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The human immunodeficiency virus type 1 (HIV-1) Tat protein recruits positive transcription elongation
factor b (P-TEFb) to the transactivation response (TAR) RNA structure to facilitate formation of processive
transcription elongation complexes (TECs). Here we examine the role of the Tat/TAR-specified cyclin-depen-
dent kinase 9 (CDK9) kinase activity in regulation of HIV-1 transcription elongation and histone methylation.
In HIV-1 TECs, P-TEFb phosphorylates the RNA polymerase II (RNAP II) carboxyl-terminal domain (CTD)
and the transcription elongation factors SPT5 and Tat-SF1 in a Tat/TAR-dependent manner. Using in vivo
chromatin immunoprecipitation analysis, we demonstrate the following distinct properties of the HIV-1
transcription complexes. First, the RNAP II CTD is phosphorylated at Ser 2 and Ser 5 near the promoter and
at downstream coding regions. Second, the stable association of SPT5 with the TECs is dependent upon
P-TEFb kinase activity. Third, P-TEFb kinase activity is critical for the induction of methylation of histone H3
at lysine 4 and lysine 36 on HIV-1 genes. Flavopiridol, a potent P-TEFb kinase inhibitor, inhibits CTD
phosphorylation, stable SPT5 binding, and histone methylation, suggesting that its potent antiviral activity is
due to its ability to inhibit several critical and unique steps in HIV-1 transcription elongation.

The Tat protein encoded by human immunodeficiency virus
type 1 (HIV-1) stimulates transcription elongation through its
interaction with the transactivation response (TAR) RNA
structure located at the 5� end of nascent viral transcripts (2,
16, 30, 67). In view of the observations that hyperphosphory-
lation of the carboxyl-terminal domain (CTD) of the large
subunit of RNA polymerase II (RNAP II) correlates with the
formation of processive elongation complexes (14) and that
Tat transactivation requires RNAP II CTD (12, 48, 71), it has
been proposed that a critical step in Tat transactivation is
mediated through cellular kinases which are capable of phos-
phorylating RNAP II CTD (54, 62, 72). The RNAP II CTD
is composed of multiple heptad repeats of Tyr-Ser-Pro-Thr-
Ser-Pro-Ser, whose consensus is conserved among most eu-
karyotes. Ser 2 and Ser 5 are targets for phosphorylation and
dephosphorylation during transcription (34).

Positive transcription elongation factor b (P-TEFb) (42–44)
or Tat-associated kinase (23, 25, 26), composed of cyclin-de-
pendent kinase 9 (CDK9) and cyclin T1 (23, 41, 52, 68, 70, 76,
78), is essential for Tat transactivation. Formation of the tri-
partite complex between Tat, cyclin T1, and TAR depends on
the 5� bulge and central loop in the TAR RNA structure (3, 18,

20, 29, 38, 68). CDK9 autophosphorylation promotes high-
affinity binding of the Tat/P-TEFb complex to the TAR RNA
structure (17, 19) as well as CDK9 activation (75). TAR-bound
P-TEFb induces a Tat/TAR-dependent phosphorylation of
RNAP II CTD to stimulate transcription elongation (33, 74).
P-TEFb preferentially phosphorylates Ser 2 of the RNAP II
CTD, but its substrate specificity can be modulated to target
both Ser 2 and Ser 5 by Tat (74). A second CTD kinase, TFIIH
(CDK7/cyclin H), phosphorylates Ser 5 of the RNAP II CTD
(57, 63). Although the role of TFIIH in Tat transactivation is
controversial (10, 13, 21, 50), TFIIH has been shown to regu-
late Tat-dependent CDK9 activation during HIV-1 transcrip-
tion (75). Our group’s previous results demonstrated that
TFIIH and P-TEFb are both associated with HIV-1 preinitia-
tion complexes (PICs) (74). TFIIH is released from transcrip-
tion complexes between �14 and �36, while P-TEFb stays
associated with transcription elongation complexes.

The RNAP II CTD also plays a role in coupling transcrip-
tion with RNA processing, and this coupling appears to be
regulated by CTD phosphorylation (55). Cotranscriptional
mRNA capping can be induced by the presence of RNAP II
CTD Ser 5 phosphorylation (56, 60). Although Ser 2 phosphor-
ylation suffices for RNA guanylyltransferase binding, activa-
tion of the capping enzyme requires Ser 5 phosphorylation
(27). Our group’s previous results showed that RNAP II CTD
is phosphorylated sequentially by TFIIH and that the Tat-
induced P-TEFb kinase activity specifically enhances cotran-
scriptional capping of nascent HIV-1 transcripts (73).

The density of RNAP II within the promoter and down-
stream coding sequences and the CTD phosphorylation pat-
tern appear to vary between genes and organisms. In Saccha-
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romyces cerevisiae, chromatin immunoprecipitation (ChIP)
assays have demonstrated that RNAP II is uniformly associ-
ated with transcribed genes from the promoter to the 3� end of
the gene (35, 60). However, different phosphorylated forms of
RNAP II are associated with the gene at different stages of
transcription. Ser 5-phosphorylated RNAP II is concentrated
within the promoter-proximal region, while Ser 2-phosphory-
lated RNAP II is associated with the coding region (35). In
higher eukaryotes, RNAP II on the dihydrofolate reductase
(DHFR) and �-actin genes is more concentrated in the pro-
moter-proximal regions than in the interior regions (11).
RNAP II phosphorylated specifically at Ser 5 is more concen-
trated near the promoter, while RNAP II with Ser 2 phosphor-
ylation is distributed throughout the gene.

Coordinated recruitment of transcription stage-specific
modification factors, including histone methyltransferases, cor-
relates with active chromatin. Localized changes in chromatin
structures induced by distinct histone H3 methylation play a
significant role in maintaining transcriptionally active chroma-
tin structures (22, 24). In yeast, the histone H3 lysine methyl-
transferases Set1 and Set2 functionally interact with phosphor-
ylated RNAP II CTD and induce an open chromatin structure
that is essential for transcription elongation (36, 39, 40, 46, 69).
In particular, Set2 preferentially binds to CTD phosphorylated
at Ser 2 (36, 39, 40, 69), while Set1 binds to CTD phosphory-
lated at Ser 5 (46).

