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Stimulation of transcriptional elongation by the human immunodeficiency virus type 1 Tat protein is
mediated by CDKY, a kinase that phosphorylates the RNA polymerase II carboxyl-terminal domain (CTD). In
order to obtain direct evidence that this phosphorylation event can alter RNA polymerase processivity, we
prepared transcription elongation complexes that were arrested by the lac repressor. The CTD was then
dephosphorylated by treatment with protein phosphatase 1. The dephosphorylated transcription complexes
were able to resume the transcription elongation when IPTG (isopropyl-p-p-thiogalactopyranoside) and
nucleotides were added to the reaction. Under these chase conditions, efficient rephosphorylation of the CTD
was observed in complexes containing the Tat protein but not in transcription complexes prepared in the
absence of Tat protein. Inmunoblots and kinase assays with synthetic peptides showed that Tat activated
CDKY9 directly since the enzyme and its cyclin partner, cyclin T1, were present at equivalent levels in
transcription complexes prepared in the presence or absence of Tat. Chase experiments with the dephospho-
rylated elongation transcription complexes were performed in the presence of the CDKY kinase inhibitor DRB
(5,6-dichloro-1-f3-p-ribofuranosyl-benzimidazole). Under these conditions there was no rephosphorylation of
the CTD during elongation, and transcription through either a stem-loop terminator or bent DNA arrest
sequence was strongly inhibited. In experiments in which the CTD was phosphorylated prior to elongation, the
amount of readthrough of the terminator sequences was proportional to the extent of the CTD modification.
The change in processivity is due to CTD phosphorylation alone, since even after the removal of Spt5, the
second substrate for CDK9, RNA polymerase elongation is enhanced by Tat-activated CDK9 activity. We
conclude that phosphorylation of the RNA polymerase II CTD by CDK9 enhances transcription elongation

directly.

Transcription in eukaryotic cells is regulated by a series of
phosphorylation events involving the carboxyl-terminal do-
main (CTD) of the largest subunit of RNA polymerase II (Pol
II) (for a review, see reference 55). Initially, Pol II with a
hypophosphorylated CTD (Pol II,) is recruited to the pro-
moter. The hypophosphorylated CTD is able to form a tightly
packed complex at the promoter, together with general initia-
tion factors and the mediator complex. During initiation, the
CTD becomes highly phosphorylated, creating a form of the
enzyme called Pol II,. The large conformational change in-
duced in the enzyme during the transition from initiation to
early elongation releases the phosphorylated CTD and permits
it to interact with a variety of elongation factors, as well as with
proteins involved in mRNA processing (28).

The CTD comprises 52 tandem repeats with the consensus
sequence Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7. Three cyclin-
dependent kinases—CDK7, CDKS8, and CDK9—are known to
phosphorylate the CTD during transcription (55). The three
CTD kinases primarily phosphorylate the CTD at Ser5, al-
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though Ser2 can also be phosphorylated by CDKO. Each en-
zyme displays a distinct preference for individual heptads in
the CTD repeat. The distinctive phosphorylation patterns pro-
duced by each kinase provide unique signals to the transcrip-
tion machinery (53).

The activities of the CTD kinases are associated with specific
stages of transcription. CDK7/cyclin H is a component of the
general transcription factor TFIIH and is the kinase that phos-
phorylates the CTD after the preinitiation complex is formed
(2). The CDKY/cyclin T1 (CycT1) kinase was originally iden-
tified as part of the positive transcription factor b (P-TEFb), a
factor that is critical for the transition of Pol II into productive
elongation (52). The role of CDKS/cyclin C is poorly under-
stood, but it is known to be a component of the mammalian
SRB/mediator complex (64), a regulatory complex targeted by
viral transcription activators such as Ela and VP16 (1, 24).

CDKO also plays a crucial role in the activation of transcrip-
tion elongation by the human immunodeficiency virus type 1
(HIV-1) Tat protein (for reviews, see references 33, 52, and
60). In the absence of Tat, the RNA Pol II complexes engaged
at the HIV promoter are dysfunctional and elongate poorly.
Recruitment of Tat to elongating transcription complexes en-
hances processivity and permits synthesis of a high level of
full-length transcripts (16, 32). Tat associates with the elongat-
ing RNA polymerase after binding to trans-activation-respon-
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sive region (TAR) RNA, an RNA stem-loop structure that is
located at the 5’ end of HIV transcripts (34). The recognition
sequence of Tat on TAR is restricted to the region surrounding
a trinucleotide bulge located near the apex of the TAR RNA
stem-loop structure. However, CycT1, the cyclin partner of
CDKO, is able to increase the affinity of Tat for TAR RNA by
extending the recognition sequence on TAR RNA to include
the apical loop sequence (4, 21, 22, 59, 65, 71). The quaternary
complex between CDKO9, CycT1, Tat, and TAR RNA induces
conformational changes in the enzyme that result in the acti-
vation of the CDKO9 kinase (4, 8, 19, 22, 31, 39) and, subse-
quently, the release of TAR (34). The Tat-activated CDKO is
then able to extensively phosphorylate the CTD, creating a
unique and highly phosphorylated form that we have desig-
nated Pol II* (27, 29, 41, 72, 74). In addition to phosphory-
lating the RNA polymerase CTD, CDKOY is also able to target
Spt5, an elongation factor that enhances the stability of tran-
scription complexes at terminator sequences (6, 30, 36, 66).

