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Positive transcription elongation factor b (P-TEFb), composed of cyclin-dependent kinase 9 (CDK9) and
cyclin T, is a global transcription factor for eukaryotic gene expression, as well as a key factor for human
immunodeficiency virus (HIV) transcription elongation. P-TEFb phosphorylates the carboxyl-terminal domain
(CTD) of the large subunit of RNA polymerase II (RNAP II), facilitating the transition from nonprocessive to
processive transcription elongation. Recently, the bromodomain protein Brd4 has been shown to interact with
the low-molecular-weight, active P-TEFb complex and recruit P-TEFb to the HIV type 1 long terminal repeat
(LTR) promoter. However, the subsequent events through which Brd4 regulates CDK9 kinase activity and
RNAP II-dependent transcription are not clearly understood. Here we provide evidence that Brd4 regulates
P-TEFb kinase activity by inducing a negative pathway. Moreover, by analyzing stepwise initiation and
elongation complexes, we demonstrate that P-TEFb activity is regulated in the transcription complex. Brd4
induces phosphorylation of CDK9 at threonine 29 (T29) in the HIV transcription initiation complex, inhibiting
CDKD9 kinase activity. P-TEFb inhibition is transient, as Brd4 is released from the transcription complex
between positions +14 and +36. Removal of the phosphate group at T29 by an incoming phosphatase released
P-TEFb activity, resulting in increased RNAP II CTD phosphorylation and transcription. Finally, we present
chromatin immunoprecipitation studies showing that CDK9 with phosphorylated T29 is associated with the

HIV promoter region in the integrated and transcriptionally silent HIV genome.

The largest subunit of eukaryotic RNA polymerase II
(RNAP II) has a carboxyl-terminal domain (CTD) consisting
of tandem repeats of the consensus heptad peptide Tyr-Ser-
Pro-Thr-Ser-Pro-Ser, which is conserved among most eu-
karyotes (3, 17, 30). The CTD is phosphorylated at Ser 2 (Ser
2P) and Ser 5 (Ser 5P) as RNAP II progresses through the
transcription initiation and elongation. At least three cyclin-
dependent kinases are capable of phosphorylating the RNAP
II CTD in the regulation of different stages of mRNA synthe-
sis. The first kinase, cyclin-dependent kinase 7 (CDK?7), along
with MAT1 and cyclin H, forms a complex known as CDK-
activating kinase which is part of the general transcription
factor TFIIH (9, 23, 35, 45). As analyzed both in vitro and in
vivo, TFIIH facilitates promoter clearance by preferentially
phosphorylating Ser 5 of the RNAP II CTD within the pro-
moter region (18, 36, 40). The second kinase, CDK9, is a
cdc2-like serine/threonine kinase that was initially isolated by
screening a human cDNA library by using oligonucleotide
probes to identify CDK-related proteins (12). Consistent with
the process of selection, the 43-kDa CDK9 protein shares a
high degree of homology with cdc2, cdk2, cdk3, and cdk5.
Understanding the function of CDK9 was facilitated by the
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discovery that CDK9 was the kinase subunit of positive tran-
scription elongation factor b (P-TEFb), which supports tran-
scription elongation (32). The primary cyclin partner of CDK9
is cyclin T1, but complexes may also include cyclin T2a, T2b, or
cyclin K (10, 31). P-TEFb preferentially phosphorylates Ser 2
of the RNAP II CTD (11, 47). CDKS, the third kinase, forms
a complex with cyclin C; it has been reported to interact with
the RNAP II holoenzyme and MED/SRB-containing com-
plexes, such as TRAP/SMCC and NAT, which negatively reg-
ulate activated but not basal transcription (20, 21, 34, 39).
CDKS appears to phosphorylate the CTD primarily on Ser 5
within the heptapeptide repeat, although Ser 2 phosphoryla-
tion has also been reported (13, 33, 39).

Brd4 is a mammalian bromodomain protein that binds to
acetylated chromatin (4). Brd4 is a ubiquitously expressed nu-
clear protein of 200 kDa that plays a role in the regulation of
cell growth (5, 6, 24). Brd4 or a Brd4-like protein has been
reported to be contained in a human transcriptional mediator
complex, suggesting that Brd4 may also participate in tran-
scription (16). It has been reported that proteomic analysis
revealed that Brd4 interacts with the active, low-molecular-
weight form of P-TEFb (14). Although an early study sug-
gested that Brd4 interacts directly with the cyclin T subunit of
P-TEFb through its bromodomain (14), a recent report further
suggests that a conserved region in the CTD of Brd4 mediates
its specific interaction with P-TEFb (2). About half of cellular
P-TEFb associates with Brd4, and the other half exists in a
high-molecular-weight complex with the 7SK snRNA and the
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HEXIML1 protein (25, 28, 44, 46). In the low-molecular-weight
complex, Brd4 has been shown to recruit P-TEFb to eukaryotic
promoters, including the human immunodeficiency virus type 1
(HIV-1) long terminal repeat (LTR) promoter (43). Consis-
tent with these findings, Ni et al. demonstrated that P-TEFb is
critical for the transition of RNAP II into mature transcription
elongation complex (TEC) (29). Within three minutes of P-
TEFb inhibition, most RNAP II was restricted to within 150 bp
of the transcription initiation site of the active Drosophila
melanogaster Hsp70 gene. More recently, it has been shown
that Brd4 specifically recruits P-TEFb to G, growth-associated
genes (26, 42). The subsequent events through which Brd4
affects the kinase activity of P-TEFb and regulates RNAP
II-dependent transcription are not clearly understood.