HIV-1 genes are highly inducible and provide a particularly
useful mammalian system to study regulation of processive
transcription elongation and chromatin modification. Our re-
sults demonstrate that the Tat/TAR-dependent P-TEFb kinase
activity phosphorylates RNAP II CTD, SPT5, and Tat-SF1
during HIV-1 transcription. Ser 2 and Ser 5 phosphorylation of
RNAP II CTD is observed both at the promoter and in down-
stream coding sequences. The distribution of SPT5 on HIV-1
genes depends upon the P-TEFb kinase activity. Flavopiridol
inhibition of the P-TEFb kinase activity also reduced methyl-
ation of histone H3 lysine 4 and lysine 36 on HIV-1 genes in
tumor necrosis factor alpha (TNF-�)-induced cells. These ob-
servations suggest that the Tat/TAR-dependent kinase activity
of P-TEFb plays a critical role in several different steps in
transcription elongation and chromatin modification.

MATERIALS AND METHODS

Materials. Recombinant baculovirus containing human P-TEFb was kindly
provided by David Price (University of Iowa). The recombinant P-TEFb com-
plex, comprised of His-tagged CDK9 and cyclin T1, was expressed in Sf9 cells by
the use of recombinant baculovirus and purified as described previously (52).
Flavopiridol (Aventis Inc.) was dissolved in dimethyl sulfoxide (DMSO) to 10
mM and stored at �80°C. The stock was diluted to 0.1 mM in DMSO, and a set
of serial dilutions in 4% DMSO was used to give the indicated concentrations.
The final concentration of DMSO in the kinase assay mixtures was less than 1%.
Antibodies used here included anti-CDK9 (�-CDK9; Biodesign); �-Tat, �-Ser2P
CTD (H5), and �-Ser5P CTD (H14) (Covance); �-RNAP II (N-20) and �-p62
subunit of TFIIH (Santa Cruz); �-SPT5 and �-Tat-SF1 (BD Transduction); and
�-trimethyl histone H3 lysine 4 and �-dimethyl histone H3 lysine 36 (Abcam).

CDK9 autophosphorylation assays. Autophosphorylation assays were per-
formed by mixing 20 ng of P-TEFb, 100 �M ATP, and 20 �Ci of [�-32P]ATP in
the absence or presence of Tat (100 ng) in buffer (50 mM Tris-HCl [pH 7.5],
5 mM dithiothreitol [DTT], 5 mM MnCl2, and 4 mM MgCl2) and incubating for
60 min at 30°C. Serial dilutions of flavopiridol in 4% DMSO were used in these
assays to give the indicated concentrations. 32P-labeled CDK9 was immunopre-
cipitated with specific antibody and analyzed by electrophoresis on sodium do-
decyl sulfate (SDS)–4 to 20% polyacrylamide gels followed by autoradiography.

CTD kinase assays. Twenty nanograms of P-TEFb was preincubated with
ATP, and CTD kinase assays were performed by adding 50 ng of glutathione
S-transferase (GST)–CTD and 100 �M ATP in the absence or presence of Tat
(100 ng) in buffer (50 mM Tris-HCl [pH 7.5], 5 mM DTT, 5 mM MnCl2, and
4 mM MgCl2) and incubating for 60 min at 30°C. Serial dilutions of flavopiridol
in 4% DMSO were added to reaction mixtures to give the indicated concentrations.
Phosphorylated GST-CTD was separated on SDS–8% polyacrylamide gels and
analyzed by Western blotting with �-Ser2P CTD (H5) or �-Ser2P CTD (H14).

Purification of HIV-1 PICs. Purification of HIV-1 PICs was carried out as
described previously using biotinylated HIV-1 long terminal repeat (LTR) tem-
plates (74). HIV-1 PIC assembly reaction mixtures (30 �l) contained 15 �l of
HeLa nuclear extract, 1.0 �g of biotinylated HIV-1 LTR template, and 1.0 �g of
poly(dI-dC) in the absence or presence of Tat (100 ng). The in vitro transcription
(IVT) buffer contained 50 mM KCl, 6.25 mM MgCl2, 20 mM HEPES (pH 7.9),
2 mM DTT, 0.5 mM EDTA (pH 8.0), 10 �M ZnSO4, 10 mM creatine phosphate,
100 �g of creatine kinase/ml, and 8.5% glycerol (1� IVT buffer). After a 30-min
incubation at 30°C, streptavidin-coated magnetic beads (Dynabeads; Dynal) pre-
equilibrated in binding buffer (20 mM HEPES [pH 7.9], 80 mM KCl, 10 mM
MgCl2, 2 mM DTT, 10 �M ZnSO4, 100 �g of bovine serum albumin/ml, 0.05%
Nonidet P-40 [NP-40], and 10% glycerol) were then added to the reaction mix-
tures, and the mixtures were further incubated for 30 min at 30°C. The immo-
bilized PICs were then harvested by using a magnetic stand, and the PICs were
washed extensively with transcription buffer. IVT and Western blot analysis could
then be performed with the purified PICs assembled on the immobilized tem-
plates.

Preparation of HIV-1 TECs. Stepwise transcription was performed as de-
scribed previously (74). PICs were walked to position U14 by incubation with
50 �M dATP, CTP, GTP, and UTP for 10 min at 30°C and washed with tran-
scription buffer. Transcription elongation complexes (TECs) stalled at U14 were
incubated with RNAP II-depleted nuclear extract for 30 min at 30°C and washed
to remove unbound proteins. TECs stalled at U14 were then walked stepwise
along the DNA by repeated incubation with different sets of three nucleoside
triphosphates (NTPs) and washed with transcription buffer to remove the unin-
corporated NTPs. Protein compositions of TECs stalled at different positions
were analyzed by Western blotting with specific antibodies. To determine phos-
phorylation of proteins associated with HIV-1 TECs during transcription elon-
gation, TECs stalled at G36 were elongated stepwise to A79 and phosphorylated
proteins were labeled with [�-32P]ATP. 32P-labeled proteins were immunopre-
cipitated with specific antibodies and then analyzed by electrophoresis on SDS-
polyacrylamide gels followed by autoradiography.

