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The Tax transactivator protein of human T-cell leukemia virus type 1 (HTLV-1) plays a central role in the
activation of viral gene expression. In addition, Tax is capable of activating the expression of specific cellular
genes and is involved in the transformation of T-lymphocytes resulting in the development of adult T-cell leu-
kemia. Tax is a phosphoprotein that colocalizes in nuclear bodies with RNA polymerase II, splicing complexes,
and specific transcription factors including members of the ATF/CREB and NF-kB families. In this study, we
identified adjacent serine residues at positions 300 and 301 in the carboxy terminus of Tax as the major sites
for phosphorylation. Phosphorylation of at least one of these serine residues is required for Tax localization
in nuclear bodies and for Tax-mediated activation of gene expression via both the ATF/CREB and NF-kB
pathways. Introduction of amino acid substitutions which are phosphoserine mimetics at positions 300 and 301
restored the ability of a phosphorylation-defective Tax mutant to form nuclear bodies and to activate gene
expression. These studies define sites for regulatory phosphorylation events in Tax which are critical for its
ability to activate gene transcription.

The human T-cell leukemia virus types 1 and 2 (HTLV-1
and HTLV-2) are closely related human retroviruses. HTLV-1
is the causative agent for adult T-cell leukemia/lymphoma (23,
39), while HTLV-2 is associated with a rare form of human
hairy-cell leukemia (25). Both viruses encode potent activators
of viral transcription known as Tax (9, 11, 41, 48). Not only
does Tax activate viral gene expression, but it also activates the
expression of specific cellular genes involved in normal T-cell
activation and proliferation (4, 13, 31, 46), and this activity has
been implicated in Tax transforming activity. Tax transforms
lymphocytes and fibroblasts (10, 18, 34, 40, 51) and induces
tumors in transgenic mice (19, 36).

Tax colocalizes in discrete nuclear bodies with cellular fac-
tors essential for its transcriptional activities (6, 7, 45), includ-
ing RNA polymerase II, components of the splicesome, and
specific members of the ATF/CREB and NF-kB families of
transcription factors, including ATF-1, the two subunits of
NF-kB p50 and RelA, and the two transcriptional coactivators
CBP and p300. Tax activates HTLV-1 gene expression via in-
teractions with ATF/CREB proteins (14, 15, 38, 54, 55) and the
transcriptional coactivator CBP (16, 27), resulting in increased
binding of these factors to three 21-bp repeats present in the
viral long terminal repeat (LTR).

Tax is also capable of increasing the expression of other viral
and cellular genes, such as the genes coding for interleukin-2
(IL-2), IL-2 receptor a, and the human immunodeficiency vi-
rus, by regulating NF-kB activation (4, 26, 31, 46). NF-kB is a
heterodimeric complex containing two DNA-binding proteins
termed p50 and RelA (3) which, in the absence of specific

inducers, is sequestered in the cytoplasm through high-affinity
binding with the labile cytoplasmic inhibitors IkBa and IkBb
(2, 22). NF-kB is constitutively activated in Tax-expressing cells
and in HTLV-1-infected cells (17, 28). This constitutive acti-
vation is at least in part due to Tax-induced phosphorylation
and subsequent proteolytic breakdown of IkBa and IkBb with
release of the RelA subunit from cytoplasmic sequestration
and translocation of RelA into the nucleus (8, 26, 30, 35, 49).
In addition to altering the stability of IkBa and IkBb, Tax has
also been shown to physically associate with the RelA subunit
of NF-kB (29, 50) and to colocalize with both p50 and RelA in
nuclear bodies (6). Tax mutants unable to activate gene ex-
pression via the NF-kB and/or the ATF/CREB pathways and
defective for cellular transformation have been described pre-
viously (44, 47, 53).

