in charge of substrate specificity. Conju-
gation to a chain containing at least four ubiquitin monomers
is required to target a protein to the proteasome for destruc-
tion (35).

Tax is the immunodominant target of cytotoxic T lympho-
cytes directed to HTLV-1 and interacts with the proteasome.
This prompted us to study the relationship between Tax, ubiq-
uitin, and the proteasome. In this study, we demonstrate that
Tax is ubiquitinated in both transfected cells and T lympho-
cytes. Moreover, we report that Tax ubiquitination is needed
for proteasome binding but is not associated with rapid deg-
radation.

MATERIALS AND METHODS

Plasmids and mutagenesis. Tax protein was produced from the pSG5-Tax
plasmid (provided by A. Bazarbachi, American University of Beirut, Beirut,
Lebanon) (27) or from the pJFE-Tax plasmid (17), in which the Tax coding
sequence was fused in frame at its C terminus with the sequence coding for the
influenza virus hemagglutinin epitope (HA) followed by six histidine codons
(Tax-HA-6His).

Tax mutants in which all (Tax K1-10R) or some (Tax K1-3R, Tax K4-10R, and
Tax K6-8R) of the 10 lysine codons of Tax were substituted for arginine codons
(see Fig. 3A) were generated from the pSG5-Tax plasmid by successive PCR-
based site-directed mutagenesis (QuikChange kit, Stratagene) according to the
manufacturer’s instructions. All constructs were completely sequenced before
use in transfections. The M22 (T130A/L131S) and M47 (L319R/L320S) mutants
were described (33). All these Tax mutants were subcloned in pSG5-Tax with or
without an additional sequence encoding the 6His tag (Tax-6His).

The Saccharomyces cerevisiae ubiquitin gene (ub) present in plasmid Yep96 (a
gift from M. Hochstrasser, University of Chicago) was extracted by PCR with a
3� primer containing an EcoRI site and corresponding to the first nucleotide of
ub, including the initiation codon, and a 5� primer containing the ub/tax fusion
region, including the terminal sequence of ub followed by the Tax sequence from
the initiation codon to the Tth111.1 restriction site. The PCR product was then
ligated into the pSG5-Tax construct digested with EcoRI and Tth111.1. A mu-
tation was next introduced into the ub gene to change the final glycine codon to
a valine codon in order to prevent rapid cleavage of the ubiquitin part (11).

Antibodies. The hybridoma producing the MCP 21 monoclonal antibody that
recognizes the �HC3 subunit of the human 20S proteasome (18) was purchased
from the European Collection of Cell Cultures (no. 96030418) and the anti-�4

subunit from Affinity Research (Tebu). HA-ubiquitinated proteins were revealed
with the 12CA5 (Roche) or Y-11 (Tebu) monoclonal antibodies, polyubiquiti-
nated products with Fk2 (Tebu), and actin with the 1501R monoclonal antibody
(Euromedex).

Tax proteins were revealed with the anti-Tax monoclonal antibody from hy-
bridoma 168-A51 (AIDS Research and Reagent Program, National Institutes of
Health), a polyclonal serum obtained by immunizing rabbits with a purified
maltose binding protein-Tax fusion protein (rabbit serum) or a pool of sera from
HTLV-1-infected patients (patient sera).

Cells and transfections. 293T cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 2 mM L-glutamine, 10% fetal calf serum, and
antibiotics. C8166 (6), a T-cell line with a deleted HTLV-1 provirus encoding for
Tax and uninfected Jurkat and CEM T cells were maintained in RPMI medium
supplemented with 2 mM L-glutamine, 10% fetal calf serum, and antibiotics.
Transfections were carried out with the calcium phosphate precipitation proce-
dure with either 1 �g of plasmid in a six-well or 5 �g in a 100-mm dish. T cells
(2 � 107) were electroporated at 960 �F, 0. 25 kV, in the presence of 20 �g of
plasmid.

Ni-NTA pull down. At 24 h posttransfection, 293T cells were lysed in reducing
and highly denaturing conditions with buffer A (6 M guanidinium-HCl, 0.1 M
Na2HPO4/NaH2PO4, 0.01 M Tris-Cl, pH 8.0, 5 mM imidazole, 10 mM �-mer-
captoethanol) and incubated with Ni2� nitrilotriacetic acid (NTA) beads for 4 h
at room temperature. The beads were washed with buffers A, B (8 M urea, 0.1
M Na2HPO4/NaH2PO4, 0.01 M Tris-Cl, pH 8.0, 10 mM imidazole, 10 mM
�-mercaptoethanol), and C (8 M urea, 0.1 M Na2HPO4/NaH2PO4, 0.01 M
Tris-Cl, pH 6.3, 10 mM imidazole, 10 mM �-mercaptoethanol), and the bound
proteins were eluted with buffer D (300 mM imidazole, 0.15 M Tris-Cl, pH 6.7,
30% glycerol, 0.72 M �-mercaptoethanol, 5% sodium dodecyl sulfate).