Tat expression in OM10.1 cells by TNF-�-induction. OM10.1 cells, a promy-
elocytic line containing a transcriptionally latent, single copy of wild-type HIV-1
integrated proviral DNA (7), were treated with TNF-� (10 ng/ml) for 2 h,
washed, and put back into 37°C with complete medium. Cells were processed for
immunoprecipitation after 0, 4, 8, 12, 16, 20, and 24 h postinduction. Approxi-
mately 1 mg of cell lysate from each treatment was cleared overnight with protein
A/G at 4°C. Samples were incubated with 10 �g of �-Tat antibody at 4°C for 12 h
and further incubated for 2 h after addition of protein A/G beads. Immunopre-
cipitates were washed with TNE 600 plus 1% NP-40 (2�) followed by a final
wash of TNE 50 plus 0.1% NP-40. Tat immunoprecipitates were fractionated by
electrophoresis on SDS–4 to 20% polyacrylamide gels, stained with Coomassie
dye, and analyzed by Western blotting with �-Tat antibody.

ChIP assays in TNF-�-induced OM10.1 cells. ChIP assays were performed as
described previously with some modifications (49, 51). Approximately 5 � 107

OM10.1 cells were induced with 10 ng of TNF-�/ml for 2 h and subsequently
treated with flavopiridol. Cells were then cross-linked (1% formaldehyde; 10 min
at 37°C), and samples were sonicated to reduce DNA fragments to �200 to 800
bp for ChIP assays, in which DNA bound to various proteins were immunopre-
cipitated with antibodies as indicated in the figure legends. Specific DNA se-
quences in the immunoprecipitates were detected by PCR, using primers specific
for HIV-1 (�92 to �180, �10 to �165, �299 to �477, and �1419 to �1763).
The HIV-1 proviral DNA integrated in OM10.1 cells was derived from subtype
B, LAI strain.

Transfection of HLM1 cells with Tat plasmid and ChIP assays. HLM1cells
were derived from HeLa-T4� cells integrated with one copy of the HIV-1
genome containing a Tat-defective mutation (58). The mutation was introduced
as a triple termination linker at the first AUG of the Tat gene. The HIV-1
proviral DNA was derived from pHXB2gpt. HLM1cells are negative for virus
particle production but can be induced to express noninfectious HIV-1 particles
after transfection with Tat cDNA or addition of Tat protein to the medium.
HLM1 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 100 �g of G418/ml plus 1% streptomycin and penicillin antibiotics
and 1% L-glutamine (Gibco/BRL). These cells were kept at 75% confluency
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FIG. 1. The Tat-induced kinase activity of P-TEFb is highly sensitive to flavopiridol. (A) The kinase activity of P-TEFb was sensitive to
flavopiridol. In vitro CDK9 autophosphorylation assays were performed by incubating P-TEFb with [�-32P]ATP in the absence (lanes 1 to 8) or
presence (lanes 9 to 16) of Tat. Serial dilutions of flavopiridol were added into kinase reaction mixtures to give the indicated concentrations. (Top)
32P-labeled CDK9 was immunoprecipitated with �-CDK9 antibody and analyzed by electrophoresis on SDS–4 to 20% polyacrylamide gels followed
by autoradiography. (Middle and bottom panels) In vitro CTD kinase assays were performed by incubating GST-CTD with P-TEFb in the absence
(lanes 1 to 8) or presence (lanes 9 to 16) of Tat. Flavopiridol was added into reaction mixtures at a final concentration of 1 to 1,000 nM as indicated.
Phosphorylated CTD was fractionated by electrophoresis on SDS–8% polyacrylamide gels and analyzed by Western blotting with �-Ser2P (H5)
or �-Ser5P (H14). The hypophosphorylated (CTDa) and hyperphosphorylated (CTDo) forms of CTD are indicated. Quantitation of three
independent experiments performed under similar conditions for each assay is shown at the bottom of the panels. (B) Effect of P-TEFb
concentration on flavopiridol inhibition of CTD phosphorylation. In vitro CTD kinase assays were performed by incubating GST-CTD with
different concentrations (20 to 100 ng) of P-TEFb in the presence of Tat. Flavopiridol was added to reaction mixtures at a final concentration
of 1 to 1,000 nM as indicated. Phosphorylated CTD was fractionated by electrophoresis on SDS–8% polyacrylamide gels and analyzed by
Western blotting (WB) with �-Ser2P (H5) or �-Ser5P (H14). The experiment shown is representative of three independent experiments
performed with 40 ng of P-TEFb under similar conditions. The hypophosphorylated (CTDa) and hyperphosphorylated (CTDo) forms of
CTD are indicated.
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prior to transfection with wild-type Tat plasmid (5 �g). Cells were transfected
with the Tat plasmid DNA by the calcium phosphate method. The transfected
cells were washed after 4 h, and fresh complete DMEM with 10% fetal bovine
serum was added for the remainder of the experiment. At day 2 (at which
Tat-activated transcription, i.e., presence of singly spliced and genomic RNA, is
observed), cells were processed for ChIP assays using 10 �g of �-RNAP II,
�-ser2P, and �-ser5P antibodies. Specific DNA sequences in the immunopre-
cipitates were detected by PCR by using primers specific for the HIV-1 Env1
(8440 to 8460; 5�-AGAGAGACAGAGACAGATCCA-3�) and Env2 (8772 to
8791; 5�-AGCAAAATCCTTTCCAAGCC-3�). The final product size was 351 bp.

RESULTS

The Tat-induced kinase activity of P-TEFb is highly sensi-
tive to flavopiridol. Flavopiridol, a CDK inhibitor, is one of the
most potent inhibitors of HIV-1 transcription and virus repli-
cation identified to date (8, 9). A primary target of flavopiridol
is the P-TEFb kinase (8). To gain insight into the inhibition of
HIV-1 transcription, we first compared the inhibition curves
for various substrates of P-TEFb, including CDK9 autophos-
phorylation and phosphorylation of Ser 2 and Ser 5 of the
RNAP II CTD heptapeptide repeat. The flavopiridol sensitiv-
ity of CDK9 autophosphorylation was determined by incubat-
ing P-TEFb with [�-32P]ATP in the absence or presence of
flavopiridol. Results shown in Fig. 1A demonstrated that fla-
vopiridol inhibited CDK9 autophosphorylation at a 50% in-
hibitory concentration (IC50) of 11 nM (top panel). In agree-
ment with published reports that CDK9 autophosphorylation
is not influenced by Tat in in vitro kinase reactions (19, 75), we
observed little difference in flavopiridol inhibition either with
or without Tat.