The results presented in this study offer a unique new per-
spective on Brd4 and its interaction with the P-TEFb complex.
Our results demonstrate that Brd4 inhibits CDK9 kinase ac-
tivity by inducing the phosphorylation of threonine 29, an in-
hibitory phosphorylation site in CDK9. We also investigated
the dynamic association of Brd4 with HIV-1 transcription com-
plexes. Brd4 is released from transcription complexes between
positions +14 and +36. Importantly, relief of the Brd4 inhibi-
tion of the CDKY kinase activity increases transcription from
the HIV-1 LTR. Chromatin immunoprecipitation (ChIP) anal-
ysis demonstrated that CDK9 with phospho-T29 (T29P CDK9)
is associated with the HIV promoter region in the integrated
and transcriptionally silent HIV genome. These results suggest
that Brd4-induced T29P may play an important part in HIV
latency.

MATERIALS AND METHODS

Purification of P-TEFb and Brd4. CDK9 T29 mutants were produced and
P-TEFb (CDKY/cyclinT1) protein complexes were purified as described previ-
ously (48). Brd4 was expressed and purified as described previously (14).

Production of T29P CDK9 antibody. Antisera were raised and affinity purified
against a CDK9 T29 phosphopeptide. Enzyme-linked immunosorbent assays
using peptides containing the phosphorylated or nonphosphosphorylated form of
CDKO9 demonstrated the specificity of the antibody.

CTD kinase assay. The CTD kinase assays were performed by mixing 50 ng
glutathione S-transferase (GST)-CTD, 50 ng P-TEFb, 100 uM ATP, and 10 pnCi
[y-**P]ATP and incubating for 60 min at 30°C. The total reaction mixture volume
was 20 pl, and the final conditions were 50 mM Tris-HCl (pH 7.5), 5 mM
dithiothreitol, 5 mM MnCl,, and 4 mM MgCl,. The phosphorylated GST-CTD
was precipitated with glutathione-Sepharose beads and fractionated by electro-
phoresis on 8% sodium sulfate (SDS)-polyacrylamide gels, followed by autora-
diography.

CDK9 autophosphorylation assay. Autophosphorylation assays were per-
formed by mixing 50 ng P-TEFb and 10 wCi [y-**P]ATP in buffer (50 mM
Tris-HCI [pH 7.5], 5 mM dithiothreitol, 5 mM MnCl,, and 4 mM MgCl,) and
incubating for 60 min at 30°C. 3*P-labeled CDK9 was immunoprecipitated with
specific anti-CDK9 antibody and analyzed by electrophoresis on 4-to-20% SDS-
polyacrylamide gels, followed by autoradiography.

Western blotting for T29P. In vitro kinase assays were performed by incubat-
ing 50 ng P-TEFb with 100 pM ATP in the presence of different concentration
of Brd4 for 60 min at 30°C. The phosphorylated CDK9 was fractionated by
electrophoresis on a 4-t0-20% SDS-protein gel and then transferred to a poly-
vinylidene difluoride membrane. The membrane was blocked by incubation in
phosphate-buffered saline-Tween (PBS-T) buffer containing 0.2% Tween 20 and
10% milk for 2 to 3 h. Primary antibody (anti-T29P at 1:4,000) incubation was
done in PBS-T buffer containing 0.2% Tween 20 and 10% milk overnight at 4°C.
The membrane was rinsed two times in 20 ml PBS-T buffer containing 0.2%
Tween 20 and then washed three times, for 10 min for the first time and 5 min
the second and third times, with 50 ml PBS-T buffer containing 0.2% Tween 20.
Secondary antibody (antirabbit antibody at 1:5,000) incubation was performed in
PBS-T buffer containing 0.1% Tween 20 for 60 min at room temperature. The
membrane was rinsed two times in 20 ml PBS-T buffer containing 0.1% Tween
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20 and then washed five times, for 10 min the first time and 5 min the second
through fifth times, with 50 ml PBS-T buffer containing 0.1% Tween 20.

IP of T29P. In vitro kinase assays were performed by incubating 50 ng P-TEFb
with 100 pM ATP in the presence or absence of Brd4 for 60 min at 30°C. Radio
IP assay buffer was added to stop the reaction, and the volume was adjusted to
0.5 ml. Five micrograms T29P CDK9 antibody (rabbit) was added, and the
reaction mixture gently rocked on a rocking platform overnight at 4°C. Protein
A-Sepharose beads were added to the antigen/antibody mixture and incubated
for 1 h at 4°C on a rocking platform. The protein A-antigen-antibody complex
was collected by centrifugation at 12,000 X g for 20 s. The supernatant was
removed, and the pellet was resuspended in 1 ml radio IP assay buffer by gentle
vortexing, followed by incubation for 20 min at 4°C on a rocking platform. The
wash step was repeated a total of four times. The immunoprecipitated T29P
CDK9 was fractionated by electrophoresis on a 4-to-20% SDS-polyacrylamide
gel, followed by Western blot analysis with anti-CDK9 antibody (mouse).

Purification of preinitiation complexes (PICs) and analysis of protein com-
ponents of PICs. Purification of PICs was carried out by using biotinylated
templates as described previously (47). Briefly, PICs were assembled by incubat-
ing 500 ng biotinylated DNA templates with HeLa nuclear extract and then
purified with streptavidin-coated magnetic beads. The beads were washed, and
the protein components of PICs were analyzed by Western blotting with specific
antibodies. The purified PICs were walked to position +U14 by incubation with
50 uM CTP, GTP, and UTP for 5 min at 30°C and then washed extensively with
1X in vitro transcription buffer (IVT buffer). The TECs stalled at Ul4 were
walked stepwise along the DNA by repeated incubation with different sets of
three nucleoside triphosphates (NTPs) and then washed extensively with 1X IVT
buffer to remove the unincorporated NTPs. The protein compositions of TECs
stalled at different stages were analyzed by fractionation by electrophoresis on
4-t0-20% SDS-polyacrylamide gels, followed by Western blot analyses with spe-
cific antibodies.