Tax is phosphorylated on serine residues that map on a
single tryptic peptide, and Tax phosphorylation in human lym-
phocytes is increased by a treatment of the cells with phorbol
esters in a time- and dose-dependent manner (12). However,
the localization of the phosphoserine residue(s) and the role of
phosphorylation in Tax function are unknown. Since protein
phosphorylation modulates the activity of a number of cellular
factors (24), we characterized the role of Tax phosphorylation
on its ability to activate gene expression. In the present study
we identified two serine residues at positions 300 and 301 as
the major sites for Tax phosphorylation and we demonstrated
that phosphorylation is critical for transcriptional activation by
Tax.

MATERIALS AND METHODS

Cell culture. Cell lines were obtained from the American Type Culture Col-
lection. BHK21 (hamster kidney) cells (ATCC CRL 8544) were grown in Glas-
gow minimum essential medium (Gibco BRL, Gaithersburg, Md.) supplemented
with 10% tryptose phosphate, 20 mM HEPES buffer, and 5% fetal bovine serum.
Jurkat cells were grown in RPMI 1640 medium (Gibco BRL) supplemented with
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10% fetal bovine serum, 100 U of penicillin G sodium per ml, 100 mg of
streptomycin sulfate per ml, and 2 mM glutamine.

Plasmids. The wild-type tax cDNA fragment (Genbank accession no. P14079
[33]) was cloned in the pSFV3 vector (32) as described previously (6). Mutations
F2 (Ser300 converted into Leu [S300L] and S301A), F3 (S301A), F4 (S300L,
S301A, and N304S), F6 (S300L), and F9 (S300D and S301D) were introduced
into the tax gene by site-directed mutagenesis and then transferred to the vector
pSFV3. The wild-type and mutated tax cDNAs were also inserted into the pDP
expression vector under the control of the Rous Sarcoma Virus promoter. The
HIV type 1 (HIV-1) LTR chloramphenicol acetyltransferase (CAT) reporter
plasmid contains an EcoRV (2343)/HindIII (180) fragment from the HIV-1
LTR of ARV2 upstream of the CAT gene (21), and the HTLV-I LTR CAT
reporter plasmid (43) was described previously.

Establishment of SFV-Tax recombinant stocks. The Semliki Forest virus
(SFV) expression system was described previously (5, 32). Briefly, SFV vector
RNA and wild-type or mutant recombinant SFV-Tax RNAs were synthesized by
using an SP6 in vitro transcription system. Each of these RNAs was cotransfected
with SFV helper 2 RNA into BHK21 cells by electroporation (Bio-Rad, Her-
cules, Calif.). This generated replication-defective virus stocks for either control
SFV or the SFV recombinants expressing wild-type Tax or the Tax mutants F2,
F3, F4, F6, and F9. These viruses were concentrated 100-fold by ultracentrifu-
gation, resuspended in TNE buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 0.5
mM EDTA), and stored at 280°C. The virus stocks were activated by chymo-
trypsin treatment (5) and titrated by immunofluorescence staining of BHK21
cells infected with various dilutions of these SFV stocks. Typically, the recom-
binant virus stocks, the concentrations of which ranged from 109 to 1010 PFU/ml,
were used to infect cells at a multiplicity of infection of 5.

Antibodies. Monoclonal antibody 168-A51, which recognizes a C-terminal
epitope of Tax (NIH AIDS Research and Reagent Program), was used for
immunoprecipitation and immunofluorescence staining to detect the Tax pro-
tein. The secondary antibody, a goat anti-mouse fluorescein isothiocyanate con-
jugate, was purchased from Jackson ImmunoResearch, West Grove, Pa.

Immunocytochemistry and confocal microscopy. Cells cultured on coverslips
were infected at a multiplicity of infection of 5 with the different recombinant
SFVs, washed with phosphate-buffered saline (PBS), and fixed with methanol at
220°C for 6 min. The cells were washed twice with PBS, blocked for 30 min in
PBS containing 0.5% gelatin and 0.25% bovine serum albumin, and incubated
for 1 h at room temperature with the primary antibody. The preparations were
washed three times with 0.2% gelatin in PBS and incubated for 1 h with the
secondary antibody. Samples were washed three times and then mounted in a
solution of 1 mg of p-phenylenediamine per ml in 90% glycerol. The preparations
were examined on an MRC1024 laser scanning confocal microscope (Bio-Rad,
Microscience Division; Cambridge, Mass.) equipped with a 15-mW air-cooled
krypton-argon laser (Ion Laser Technology; Salt Lake City, Utah) as a light
source. The images were constructed from greyscale confocal fluorescence im-
ages with Adobe Photoshop software.