It has been surprisingly difficult to obtain experimental evi-
dence that RNA polymerase processivity is regulated directly
by CTD phosphorylation by CDKO9. Tat activity can be blocked
selectively by inhibitors that block CDKO9 kinase activity (41) or
interfere with CycT1 (7) or by immunodepletion of CDK9
from nuclear extracts (18). However, the use of these com-
pounds or CDK9-depleted extracts does not permit isolation of
transcription complexes that contain hypophosphorylated
CTD since modification of CTD by CDK7 during initiation
produces a highly phosphorylated polymerase. Here we have
exploited the unique features of HIV transcriptional regula-
tion to compare the processivity of hypophosphorylated elon-
gation complexes to complexes that have been exclusively
phosphorylated by CDK9. The results show that only the phos-
phorylated elongation complexes are able to read through ter-
minator sequences efficiently.

MATERIALS AND METHODS

Templates. Plasmids carrying the wild-type HIV-1 long terminal repeat (LTR)
(pW1), the mGC mutation in the Tat-binding site of TAR (G,4:Cs9 to C:G), or
the mLG mutation of the apical loop of TAR (Gg3,.3, to UUU) were described
previously (12). pH3.3, which contains two tandem bent DNA arrest sequences
(35, 57), was constructed by replacing the stem-loop terminator sequence of pW1
(located between the Nhel and Accl sites) by the sequence 5'-CTAGCATTTT
TAAAAGAGGGACGTTTTTTTCCCTTTTTTGGAGAGGCGGAAACTTG
ATGT-3'. The plasmid pATerm was created by replacing the terminator se-
quence by a DNA sequence of equivalent length from the corresponding region
of the HIV genome (5'-CTAGCAGGAGAGAGATGGGTGCGAGAGCGTC
GGTATTAAGCGGGGGAGAATTAGATAAGT-3'). Plasmid DNAs were lin-
earized with Xbal and biotinylated at both the 5" and 3’ ends by incorporation of
biotin-16-dUTP (Roche) as described previously (34).

Preinitiation complexes. In order to form preinitiation complexes, 0.5 wg of
DNA was linearized, biotinylated, and immobilized on streptavidin-coated mag-
netic beads (Dynal). The beads were incubated in 40-pl reaction mixtures con-
taining 20 wl of HeLa cell nuclear extract, 50 mM KCl, 4 mM MgCl,, 20 mM
HEPES (pH 7.9), 11.25 uM ZnSO,, 3 mM dithiothreitol (DTT), 1 pg of poly(dI-
dC), and 50 pM dATP (which was used as a phosphate donor) in the presence
or absence of 20 ng of Tat for 10 min at 30°C. The HeLa nuclear extracts were
preincubated with hexokinase (20 U/ml of extract) and 11 mM glucose for 5 min
at 30°C in order to remove endogenous ATP and then treated with 100 pM
DNA-PK inhibitor LY294002 (Sigma) for a further 5 min at 30°C.

To label the preinitiation complexes with [y->P]ATP, the complexes were first
assembled on the immobilized DNA templates as described above in the absence
of nucleotides. The complexes were washed once with EBCD buffer (50 mM
Tris-HCI [pH 8.0], 120 mM NaCl, 0.5% [vol/vol] NP-40, 5 mM DTT, 4 mM
MgCl,), resuspended in 40 pl of 20 mM HEPES (pH 7.9)-50 mM KCl-4 mM
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MgCl,-3 mM DTT-11.25 pM ZnSO, and 10 p.Ci of [y-*P]ATP as a phosphate
donor, and incubated for another 10 min at 30°C. The preinitiation complexes
were washed twice with EBCD wash buffer and analyzed by immunoblotting or
protease digestion as described below.