In vitro transcription assay. In vitro transcription reactions were performed as
previously described (47). Briefly, reactions were set up by mixing templates,
HeLa nuclear extracts, 50 pM ATP, 50 uM CTP, 50 uM GTP, 1.25 pM UTP, 20
uCi[a-**P]JUTP, and 10 units of RNasin (Promega) in 1X IVT buffer. In vitro
transcription reactions of purified TECs were performed by suspending the
complexes in 1X IVT buffer, 50 pM ATP, 50 uM CTP, 50 pM GTP, 1.25 pM
UTP, 20 uCi[a-**P]UTP, and 10 units of RNasin (Promega). The radiolabeled
transcripts were fractionated by electrophoresis on 6% denaturing polyacryl-
amide gels and detected by autoradiography.

Luciferase assay. HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. The plasmids containing wild-type
(WT) or mutant CDK9 were cotransfected into 50 to 80% confluent HeLa cells
with plasmids containing HIV LTR-driven luciferase. The cells were cultured for
a further 48 h, and luciferase activity was assayed. The number of viable cells was
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method.

IP of T29P for ChIP assay. Following the in vitro kinase reactions, reaction
mixtures were diluted to 400 wl with IP buffer (50 mM HEPES, pH 7.3, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS). Five
micrograms of T29P antibody was added, and the IP mix incubated overnight on
a rotator. The magnetic beads were blocked by being washed 2X with sonication
buffer and resuspended in the same volume. The beads were blocked with
single-stranded DNA by adding 1/30 volume of sonicated single-stranded DNA
(10 mg/ml) and incubated overnight with rotation at 4°C. Approximately 30 to 40
wl of magnetic beads were added per IP mixture, and then the mixtures were
rotated for about 1 to 1.5 h at 4°C. The beads were washed as follows: once with
IP buffer, twice with IP buffer with 500 mM NaCl, twice with LiCl wash buffer
(0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI, pH
8.0), and twice with Tris-EDTA buffer. The immunoprecipitates were denatured
with SDS and separated on a 12.5% SDS—polyacrylamide gel electrophoresis gel.

ChIP assay. ChIP assays were carried out by using 5 ng of anti-CDKO9, anti-
T29P, normal immunoglobulin G (IgG), or anti-RNAP II antibody, following the
methods described previously (48). After proteins were cross-linked to DNA in
TZM-bl cells using 1.0% formaldehyde, chromatin was sonicated five times for
20 s each, generating DNA fragments with 250 to 1,000 bp. The supernatants
were diluted with ChIP dilution buffer to a total volume of 400 pl, and the
different antibodies indicated above were added. After overnight rotation at 4°C,
the immune complexes were collected by the addition of protein A-coated
magnetic beads (Dynal; Invitrogen). After extensive washes, the immune com-
plexes were eluted with 1% SDS-NaHCOj solution for 1 to 2 h at room tem-
perature. The eluted complexes were treated with NaCl-RNase A solution over-
night to reverse cross-linked protein-DNA complexes. After the cross-linking
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was reversed, the DNA was purified by using a PCR purification kit (BIONEER)
and amplified by PCR using PCR primers specific for the HIV-1 LTR.

RESULTS

Brd4 inhibits CDK9 kinase activity by inducing autophos-
phorylation of threonine 29 in CDK9. Given the recent report
that Brd4 is associated with at least a fraction of the low-
molecular-weight complex of P-TEFb (14, 43), we were inter-
ested in determining if Brd4 regulated P-TEFb kinase activity.
To examine the effect of Brd4 on P-TEFb kinase activity,
purified Brd4 was incubated with affinity-purified P-TEFb and
the CTD of the large subunit of RNAP II as substrate. Inter-
estingly, the results presented in Fig. IA demonstrate that Brd4
inhibits WT CDKO kinase activity on the RNAP II CTD in a
dose-dependent manner (lanes 1 to 4). At the highest concen-
tration of Brd4 tested, a 60% reduction in kinase activity was
observed. In view of our recent results showing that Tax inhib-
its CDKO through autophosphorylation at threonine 29 (48),
two CDK9 amino acid substitution mutants, T29A, a threo-
nine-to-alanine substitution at amino acid 29, and T29E, a
threonine-to-glutamic acid substitution, were included in the
analysis. The T29A mutant blocks phosphorylation at T29,
while T29E mimics the effect of phosphorylation at T29. In
contrast to the effect of Brd4 on WT P-TEFb, Brd4 did not
inhibit the CDKO9 kinase activity of the T29A mutant (Fig. 1A,
lanes 5 to 8). We also point out that the kinase activity of
P-TEFDb was essentially equivalent for the WT and the T29A
substitution mutant (Fig. 1A, lanes 1 and 5). Two observations
were made with the T29E amino acid substitution mutant.
First, the kinase activity of T29E was significantly less than that
of the WT or T29A (Fig. 1A, compare lanes 1, 5, and 9),
consistent with our interpretation that T29 phosphorylation
inhibits CDKY kinase activity. Second, Brd4 did not inhibit the
residual kinase activity of T29E (Fig. 1A, lanes 9 to 12), sug-
gesting that the amino acid substitution mimicked the inhibi-
tory effect induced by Brd4.