In vivo incorporation of 32Pi and 35S-labeled methionine and cysteine. BHK21
or Jurkat cells (106 or 107 cells, respectively) were infected with the control SFV
or the different SFV-Tax recombinants for 5 h at a multiplicity of infection of 5.
The cells were washed twice with PBS and incubated in starvation medium
(minimal Eagle medium without methionine and cysteine or without phosphate)
for 30 min which was then replaced by the same medium containing either 100
mCi of [35S]methionine and [35S]cysteine (Translabel; NCI Pharmaceuticals Inc.,
Costa Mesa, Calif.) or 0.5 mCi of [32P]orthophosphate (NEN, Boston, Mass.).
The labeling was continued for 5 h, the cells were washed twice with PBS, and
they were lysed with RIPA buffer (Tris-HCl 50 mM [pH 8.0], NaCl 150 mM, 1%
Nonidet P-40, 0.5% deoxycholate, 0.1% SDS). The Tax protein was then immu-
noprecipitated with a monoclonal antibody directed against Tax.

Transfections and CAT assays. Jurkat (5 3 106) cells were transfected by
lipofection with expression vectors containing wild-type or mutant tax cDNAs
(1 mg) under the control of the Rous sarcoma virus promoter and 1 mg of either
the HIV-1 LTR CAT or HTLV-I LTR CAT reporter plasmids (Lipofectamine;
Gibco BRL). The cells were collected at 32 h post-transfection, and the cell
extracts were assayed for determination of the CAT activity by separation of
acetylated chloramphenicol by thin-layer chromatography. The percentage of
acetylated chloramphenicol was quantitated by a PhosphorImager.

Protein tryptic digestion. The Tax protein, which was labeled by incorporation
of [32P]orthophosphate, was purified by immunoprecipitation, separated by
sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis (SDS–10%
PAGE), and electroblotted on a nitrocellulose membrane. After autoradiogra-
phy, the piece of membrane carrying the labeled Tax protein was excised; washed
twice for 30 min in 200 ml of 100 mM Tris HCl, pH 8.5, containing 50%
acetonitrile; and incubated for 20 h at 37°C in digestion solution (100 mM Tris
HCl [pH 8.5], 2 mM CaCl2, 5% acetonitrile, 0.2% Tween 20, 0.1 mg of trypsin
[sequencing grade; Sigma]). The digestion solution was collected, and extraction
of the digested peptides was continued for 1 h in 200 ml of 0.1% trifluoroacetic
acid (TFA). The combined extracts were concentrated by lyophilization. The
tryptic peptides were resolved by electrophoresis on a Tris-Tricine SDS–16.5%
PAGE gel (42) and by reverse-phase high-performance liquid chromatography
(HPLC).

Separation of tryptic peptides by reverse-phase HPLC. The tryptic peptides
were separated by reverse-phase HPLC on a PE Applied Biosystems model 17A

Capillary LC/Microblotter (C18 column [0.5 by 150 mm]). The peptides were
eluted with a linear gradient of 5 to 45% solvent B (acetonitrile containing
0.075% TFA) in solvent A (0.1% TFA in HPLC-grade water) and collected on
a polyvinylidene difluoride (PVDF) membrane. Peptide elution was monitored
by UV absorbance at 214 nm. The PVDF membrane containing the peptides was
stored at 280°C.