Transactivation of the HTLV-1 long terminal repeat. Tax-mediated transac-
tivation of the HTLV-1 promoter via the CREB pathway was assayed by
cotransfecting 293T cells with 500 ng of an HTLV long terminal repeat-�-
galactosidase reporter plasmid (2) and with 500 ng of the constructs encoding
wild-type Tax or the lysine mutants. Whole-cell extracts were prepared and
analyzed by �-galactosidase reporter gene assay according to the manufacturer’s
instructions (Roche).

Western blot and immunoprecipitation. Twenty-four hours posttransfection,
293T cells were lysed (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% IGEPAL
CA-630, 0.5% Triton X-100, 1� protease inhibitor cocktail [Roche]) on ice for
30 min. To preclude deubiquitination during lysis, various inhibitors were added,
including MG-132 (50 �M), ubiquitin aldehyde (1 �g/ml), and N-ethylmaleimide
(10 mM) (Sigma). C8166 and Jurkat (5 � 106) cells were washed and lysed in the
same conditions. Protein concentration was determined by the Bradford assay,
and 50 �g of proteins were loaded and resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis before transfer to nitrocellulose (Optitran,
Merck).

Immunoprecipitation of assembled proteasomes was performed with 3 �l of
the MCP21 antibody, and cell lysates were incubated overnight at 4°C. Antibody
complexes were then captured on protein G-Sepharose (Amersham, France) for
another 1 h at 4°C, and Sepharose beads were washed five times in lysis buffer
before elution in Laemmli buffer.

For immunoblots, Tax proteins were revealed with a pool of sera from HTLV-
1-infected patients (1/3,000), the anti-Tax monoclonal antibody (1/1,000), or the
rabbit serum to Tax (1/100) and corresponding secondary antibodies and visu-
alized by chemiluminescence with ECL� (Amersham, France) or luminol
(Tebu). Quantitation of chemiluminescent signals was performed with the
Chemi-Smart 5000 and Bio-1D software (Vilber Lourmat).

Proteasome inhibition. At 24 h after transfection, 293T cells were incubated in
complete Dulbecco’s modified Eagle’s medium containing either 10 �M of MG-
132 for 5 h or 1 �M of lactacystin (VWR) for 20 h. Cells were then directly lysed
in 2� boiling Laemmli buffer, and total proteins were loaded onto a sodium
dodecyl sulfate–10% polyacrylamide gel, subjected to electrophoresis, and trans-
ferred for immunoblotting.

RESULTS

High-molecular-weight Tax products exist in transfected
cells and Tax-producing T lymphocytes. We first investigated
whether modified Tax proteins are produced by using tran-
siently transfected cells. As a positive control for the specific
detection of ubiquitinated Tax products, we produced a ubiq-
uitin-Tax fusion in which the tax sequence was fused in frame
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with a synthetic ub gene (Fig. 1A). In this construct, the last
Gly codon of the ub gene was substituted for a Val codon to
preclude rapid ubiquitin removal by isopeptidases acting as
deubiquitinating enzymes (11).

To favor the detection of ubiquitinated Tax proteins, 293T
cells transfected with the wild-type Tax or the ubiquitin-Tax
plasmid were lysed in a buffer containing both proteasome and
isopeptidase inhibitors, which prevent rapid deubiquitination.
Then, Tax proteins were revealed by Western blot with a pool

of patient sera (Fig. 1B, lanes 1 to 3). As expected, a ladder of
ubiquitinated products was seen in 293T cells transfected with
the ubiquitin-Tax construct (Fig. 1B, lane 1), whereas no band
was detected in the control lysate (Fig. 1B, lane 2). A band
corresponding to the Tax moiety was also visible, which prob-
ably corresponds to internal initiation of translation from the
ATG of tax which was conserved within the ub-tax gene. A
band migrating at the same position as the ubiquitin-Tax pro-
tein as well as high-molecular-weight Tax products were visible
in cells expressing wild-type Tax (Fig. 1B, lane 3). Blotting with
an anti-Tax monoclonal antibody (Fig. 1B, lanes 4 to 6) al-
lowed the detection of higher Tax species for both ubiquitin-
Tax (Fig. 1B, lane 4) and wild-type Tax (Fig. 1B, lane 6),
confirming that they indeed correspond to Tax. For the ubiq-
uitin-Tax protein, the monoubiquitin is linearly attached and
polyubiquitination can take place on both the ubiquitin and the
Tax moieties. This could explain the difference observed in the
migration profile of polyubiquitin products in Tax and ubiq-
uitin-Tax-producing cells.

In parallel, a Western blot with patient sera was performed
with the chronically infected C8166 T-cell line harboring a
deleted provirus encoding Tax (6) and the HTLV-1-negative
Jurkat T cells as a control (Fig. 1C). Bands migrating at the
same positions as the mono- and polyubiquitinated Tax pro-
teins found in cells transfected with the ubiquitin-Tax protein
were visible for both Tax-transfected 293T cells (Fig. 1C, lane
3) and C8166 (Fig. 1C, lane 5), whereas no band was found in
mock-transfected (lane 2) and Jurkat (Fig. 1C, lane 4) cells.