In a parallel assay, using [y->*P]ATP as a radioactive tracer,
we analyzed the phosphorylation of CDKO9 in response to in-
cubation with Brd4. The results presented in Fig. 1B demon-
strate that Brd4 induces the phosphorylation of WT CDK9
(lanes 1 to 4) but not the T29A or T29E mutant (lanes 5 to 12).
These results are consistent with the hypothesis that Brd4
induces phosphorylation of CDK9 at T29. To confirm this
hypothesis, antisera were raised against a CDK9 T29 phos-
phopeptide. Following preliminary screening of antisera from
immunized animals by Western blotting, hyperimmune anti-
sera were affinity purified. The specificity of the antibody was
demonstrated by two assays, Western blotting (Fig. 1C) and
enzyme-linked immunosorbent assay using peptides containing
the phosphorylated or nonphosphorylated form of CDK9 (data
not shown). To demonstrate that Brd4 induces the phosphor-
ylation of CDKO9 at T29, in vitro kinase assays were performed
by incubating 50 ng P-TEFb, composed of WT or mutant
(T29A or T29E) CDKO and cyclin T1, with ATP in the absence
or presence of 120 ng Brd4. Western blot analysis of CDK9 was
then performed with anti-CDK9 or anti-T29P. The results pre-
sented in Fig. 1C demonstrate that while equivalent amounts
of CDKOY were present in each reaction mixture (Fig. 1C, lower
panel), the T29P-specific antibody reacted only with WT
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FIG. 1. Brd4 regulates CDK9 kinase activity through phosphoryla-
tion of Thr 29. (A) Effect of Brd4 on CTD phosphorylation by P-TEFb
(CDKDY). In vitro kinase assays were performed by incubating 50 ng
GST-CTD; 50 ng P-TEFb, composed of WT CDK9 or mutants (T29A
or T29E); and cyclin T1, with [y-**P]ATP in the absence (—) or
presence of increasing concentrations of Brd4 (30, 60, and 120 ng). The
#2P-labeled GST-CTD was precipitated with glutathione-Sepharose
beads and fractionated by electrophoresis on an 8% SDS-polyacryl-
amide gel, followed by autoradiography. The hypophosphorylated
(CTDa) and hyperphosphorylated (CTDo) forms of CTD are indi-
cated. The results shown are representative of three independent ex-
periments performed under similar conditions. (B) Effect of Brd4 on
CDK9 autophosphorylation. In vitro kinase assays were performed by
incubating 50 ng P-TEFb with [y->*P]ATP in the absence (—) or
presence of increasing concentrations of Brd4 (30, 60, and 120 ng).
#2P-labeled CDK9 was immunoprecipitated with anti-CDK9 antibody
and analyzed by electrophoresis on a 4-t0-20% SDS—polyacrylamide
gel, followed by autoradiography. The results shown are representative
of three independent experiments performed under similar conditions.
(C) CDK9 T29 phosphorylation in the presence of Brd4. In vitro
kinase assays were performed by incubating 50 ng P-TEFb, composed
of WT CDKO9 or mutants (T29A or T29E) and cyclin T1, with ATP in
the absence (—) or presence (+) of 120 ng Brd4. CDK9 T29 phosphor-
ylation was analyzed by electrophoresis on a 4-to-20% SDS-polyacryl-
amide gel, followed by Western blotting with anti-CDK9 or anti-T29P
antibody. (D) Proteins used in the kinase assays whose results are
shown in panels A and B were analyzed by Western blotting with
anti-CDKO9 or anti-cyclin T1, respectively.

CDKO incubated with Brd4 (lane 2). These results suggest that
T29 was phosphorylated when CDK9 was incubated with Brd4.
Western blot analyses demonstrated that equal amounts of the
input WT and mutant CDK9 complexes were used in the
above-described kinase assays (Fig. 1D).

Phosphorylation of CDK9 at T29 inhibits transcription. We
speculated that phosphorylation of CDKO9 at T29, which inhib-
its phosphorylation of the RNAP II CTD, would inhibit tran-
scription activity. To test this point experimentally, nuclear
extracts were cleared with CDK9 antisera and then reconsti-
tuted with P-TEFb containing WT, T29A, or T29E CDKO9. The
HIV basal promoter template was added to the reconstituted
extracts in the presence of NTPs and [**P]JUTP. Following
incubation, transcription was analyzed by quantitation of the
nucleotide-168 transcript. The results presented in Fig. 2A
demonstrate several important points. First, reconstitution of
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FIG. 2. CDK9 T29 phosphorylation inhibits transcription activity
of P-TEFb in vitro and in vivo. (A) CDK9 T29 phosphorylation inhibits
in vitro transcription. P-TEFb was depleted (+; —, not depleted) from
HeLa nuclear extracts with anti-CDK9 antibody. Increasing concen-
trations of baculovirus-purified P-TEFb (50 ng and 150 ng) containing
WT, T29A, or T29E CDK9 were then added back to the depleted
extracts (—, no add-back). In vitro transcription reactions were set up
by incubating the HIV template, reconstituted nuclear extracts, 50 uM
ATP, 50 uM CTP, 50 uM GTP, 1.25 pM UTP, 20 p.Ci[a-**P]JUTP, and
10 units of RNasin (Promega) in 1X IVT buffer. The radiolabeled
transcripts (168 nucleotides [168nt]) (47) were fractionated by electro-
phoresis on a 6% denaturing polyacrylamide gel, followed by autora-
diography. Western blot analyses of WT and mutant P-TEFb com-
plexes added back to the depleted extracts are shown in the lower
panels. (B) CDK9 T29 phosphorylation regulates P-TEFb transcrip-
tion activity in vivo. The plasmids containing CDK9 WT or mutants
were cotransfected into HeLa cells with a plasmid containing the HIV
LTR-driven luciferase (HIV-Luc). The cells were cultured for 48 h and
luciferase activity was assayed. Each result shown is the average of the
results of four experiments with the standard error indicated. -+,
present; —, absent.

the extract with WT CDKO9 stimulated the basal transcription
of HIV (Fig. 2A, lanes 3 and 4). Similarly, the addition of
CDKD containing a threonine-to-alanine amino acid substitu-
tion at T29 stimulated the basal transcription of HIV (lanes 5
and 6). In contrast, the addition of P-TEFb containing CDK9
with the amino acid substitution T29E, which mimics phosphor-
ylation at T29, failed to stimulate the basal transcription of
HIV (lanes 7 and 8). These results provide direct evidence that
phosphorylation of CDKO9 at T29 inhibits transcription activity.
Western blot analyses with anti-CDK9 and anti-cyclin T1 an-
tibodies demonstrated that equivalent amounts of the P-TEFb
complexes (WT, T29A, or T29E CDKOY/cyclinT1) were added
to the reconstituted in vitro transcription reaction mixtures
(Fig. 2A, lower panel).