Elongation complexes paused at residue 14. Early-stage elongation complexes
paused at the uridine residue at position 14 were obtained by adding 10 wCi of
[«-*?P]UTP, 50 uM GTP, 50 uM CTP, 2.5 pg of creatine kinase/ml, and 10 pM
creatine phosphate to the preinitiation reaction mixtures, followed by incubation
for a further 10 min at 30°C. Because of the low levels of UTP present during the
labeling step, 125 uM UTP was added to the reaction for 2 min to chase the
smaller transcripts to position 14.

Elongation complexes. Streptavidin-coated magnetic beads carrying 0.5 pg of
biotinylated template DNA were added to 40-ul reaction mixtures containing 20
wl of HeLa cell nuclear extract (preincubated for 5 min at 30°C with 100 nM
DNA-PK inhibitor LY294002), 20 mM HEPES (pH 7.9), 50 mM KCI, 4 mM
MgCl,, 11.25 pM ZnSO,, 3 mM DTT, 10 uM creatine phosphate, 2.5 ng of
creatine kinase/ml, 50 uM GTP, 50 uM ATP, 50 pM CTP, 5 uM UTP, 10 nCi
of [a-3?P]JUTP (400 Ci/pmol; Amersham), 1 pg of poly(dI-dC), and 100 ng of
LacR. Where indicated, 20 ng of Tat protein was added to the reactions. Reac-
tion mixtures were incubated for 20 min at 30°C with occasional mixing.

Dephosphorylation and *?P labeling of RNA polymerase. Elongation com-
plexes arrested by lac repressor were treated with 2.5 U of protein phosphatase
1 (PP1; New England Biolabs) for 1 h at 30°C with occasional mixing. The
dephosphorylated complexes were washed with TMZ buffer (10 mM HEPES
[pH 7.9], 2 mM DTT, 6.25 pM ZnSO,, 4 mM MgCl,) to remove PP1 for the
following chase experiments. To label RNA polymerase with 2P, the dephos-
phorylated complexes were first washed with EBCD containing 0.1% (vol/vol)
Sarkosyl to remove nonspecifically bound kinases from the elongation com-
plexes. The washed complexes were labeled with 10 wCi of [y->*P]ATP for 5 min,
followed by the addition of 0.5 wM unlabeled ATP for a further 5 min.

To purify *?P-labeled RNA Pol II, transcription complexes bound on the
magnetic beads were resuspended in 15 pl of 0.5% sodium dodecyl sulfate (SDS)
and boiled for 5 min to dissolve the proteins. Pol II was immunoprecipitated
from the SDS-protein solution by the addition of 15 wl of 0.5% NP-40, 2 pg of
Pol II (N-20) antibody, 20 nl of phosphate-buffered saline, and 60 wul of 2x
EBCD buffer. After incubation for 2 h at 4°C with roll mixing, 10 pl of protein
A-Sepharose beads was added, and the samples were incubated for an additional
hour. The beads were collected by brief centrifugation and washed three times
with EBCD buffer prior to analysis.

Chase of elongation complexes arrested at LacR. Although a high proportion
of the arrested transcription complexes pause at the lac repressor, a number of
polymerases can be found attached to the templates at more distal sites. To
minimize this background in the chase experiments, the long transcripts were
removed by treatment with RNase H (34). Transcripts extending beyond the
LacR site were removed by RNase H treatment in the presence of RHX1
(CTAGCCTCCGCTAGTCAAAA, nucleotides 270 to 289), RHLAC (CGCCT
CTTGCCGTGCGCGCC, nucleotides 220 to 239), 1 U of RNase H, and 40 U of
RNasin as described previously (12).

The LacR-arrested complexes were chased in the presence or absence of DRB
(5,6-dichloro-1-B-p-ribofuranosyl-benzimidazole) after dephosphorylation by
PP1. The beads carrying the templates were resuspended in 40 pl of the chase
solution containing 20 mM HEPES (pH 7.9), 75 mM KCI, 4 mM MgCl,, 11.25
wM ZnSO,, 3 mM DTT, 1 pg of poly(dI-dC), 10 pM creatine phosphate, 2.5 pg
of creatine kinase/ml, 50 pM DNA-PK inhibitor LY294002 (Sigma), 250 uM
GTP, 250 uM ATP, 250 pM CTP, 5 uM UTP, 1 pg of protein phosphatase
inhibitor 2, and 25 mM IPTG (isopropyl-B-p-thiogalactopyranoside) and then
incubated for various times up to 10 min at 30°C. Aliquots were removed at each
step in the transcription reactions, washed once with EBCD buffer, and then
analyzed in parallel for RNA and protein content.