These results show that modified Tax proteins with sizes
compatible with those of mono- and polyubiquitinated Tax
proteins exist in both transfected 293T cells and chronically
infected T lymphocytes.

Some high-molecular-weight Tax products are ubiquiti-
nated Tax species. To further characterize the potential mod-
ification of Tax, we used the pJFE-Tax plasmid encoding a Tax
protein fused to a C-terminal HA tag followed by a six-histi-
dine tag (Tax-HA-6His), which allows protein purification by
Ni-NTA pulldown. We used highly denaturing conditions for
cell lysis and protein washes (guanidinium chloride and urea)
to ensure both inactivation of deubiquitination enzymes and
removal of contaminating proteins, except proteins covalently
associated to Tax. Purified Tax proteins were then revealed
with various antibodies (Fig. 2A). Confirming the above re-
sults, a ladder of high-molecular-weight Tax products was de-
tected with either a rabbit polyclonal serum directed to Tax
(Fig. 2A, left panel), patient sera (Fig. 2A, middle panel), or a
monoclonal antibody directed to Tax (Fig. 2A, right panel).
Coexpression of HA-ubiquitin with Tax led to an increase in
both the size and the amount of high-molecular-weight Tax
products. These species were specific for Tax because they
were not observed in mock-transfected cells (Fig. 2A, lanes 1
and 2). Quantitation of anti-Tax reactive species was per-
formed to evaluate the fraction of higher-molecular-weight
products relative to the amount of unconjugated Tax (Fig. 2A,
left panel). These fractions were 54 and 46%, respectively, in
the absence of cotransfected HA-ubiquitin and 72 and 28%,
respectively, in the presence of overexpressed HA-ubiquitin.

To find out whether such modified proteins corresponded to
ubiquitinated Tax products, the same membranes were probed
with the Fk2 antibody specific for polyubiquitin chains (Fig.

FIG. 1. High-molecular-weight Tax products exist in transfected
cells and Tax-producing T lymphocytes. (A) Schematic representation
of the Tax and ubiquitin (Ub)-Tax proteins. (B) Detection of Tax
products by Western blot in 293T cells transfected with the pSG5
control plasmid (lanes 2 and 5) or plasmids encoding ubiquitin-Tax
(lanes 1 and 4) or wild-type (wt) Tax (lanes 3 and 6). Proteins were
revealed with patient sera (lanes 1 to 3) or an anti-Tax monoclonal
antibody (lanes 4 to 6). (C) Western blot performed on equal amounts
of uninfected Jurkat (lane 4) or infected C8166 (lane 5) T cells with
patient sera. 293T cells transfected with the ubiquitin-Tax (lane 1), Tax
(lane 3), or pSG5 (lane 2) plasmids are also shown.
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2B, left panel) or with the anti-HA antibody (Fig. 2B, right
panel). Fk2-reacting Tax products were found even in the
absence of overexpressed ubiquitin (Fig. 2B, lanes 3). In cells
coexpressing HA-ubiquitin, both the size and amount of Fk2-
reacting products increased (Fig. 2B, left panel, lane 4), and
they were also recognized by the anti-HA antibody (Fig. 2B,
right panel, lane 4). Only few products were seen in the control
lysates (Fig. 2B, left and right panels, lanes 1 and 2). This
demonstrated that the high-molecular-weight Tax products
contain ubiquitinated proteins.

We then investigated whether Tax ubiquitination can be
detected in transfected T lymphocytes. To do so, we used a
Tax-6His plasmid without the HA tag in order to allow the
specific detection of HA-ubiquitin and transfected it into the
CEM T-cell line with or without the HA-ubiquitin construct
(Fig. 2C). Probably due to low transfection efficiency and/or a
limiting pool of endogenous ubiquitin, ubiquitinated Tax prod-
ucts were not detected in cells not expressing HA-ubiquitin
(Fig. 2C, lanes 3). However, such products were readily found
in HA-ubiquitin cotransfected cells with either the anti-Tax
monoclonal antibody (Fig. 2C, left panel, lane 4) or the an-
ti-HA antibody (Fig. 2C, right panel, lane 4).

These results provide definitive evidence that Tax exists as
both mono-and polyubiquitinated species in transfected 293T
cells and that ubiquitination of Tax can also occur in the
context of T lymphocytes, which represent the major target of
HTLV-1 in vivo.

Lysine residues located in the carboxy-terminal half of Tax
are the principal targets of ubiquitin. We next investigated
whether ubiquitin conjugation takes place on specific lysines of
Tax (Fig. 3). Tax possesses 10 lysines, three (K1 to K3) located
in the N-terminal half of the protein (residues 85, 88, and 111)
and seven (K4 to K10) located in the C-terminal half (residues
189, 197, 263, 280, 284, 324, and 346) (Fig. 3A). Three new
Tax-6His mutants were then produced in which all the lysine
residues (Tax K1-10R) or the lysines of the N-terminal (Tax
K1-3R) or C-terminal (Tax K4-10R) parts of the protein were
replaced with arginines. We also tested an intermediate con-
struct in which only lysines 263, 280 and 284 were mutated (Tax
K6-8R) (Fig. 3A).