The biological significance of CDK9 regulation in HIV tran-
scription was also analyzed in vivo. The plasmid containing WT
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FIG. 3. Association of Brd4 with HIV transcription complexes and
CDK9 T29 phosphorylation during transcription. HIV-1 PICs were
assembled by incubating biotinylated HIV-1 templates with HeLa nu-
clear extract and then purified with streptavidin-coated magnetic
beads. The purified PICs were incubated with 50 uM ATP for 10 min
and then washed extensively with 1X IVT buffer. The PICs were
walked to position +U14 by incubation with 50 puM CTP, GTP, and
UTP for 5 min at 30°C and then washed extensively with 1X IVT
buffer. The TECsS stalled at U14 were walked stepwise along the DNA
by repeated incubation with different sets of three NTPs and then
washed extensively with 1X IVT buffer to remove the unincorporated
NTPs. (A) Protein compositions of PICs and TEC:s stalled at different
stages were analyzed by fractionation by electrophoresis on 4-to-20%
SDS—polyacrylamide gels, followed by Western blot analyses with an-
tibody against Brd4, CDK9Y, or T29P CDKO. (B) Protein compositions
of PICs and TEC:s stalled at different stages were analyzed by frac-
tionation by electrophoresis on 4% SDS—polyacrylamide gels, followed
by Western blot analyses with antibody against Ser 2P RNAP II CTD
or Ser 5P RNAP II CTD. Western blot analysis with specific antibody
(N-20) against the amino terminus of the largest subunit of RNAP II
shown in bottom panel demonstrated equal amounts of RNAP II in
the PICs and TECs.

CDKO or the T29A or T29E mutant was cotransfected into
HeLa cells with the HIV LTR-driven luciferase plasmid. Pre-
vious experiments have shown that the transfected CDK9 is
incorporated with cyclin T into P-TEFb complexes (48). The
transfected cells were then cultured for 48 h, and the luciferase
activity was assayed. The results shown in Fig. 2B demonstrate
that the overexpression of WT or T29A CDKO increased basal
HIV promoter activity up to threefold. In contrast, the over-
expression of T29E CDKO failed to increase the basal tran-
scription of HIV (Fig. 2B), consistent with the transcriptionally
inactive nature of this mutant. In fact, a slight reduction in HIV
promoter activity was observed in the presence of the T29E
mutant.

Association of Brd4 and P-TEFb with the HIV initiation and
elongation complexes. Given the effect of Brd4 on P-TEFb
kinase activity and the inactivity of the T29E P-TEFb in vitro
and in vivo, it was of interest to analyze the interaction of Brd4,
P-TEFb, and T29P in the PIC and TEC. We utilized the HIV
basal promoter in these in vitro binding and transcription as-
says since it has been shown that this template requires Brd4
and P-TEFb (43). The results presented in Fig. 3A demon-
strate that both Brd4 and CDK9 (P-TEFb) are incorporated
into the HIV PIC formed following the incubation of template
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DNA with HeLa nuclear extract (lane 2). The addition of
triphosphates to allow the initiation complex to elongate to
+14 nucleotides did not result in any significant changes in the
levels of Brd4 or CDK9 associated with TEC (lane 3). When
the complex was elongated to +36 nucleotides, we found that
Brd4 was released while CDK9 remained associated with the
complex (lane 4). These results suggest that there is a signifi-
cant transition in the protein composition of the transcription
complex between positions +14 and +36.

In parallel Western blots, we analyzed the phosphorylation
of CDKO T29 (Fig. 3A, lower panel). Interestingly, CDK9 was
not phosphorylated at T29 in the PIC but was phosphorylated
at T29 in TEC:s isolated at positions +14 and +36.

We also analyzed the phosphorylation of the RNAP II CTD
with antisera specific for Ser 2P and Ser 5P (Fig. 3B). The
results demonstrated that phosphorylation of the RNAP II
CTD at Ser 2 was observed in the elongation complexes stalled
at positions +14 and +36 (Fig. 3B, top panel). CTD phosphor-
ylation at Ser 5 is also significantly enhanced as the PIC con-
verts to an elongation complex between positions +1 and +14
(Fig. 3B, middle panel). To compare RNAP II of PICs and
TECs, the protein compositions of PICs and TECs stalled at
different stages were analyzed by fractionation by electro-
phoresis on 4-to-20% SDS—polyacrylamide gels, followed by
Western blot analysis with specific antibody (N-20) against the
amino terminus of the largest subunit of RNAP II (Fig. 3B,
bottom panel). The results demonstrate that RNAP II stays
constant as the PIC converts to an elongation complex between
positions +1 and +14.

A phosphatase is recruited to the TEC. The results pre-
sented in Fig. 3A suggest that even though Brd4 is released,
phosphorylation of CDK9 at T29 remains. These results
prompted us to examine whether a phosphatase might be re-
cruited into the complex after Brd4 is released, to dephosphor-
ylate T29 and activate transcription. To examine this possibil-
ity, the HIV template DNA was incubated with HeLa nuclear
extract and the PICs purified by centrifugation and mild wash-
ing. Subsequently, the complexes were elongated to position
+36 or +51. As shown in Fig. 4A, reincubation of the elonga-
tion complexes with RNAP II-depleted nuclear extract made a
distinct difference in the phosphorylation of CDK9 at T29. In
the elongation complexes which were not reincubated with
extract, CDK9 T29 was phosphorylated in complexes stalled at
positions +36 and +51 (Fig. 4A, lanes 3 and 5). In contrast,
when complexes stalled at position +36 were reincubated with
RNAP II-depleted nuclear extract and then elongated to po-
sition +51, a significant decrease in T29 phosphorylation in
TEC: stalled at position +51 was observed (Fig. 4A, lanes 4
and 6).