Analysis of RNA transcripts. To analyze RNA transcripts, immobilized tran-
scription complexes on streptavidin magnetic beads were resuspended in 40 pl of
TE buffer (10 mM Tris-HCI [pH 8.0], 1.0 mM EDTA), and 50 pl of stop solution
(0.6 M sodium acetate, 2% SDS, 40 mM EDTA, 200 pg of tRNA/ml) was added
to the sample. After phenol extraction and ethanol precipitation, the RNA was
dissolved in 8 wl of RNA loading buffer (80% [vol/vol] formamide, 1 mM EDTA,
0.1% [wt/vol] bromophenol blue, 0.1% [wt/vol] xylene cyanol), denatured at 95°C
for 5 min, and fractionated on 6% polyacrylamide gels containing 7 M urea.

Protease digestion. Immunoprecipitated RNA polymerase was digested by
adding 200 ng of Glu-C, Asp-N, or Lys-C protease to reactions containing 100
mM Tris-HCI (pH 7.8 for Glu-C and pH 8.5 for Asp-N and Lys-C) and 0.01%
SDS. After incubation for 16 h at 37°C, the digested peptide products were
dissolved in SDS loading buffer and separated on 4 to 12% Bis-Tris-SDS gels.
After transfer to nitrocellulose membranes, labeled proteins were detected by
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autoradiography. Densitometry (Molecular Dynamics) was used to determine
the extent of phosphorylation on each peptide.

In vitro kinase assay. P-TEFb (TAK) used for the kinase assay was immuno-
precipitated from cleared HeLa nuclear extract. To clear the nuclear extracts, 5
pg of rabbit immunoglobulin G (IgG; Santa Cruz Biotechnology) was added to
100 pl of extract at 4°C for 30 min, followed by the addition of 50 pl of bovine
serum albumin (BSA)-treated protein A-Sepharose beads (Amersham Pharma-
cia Biotech, Inc.) for a further 30 min. The beads were removed by brief cen-
trifugation. The cleared extracts were then incubated with 5 ug of anti-CDK9
antibody (H-169; Santa Cruz Biotechnology) for 1 h at 4°C and further incubated
with 100 pul of protein A-Sepharose beads for an hour at 4°C. The P-TEFb-bound
beads were collected by brief centrifugation and washed three times with 1 ml of
EBCD buffer and twice with 1 ml of TKB/Mg buffer (50 mM Tris-HCI [pH 7.4],
10 mM MgCl,, 5 mM DTT).

We used 2.5 pl of beads carrying the immunoprecipitated P-TEFb or P-TEFb
present in the LacR-arrested and dephosphorylated elongation complexes ob-
tained from a 40-pl transcription reaction for the in vitro kinase assays. P-TEFb
was incubated in a solution containing TKB/Mg buffer, 20 ug of the CTD peptide
containing five heptad repeat sequences (YSPTSPKYSPTSPTYSPTTPKYSPT
SPTYSPTSPV), and 1 pCi of [y-**PJATP in the presence or absence of 2 pM
unlabeled ATP and 2.5 mM MnCl, for 1 h at 30°C. A total of 20 ng of Tat was
included in the kinase reaction of immunoprecipitated CDK9 where indicated.
The phosphorylated peptides were separated on 4 to 20% Bis-Tris-SDS gels
(Invitrogen, Inc.) and detected by autoradiography. The extent of the reaction
was measured quantitatively by densitometry (Molecular Dynamics).

Immunodepletion of nuclear extracts. Protein A-Sepharose beads (100 wl)
were saturated with BSA for 30 min, and the BSA-treated beads were incubated
with 15 to 20 pg of specific antibodies for 1 h at 4°C. Rabbit polyclonal anti-
CDKT7 (C-19; Santa Cruz Biotechnology), rabbit polyclonal anti-CDK9 (H-169;
Santa Cruz Biotechnology), or monoclonal anti-Spt5 (DRB sensitivity-inducing
factor [DSIF]; BD Transduction Laboratories) was used for the depletion of
specific proteins from extracts. The equivalent amount of mouse IgG or rabbit
IgG (Santa Cruz Biotechnology) was used for mock depletion of the extracts. A
total of 100 pl of antibody-bound beads was used to deplete 100 wl of nuclear
extract. The beads were divided into three aliquots, and each aliquot was used for
one round of depletion. The first round of depletion was carried out for 2 h,
followed by two further rounds of depletions which were incubated for 1 h each
by using fresh aliquots of the antibody-bound beads. After the third round, the
nuclear extract was incubated for 20 min with 20 pl of BSA-saturated protein
A-Sepharose beads to remove the remaining antibodies from the nuclear extract.
All of the incubation steps were performed at 4°C with roll mixing.