These plasmids were transfected into 293T cells, and pro-
teins recovered by Ni-NTA pulldown in highly denaturing con-
ditions were revealed with either the anti-Tax rabbit serum
(Fig. 3B, left panel) or the anti-ubiquitin antibody (Fig. 3B,
right panel). No reacting products were found in the absence
of Tax (Fig. 3B, lanes 1), showing the high specificity of the
Ni-NTA pulldown in this experiment. High-molecular-weight
Tax products were still observed in cells expressing the Tax-
6His K1-3R (Fig. 3B, left panel, lane 4), although their level
was slightly reduced compared to the wild-type protein (Fig.
3B, lane 2). By contrast, modified Tax species were almost
absent in cells producing the lysineless Tax-6His K1-10R (Fig.
3B, lane 3) or the Tax-6His K4-10R (Fig. 3B, lane 5) mutant,
and a significant reduction was found in cells expressing Tax-
6His K6-8R (Fig. 3B, lane 6).

To precisely characterize the degree of ubiquitination of
each protein, same lysates were blotted with the anti-ubiquitin
antibody, and band quantitation was performed after subtrac-
tion of the background (Fig. 3C, lane 1) and normalization to
equal amount of the unmodified 40 kDa species (Fig. 3C). The

FIG. 2. High-molecular-weight Tax products contain ubiquitinated
species. 293T cells were transfected with the Tax-HA-6His construct in
the presence of absence of an HA-ubiquitin (Ub) plasmid. (A) Pro-
teins purified by Ni-NTA pulldown in highly denaturing conditions
were subjected to immunoblotting (WB) with a rabbit serum to Tax
(left panel), a pool of patient sera (middle panel), or an anti-Tax
monoclonal antibody (right panel). (B) Stripped membranes were
blotted with the anti-polyubiquitin chain Fk2 (left panel) or an an-
ti-HA (right panel) monoclonal antibody. (C) CEM T cells were trans-
fected with a Tax-6His plasmid with or without the HA-ubiquitin
construct, and proteins purified by Ni-NTA pulldown were blotted
with the Tax monoclonal antibody (left panel) or the anti-HA antibody
(right panel). *, nonspecific species detected by the anti-Tax monoclo-
nal antibody.
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level of modified ubiquitinated Tax species found for the wild
type was arbitrarily defined as 100% (Fig. 3C). This procedure
revealed that the amount of ubiquitinated Tax products was
reduced by 95% for the lysineless Tax protein (K1-10R). Mu-

tation of the first three lysines led to a minor reduction of the
amount of ubiquitinated Tax products (28%), whereas muta-
tion of the seven other lysines (K4-10R) reduced Tax ubiquiti-
nation by 78%. Remarkably, a comparable reduction (76%)
was found when mutation of only lysines 6, 7, and 8 was
performed. That the levels of ubiquitinated products (Fig. 3B,
right panel) but not the amounts of high-molecular-weight Tax
species (Fig. 3B, left panel) were comparable between Tax
K4-10R and Tax K6-8R might signify that lysines other than
K6 to K8 are the targets of additional posttranslational mod-
ifications.

Collectively, these experiments indicate that Tax ubiquitina-
tion occurs principally on the C-terminal half of Tax, even
though the N-terminal part is also involved to a lesser extent.
Moreover, they strongly suggest that lysines 263, 280, and/or
284 are the main target of ubiquitin within the C-terminal half
of Tax.

Integrity of lysine residues at position 263, 280, and/or 284
is required for interaction with assembled proteasomes. Tax
has been shown to interact with subunits of the proteasome in
vitro and with assembled proteasomes in cells (3, 17, 30). Since
polyubiquitination is a major signal to address proteins to-
wards the proteasome (35), we wondered whether Tax ubiq-
uitination participates to this interaction. We then investigated
the ability to associate with proteasomes of the wild-type pro-
tein and the mutants that are almost not (Tax K1-10R) or
poorly (Tax K4-10R, Tax K6-8R) ubiquitinated. To avoid any
nonspecific binding due to polyhistidine sequences, these ex-
periments were performed with untagged Tax proteins.

Consistent with our above results, blotting with patient sera
showed various amounts of high-molecular-weight Tax prod-
ucts in cells transfected with the wild-type Tax plasmid and in
those producing the lysine mutants (Fig. 4A). Indeed, com-
pared to wild-type Tax (Fig. 4A, line 6) only background was
detected for the Tax K1-10R and K4-10R proteins (Fig. 4A,
lanes 2 and 3, upper panel) and fewer modified products were
seen for the Tax K6-8R protein (Fig. 4A, lane 4). When ad-
justed to the amounts of loaded proteins (Fig. 4A, actin levels
in lower panel), the level of high-molecular-weight Tax prod-
ucts seemed comparable between the Tax K1-3R mutant (Fig.
4A, lane 5) and wild-type Tax (Fig. 4A, lane 6).