In view of the results presented in Fig. 4A, which suggest
that a phosphatase might be recruited to the elongation com-
plex, we assayed for the presence of phosphatase PP2A or PP1
by Western blotting. The results presented in Fig. 4B demon-
strate that if the stalled +36 elongation complex was reincu-
bated with nuclear extract, specific binding of phosphatase
PP2A was observed (lane 6). Interestingly, PP2A binding was
not observed in the stalled +14 complex, U14*, which was
reincubated with nuclear extract (lane 5), suggesting that there
is a transition in the complex between positions +14 and +36
which allows the association of the phosphatase with the elon-
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gation complex. Interestingly, even though the PP2A is incor-
porated into the complex at position +36, T29 phosphorylation
is not lost until position +51. While it was present in the
nuclear extract (Fig. 4B, lane 1), phosphatase PP1 was not
detected in association with the elongation complexes (Fig. 4B,
lanes 5 and 6).

We next analyzed RNAP II CTD Ser 2P levels in the various
transcription complexes. Consistent with the loss of T29P in
the elongation complex stalled at position +51, which origi-
nated from the TEC stalled at position +36 which had been
reincubated with nuclear extract (Fig. 4A, lane 6), we observed
a distinct increase in the level of CTD Ser 2P in this complex
(Fig. 4C, lane 6). In contrast, RNAP II CTD phosphorylation
at Ser 5 by CDK7 (TFIIH) stayed constant (Fig. 4C, bottom
panel). We also noted a significant increase in the transcription
activity of the complex which had been reincubated with ex-
tract (Fig. 4D, lane 4).

The results presented above suggest that PP2A might be
involved in the dephosphorylation of T29P CDKO9. To test this
possibility directly, transcription complexes stalled at position
+36 were formed and then incubated with purified PP2A. The
results presented in Fig. 4E demonstrate that PP2A is, in fact,
capable of dephosphorylating T29P CDKO. Similar to the re-
sults with whole-cell extracts (Fig. 4A), phosphorylation at T29
was reduced to background levels when the +36 complex was
incubated with purified PP2A and elongated to position +51
(Fig. 4E, lane 6). Of interest, but consistent with the results
presented in Fig. 4A, phosphatase PP2A was not able to de-
phosphorylate T29P CDKO in the +36 complex (Fig. 4E, lane
4). Finally, similar to the results obtained with the whole-cell
extracts (Fig. 4C), incubation of the +36 TEC with PP2A
followed by elongation to position +51 resulted in an increase
in the CDKO kinase activity assayed by RNAP II CTD phos-
phorylation at Ser 2 (Fig. 4F, top panel, lanes 5 and 6). In
contrast, RNAP II CTD phosphorylation at Ser 5 by CDK7
(TFIIH) stayed constant in the absence and presence of PP2A
(Fig. 4F, bottom panel, lanes 5 and 6).

To determine the functional significance of PP2A, PP2A was
depleted from nuclear extract with anti-PP2A antibody (Fig.
4G, lower panel). The specificity of the depletion was demon-
strated by the fact that phosphatase PP1 was not depleted (Fig.
4G, lower panel). In vitro transcription assays were then per-
formed by incubating HIV templates with PP2A-depleted ex-
tracts (Fig. 4G, upper panel). The results demonstrated that
the basal transcription of HIV decreased when PP2A was de-
pleted from extracts (lanes 1 and 2). Importantly, when PP2A
was added back to the extract, the basal transcription of HIV
was restored (lanes 1 to 4). These experiments demonstrate
that PP2A plays an important role in the basal transcription of
HIV.

P-TEFb CDKD9 associated with latent HIV promoter is phos-
phorylated at T29. Our studies have thus far demonstrated that
Brd4 induces an autophosphorylation of CDK9 at T29, that
T29 phosphorylation inhibits transcription, and that CDKO is
transiently phosphorylated at T29 in in vitro transcription com-
plexes. To determine if the T29P CDK9 component of P-TEFb
is found associated with transcription complexes in vivo, ChIP
assays were carried out with TZM-bl cells, which contain sep-
arate integrated copies of the luciferase and B-galactosidase
genes under the control of the HIV-1 basal promoter. The
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FIG. 4. Analysis of T29P in HIV transcription initiation complex and
TECs. (A) State of CDK9 T29 phosphorylation. The purified PICs were
walked to position +U14 by incubation with 50 uM CTP, GTP, and UTP
for 5 min at 30°C and then washed extensively with 1X IVT buffer. The
TECs stalled at U14 were walked stepwise along the DNA by repeated
incubation with different sets of three NTPs and then washed extensively
with 1X IVT buffer to remove the unincorporated NTPs. TECs stalled at
G36 were reincubated without (G36) or with (G36*) RNAP II-depleted
extract and then assayed directly or elongated stepwise to position +51
(A51, A51*). The protein compositions of PICs and TECs that were
stalled at different stages were analyzed by Western blotting with anti-
T29P, anti-CDKOY, anti-cyclin T1, or anti-Brd4. (B) PP2A was recruited
into TECs. The purified PICs were walked to position +U14 by incuba-
tion with 50 uM CTP, GTP, and UTP for 5 min at 30°C and then washed
extensively with 1X IVT buffer. The TECs stalled at U14 were walked
stepwise along the DNA by repeated incubation with different sets of
three NTPs and then washed extensively with 1X IVT buffer to remove
the unincorporated NTPs. TECs stalled at U14 or G36 were reincubated
with RNAP II-depleted extracts (U14* or G36*, respectively) and then
washed extensively with 1X IVT buffer. The protein compositions of PICs
and TECs that were stalled at different stages were analyzed by Western
blotting with anti-PP2A or anti-PP1. (C) Analysis of RNAP II CTD
phosphorylation. The protein compositions of PICs and TECs that were
stalled at different stages were analyzed by Western blotting with antibody
against Ser 2P RNAP II CTD or Ser SP RNAP II CTD. (D) Recruitment
of phosphatase correlates with HIV transcription in vitro. Runoff tran-
scripts (168nt) from TECs that were stalled at different stages were frac-
tionated by electrophoresis on a 6% denaturing polyacrylamide gel, fol-
lowed by autoradiography. (E and F) Purified PP2A dephosphorylates
T29P during transcription elongation. The purified PICs were walked to
position +U14 by incubation with 50 uM CTP, GTP, and UTP for 5 min
at 30°C and then washed extensively with 1X IVT buffer. The TECs
stalled at U14 were walked stepwise along the DNA by repeated incuba-
tion with different sets of three NTPs and then washed extensively with 1X
IVT buffer to remove the unincorporated NTPs. TECs stalled at G36
were reincubated without (G36) or with (G36*) purified PP2A and then
elongated stepwise to position +51 (A51, A51%). The protein composi-
tions of PICs and TECs that were stalled at different stages were analyzed
by Western blotting with anti-T29P (E) or anti-Ser 2P RNAP II CTD or
anti-Ser 5P RNAP II CTD (F). (G) PP2A was required for the basal
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FIG. 5. T29P CDKO associated with latent HIV promoter in vivo.
(A) Specificity of T29P CDK9 antibody for IP. In vitro kinase assays
were performed by incubating P-TEFb with ATP in the presence of
different concentrations of Brd4. The phosphorylated CDK9 was then
immunoprecipitated with T29P CDK9 antibody (rabbit) and fraction-
ated by electrophoresis on a 4-to-20% SDS—polyacrylamide gel, fol-
lowed by Western blot analysis with anti-CDK9 antibody (mouse).
Bands indicated by asterisks represent heavy and light chains of the
antibody used for IP. «, anti; WB, Western blot. (B) T29P CDKJ is
associated with latent HIV promoter in vivo. ChIP assays were carried
out with TZM-bl cells, which contain separate integrated copies of the
luciferase and B-galactosidase genes under the control of the HIV-1
promoter. Cross-linked extracts were immunoprecipitated with 5 pg of
control IgG, anti-CDKO9, anti-T29P CDKY, or anti-RNAP II (Pol II)
antibody. PCR analysis with primers specific for the HIV LTR region
was performed on the precipitated DNA.