Next, we examined the sensitivity of the CTD kinase activity
of P-TEFb. The RNAP II CTD heptad repeats of YSPTSPS
may be phosphorylated at Ser 2 and Ser 5. P-TEFb normally
phosphorylates the CTD at Ser 2, but in the presence of Tat it
has been shown that the substrate specificity is modified to
allow phosphorylation of both Ser 2 and Ser 5 (74). Phosphor-
ylation of the CTD at Ser 2 was detected by Western blotting
with antibody H5, which recognizes CTD repeats phosphory-
lated at Ser 2. Results shown in Fig. 1A demonstrated that Ser
2 phosphorylation was inhibited by flavopiridol at an IC50 of
approximately 10 nM and that the inhibitory effect of flavopiri-
dol on Ser 2 phosphorylation was not influenced by the addi-
tion of Tat (middle panel). Next, CTD phosphorylation at Ser
5 was detected by Western blotting with antibody H14, which
recognizes CTD repeats phosphorylated at Ser 5. Remarkably,
the Tat-induced CDK9 kinase activity to phosphorylate Ser 5
was highly sensitive to flavopiridol (bottom panel, lanes 9 to
16). The IC50 for this activity was calculated to be 1 nM. No
CTD Ser 5 phosphorylation was detected in the absence of Tat
(lanes 1 to 8).

Several control studies have been performed for flavopiridol
inhibition. First, control assays demonstrated that the concen-
tration of GST-CTD used as substrate in the kinase reactions
was within the linear response of Western blotting with
�-Ser2P H5 or �-Ser5P H14 (data not shown). Second, be-
cause the amount of flavopiridol required to inhibit P-TEFb
depends upon the concentration of P-TEFb (9), we also de-
termined the IC50 values of flavopiridol inhibition of P-TEFb-
mediated CTD phosphorylation with a concentration range of
20 to 100 ng of P-TEFb. The concentrations of flavopiridol
required for inhibition of either Ser 2 or Ser 5 phosphory-

lation increased with increasing concentrations of P-TEFb.
Of significance, however, Tat-induced Ser 5 phosphorylation
by P-TEFb was consistently 10-fold more sensitive than the
Tat-independent Ser 2 phosphorylation. For example, when
the concentration of P-TEFb was increased to 40 nM for the
kinase assays, Ser 2 phosphorylation was inhibited by flavopiri-
dol at an IC50 of 27 nM, while the IC50 for flavopiridol inhi-
bition of Tat-induced Ser 5 phosphorylation was 2.8 nM (Fig.
1B).

It was of interest to determine whether CTD Ser 5 phos-
phorylation was, in general, more sensitive to flavopiridol in-
hibition. To address this point, inhibition of Ser 5 phosphory-
lation by TFIIH (57, 63) was assayed. Using identical substrate
and kinase concentrations, we found that the IC50 of Ser 5
phosphorylation by TFIIH was approximately 200 nM (Fig. 2).
These results suggested that the Tat-induced CTD kinase ac-
tivity of P-TEFb to phosphorylate Ser 5 of CTD is preferen-
tially sensitive to flavopiridol.

The Tat/TAR-dependent kinase activity of P-TEFb to phos-
phorylate RNAP II CTD, SPT5, and Tat-SF1 during HIV-1
transcription elongation is highly sensitive to flavopiridol. We
next analyzed Tat/TAR-dependent phosphorylation of pro-
teins associated with HIV-1 TECs, as outlined in Fig. 3A. In
these assays, the wild-type HIV-1 LTR template was compared
with a mutant TAR template (TM26). The mutation in TM26
includes base substitutions in the TAR RNA pyrimidine
“bulge” which blocks the binding of Tat to TAR, thus in-
terfering with Tat transactivation in vitro and in vivo (4). TECs
stalled at G36 were elongated stepwise to A79, and the pro-
teins phosphorylated during elongation reactions were labeled
with [�-32P]ATP. Results shown in Fig. 3B demonstrated that
three proteins which migrated between 120 and �240 kDa
were phosphorylated in a Tat/TAR-dependent manner (lane

FIG. 2. The CTD kinase activity of TFIIH is resistant to flavopiri-
dol. In vitro CTD kinase assays were performed by incubating GST-
CTD with purified TFIIH. Flavopiridol was added to reaction mixtures
at a final concentration of 1 to 1,000 nM as indicated. Phosphorylated
CTD was fractionated by electrophoresis on SDS–8% polyacrylamide
gels and analyzed by Western blotting (WB) with �-Ser2P (H5) or
�-Ser5P (H14). The experiment shown is representative of three in-
dependent experiments performed under similar conditions. The hy-
pophosphorylated (CTDa) and hyperphosphorylated (CTDo) forms of
CTD are indicated.
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4). Only background levels of the phosphorylated proteins
were seen in the absence of Tat with either the TAR mutant or
wild-type template (lanes 1 and 3) or in the presence of Tat
with the mutant TAR template (lane 2). The 32P-labeled pro-
teins were identified by immunoprecipitation with specific an-
tibodies, which demonstrated that three phosphorylated pro-
teins corresponded to the large subunit of RNAP II, SPT5, and
Tat-SF1, respectively (Fig. 3C). Analysis of staged TECs dem-
onstrated that SPT5 and Tat-SF1 entered the HIV-1 TECs
between �14 and �36 (data not shown).

The results shown in Fig. 3D demonstrated that coincident
with phosphorylation of the RNAP II CTD, SPT-5, and Tat-
SF1, there was an increase in the 79-nucleotide transcript in
response to Tat with the wild-type LTR template (lanes 3 and
4). No Tat-mediated increase was observed in transcripts at
G36 when the TAR RNA structure was incomplete (lanes 1
and 2) or at A79 with the mutant TAR which lacked the Tat
binding site (lanes 5 and 6). The results suggested that Tat/
TAR-dependent phosphorylation of RNAP II CTD, SPT5, and
Tat-SF1 correlates with HIV-1 transcription elongation.