Lysates were then subjected to immunoprecipitation with a
monoclonal antibody recognizing the �2 subunit of the protea-
some, known to immunoprecipitate both free subunits and
assembled proteasomes (28). Recovered proteins reacted with
an antibody directed to a � subunit of proteasomes (Fig. 4B,
lower panel), showing, first, that not only single � subunits but
assembled �/� complexes have been indeed precipitated and,
second, that their amounts were comparable in each condition.
Blotting with patient sera showed that both the wild-type Tax
(Fig. 4B, upper panel, lane 6) and the Tax K1-3R (Fig. 4B,
upper panel, lane 5) proteins were present in assembled pro-
teasome immunoprecipitates. By contrast, the lysineless Tax
K1-10R protein was not visible (Fig. 4B, upper panel, lane 2),
and weak signals were detected for the C-terminal Tax K4-10R
(Fig. 4B, upper panel, lane 3) and Tax K6-8R (Fig. 4B, upper
panel, lane 4) mutants, which could be related to their residual
ubiquitination (20%) (Fig. 3C).

Decreased association with proteasomes could have re-
flected a global defect in protein folding due to lysine muta-

FIG. 3. Lysines located in the C-terminal half of Tax are the prin-
cipal targets of ubiquitin. (A) Schematic representation of the lysine-
to-arginine Tax mutants. (B) 293T cells were transfected with the
control plasmid pSG5 (lane 1) or with Tax-6His (lane 2), Tax-6His
K1-10R (lane 3), Tax-6His K1-3R (lane 4), Tax-6His K4-10R (lane 5),
or Tax-6His K6-8R (lane 6). Proteins eluted after Ni-NTA pulldown
were subjected to Western blot analysis with a rabbit polyclonal serum
to Tax (left panel) or the anti-ubiquitin Fk2 monoclonal antibody
(right panel). (C) Quantitation performed on the anti-ubiquitin blot
after subtraction of the background in lane 1 and normalization to an
equal amount of the unmodified 40-kDa species.
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tions. To address this point, we evaluated the ability of the Tax
mutants to activate the HTLV-1 promoter in cells, since this
pathway necessitates the conservation of multiple properties of
Tax, including the ability to enter nuclei, to dimerize, and to
recruit transcriptional cellular cofactors (4). As shown in Fig.
4C, Tax K1-10R was unable to activate the HTLV-1 promoter.
By contrast, the Tax K4-10R and Tax K6-8R proteins retained
23 and 72% of the activity of the wild-type protein, respec-
tively. Hence, even though conservative substitution of lysine
residues was performed, the possibility that Tax K1-10R and,
to a lesser extent, Tax K4-10R exhibit a structural defect can-
not be ruled out. By contrast, for at least the Tax K6-8R
protein, the strong decrease in proteasome binding cannot be
attributed to a global defect in folding or function. Therefore,
we concluded that a correlation exists between ubiquitination
of Tax on lysines 263, 280, and/or 284 and proteasome binding.

Level of Tax ubiquitination correlates with binding to as-
sembled proteasomes. That some lysines of Tax targeted by
ubiquitin were also required for association with proteasomes
suggested that Tax ubiquitination is related to proteasome
binding.

To explore this hypothesis, we first investigated whether the
ubiquitin-Tax fusion protein associates with proteasomes. Fol-
lowing proteasome immunoprecipitation as above, the ubiq-
uitin-Tax protein was indeed detected (Fig. 5A, lane 1, upper
panel). Moreover, in this experiment, in which the amount of
associated Tax proteins was particularly high, we also detected
the mono-ubiquitinated form of wild-type Tax associated to
proteasomes (Fig. 5A, lane 3). However, we noticed that the
unconjugated form of Tax was also bound to proteasomes.
Nevertheless, these results demonstrate that the monoubiquiti-
nated species of Tax is stably attached to assembled protea-
somes in cells.

Tax mutants for which the in vitro interaction with subunits
�3 and/or �7 of the proteasome core is impaired (M22, T131A/
L131S) or strengthened (M47, L319R/L320S) (Fig. 5B) were
described previously (30). These two proteins possess wild-type
lysine residues, allowing us to explore the relationship between
ubiquitination and proteasome binding in a context in which
ubiquitin conjugation is still possible. Coimmunoprecipitations
were performed as above. Blotting of MCP21-precipitated
products with patient sera (Fig. 5B, upper panel) allowed the
detection of Tax (lane 1) and M47 (lane 3), whereas only a
weak signal was found for M22 (lane 2). Since the amount of
Tax proteins in cell lysates seemed lower for M22 than for
wild-type Tax and M47 (Fig. 5B, middle panel), we quantified
the amount of the 40-kDa proteins in both experiments to
calculate the percentage of proteins bound to the proteasome
(lower panel). The level of 40-kDa Tax species found in cell
lysates and proteasome precipitates was comparable between
wild-type Tax and M47. The level of M22 was 42% of the
wild-type protein in cell lysate for 11% in proteasome precip-
itate. This shows that the binding of M22 to the proteasome
was reduced by more than 70% compared to the wild-type Tax
and M47 proteins.