Amino acid microsequence analysis. Amino acid microsequence analysis of
the peptides was performed by automated Edman degradation on an LF3400
protein-peptide microsequencer (Beckman Instruments, Inc., Fullerton, Calif.)
equipped with an on-line gold 126 microgradient HPLC system and a Diode
Array detector (model 168; Beckman) (52). To identify phosphoserine residues,
phosphoserines were converted into S-ethylcysteine as described elsewhere (37).
Microsequencing of peptides containing converted phosphoserines yields well-
separated peaks corresponding to phenylthiohydantoin derivatives of S-ethylcys-
teine which elute just before the elution position of N,N9-diphenylthiourea.

RESULTS

Tryptic peptide analysis of in vivo-phosphorylated Tax pro-
tein. Previous studies have suggested that Tax was phosphor-
ylated on a serine residue(s) that maps on a single tryptic
peptide (12). To identify the phosphorylated peptide, tryptic
digests from in vivo-phosphorylated Tax were analyzed by Tris-
Tricine SDS-PAGE and resolved by reverse-phase HPLC.
Infection of BHK21 cells with a recombinant SFV vector ex-
pressing the tax gene has previously been shown to result in
high-level expression of transcriptionally active Tax protein
(6). This expression system was used to produce in vivo 32P-
labeled Tax protein that was purified by immunoprecipitation
with a monoclonal antibody directed against Tax. The 40-kDa
32P-labeled Tax species was transferred to nitrocellulose mem-
brane and subjected to digestion with trypsin.

Tris-Tricine SDS-PAGE of the tryptic digest and autoradiog-
raphy identified a unique radioactive species with an apparent
molecular mass of 4,000 Da (Fig. 1A). However, resolution of
the same tryptic digest by reverse-phase HPLC revealed two
32P-labeled peaks after collection of the fractions on a PVDF
membrane and autoradiography (Fig. 1B). The radioactive frac-
tions corresponding to the two peaks were excised and ana-
lyzed by amino acid microsequencing to identify the phosphor-
ylated peptides present in the two peaks. Each 32P-labeled
fraction contained a Tax tryptic peptide. Both peptides were
characterized by the same amino-terminal sequence, Ala-Tyr-
His-Pro-Ser-Phe-Leu, which characterizes the 40-amino-acid
Tax tryptic peptide spanning amino acids 285 to 324. Two phos-
phoserine residues at positions 300 and 301 were detected by
microsequence analysis of this peptide after conversion of
phosphoserine residues into S-ethylcysteines. These results
demonstrated that the HTLV-1 Tax protein was phosphory-
lated on two adjacent serine residues, at positions 300 and 301.
The resolution of the phosphorylated tryptic peptide into only
one 4,000-Da band by electrophoresis on a Tris-Tricine gel and
its resolution by HPLC into two fractions of different hydro-
phobicity suggested that Tax may be produced in vivo as a
mixture of molecules phosphorylated on both serine residues
300 and 301 and molecules phosphorylated on either of these
two serine residues.

Tax is phosphorylated on serine residues 300 and 301. To
test the phosphorylation status of serine residues 300 and 301
and analyze its role in Tax activation of gene expression, amino
acid substitutions were introduced at positions 300 and 301.
Site-directed mutagenesis was performed on a wild-type tax
cDNA to create three Tax mutants which had either serine
residue 300 replaced by leucine (F6), serine residue 301 re-
placed by alanine (F3), or both serine residues 300 and 301
replaced by leucine and alanine, respectively (F2) (Fig. 2A). To
study the effects of these mutations on Tax phosphorylation,
we expressed these three Tax mutants in an SFV vector.
BHK21 cells infected with SFV recombinants expressing wild-
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type Tax or the Tax mutants F2, F3, or F6 were cultured in
medium containing either [32P]orthophosphate or [35S]methi-
onine and [35S]cysteine. Tax proteins were immunoprecipi-
tated with a monoclonal antibody directed against Tax, sepa-
rated by SDS–10% PAGE, and analyzed by autoradiography
(Fig. 2B1 and C1).