Immunoblots. The proteins were separated on 4% Tris glycine-SDS gels or 3
to 8% Tris acetate-SDS gels (Invitrogen, Inc.) for the analysis of the RNA Pol II
and Spt5 or were separated on 10% or 4 to 12% Bis-Tris-SDS gels for the
analysis of the other proteins and transferred onto a nitrocellulose membrane
(Schleicher & Schuell). The RNA Pol IT was detected by using either the poly-
clonal Pol II N-20 antibody (Santa Cruz Biotechnology) or the anti-CTD mono-
clonal antibody 8WG16 (BAbCO). Phosphoserine 2 (Ser2) or phosphoserine 5
(Ser5) modifications of the CTD were detected by using the HS or H14 anti-
bodies (BAbCO), respectively. Spt5 was detected with a polyclonal antibody (a
gift from Richard Gaynor) directed against the C-terminal region (residues 852
to 1087) of the protein. Additional transcription factors were detected with the
anti-CDK7 (C-19), anti-CDKS8 (C-19), anti-CDK9 (H-169), anti-CycH (D-10),
and anti-CycT1 (C-20) antibodies (Santa Cruz Biotechnology). The proteins
were visualized by using the ECL Detection Kit.

RESULTS

Experimental design. In order to examine the effect of the
phosphorylation of the RNA polymerase CTD by CDK9 dur-
ing transcription, we developed a technique for preparing un-
phosphorylated elongation complexes. Since initiation at the
HIV promoter is completely blocked at kinase inhibitor con-
centrations that prevent formation of the Pol II, form of the
enzyme, we first prepared elongation complexes arrested by
the lac repressor (LacR) by the method of Keen et al. (34). The
phosphate groups present on the CTD arising from the com-
bined action of CDK7 and CDKO9 were then removed from the
paused elongation complexes by treatment with PP1 (Fig. 1).
The dephosphorylated transcription complexes (Pol II,) were
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FIG. 1. Strategy used for analyzing transcription elongation com-
plexes. (A) Structure of HIV-LTR template. DNA templates contain-
ing the lac operator (lacO) binding site for the lac repressor protein
(LacR) and a terminator (t) sequence were biotinylated and bound to
streptavidin beads. (B) Elongation complexes were trapped by the lac
repressor (LacR) after incubation of the immobilized templates with
HeLa nuclear extract (NE) in the presence of nucleotide triphosphates
and LacR and in the absence or presence of Tat. The CTD of the RNA
polymerase was phosphorylated during the elongation reaction due to
the activity of CDK7 and CDKO. (C) Elongation complexes arrested by
LacR were treated with PP1 to remove phosphate groups from the
CTD. (D) The phosphatase-treated complexes can resume transcrip-
tion elongation after the addition of nucleotides and IPTG. During the
chase reaction the CTD became phosphorylated by CDK9. The addi-
tion of DRB blocked the rephosphorylation of the CTD and induced
pausing of the transcription complex at the terminator sequences.

able to resume transcription elongation after the addition of
IPTG and nucleotides. During the transcription reaction,
CDKO9 that is present in the Tat-activated transcription com-
plexes was able to rephosphorylate the CTD and convert it into
the Pol II,* form. The rephosphorylation of the CTD by CDK9
can be blocked during elongation by the addition of the kinase
inhibitor DRB.

In the experiments described below, we used this experimen-
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FIG. 2. Tat and TAR stimulate hyperphosphorylation of CTD in
transcription elongation complexes. (A) Rephosphorylation by CDK9.
Elongation complexes assembled on the pW1 templates were dephos-
phorylated by PP1 treatment (Pol II,). Chase of the dephosphorylated
complexes from the LacR site in the presence of all four nucleotides
and IPTG permits rephosphorylation of the RNA polymerase CTD
(Pol II,*) in the presence (+) of 20 ng of Tat but not in the absence
(—) of Tat. (B) Inhibition of CDK9 by DRB. Between 0 and 10 pnM
DRB was included in the chase reactions containing dephosphorylated
elongation complexes. Transcription was performed on the pW1 DNA
templates in the absence (—) and presence (+) of 20 ng of Tat.
(C) Activation of CDK9 by Tat and TAR. Elongation complexes were
assembled on templates carrying wild-type TAR (WT) or mutant TAR
elements in the Tat-binding site (mGC) or in the CycT1-binding site
(mLG) in the absence (—) or presence (+) of 20 ng of Tat. After
dephosphorylation of RNA polymerase CTD, the complexes were
chased as described above.