Detection of Tax proteins in cell lysates (Fig. 5B, middle
panel) also suggested that compared to wild-type Tax (lane 2),
the level of modified Tax products was lower for M22 (lane 3)
and comparable or even increased for M47 (lane 4). To pre-
cisely assess the ubiquitination status of the M22 and M47, the

FIG. 4. Lysines 263, 280, and/or 284 are required for interaction
with assembled proteasomes. 293T cells were transfected with the
control pSG5 plasmid (lane 1) or with plasmids encoding Tax K1-10R
(lane 2), Tax K4-10R (lane 3), Tax K6-8R (lane 4), Tax K1-3R (lane 5),
and wild-type (wt) Tax (lane 6). (A) An aliquot of cell extract was
subjected to direct immunoblot with patient sera (upper panel) and
antiactin (lower panel). (B) Equal amounts of total proteins were
immunoprecipitated with the antiproteasome antibody MCP21 and
revealed by blotting with patient sera (upper panel) or an antibody
specific for a proteasome �-subunit (lower panel). The positions of
heavy chains (HC) and light chains (LC) revealed by the secondary
antibody are indicated. (C) 293T cells were cotransfected with an
HTLV-1 long terminal repeat–�-galactosidase reporter plasmid and a
plasmid encoding wild-type or mutated Tax protein. The activity of the
wild-type protein was arbitrarily set to 100% (wild-type induction �
18-fold).
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corresponding mutations were introduced into the Tax-6His
plasmid. Blotting of Ni-NTA-purified proteins with the anti-
Tax rabbit antibody (Fig. 5C, left panel) showed that high-
molecular-weight Tax products were found in both Tax- (lane
2) and M47- (lane 4) transfected cells. No such products were
found for M22 (lane 3), although the level of the nonconju-
gated band was equivalent to that of the wild-type protein.
Quantitation of higher Tax products (Fig. 5C, right panel)
indeed evidenced a 94% reduction for M22 and a 30% increase
for M47. This strengthened the correlation between the
amount of Tax found in association with the proteasome and
the level of Tax ubiquitination.

Proteasome inhibition does not result in Tax stabilization.
Since polyubiquitination is a signal for rapid degradation by
proteasomes, ubiquitinated substrates are generally detected
in cells only if proteasome activities are inhibited. In contrast,
our data clearly show that ubiquitinated Tax products can be
recovered from cells not treated with proteasome inhibitors.
This suggested that ubiquitinated Tax products were stable in
cells and therefore that they were not rapidly degraded by
proteasomes.

To test this model, we studied the effect of proteasome
inhibition on the intracellular level of wild-type Tax by treating
transfected cells with either MG-132 or lactacystin, two potent
proteasome inhibitors.

Detection of the pool of polyubiquitinated cellular proteins
that accumulated as the result of free ubiquitin depletion is a
common way to document proteasome inhibition (20, 24).
Blots performed with the specific anti-polyubiquitin antibody
FK2 (Fig. 6A and B, upper panels) showed that polyubiquiti-
nated proteins were significantly increased in both MG-132-
and lactacystin-treated cells, proving that proteasomes were
efficiently inhibited in each case. Actin detection showed that
the quantity of protein loaded was comparable in Tax-produc-
ing cells treated or not with either inhibitor (Fig. 6A and B,
middle panels). Blotting with patient sera further evidenced
that the global amount of Tax proteins was unaffected by
treatment with either MG-132 (Fig. 6A, lower panel) or lacta-
cystin (Fig. 6B, lower panel). Indeed, no stabilization of either
the unconjugated form or ubiquitinated products was found.
This reveals that ubiquitinated Tax products are not degraded
by the proteasomes.

FIG. 5. Level of Tax ubiquitination correlates with binding to as-
sembled proteasomes. (A) 293T cells were transfected with the ubiq-
uitin-Tax expression plasmid (lane 1), the control pSG5 plasmid (lane

2), or the plasmid encoding wild-type Tax (lane 3). Equal amounts of
total proteins immunoprecipitated with the antiproteasome antibody
MCP21 were revealed with patient sera (upper panel), and an aliquot
of cell extract was subjected to direct immunoblot with patient sera
(lower panel). (B) 293T cells were transfected with plasmids encoding
wild-type Tax (lane 1), M22 (lane 2), or M47 (lane 3) protein or the
control pSG5 plasmid (lane 4). Proteins from MCP21 precipitates
(upper panel) or from cell extracts (middle panel) were revealed with
patient sera, and the amount of unconjugated Tax proteins found in
each blot was quantified, the level found for the wild-type protein
being defined as 100% (lower panel). (C) 293T cells were transfected
with control plasmid pSG5 (lane 1) or with plasmids encoding Tax-
6His (lane 2), Tax-6His-M22 (lane 3), or Tax-6His-M47 (lane 4).
Proteins purified by Ni-NTA pulldown were subjected to Western blot
with a rabbit serum to Tax (left panel), and band quantitation was
performed to evaluate the fraction of high-molecular-weight Tax prod-
ucts relative to the unconjugated form after subtraction of the back-
ground in lane 1 (right panel).
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DISCUSSION

The ubiquitin-proteasome system is a central pathway for
regulating protein stability in eukaryotic cells (19). Here we
show that the Tax oncoprotein of HTLV-1 is ubiquitinated and
that this process involves principally lysine residues located in
the C-terminal part of the protein. We also provide evidence
that Tax ubiquitination is related to proteasome binding but
not to rapid degradation. This reveals a novel posttranslational
modification undergone by Tax and opens new issues concern-
ing the intracellular maturation and regulation of this protein.