constitutive level of integrated HIV promoter activity in the
TZM-bl cell line is extremely low, similar to the low expression
level observed in cells latently infected with HIV. For these
ChIP assays, we utilized the anti-T29 phosphopeptide sera
characterized by Western blotting, as shown in Fig. 1C. To
demonstrate the specificity of the T29P-specific CDK9 antisera
for IP, control IPs were performed. P-TEFb was incubated
with increasing concentrations of Brd4 protein. The reaction
mixtures were then immunoprecipitated with anti-T29P CDK9
antisera and analyzed by Western blotting with anti-CDK9
antibody. The results presented in Fig. SA demonstrate that
the antibody specifically immunoprecipitates T29P CDKO.
While the antibody failed to immunoprecipitate unphosphor-
ylated T29 CDK9 which had not been incubated with Brd4
(lane 1), the T29P antibody precipitated CDK9 which had
been incubated with Brd4 (lanes 2 to 5). In general, the
amount of T29P CDKO increased with increasing concentra-
tions of Brd4 protein.

We next performed ChIP assays on the TZM-bl cells. Using
primers specific for the HIV LTR region, PCR amplification
was performed to analyze the precipitated DNAs. The results
shown in Fig. 5B demonstrate that in contrast to the result for

transcription of HIV. PP2A was added back in increasing concentra-
tions (25 ng and 50 ng) to PP2A-depleted extract (+; —, not depleted),
and then in vitro transcription assays were performed by incubating
HIV templates with the reconstituted extracts. The radiolabeled tran-
scripts (168nt) were fractionated by electrophoresis on a 6% denatur-
ing polyacrylamide gel and detected by autoradiography. Western blot
analyses of the PP2A-depleted extract are shown in the lower panels.
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control IgG (second lane), a positive signal was observed in
lanes immunoprecipitated with CDK9 and RNAP II antibod-
ies (third and fifth lanes). Of significant interest, we also ob-
served a strong signal in the lane precipitated with the T29P
CDKO9 antiserum (fourth lane). The relatively high level of
T29P CDKO present on the HIV promoter is consistent with
the low level of viral transcription observed in these cells.

DISCUSSION

P-TEFb, composed of CDK9 and its regulatory partner cy-
clin T1 (32), is dynamically controlled by both positive and
negative regulators to maintain a functional equilibrium ap-
propriate for the growth or differentiation state of the cell. Two
distinct P-TEFb complexes have been identified. A significant
portion of P-TEFbD is found in a high-molecular-weight com-
plex in which CDKO kinase activity is inactivated by the coor-
dinated actions of 7SK snRNA and HEXIM1 protein (25, 28,
44, 46). The second major P-TEFb complex is the low-molec-
ular-weight complex in which P-TEFb is found associated with
positive regulators, such as Brd4 (2, 14, 43). Several mecha-
nisms exist to regulate P-TEFD activity; for example, the ability
to mobilize P-TEFb from the inactive high-molecular-weight
complex, which involves the dissociation of HEXIMI, is ap-
parently essential for stress-induced transcription (25, 28, 44,
46). CDKO kinase activity is also regulated by cyclin T1 levels
(22). Liou et al. showed that while CDK9 levels remained
constant, cyclin T1 protein expression in freshly isolated mono-
cytes was very low, increased early during macrophage differ-
entiation, and decreased to low levels after about 1 week in
culture. The kinase and transcription activities of TAK/P-
TEFb paralleled the changes in cyclin T1 protein expression.
The results presented in this study demonstrate that P-TEFb
kinase activity may also be regulated by Brd4 through a novel
autophosphorylation pathway.