Last, we analyzed the flavopiridol sensitivity of the Tat/
TAR-dependent P-TEFb kinase activity to phosphorylate
RNAP II CTD, SPT5, and Tat-SF1 during HIV-1 transcription
elongation. The stepwise transcription elongation reactions
were performed in the absence or presence of flavopiridol, and
32P-labeled RNAP II, SPT5, and Tat-SF1 proteins were im-
munoprecipitated with specific antibodies. Results shown in
Fig. 3E demonstrated that Tat/TAR-dependent phosphoryla-
tion of RNAP II CTD, SPT5, and Tat-SF1 by P-TEFb was
inhibited by flavopiridol at an IC50 of approximately 1 nM.
Western blot analysis showed that levels of RNAP II, SPT5,
and Tat-SF1 present in the immunoprecipitates remained con-
stant (Fig. 3F). The results suggested that the Tat/TAR-depen-
dent P-TEFb kinase activity to phosphorylate RNAP II CTD,
SPT5, and Tat-SF1 during HIV-1 transcription elongation is
highly sensitive to flavopiridol.

RNAP II CTD phosphorylation at the HIV-1 promoter and
downstream coding regions. To gain insight into the action of
the P-TEFb kinase activity in HIV-1 transcription, we per-
formed ChIP assays to analyze the distribution of RNAP II and
CTD phosphorylation within the promoter and downstream
coding sequences. For these studies, we used OM10.1 cells, a
promyelocytic line containing a single copy of a transcription-
ally latent, integrated HIV-1 proviral DNA (7). DNA sequence
analysis of the integrated proviral genome demonstrated that
the viral LTR and Tat coding sequences were wild type (data
not shown). The cells were induced with TNF-�, and Tat was
immunoprecipitated with specific �-Tat antibody (Fig. 4A).
Immunoblot analysis of Tat immunoprecipitates demonstrated
that TNF-� treatment of OM10.1 cells induced Tat protein
expression as early as 4 h postinduction (Fig. 4B, lanes 2 to 8).
Thus, this cell line provides an excellent inducible system to
analyze LTR activation and Tat transactivation.

For ChIP assays, OM10.1 cells were induced with TNF-�
and cross-linked with formaldehyde. The cross-linked chroma-
tin was sonicated to 200- to �800-bp DNA fragments, which
were immunoprecipitated with specific antibodies to obtain the
protein-DNA complexes of interest. The amount of DNA im-
munoprecipitated was analyzed by PCR amplification with spe-
cific primers. Three sites in the HIV-1 promoter-proximal and
downstream coding regions were used for the ChIP analysis
(Fig. 5A). Results shown in Fig. 5B demonstrated that the
distribution of total RNAP II across the HIV-1 promoter and
downstream coding regions was constant (lanes 2, 5, and 8).
Consistent with in vitro transcription analysis of HIV-1 tran-
scription complexes, TFIIH was released from the transcrip-
tion complex during the elongation phase of transcription (Fig.
5B, lanes 3, 6, and 9). Interestingly, results shown in Fig. 5C
demonstrated that high levels of Ser 2 and Ser 5 phosphory-
lation were observed at both the promoter-proximal and down-
stream coding regions. The pattern of Ser 2 and Ser 5 phos-
phorylation of RNAP II CTD on HIV-1 genes appears distinct.

FIG. 3. The Tat/TAR-dependent kinase activity of P-TEFb to phosphorylate RNAP II CTD, SPT5, and Tat-SF1 during HIV-1 transcription
elongation is highly sensitive to flavopiridol. (A) The experimental outline was shown to detect phosphorylation of proteins associated with HIV-1
TECs. PICs assembled on biotinylated HIV-1 LTR templates were purified with streptavidin-coated magnetic beads. Purified PICs were walked
to position U14 by incubation with 50 �M dATP, CTP, GTP, and UTP at 30°C for 10 min and washed with transcription buffer. TECs stalled at
U14 were incubated with RNAP II-depleted nuclear extract (NE), and unbound proteins were removed by washing with transcription buffer. The
TECs stalled at U14 were then walked stepwise to G36 along templates by repeated incubation with different sets of three NTPs and washed with
transcription buffer to remove unincorporated NTPs. TECs stalled at G36 were elongated stepwise to A79 with [�-32P]ATP and NTPs, and
32P-labeled proteins were analyzed by electrophoresis on SDS–4 to 20% polyacrylamide gels followed by autoradiography. (B) Tat/TAR-dependent
phosphorylation of proteins associated with HIV-1 TECs during transcription elongation. TECs stalled at G36 were elongated stepwise to A79 with
[�-32P]ATP and NTPs, and 32P-labeled proteins were analyzed by electrophoresis on SDS–4 to 20% polyacrylamide gels followed by autoradiog-
raphy. The wild-type (WT) HIV-1 LTR template was compared with the TAR-mutated (TM26) HIV-1 LTR template. M indicates the protein
molecular weight marker. (C) Tat/TAR-dependent phosphorylation of the RNAP II CTD, SPT5, and Tat-SF1 by P-TEFb during HIV-1
transcription elongation. 32P-labeled proteins were immunoprecipitated with specific antibodies as indicated in the figure and analyzed by
electrophoresis on SDS–4 to 20% polyacrylamide gels followed by autoradiography. (D) Tat/TAR-dependent phosphorylation of the RNAP II
CTD, SPT5, and Tat-SF1 by P-TEFb correlated with HIV-1 transcription elongation. Nascent transcripts were labeled with [�-32P]UTP and
analyzed by electrophoresis through 10% polyacrylamide gels containing 7 M urea in Tris-borate-EDTA buffer followed by autoradiography.
(E) Tat/TAR-dependent phosphorylation of the RNAP II CTD, SPT5, and Tat-SF1 by P-TEFb during HIV-1 transcription elongation was
inhibited by flavopiridol. To determine flavopiridol sensitivity of the Tat/TAR-dependent kinase activity of P-TEFb during HIV-1 transcription
elongation, TECs stalled at G36 were elongated stepwise to A79 in the absence or presence of flavopiridol. 32P-labeled RNAP II, SPT5, and
Tat-SF1 were then immunoprecipitated with specific antibodies and analyzed by electrophoresis on SDS–4 to 20% polyacrylamide gels followed
by autoradiography (inset), and three independent experiments performed under similar conditions for each assay were quantitated. The
hypophosphorylated (IIa) and hyperphosphorylated (IIo) forms of RNAP II are indicated. (F) Western blot analysis of protein composition of
TECs stalled at A79. TECs stalled at G36 were elongated stepwise to A79 in the absence or presence of flavopiridol. Protein composition of TECs
stalled at A79 was analyzed with �-RNAP II, �-SPT5, or �-Tat-SF1 antibody.
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ChIP analyses of mammalian DHFR and �-actin genes and
yeast genes have demonstrated that Ser 5 phosphorylation of
the RNAP II CTD is concentrated near the promoter, while
Ser 2 phosphorylation is found throughout the gene (11, 35).