tal system to compare the processivity of hypophosphorylated
RNA polymerase, prepared by phosphatase treatment of elon-
gation complexes, to hyperphosphorylated polymerases pre-
pared from elongation complexes exposed to Tat. In addition,
we studied the pattern of CTD phosphorylation by CDKO9 in
elongation complexes and CDK?7 in preinitiation complexes.
Tat-dependent CTD hyperphosphorylation in LacR-ar-
rested transcription complexes. Figure 2A shows the pattern
of CTD phosphorylation in purified transcription elongation
complexes before and after treatment with PP1. The different
forms of the enzyme were detected by immunoblotting with an
antibody (N-20) that recognizes the central domain of the
largest subunit of Pol II. As expected, Pol II,, is the predomi-
nant form of the enzyme found in the extracts. This is con-
verted to the slower-migrating Pol II, form during transcrip-
tion in the absence of Tat. In the presence of Tat, the Pol II,*
form is created due to additional phosphorylation of the CTD
by CDKO during elongation (29). Treatment with PP1 removes
all of the phosphates from the CTD and increases the mobility
of the polymerase in the gels to match that of the II, form.
Chase experiments with phosphatase-treated transcription
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complexes prepared in the presence of Tat show that they are
able to rephosphorylate the CTD. This produces an RNA
polymerase species that migrates at the same position in the
gel as the Pol II,* form (Fig. 2A). Remarkably, there is no
measurable phosphorylation of the RNA polymerase com-
plexes prepared in the absence of Tat.

Inhibition profiles of the kinase reaction with the cyclin-
dependent kinase inhibitors DRB (Fig. 2B) and HS8 (data not
shown) match those of purified P-TEFb (the TAK kinase,
comprising CDK9 and CycT1) (29, 41, 74). Further evidence
that CDKO is the enzyme responsible for the production of the
Pol II,* form of RNA polymerase in this experiment comes
from the observation that CTD phosphorylation also requires
a functional TAR RNA element. As shown in Fig. 2C, when
the dephosphorylation and rephosphorylation experiments
were performed with templates carrying well-characterized
point mutations in either the Tat-binding site (mGC) or in the
CycT1-binding site (mLG), no Pol II,* was detected.

CDKJ9 is able to phosphorylate Ser5 and Ser2 of the CTD
heptad repeat during elongation. The phosphorylation pattern
of the RNA polymerase CTD induced by CDK?7 in preinitia-
tion complexes and by CDKO9 in elongation complexes was
compared by using a series of antibodies that recognize differ-
ent epitopes on the RNA Pol II backbone and CTD region
(Fig. 3). In these experiments, the N-20 and 8W(G16 antibodies
were used to detect both the unphosphorylated II, and phos-
phorylated II, forms of RNA Pol II. We also employed two
antibodies that recognize specific epitopes on a small subset of
the RNA polymerases carrying phosphorylated CTDs. The H5
antibody is generally believed to recognize CTDs carrying Ser2
phosphorylation sites, whereas the H14 antibody recognizes
epitopes carrying Ser5 phosphorylation sites.

In order to analyze the patterns of RNA polymerase phos-
phorylation in preinitiation complexes, complexes paused dur-
ing early elongation, and complexes paused after elongation
through TAR, we used our recently developed three-stage
transcription system (6). In the first stage of the reaction,
preinitiation complexes that contained only nonphosphory-
lated RNA Pol II were assembled by using nuclear extracts that
were depleted of ATP by treatment with hexokinase and glu-
cose (29). Phosphorylation of the RNA Pol II CTD is then
initiated by adding dATP. The second stage of the reaction
creates transcription complexes that are paused at position 14,
a stage that is shortly after initiation but before complete
clearance of the promoter. These complexes were obtained by
chasing the preinitiation complexes in the presence of all of the
ribonucleotides except ATP, with dATP as a phosphate donor
for the phosphorylation of the RNA Pol II CTD (47, 50, 51).
Because there is no ATP remaining in the extract, elongation
stops at position 14, immediately before the first adenine on
the template, which is at position 15. The addition of ATP in
the reaction allows transcription to resume and permits anal-
ysis of late-stage elongation complexes.