[35S]methionine and [35S]cysteine incorporation demonstrat-

ed that the mutant Tax proteins were present at steady-state
levels similar to those of wild-type Tax (Fig. 2B1). Incorpora-
tion of [32P]orthophosphate also led to the presence of a prom-
inent species migrating at 40 kDa at the same position as the
35S-labeled species. This species was seen with wild-type Tax
and the two Tax mutants F3 and F6 but was not detected in
extracts prepared from cells expressing the Tax mutant F2

FIG. 1. Tryptic peptide analysis of in vivo-phosphorylated Tax. The tryptic digest of 32P-labeled Tax was analyzed by Tris-Tricine SDS–16.5% PAGE and
autoradiography (A) and by reverse-phase HPLC (B1 to B3). The HPLC elution profile was monitored by absorbance at 220 nm (B1) and by autoradiography of the
PVDF membrane containing the fractions (B3). (B2) The region of the PVDF membrane that was excised for amino acid sequencing is shown.
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(Fig. 2C1). Quantitation of the intensities of these species by
PhosphorImager and normalization for equal amounts of Tax
protein indicated that the Tax mutant F2 was not phosphory-
lated at a detectable level while phosphorylation of mutants F3
and F6 was reduced by a factor of 5 relative to phosphorylation
of wild-type Tax. The effect of the other Tax mutants, F4 and
F9, on Tax phosphorylation is discussed below.

To determine whether phosphorylation of Tax was a prop-
erty independent of the cell line used, Jurkat cells were in-
fected with SFV-Tax in the presence of [35S]methionine and
[35S]cysteine or [32P]orthophosphate (Fig. 2B2 and C2). The
results demonstrated that Tax was phosphorylated in T lym-
phocytes and that phosphorylation of the Tax F2 mutant was
reduced to undetectable levels in this cell line, confirming the
results obtained in BHK21 cells. These results support the
results of the amino acid microsequencing analysis, demon-
strating that the two serine residues at positions 300 and 301
are major sites for Tax phosphorylation. They also indicated
that each of these two serine residues could be independently
phosphorylated in vivo.

Serine residues 300 and 301 are essential for Tax transcrip-
tional activity. Tax activates viral and cellular gene expression
via modulation of the activity of either the ATF/CREB or
NF-kB activation pathways (44, 47, 53). To characterize the
ability of the Tax mutants F2, F3, and F6 to activate gene
expression via these pathways, expression vectors carrying ei-

ther the wild-type tax gene or the mutated tax genes F2, F3, or
F6 were utilized. These expression vectors were cotransfected
into Jurkat cells with an HIV-1 LTR CAT reporter which
contains two NF-kB sites to assay for the effects of Tax on the
NF-kB pathway or an HTLV-1 LTR CAT reporter which
contains three unique CRE sites known as 21-bp repeats to
assay for the effects of Tax on the ATF/CREB pathway.

Wild-type Tax activated gene expression from both the
HTLV-1 (40-fold) and the HIV-1 LTR (10-fold). Tax did not
activate HIV-1 gene expression when both NF-kB sites in the
HIV-1 promoter were mutated (data not shown). The Tax
mutant F2, whose phosphorylation was reduced to undetect-
able levels as a result of mutations at both serine residues 300
and 301, exhibited only 10% (HTLV-1) and 3% (HIV-1) Tax
activation relative to that seen with wild-type Tax (Fig. 3). The
Tax mutants F6 and F3, which had either of the above serine
residues substituted, activated gene expression from both the
HIV-1 and the HTLV-1 promoters to a much greater extent
than the Tax mutant F2. The activity of the Tax mutant F3 was
92% (HTLV-1) and 85% (HIV-1) of the activity of wild-type
Tax while the Tax mutant F6 gave 73% (HTLV-1) and 66%
(HIV-1) of the activity of wild-type Tax (Fig. 3). The effect of
the Tax mutants F4 and F9 on activation of HIV-1 and
HTLV-1 gene expression is discussed below. Thus, the Tax
mutant F2 whose phosphorylation was decreased to undetect-
able levels was defective for its ability to activate gene expres-
sion from both the HIV-1 and the HTLV-1 promoters. Al-
though mutations of either of the two serine residues at