Depending upon cell growth conditions, as much as one-half
of cellular P-TEFb associates with Brd4, and the other half
exists in a complex with the 7SK snRNA and the HEXIM1
protein (25, 28, 44, 46). Interestingly, it appears that multiple
domains of Brd4 may interact with the cyclin T subunit of
P-TEFb (2, 14). In the low-molecular-weight complex, Brd4 is
generally regarded as a positive transcription regulator which
recruits P-TEFb to eukaryotic promoters, including the HIV-1
LTR promoter (43). Our results suggest, however, that once
bound to the promoter, Brd4 transiently inhibits P-TEFb ki-
nase activity through autophosphorylation of T29, most likely
to facilitate the organization of an efficient elongation com-
plex. Once Brd4 is released from the elongation complex be-
tween positions +1 and +14, P-TEFb activation requires the
incorporation of a phosphatase into the complex to dephos-
phorylate T29P. One candidate phosphatase is PP2A. In this
study, we show that PP2A is recruited to the TEC and is able
to remove phosphate from CDK9 at T29, leading to a transi-
tion from a transcriptionally silent state to a basal transcription
state. PP2A accounts for a majority of the serine-threonine
phosphatase activity in cells and has been implicated in the
regulation of many signaling pathways and phenotypes (15,
19). Recently, evidence for the involvement of PP2A in the
regulation of HIV transcription and replication has been re-
ported (7, 8, 37). The catalytic subunit of PP2A (PP2Ac) is able
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to increase the basal activity of the HIV-1 promoter and mark-
edly enhances the promoter’s response to phorbol myristate
acetate (8). Interestingly, PP2A has also been shown to de-
phosphorylate CDKO9 in Tat-activated HIV-1 transcription, in-
hibiting Tat transactivation (1). It is not clear at this point
whether PP2A is the sole phosphatase to act on T29P or
whether others may functionally substitute.

Thus, our results suggest that P-TEFb plays a mediating role
in the basal transcription of HIV, regulating transcription in
the initial stages of transcription in a negative manner through
a Brd4-induced autophosphorylation of CDK9 at T29 (Fig.
6A). We envision this step as a regulatory step which allows
functional initiation complexes to form in preparation for tran-
scription elongation. Once Brd4 is released from the TEC, the
removal of T29P would allow the positive function of P-TEFb
in transcription elongation to be realized. It is possible that the
Brd4-induced T29 phosphorylation may play a role in HIV
latency (Fig. 6B). Indeed, we found by ChIP assay analysis that
the CDKY associated with inactive and latent HIV promoters
is phosphorylated at T29. It is possible that in the latent state,
the release of Brd4 and subsequent dephosphorylation of
CDKD9 do not occur, leading to a block in the basal transcrip-
tion of HIV.

It will be of interest to determine how phosphorylation at
T29 inhibits CDKD9 kinase activity. One possibility is that T29P
induces a conformational change in CDKO9. Certainly, this has
been shown for the phosphorylation of other sites in CDK9.
Phosphorylation at T186, located at the tip of a flexible T-loop
in CDKD9, induces a major conformational change of the T-
loop which allows the entry of the substrate and ATP into the
kinase catalytic pocket (38). Alternatively, phosphorylation at
T29 may facilitate the binding of an inhibitory protein to
CDKO. The phosphorylation-induced binding would be akin to
the increase in HEXIM1 and 7SK RNA binding to CDK9
following phosphorylation at T186. We consider this possibility
less likely, however, since T29 phosphorylation inhibits the
kinase activity of purified P-TEFb.

HIV latency is associated with a lack of proviral gene ex-
pression. Quite likely, the maintenance of proviral latency is
the end product of several different pathways that function to
downregulate HIV transcription. For example, it has been
reported that the association of NF-kB p50-histone deacety-
lase 1 complexes with the HIV LTR is an important step for
viral latency (41). In this model, NF-«kB p50-histone deacety-
lase 1 complexes constitutively bind the latent HIV LTR and
induce histone deacetylation and repressive changes in the
chromatin structure of the HIV LTR, changes that impair the
recruitment of RNAP II and transcriptional initiation. In this
study, we show that Brd4-induced T29 phosphorylation in
CDKO9 may also contribute to HIV latency. We have presented
direct evidence that T29P decreases P-TEFb CTD kinase ac-
tivity and inhibits the transcriptional activity of P-TEFb. More-
over, using ChIP assays, we demonstrated that high levels of
T29P P-TEFb are associated with the transcriptionally latent
viral genome in TZM-bl cells. If the phosphate group is re-
moved from T29 by an incoming phosphatase, such as PP2A,
CDKO is thus released from repression and phosphorylates Ser
2 of the RNAP II CTD. The processivity of the bound poly-
merase II is thus increased, resulting in basal transcription
(Fig. 6A). If the phosphate group is not removed from T29,
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FIG. 6. Model for Brd4 regulation of P-TEFb activity. (A and B) Schematic diagrams of basal transcription of HIV and HIV latency are shown.
Brd4 recruits P-TEFb to the HIV promoter. However, as the complex proceeds from initiation to elongation, Brd4 induces autophosphorylation
of P-TEFb at threonine 29 (T29P), inhibiting P-TEFb CTD phosphorylation. In the case of basal transcription, Brd4 exits the complex, allowing
the phosphatase PP2A to enter the complex, dephosphorylate P-TEFDb, and relieve the inhibition of its kinase activity. This relieves the block to
elongation and allows basal gene expression (A). In the case of HIV latency, P-TEFb remains phosphorylated at T29 and elongation cannot

proceed (B).

CDKO kinase activity is inhibited. Due to the absence of cyclin
T1-CDK9-mediated Ser 2 phosphorylation of the bound
RNAP II CTD, HIV genes stay transcriptionally silent, leading
to HIV latency (Fig. 6B). Given that the Brd4/P-TEFb com-
plex has been implicated in the transcriptional regulation of a
variety of cellular genes, it would be of interest to determine if
CDKO9 phosphorylation at T29 is a universal mechanism of
transcription inhibition. Along these lines, it is of interest that
Montanuy et al. recently reported a common mechanism of
elongation control at the c-myc and and HIV-1 genes with an
essential role for the TATA box and specific modulatory con-
tributions of upstream regulatory sequences (27).
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