As shown in Fig. 3A, conversion of preinitiation complexes
to elongation complexes results in additional CTD phosphor-
ylation events that are readily detected by the N-20 antibody.
For example, during the chase from the preinitiation com-
plexes to position 14 there is additional CTD phosphorylation
that results in the formation of a heterogeneous and slowly
migrating population of RNA Pol II forms. As expected, these
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FIG. 3. CDKO9 phosphorylates Ser5 and Ser2 of the CTD in elongation complexes. (A) Transcription reactions. Preinitiation complexes (PIC)
were assembled on immobilized wild-type template (WT) by using hexokinase/glucose-treated HeLa nuclear extract in the presence of 50 uM
dATP and in the absence (—) or presence (+) of 20 ng of Tat. Transcription complexes paused at the uridine residue at position 14 were obtained
after elongation of the preinitiation complexes in the absence of ATP. Standard transcription reactions were performed in parallel with templates
carrying either the wild-type TAR element (WT) or a mutation in the Tat-binding site (mGC). Protein composition and phosphorylation of RNA
Pol II CTD were analyzed from different transcription complexes by immunoblotting with the N-20, HS, and H14 antibodies directed against RNA
Pol II (RNAP) and antibodies against CDK9, CycT1, CDK7, and CycH. (B) Rephosphorylation reactions. Transcription elongation complexes
arrested by LacR were dephosphorylated by PP1, washed with EBCD buffer containing 0.1% Sarkosyl, and chased in the presence of 25 mM IPTG
and all four nucleotide triphosphates. The proteins were detected by immunoblotting with the N-20, SWG16, HS, and H14 antibodies directed

against RNA Pol II and antibodies against CDK9 and CycT1.

early phosphorylation events are independent of Tat. Further
phosphorylation of the polymerase takes place during late
elongation, with the result that the molecular mass of the II
population increases.

During Tat-activated elongation, there is additional CTD
phosphorylation, resulting in the formation of the II* form of
the polymerase, as detected by the N-20 antibody. As expected,
there was no detectable II,* form polymerase when templates
carrying the mGC mutation in TAR were used; however, there
was a small, but significant increase in the size of the II,
polymerase population.

In contrast, the H5 epitope, which is indicative of Ser2 phos-
phorylation, was at background levels in the preinitiation com-
plexes and early elongation complexes (position 14) but readily
detectable in the Tat-activated elongation complexes. As de-
scribed below, the simplest explanation for this observation is
that the HS antibodies recognize CTDs that have been phos-
phorylated by CDKO9 but not by CDK?7. All of the RNA poly-
merases recognized by HS5 migrate unusually slowly in the gels,
at a position corresponding to the II,* form of the RNA
polymerase detected by the N-20 antibody. In elongation com-
plexes that have been activated by Tat, there is more than
10-fold more polymerase that can be detected by this antibody.

A third distinctive pattern is exhibited by the H14 antibody,
which binds exclusively to phosphorylated CTD repeats and is
therefore unable to detect the II, form found in the preinitia-
tion complexes. The mobility of the phosphorylated species
detected by H14 closely corresponds to the mobility of the

phosphorylated forms of RNA polymerase detected by N-20,
but the antibody does not recognize the II,* form of the poly-
merase as well as the II, form. Thus, although the H14 anti-
body is able to detect increased levels of phosphorylated poly-
merases after Tat activation of transcription from templates
carrying the wild-type TAR element, the changes detected by
this antibody are somewhat less pronounced than those de-
tected by the N-20 antibody. Since the epitope recognized by
the N-20 antibody is found outside of the CTD region, the
antibody is able to bind with equivalent affinities to both the
phosphorylated and the nonphosphorylated polymerases. As a
result, the changes detected by this antibody provide the most
accurate measurements of the polymerase population distribu-
tion.

To confirm that the CDK9 kinase is activated by Tat in
late-stage elongation complexes, we also performed Western
blotting assays on transcription complexes that had been ar-
rested at the lac repressor, dephosphorylated by treatment
with PP1, and then allowed to resume transcription (Fig. 3B).
Because of the phosphatase step, all of the CTD modifications
arising during early elongation are removed and the only
events detected in this experiment are due to enzymatic activity
during late-stage elongation. Analysis of Western blots con-
taining rephosphorylated elongation complexes (Fig. 3B) con-
firms that CDKY is only able to phosphorylate the CTD when
Tat is present. Under these conditions, the rephosphorylated
RNA polymerase is readily detected by the N-20, SWG16, HS,
and H14 antibodies. Thus, both the Ser2 (detected by HS) and
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the Ser5 (detected by H14) residues become phosphorylated
during the chase reactions. Remarkably, the major polymerase
species detected by each of these antibodies has a mobility
corresponding to the II,* form of the polymerase, and there
are no intermediate products corresponding to the II, form
detected during this reaction. Once again, the N-20 antibody
provides the best measure of the overall extent of CTD phos-
phorylation. The 8WG16 antibody gives a similar pattern to
the N-20 antibody, but since it binds preferentially to unphos-
phorylated CTD repeats, the use of this antibody exaggerates
the proportion of the unphosphorylated RNA Pol 11, species in
the population.