FIG. 2. Tax is phosphorylated on serine residues 300 and 301. (A) A sche-
matic of the 353-amino-acid Tax protein with the positions of the amino acid
changes in the Tax mutants used in this study is shown. BHK21 cells (B1 and C1)
or Jurkat cells (B2 and C2) were infected for 5 h with the control SFV or the SFV
recombinants expressing wild-type (WT) Tax or the Tax mutants F2, F4, F3, F6,
or F9. The infected cells were then incubated for 5 h in medium containing
[35S]methionine and [35S]cysteine (B1 and B2) or [32P]orthophosphate (C1 and
C2). The cell extracts were immunoprecipitated with a monoclonal antibody
directed against Tax followed by SDS–10% PAGE and autoradiography.

FIG. 3. Phosphorylation of Tax on serine residues 300 or 301 is essential for
Tax transcriptional activity. Jurkat cells were cotransfected with either the
HTLV-I LTR CAT (A) or the HIV-1 LTR CAT (B) reporter plasmid, and
vectors expressing either wild-type (WT) Tax or the Tax mutant F2, F4, F3, F6,
or F9. CAT activity was measured 32 h after transfection and is shown as a
percentage of the activity relative to that seen with WT Tax. The values shown
represent the averages of three independent experiments, with the standard
deviations indicated by error bars.
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positions 300 and 301 reduced phosphorylation by a factor of 5,
they resulted in Tax proteins with nearly wild-type levels of
activation of gene expression.

Phosphorylation of Tax is involved in the formation of Tax-
containing nuclear bodies. Previous studies indicated that Tax
is distributed in discrete nuclear bodies both in HTLV-1-trans-
formed lymphocytes and in cells infected with an SFV-Tax
recombinant. Tax also colocalizes in these nuclear structures
with cellular factors essential for its transcriptional activities,
suggesting that the nuclear bodies containing Tax are involved
in Tax-mediated activation of gene expression (6, 7, 45). We
next asked whether phosphorylation of Tax on serine residues
300 and 301 altered the intracellular localization of Tax.
BHK21 cells infected with SFV recombinants expressing wild-
type Tax or the Tax mutants F2, F3, or F6 were fixed and
stained with a monoclonal antibody directed against Tax and
an anti-mouse immunoglobulin antibody conjugated to fluo-
rescein isothiocyanate followed by analysis using confocal mi-
croscopy.

Wild-type Tax localized in nuclear bodies as previously dem-
onstrated (Fig. 4). The Tax mutants F3 and F6 gave a similar

nuclear localization (Fig. 4). In contrast, the Tax mutant F2,
which was not efficiently phosphorylated, displayed a diffuse
nuclear distribution (Fig. 4). This result indicated that phos-
phorylation of Tax was likely involved in the assembly of the
Tax-containing nuclear bodies but was not required for the
transport of Tax into the nucleus.

The variant serine residue at position 304 is a minor site for
Tax phosphorylation. Alignments of closely related Tax vari-
ants from HTLV-1 and HTLV-2 indicate that, although serine
residues at positions 300 and 301 are conserved in each of
these variants, a third serine residue is present at position 304
in 9 of 14 HTLV-1 Tax variants but is replaced by an aspara-
gine residue in 5 of 14 HTLV-1 Tax variants. Asparagine is the
only amino acid present at this position in 17 variants of
HTLV-II Tax. The tax gene used in this study codes for an
asparagine residue at position 304. To determine whether the
serine residue at position 304 influenced Tax phosphorylation,
we substituted a serine residue for the asparagine residue in
the mutant F2 to generate the Tax mutant F4. Thus, the Tax
mutant F4 had serine 300, serine 301, and asparagine 304
replaced by leucine, alanine, and serine, respectively (Fig. 2A).