To demonstrate that Ser 2 and Ser 5 phosphorylation of the
RNAP II CTD on HIV-1 genes was due to Tat transactivation,
HLM-1 cells (58), which contain an integrated copy of a Tat-

FIG. 4. TNF-�-induced Tat expression in OM10.1 cells. (A) Coo-
massie staining of the Tat immunoprecipitates from TNF-�-induced
OM10.1 cells. OM10.1 cells, which contain one copy of latent HIV-1
infectious clone, were induced with 10 ng of TNF-�/ml for 2 h, washed,
and put back into 37°C with complete medium. The cells were sub-
jected to immunoprecipitation (IP) with specific �-Tat antibody after
0, 4, 8, 12, 16, 20, or 24 h postinduction, and Tat immunoprecipitates
were analyzed by SDS–4 to 20% polyacrylamide gel electrophoresis
and Coomassie staining (lanes 3 to 9). The immunoprecipitates with no
antibody (lane 10) or preimmune antibody (lane 11) from the TNF-
�-induced OM10.1 cells, which were incubated for 24 h postinduction,
were used for controls. The immunoprecipitate from noninduced cells
is shown in lane 2, and lane 1 indicates the protein molecular mass
markers. The immunoglobulin G heavy and light chains are indicated
by asterisks. (B) Western blot analysis of Tat from TNF-�-induced
OM10.1 cells. The Tat immunoprecipitates from the TNF-�-induced
OM10.1 cells, which were incubated for 0, 4, 8, 12, 16, 20, or 24 h
postinduction, were analyzed by Western blotting with �-Tat antibody
(lanes 2 to 8). The immunoprecipitate with preimmune antibody from
the TNF-�-induced OM10.1 cells, which were incubated for 24 h
postinduction, was used as a control (lane 1).

FIG. 5. Distribution of different phosphorylation forms of RNAP
II on HIV-1 genes. (A) Diagram of HIV-1 genes, shown with PCR
amplification fragments for the promoter-proximal (region A, TAR
region �10 to �165), 5� Gag (region B, �299 to �477), and mid-Gag
(region C, �1419 to �1763) underneath the genes (gray histogram).
The sequences used for PCR amplification were from subtype B, LAI
strain. (B) Distribution of RNAP II and TFIIH on HIV-1 genes.
OM10.1 cells were induced with 10 ng of TNF-�/ml for 2 h and washed
three times with phosphate-buffered saline. The cells were subse-
quently incubated in fresh medium for 18 h. Under these conditions,
HIV-1 RNA could be detected by standard Northern analysis (data not
shown). ChIP assays were then performed with �-RNAP II (N-20) or
�-p62 subunit of TFIIH antibody. (C) Distribution of different phos-
phorylation forms of RNAP II on HIV-1 genes. OM10.1 cells were
induced with 10 ng of TNF-�/ml for 2 h and subsequently incubated
in fresh medium for 18 h. ChIP assays were then performed with
�-RNAP II CTD Ser2P (H5) or �-RNAP II CTD Ser5P (H14) anti-
body. Each ChIP result shown is an average of four experiments with
the standard error of mean indicated.
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defective proviral clone, were transfected with a Tat expression
plasmid. ChIP analysis demonstrated that Tat induced high
levels of RNAP II and Ser 2 and Ser 5 phosphorylation within
the far downstream Env coding region (Fig. 6).

We next analyzed the flavopiridol sensitivity of Ser 2 and Ser
5 phosphorylation at different regions of HIV-1 genes. TNF-
�-induced OM10.1 cells were treated with flavopiridol, and
then the levels of Ser 2 and Ser 5 phosphorylation at the
promoter and downstream coding regions were determined by
ChIP assays. The results of these studies demonstrated that
flavopiridol inhibition of the P-TEFb kinase activity caused a
significant decrease of RNAP II CTD Ser 2 phosphorylation
on HIV-1 genes at both the promoter and downstream coding
regions (data not shown). At the promoter region, Ser 5 phos-
phorylation was resistant to flavopiridol inhibition, consistent
with the CTD kinase activity of TFIIH being responsible for
Ser 5 phosphorylation at this region. However, flavopiridol
treatment resulted in a dramatic decrease of Ser 5 phosphor-
ylation in downstream coding regions, with the greatest de-
crease at the mid-Gag region (10-fold), which is consistent with
the Tat/TAR-dependent kinase activity of P-TEFb being re-
sponsible for Ser 5 phosphorylation in downstream coding
regions. While the amount and distribution of hyperphospho-
rylated RNAP II epitopes changed dramatically, there was no
significant change in total RNAP II in untreated versus fla-
vopiridol-treated cells (data not shown).

Association of SPT5, but not Tat-SF1, with HIV-1 transcrip-
tion complexes is dependent on P-TEFb kinase activity. To
assess the significance of phosphorylation of SPT5 and Tat-SF1
during HIV-1 transcription elongation, TECs stalled at A79
were elongated stepwise to U129 in the absence or presence of
flavopiridol. Protein components of TECs stalled at different
positions were analyzed by Western blotting with �-SPT5 or

FIG. 6. Distribution of different phosphorylation forms of RNAP
II on HIV-1 genes is Tat dependent. (A) Diagram of HIV-1 genes,
with the PCR amplification fragment for the Env region shown under-
neath (gray histogram). The HIV-1 proviral DNA integrated in HLM1
cells was derived from pHXB2gpt. (B) Tat-dependent distribution of
different phosphorylation forms of RNAP II on HIV-1 genes. HLM1
cells, which were derived from HeLa-T4� cells integrated with one
copy of HIV-1 genome containing a Tat-defective mutation, were grown
in DMEM containing 100 �g of G418/ml plus 1% streptomycin, penicillin
antibiotics, and 1% L-glutamine (Gibco/BRL). Cells were transfected with
the Tat plasmid DNA (5 �g) by the calcium phosphate method when cells
reached75%confluence.Thetransfectedcellswerewashedafter4hpost-
transfection, and fresh complete DMEM with 10% fetal bovine serum
was added for the remainder of the experiment. At day 2 cells were
processed for ChIP assay by using �-RNAP II, �-Ser2P, and �-Ser5P
antibodies. Specific DNA sequences in the immunoprecipitates were
detected by PCR with primers specific for the HIV-1 env gene.