Since Tax is the major target of the cytotoxic T-cell response
to HTLV-1 and interacts with the proteasome, we wondered
whether it was ubiquitinated. Ubiquitinated proteins are gen-
erally difficult to detect in cells, either because they are rapidly
degraded by proteasomes or because conjugated ubiquitin is
rapidly removed from substrates. To overcome this difficulty,
we first used lysis buffers containing both proteasome inhibi-
tors and inhibitors of deubiquitination. This allowed us to

detect high-molecular-weight Tax products in transfected cells
and, more importantly, in Tax-producing T lymphocytes.

Using purified Tax-6His proteins and Ni-NTA purification
in highly denaturing conditions, we further demonstrated that
purified Tax products reacted with anti-ubiquitin antibodies.
Products ranging from 48 to more than 80 kDa were detected,
consistent with conjugation of 1 to more than 5 ubiquitin mol-
ecules. Moreover, ubiquitinated forms were quantitatively im-
portant, since in our experiments, both mono- and polyubiq-
uitinated forms represented 54% of the amount of total Tax
species and increased to 72% in the presence of overexpressed
ubiquitin. From these data, we concluded that Tax is both
mono- and polyubiquitinated in transfected cells as well as in T
lymphocytes, which represent the major target cells of
HTLV-1.

Also in this issue, Peloponese and colleagues (27a) show
data also demonstrating that Tax is ubiquitinated, although
they mainly detected the monoubiquitinated form. That we
found a larger amount of polyubiquitinated Tax species is
probably due to the maximal denaturing conditions that we
used in the Ni-NTA pulldown, which completely inhibited de-
ubiquitination of substrates. However, these complementary
data conclusively demonstrated that Tax is mainly present in
cells as ubiquitinated species, although it remains possible that
Tax proteins bearing additional posttranslational modifications
also exist in cells.

Although ubiquitination occurs principally on lysine resi-
dues, recent studies demonstrated that lysineless substrates can
be ubiquitinated on their N-terminal amino acid (10). Quan-
titation of anti-ubiquitin-reactive Tax products showed that
mutation of all the lysine residues of Tax reduced the amount
of total ubiquitination to 5%. Hence, classical conjugation on
lysine residues seems to account for Tax ubiquitination.

With various Tax-6His mutants and direct detection of ubiq-
uitin on Ni-NTA-purified Tax proteins, we further docu-
mented that Tax ubiquitination occurs mainly on its C-terminal
half. Indeed, mutation of N-terminal lysines K1 to K3 reduced
ubiquitination by 28% whereas mutation of the C-terminal
lysines K4 to K10 reduced the amount of ubiquitinated Tax
species by 80%. Remarkably, the restricted mutation of lysines
K6 to K8 (residues 263, 280, and 284) reduced total Tax ubiq-
uitination to a similar extent, indicating that they are the prin-
cipal targets of ubiquitin within the C-terminal part of Tax.
Interestingly, we noticed that although their levels of ubiquiti-
nation were comparable, the amount of high-molecular-weight
Tax products was higher for Tax K4-10R than for Tax K6-8R.
This might indicate that additional posttranslational modifica-
tions occur on lysine residues other than K6 to K8 within the
C-terminal part of Tax. Otherwise, since the interaction site
between the substrate and E3 is suspected to be located near
the lysines targeted by ubiquitin (39), it might be assumed that
the 260 to 290 region of Tax represents the binding site for the
putative E3. However, the Tax M22 mutant (Thr130-Leu131
3 Ala-Ser), which has wild-type lysines, is only poorly ubiqui-
tinated, suggesting that the central domain of Tax might also
be involved in such an interaction. Further studies are needed
to identify this ubiquitin ligase and the molecular mechanisms
involved in this reaction.

Polyubiquitination of proteins is a major signal for interac-
tion with proteasomes (35). Since Tax has been shown to

FIG. 6. Proteasome inhibition does not result in Tax stabilization.
293T cells were transfected with control plasmid pSG5 (lanes 1 and 2)
or a plasmid encoding Tax (lanes 3 and 4). (A) At 12 h posttransfec-
tion, cells were treated with dimethyl sulfoxide (�) or 10 �M MG-132
(�) for 5 h and then directly lysed in boiling Laemmli buffer. Equal
amounts of total proteins were blotted with the anti-polyubiquitinated
protein monoclonal antibody FK2 (upper panel), an antiactin mono-
clonal antibody (middle panel), or patient sera (lower panel). (B) A
similar experiment was performed by treating cells with dimethyl sul-
foxide (�) or 1 �M lactacystin for 20 h (�).