FIG. 4. Phosphorylation of Tax on serine residues 300 or 301 is involved in Tax localization in nuclear bodies. BHK21 cells were infected for 18 h with either the
control SFV (A) or SFV expressing wild-type Tax (B) or the Tax mutant F2 (C), F4 (D), F3 (E), F6 (F), or F9 (G). The cells were fixed, stained by immunofluorescence
with a monoclonal antibody directed against Tax, and analyzed by confocal microscopy.
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Experiments to characterize the phosphorylation of this Tax
mutant, its ability to activate gene expression, and its intracel-
lular localization are included in Fig. 2 to 4. Phosphorylation of
the Tax mutant F4 was reduced by a factor of 120 relative to
phosphorylation of wild-type Tax in contrast to the phosphor-
ylation of the Tax mutant F2, which was undetectable (Fig.
2C). The Tax mutant F4 had an increased ability to activate
gene expression from both the HTLV-1 and the HIV-1 pro-
moters compared to mutant F2. The activation of gene expres-
sion from the HTLV-1 promoter by F4 was 44% and that of
the HIV-1 promoter was 24% of the activity of wild-type Tax
(Fig. 3). Although both the F2 and F4 mutants were present in
the nucleus, their nuclear distributions were different. While
the Tax mutant F2 displayed a diffuse nuclear distribution, the
Tax mutant F4 was associated with nuclear speckles superim-
posed on a diffuse nucleoplasmic staining. However the Tax
mutant F4 did not form the prominent nuclear bodies observed
with wild-type Tax (Fig. 4). These results indicated that the
serine residue at position 304 was a minor site for Tax phos-
phorylation and that phosphorylation of this serine resulted in
a Tax protein with a speckled nuclear distribution and an
increased ability to activate both HIV-1 and HTLV-1 gene
expression.

Introduction of phosphoserine mimetics at positions 300
and 301 corrects the functional defect of the Tax mutant F2.
To analyze whether serine residues 300 and 301 constitute a
site for regulatory phosphorylation events that allow Tax-in-
duced activation of gene expression, we replaced leucine 300
and alanine 301 in mutant F2 by charged amino acids that can
function as phosphoserine mimetics (1, 20). Aspartic acid res-
idues were introduced at positions 300 and 301 in mutant F2 to
generate mutant F9. Like mutant F2, mutant F9 displayed an
undetectable level of phosphorylation (Fig. 2C). The Tax mu-
tant F9 was nevertheless able to associate with nuclear bodies
(Fig. 4) and was also able to activate gene expression from the
HTLV-1 promoter to nearly a wild-type level (75% relative to
wild-type Tax) (Fig. 3A). However, introduction of the aspartic
acid residues at positions 300 and 301 only partly restored the
ability to activate gene expression from the HIV-1 promoter
(20% relative to wild-type Tax) (Fig. 3B). These results indi-
cated that serine residues 300 and 301 function as regulatory
sites for phosphorylation which are critical for the ability of
Tax to associate with nuclear bodies and for the ability of Tax
to activate gene expression via both the ATF/CREB and
NF-kB activation pathways.

DISCUSSION

Cytoplasmic and nuclear events are involved in Tax activa-
tion of gene expression. In the cytoplasm, Tax induces the
release of NF-kB from sequestration and its translocation to
the nucleus by acting on the stability of NF-kB inhibitors (8, 26,
30, 35, 49). In the nucleus, Tax associates with members of the
ATF/CREB and NF-kB families of transcription factors and
with the transcriptional coactivators CBP and p300 to assemble
enhancer complexes on the regulatory sequences in the HTLV-1
promoter and in the promoters of select cellular genes. These
cellular transcription factors colocalize with wild-type Tax in
nuclear bodies that also include components of the general
transcription and splicing complexes (6, 7, 45). These nuclear
structures are labeled by a short pulse of 5-bromouridine 59-
triphosphate (45) and contain the mRNA from a gene specif-
ically activated by Tax (6), suggesting that these structures are
involved in Tax-mediated activation of gene expression.