FIG. 7. (A) Association of SPT5, but not Tat-SF1, with HIV-1 TECs depends upon the kinase activity of P-TEFb. TECs stalled at A79 were
elongated stepwise to U129 in the absence or presence of flavopiridol (50 nM). Protein components of TECs stalled at different positions were analyzed
by Western blotting with either �-SPT5 or �-Tat-SF1 antibody. A diagram of the TECs’ stepwise walk is shown on the left. (B) ChIP analysis of the
distribution of SPT5 and Tat-SF1 on the HIV-1 promoter-proximal region. HIV-1 latently infected OM10.1 cells in the mid-log phase of growth were
induced with 10 ng of TNF-�/ml for 2 h and washed three times with phosphate-buffered saline. Cells were then incubated for 48 h with 0 to 75 nM
flavopiridol (Flavo). ChIP assays were performed with �-RNAP II (N-20), �-SPT5, or �-Tat-SF1 antibody. Immunoprecipitated DNAs were detected
by PCR utilizing primers specific for the HIV-1 LTR (upper panel) from �92 to �180 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (lower
panel) from �85 to �81. The diagram of HIV-1 genes is shown at the left of the panel with the PCR fragment shown underneath the genes in
a gray histogram. The sequence in the promoter region (from �92 to �180) used for PCR amplification was from subtype B, LAI strain.
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�-Tat-SF1, respectively. Results shown in Fig. 7A demon-
strated that flavopiridol inhibition of the P-TEFb kinase activ-
ity prompted the dissociation of SPT5 from the HIV-1 TECs
between G93 and U129. In contrast, flavopiridol inhibition of
the P-TEFb kinase activity had little effect on the stable asso-
ciation of Tat-SF1 with the HIV-1 TECs. These results sug-
gested that the association of STP5 with HIV-1 TECs is de-
pendent on the kinase activity of P-TEFb during transcription
elongation.

To gain insight into the effect of P-TEFb kinase activity on
the association of SPT5 and Tat-SF1 with HIV-1 transcription
complexes in vivo, we performed ChIP assays to analyze the
distribution of SPT5 and Tat-SF1 on HIV-1 genes at the pro-
moter-proximal region. TNF-�-induced OM10.1 cells were
treated with flavopiridol and then subjected to ChIP assays.
Results shown in Fig. 7B demonstrated that flavopiridol
inhibition of the P-TEFb kinase activity caused a significant
decrease in the binding of SPT5 to the HIV-1 transcription

complex. In contrast, the distribution of Tat-SF1 in flavopiri-
dol-treated cells was not significantly changed.

Loss of P-TEFb kinase activity leads to decreased histone
H3 lysine methylation on HIV-1 genes. Transcriptionally active
chromatin can be methylated at H3-K4, H3-K36, and H3-K79,
whereas transcriptionally repressed chromatin can be methyl-
ated at H3-K27 and H4-K20 (22, 24). Furthermore, it has been
reported that the yeast Set1 and Set2 enzyme complexes, which
mediate histone lysine methylation, interact with phosphory-
lated RNAP II (36, 39, 40, 46, 69). To gain insight into the role
of methylation in HIV transcription, methylation of histone H3
on HIV-1 genes at a downstream coding region was analyzed
by ChIP assays (Fig. 8A). Results shown in Fig. 8B demon-
strated that trimethylation of H3-K4 on HIV-1 genes increased
in Tat-expressing OM10.1 cells (lanes 5 and 6). There was also
a marked induction of H3-K36 dimethylation on HIV-1 genes
(Fig. 8C, lanes 5 and 6). In contrast, histone H3-K27 methyl-
ation showed little or no change in Tat-expressing HIV-1 cells

FIG. 8. Loss of P-TEFb kinase activity reduces methylation of histone H3 at lysine 4 and lysine 36 on HIV-1 genes. (A) Diagram of HIV-1 genes
with the PCR fragment shown underneath the genes in a gray histogram. The sequence used for amplification was from subtype B, LAI strain. (B
and C) Methylation of histone H3 at lysine 4 and lysine 36 on HIV-1 genes was induced by TNF-� in HIV-1 latently infected cells. HIV-1 latently
infected OM10.1 cells, in log phase, were treated with 10 ng of TNF-�/ml for 2 h. The cells were washed and incubated in complete medium at
37°C for 24 h. After 24 h, the cells were cross-linked with 1% formaldehyde, and ChIP assays were performed with antibody against trimethyl-
H3-lysine 4 [�-H3(K4,Me3)], dimethyl-H3-lysine 36 [�-H3(K36,Me2)], or control immunoglobulin G (IgG). Specific DNA sequence of the Gag
region in the immunoprecipitates was detected by PCR under conditions in which the yield was dependent on the amount of input DNA.
(D) Flavopiridol (Flavo) treatment significantly decreased methylation of histone H3 at lysine 4 and lysine 36 on HIV-1 genes in TNF-�-induced
HIV-1 latent cells. The TNF-�-induced OM10.1 cells were treated with 75 nM flavopiridol at 37°C for 24 h. After 24 h, the cells were cross-linked
with 1% formaldehyde, and ChIP assays were performed with antibody against trimethyl-H3-lysine 4, dimethyl-H3-lysine 36, RNAP II CTD Ser
2P (H5), and Ser 5P (H14), or control IgG, respectively. Specific DNA sequence of the Gag region in the immunoprecipitates was detected by PCR
under conditions in which the yield was dependent on the amount of input DNA.
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(data not shown). Interestingly, histone H3 lysine methylation
on HIV-1 genes decreased significantly in flavopiridol-treated
cells in parallel with RNAP II CTD Ser 2 and Ser 5 phosphor-
ylation (Fig. 8D, lanes 4 to 9 and 13 to 18). These results
suggest that the P-TEFb kinase activity plays an important role
in regulating downstream chromatin modifications, such as
histone methylation during HIV-1 transcription elongation.
We propose that Ser 2 and Ser 5 phosphorylation of RNAP II
CTD by the P-TEFb kinase activity is critical for efficiently
recruiting histone lysine methyltransferases during HIV-1 gene
expression. Consistent with the increase in methylation of ly-
sine 4 of histone H3, in preliminary experiments we observed
binding of Set9 to the HIV template during transcription elon-
gation (data not shown). These results are of interest since
Set9 has been reported to bind specifically to the H3 tail and,
through methylation of K4, displaces the NuRD complex,
which negatively regulates transcription (47).