11830 CHIARI ET AL. J. VIROL.



interact with proteasomes both in vitro and in cells, we inves-
tigated whether Tax ubiquitination influences this phenome-
non. We first found that the ubiquitin-Tax fusion protein and
the monoubiquitinated form of wild-type Tax were stably at-
tached to proteasomes. Furthermore, we obtained data reveal-
ing a reciprocal correlation between Tax ubiquitination and
proteasome binding. On the one hand, we found that all the
Tax mutants that are not or very poorly ubiquitinated (Tax
K1-10R, Tax K4-10R, and Tax K6-8R) display a complete or
strong reduction in proteasome binding. Importantly, at least
for the Tax K6-8R protein, such a reduction cannot be attrib-
uted to a global structural defect because this mutant was still
functional for transactivation of the HTLV-1 promoter. Con-
versely, mutation of the lysine residues located in the N-ter-
minal part of Tax, which minimally contribute to Tax ubiquiti-
nation (28%), did not affect proteasome binding. On the other
hand, we showed that the M22 mutant, known to be impaired
for proteasomes binding (30), was also poorly ubiquitinated,
whereas the M47 protein, which still interacts with the protea-
some, was properly and even slightly overubiquitinated com-
pared to the wild-type protein. These findings suggest either
that Tax binding to proteasomes is required for its ubiquitina-
tion or that prior ubiquitination of Tax is necessary for stable
attachment to assembled proteasomes. We favor the second
hypothesis because Tax mutants defective for ubiquitination
were unable to bind to proteasomes.

However, we noticed that unconjugated Tax was the major
form attached to proteasomes. Ubiquitinated products are very
unstable, and because coimmunoprecipitation cannot be per-
formed in sufficiently denaturing conditions, partial deubiqui-
tination during the immunoprecipitation procedure is likely to
occur. Alternatively, it can be envisaged that Tax is partially
deubiquitinated within cells upon proteasome binding. Both
hypotheses could explain why multiubiquitinated proteins were
not found in proteasome precipitates (not show). Another
explanation is that ubiquitination is involved in a chain of
events preceding binding to �/� subunits and then contributes
indirectly to the stable attachment of Tax on proteasome cores.

That Tax ubiquitination is required for proteasome binding
could also signify that Tax interacts specifically with the polyu-
biquitin chain receptors included in the regulatory caps of
proteasomes (38, 40). Our findings also suggest that the re-
spective affinities for proteasomes of M22 and M47 proteins
might be related to their ubiquitination status. However, the
relative binding abilities of these mutants were evidenced in a
yeast two-hybrid system with isolated subunits of the protea-
some core and not with components of the regulatory caps
(30). One explanation could be that Tax associates both with
the regulatory cap of the proteasome and with subunits of the
core and that both interactions contribute to stable Tax bind-
ing to assembled proteasomes.

Polyubiquitinated proteins are generally rapidly degraded
and, in consequence, are difficult to detect in cells containing
active proteasomes. In contrast, we found that ubiquitinated
Tax products were readily detectable in cells not treated with
proteasome inhibitors. Furthermore, we found that neither the
steady-state level of unconjugated Tax nor the amount of ubi-
quitinated products was affected by proteasome inhibitor treat-
ment. Similar results are presented in the accompanying paper
from Jeang’s group (27a). This strongly supports the view that

ubiquitinated Tax molecules are not major targets for protea-
some degradation, although it remains possible that a minor
fraction of Tax can be degraded via this pathway. Hence, Tax
ubiquitination does not seem to mediate a direct proteolytic
function. Since, as we showed here, Tax ubiquitination con-
tributes to proteasome binding, it might be postulated that Tax
attachment to the proteasome is responsible for protein stabi-
lization. Therefore, we propose a model in which the stable
attachment of Tax to subunits of the proteasome core pre-
cludes its entry into the catalytic cylinder, thereby preventing
its degradation. Tax transfer from the cap to the core implies
that Tax is not degraded via the proteasome or that the deg-
radation is only delayed. This second hypothesis could explain
the apparent discrepancy between the fact that Tax does not
seem to be massively degraded by the proteasome and its
immunodominance in terms of cytotoxic T-lymphocyte recog-
nition.

In conclusion, we identified a new posttranslational modifi-
cation of Tax that contributes to its ability to bind to protea-
somes. The impact of this mechanism on the numerous func-
tions of Tax remains to be clarified. In this regard, Jeang’s
group (27a) reports that Tax ubiquitination is associated with
reduced transactivation. Interestingly, a recent study showed
that the human immunodeficiency virus transactivator Tat pro-
tein is also ubiquitinated and that this conjugation mediates a
nonproteolytic function (8). Hence, ubiquitination could con-
stitute a novel general mechanism to regulate the intracellular
fate and/or function of various retroviral transcriptional trans-
activators.
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