Here we demonstrate that nuclear events resulting in the
formation of nuclear structures containing Tax and subsequent

events leading to activation of gene expression via the ATF/
CREB and NF-kB pathways depend on phosphorylation of
Tax on either of two critical serine residues at positions 300
and 301. Phosphorylation of at least one of these serine resi-
dues is required for Tax-mediated activation of gene expres-
sion and for Tax localization in nuclear bodies but not for Tax
transport into the nucleus. Tryptic peptide mapping, amino
acid microsequencing, and mutational analysis indicate that
serine residues at positions 300 and 301 can be independently
phosphorylated in vivo, resulting in production of Tax as a
mixture of molecules phosphorylated on both serine residues
as well as molecules phosphorylated on either of these two
serine residues. Our results support the observations by Fontes
et al. (12) that Tax is phosphorylated on serine residues and
that these phosphorylated serines are present on a unique
tryptic fragment. Moreover, they demonstrate that Tax phos-
phorylation is involved in its punctate distribution in the nu-
cleus and in its transcriptional activity.

The argument that phosphorylation events occurring at
serine residues 300 and 301 play a critical role is further sup-
ported by the fact that introduction of phosphoserine mimetics
at position 300 and 301 (F9 [S300D and S301D]) restored the
ability of the F2 mutant (S300L and S301A) to form Tax-
containing nuclear bodies and to activate gene expression.
Although activation of HTLV-1 gene expression was restored
to nearly wild-type levels, activation of gene expression from
the HIV-1 promoter was only partial. This observation sug-
gests that phosphoserine residues at positions 300 and 301 are
required for more than one step during the process of Tax
activation of gene expression via the NF-kB pathway.

Tax genes isolated from different HTLV-1 and HTLV-2
genomes have either an asparagine or a serine residue at po-
sition 304. It is interesting that when a serine residue was
substituted for the asparagine residue at position 304 in mutant
F2 (S300L, S301A, N304) to generate mutant F4 (S300L,
S301A, N304S), phosphorylation as well as the ability of Tax to
activate gene expression from both the HTLV-1 and the HIV
promoters was partly restored. This result indicates that the
serine residue at position 304 present in some Tax variants is a
minor site for phosphorylation and that phosphorylation of this
serine residue can partly rescue the functional defect of the
serine 300 and 301 F2 mutant. A similar Tax mutant with
alanine substitutions at serine residues 300 and 301 and a
serine residue at position 304 was described previously (44). As
expected due to the presence of a serine residue at position
304, this Tax mutant was able to activate gene expression from
both the HIV and HTLV-1 promoters (44) and displayed a
phenotype comparable to that of our F4 mutant (S300L,
S301A, N304S). Thus, Tax contains three neighboring serine
residues that can be independently phosphorylated. We spec-
ulate that, due to the critical role of phosphorylation for Tax
function, several redundant phosphorylation sites have been
selected during evolution.

Modification of proteins by phosphorylation is a major pro-
cess involved in the modulation of protein activity and/or nu-
clear translocation (24). Our results indicate that phosphory-
lation is not critical for Tax nuclear translocation but is
required for its ability to activate gene expression. Besides the
mutants described in this work, other Tax mutants were ana-
lyzed for the ability to be phosphorylated in vivo, including Tax
M148 (53) and Tax M47 (47), which are selectively able to
activate gene expression via either the ATF/CREB or the
NF-kB pathway. Both these mutants were phosphorylated to
nearly wild-type levels (5a) and associated with nuclear struc-
tures (7). These observations indicate that phosphorylation of
Tax and its association with nuclear structures are factors im-
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portant for the ability of Tax to activate gene expression via
either the NF-kB or the ATF/CREB pathway. Other critical
steps for Tax transcriptional activity are its ability to induce the
release of NF-kB from cytoplasmic sequestration by the action
of Tax on the phosphorylation and degradation of IkB inhib-
itors and nuclear events leading to the assembly of transcrip-
tionally active complexes containing members of both the
ATF/CREB and the NF-kB families of transcription factors.
Further analysis will be needed to address the cellular kinase
that is involved in modulating Tax phosphorylation and its
subsequent ability to form nuclear bodies and to activate gene
expression via the ATF/CREB and the NF-kB pathways.
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