DISCUSSION

Tat recruits P-TEFb to the TAR RNA structure to facilitate
the formation of processive transcription elongation com-
plexes. Here we demonstrate that P-TEFb functionally con-
tributes to HIV-1 gene expression at multiple levels. P-TEFb
associated with the HIV-1 TECs phosphorylates RNAP II
CTD, SPT5, and Tat-SF1 in a Tat/TAR-dependent manner.
Flavopiridol inhibition of the P-TEFb kinase activity leads to a
prominent decrease in phosphorylation of RNAP II CTD,
SPT5, and Tat-SF1 during HIV-1 transcription elongation. A
unique phosphorylation pattern of the RNAP II CTD at Ser 2
and Ser 5 on HIV-1 genes is found at the promoter and down-
stream coding regions. High levels of Ser 2 and Ser 5 phos-
phorylation are distributed throughout HIV-1 genes. The sta-
ble association of SPT5 with HIV-1 transcription complexes is
dependent upon the P-TEFb kinase activity. Interestingly, the
P-TEFb kinase activity also correlates with histone H3 meth-
ylation on HIV-1 genes in the downstream coding region. Loss
of the P-TEFb kinase activity results in a significant decrease of
H3-K4 trimethylation and H3-K36 dimethylation in flavopiri-
dol-treated HIV-1.

It has been shown that, in yeast, CTD Ser 5 phosphorylation
occurs primarily at promoter regions and is dependent upon
TFIIH (35). Ser 2 phosphorylation, in contrast, is seen primar-
ily in coding regions. In the human DHFR and �-actin genes,
like yeast, Ser 5 phosphorylation is concentrated near the pro-
moter (11). Ser 2 phosphorylation, in contrast to the phosphor-
ylation pattern in yeast, is observed at the promoter and down-
stream coding sequences. In this study, ChIP experiments
demonstrated that the CTD phosphorylation pattern on HIV-1
genes was unique. Most notably, Ser 5 CTD phosphorylation
was observed not only at the promoter but also at equally high
levels in the downstream coding sequences. The appearance of
Ser 2 and Ser 5 phosphorylation is consistent with our previous
findings that Tat modifies the kinase activity of P-TEFb to
phosphorylate Ser 2 and Ser 5 of the RNAP II CTD (74).
Hyperphosphorylation of the RNAP II CTD by the Tat/TAR-
dependent P-TEFb kinase activity leads to a transition from
nonprocessive to processive transcription, which overcomes
promoter-proximal pausing of RNAP II and results in the
uniform distribution of total RNAP II along HIV-1 genes.

Our results further demonstrate that P-TEFb kinase activity
is required for the stable association of SPT5 (64) with the
HIV-1 TECs. In contrast, the stable association of Tat-SF1
(77) with the HIV-1 TECs does not require the P-TEFb kinase
activity. On basal promoters, the SPT4-SPT5 heterodimer is
associated with the hypophosphorylated form of RNAP II.
Under active transcription elongation, SPT5 is associated with
the hyperphosphorylated form of RNAP II in conjunction with
P-TEFb and SPT6 (1, 5, 31, 65). Phosphorylation of SPT5 is
thought to play a critical role in this transition, converting
SPT5 from an inhibitor of transcriptional elongation to a stim-
ulator of elongation (5, 28, 32, 53, 61, 65). It has been recently
shown that SPT5 is methylated at its arginine residues (37).
Interestingly, mutation of SPT5 methylation sites increases the
ability to stimulate transcription elongation.

An active chromatin structure stays open during transcrip-
tion so that RNAP II can traverse through nucleosomes. The
maintenance of an active chromatin structure on a given gene
correlates with histone methylation. Transcriptionally active eu-
chromatin can be methylated at H3-K4, H3-K36, and H3-K79
(22, 24). Recent studies have demonstrated that the yeast his-
tone methyltransferases Set1 and Set2 are recruited to coding
regions by the PAF transcription elongation factor complex in
a manner dependent upon the phosphorylated state of the
RNAP II CTD (36, 46). Accordingly, Ctk1-mediated Ser 2
phosphorylation and Kin28-mediated Ser 5 phosphorylation
recruit Set2 and Set1, respectively, and in both cases the PAF
complex is required. Our results show that specific inhibition of
the P-TEFb kinase activity causes a reduction in phosphoryla-
tion of RNAP II CTD at either Ser 2 or Ser 5 and a defect in
methylation of histone H3 lysine 4 and lysine 36 on HIV-1
genes. We propose that during mammalian gene expression,
phosphorylation of RNAP II by P-TEFb is critical for effi-
ciently recruiting histone methylation machinery.

A significant number of antiviral drugs are designed to target
viral proteins to attain specificity and avoid toxicity. Unfortu-
nately, these drugs commonly select for drug-resistant viral
mutants and exhibit activity against only a few closely related
viruses. During the past few years, pharmacological CDK in-
hibitors have been used effectively to inhibit the replication of
human cytomegalovirus, herpes simplex virus, and HIV (6, 8,
45, 59, 66). Of the pharmacological CDK inhibitors developed
or tested to date, flavopiridol is by far the most potent and
effective inhibitor of HIV-1 transcription and virus replication
identified. Flavopiridol binds to the ATP pocket of CDK9 and
by virtue of salt bridges between Lys 20/29 and Glu 92 is able
to form a stable, noncompetitive interaction with the enzyme
(8, 9, 15). Flavopiridol inhibits HIV-1 transcription at 1 to 10
nM, while it inhibits cellular transcription at much higher con-
centrations (8, 9). We propose that the results presented in this
study explain, at least in part, the specificity toward HIV-1
transcription. P-TEFb phosphorylates not one, but three crit-
ical cofactors in a Tat/TAR-dependent manner. The exact mo-
lecular mechanism of how RNAP II CTD, SPT5, and Tat-SF1
phosphorylation enhances HIV-1 transcription remains to be
elucidated. Given the effectiveness of flavopiridol as an antivi-
ral drug, it will be of interest to explore derivatives which are
more effective but exhibit less toxicity in patients.
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