It is important to note that control immunoblots in Fig. 3
demonstrate that both CDK9 and CycT1 are present at equiv-
alent levels in elongation complexes prepared in the presence
and absence of Tat. In contrast, CDK7 and CycH are only
found in preinitiation complexes (Fig. 3A). These results are in
agreement with previous results that demonstrate that CDK9
associates with both preinitiation complexes and elongation
complexes, whereas CDK7 is only found in preinitiation com-
plexes (29, 70, 72). Thus, CDK9, but not CDK7, remains as-
sociated with the elongation complexes and appears to be
selectively activated only in the presence of Tat. Furthermore,
CDKO is likely to be the only CTD kinase that is capable of
generating the HS epitope, presumably by modifying the CTD
heptad repeat at Ser2. Recent experiments by Zhou et al. (73)
suggest that CDKO is inhibited by the TFIIH found in the
HIV-1 preinitiation complex. Since TFIIH is released after
position 14 this mechanism provides a good explanation as to
why Ser2 phosphorylation due to CDKD9 activity is not observed
in the preinitiation complexes or early-stage elongation com-
plexes.

Our results differ somewhat from those of Zhou et al. (72),
who reported that CDKO is active in preinitiation complexes
where it primarily phosphorylates Ser2. These authors sug-
gested that Tat modifies the substrate specificity of CDK9 to
permit additional phosphorylation of the CTD at Ser5. One
possible experimental difference that could account for this
discrepancy is that Zhou et al. (72) did not deplete endogenous
ATP from nuclear extract prior to formation of the preinitia-
tion complexes. As a result, they may have analyzed complexes
that have started transcription and therefore activated CDKO.

Constitutive activation of CDK9 by Tat. In the experiments
described above, the activation of the CDK9 was measured in
situ by using the CTD of the RNA polymerase as the substrate
for the enzyme. The failure of CDK9 to phosphorylate the
CTD in the absence of Tat could either be because the CDK9
kinase is inactive in the absence of Tat or because the CTD was
inaccessible to the enzyme. To distinguish between these two
possibilities, the activity of CDK9 present in elongation com-
plexes was also measured by using short synthetic peptides as
substrates (53).

Figure 4 shows the phosphorylation of a synthetic CTD
peptide containing five repeat sequences (YSPTSPKYSPTSPT
YSPTTPKYSPTSPTYSPTSPV) by the kinase present in the
paused elongation complexes. To provide a standard for CDK9
kinase activity, P-TEFb was purified by immunoprecipitation
from HeLa cell nuclear extracts with antibodies against CDK9.
The immunoprecipitated enzyme was able to phosphorylate
the CTD peptide in parallel reactions. In the experiment
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FIG. 4. Activation of P-TEFb by Tat. In vitro kinase reactions were
performed by using P-TEFb purified by immunoprecipitation from
HeLa nuclear extract or CDKJ9 in transcription elongation complexes
arrested by LacR. The kinase reactions were performed using a pep-
tide carrying 5 heptad repeat sequences (CTDS) as the substrate.
Reactions were performed in the presence of 1 wCi of [y-**P]JATP and
in the absence (—) or presence (+) of 2 wM cold ATP, 2.5 mM MnCl,,
and 20 ng of Tat. The phosphorylated peptides were separated by
SDS—4 to 20% PAGE, transferred onto nitrocellulose membranes, and
detected by autoradiography.

shown in Fig. 4, the peptides are labeled with **P and then
fractionated on SDS gels. As more sites on the CTD repeats
become phosphorylated, the mobility of the peptide is reduced,
giving rise to the three distinct bands seen in Fig. 4. The
phosphorylation reactions were performed with 1 pnCi of
[y-**P]ATP in the absence of unlabeled ATP to obtain prod-
ucts of maximal specific activity or in the presence of 2 uM
unlabeled ATP in order to measure peptide phosphorylation at
ATP concentrations near the K, of the kinase.

As shown in Fig. 4, the CDK9 kinase was able to phosphor-
ylate the synthetic peptides. Both the immunoprecipitated P-
TEFb and the enzyme present in the elongation complexes
were active in the absence of Tat. However, there was a 2.5-
fold activation of the immunoprecipitated enzyme when Tat
was added to the reaction. Similarly, transcription complexes
that have incorporated Tat are 2.5-fold more active than com-
plexes prepared in the absence of Tat.

Since the Western blotting experiments have shown that
approximately equal amounts of CDKO9 are present in elonga-
tion complexes prepared in the presence or absence of Tat, our
observation that Tat increases the CDKO9 kinase activity
present in the elongation complexes is consistent with the idea
that the enzyme is selectively activated by Tat. If this were the
case, then enhanced levels of enzyme activity should also be
detected under conditions where the kinase is activated by
some other mechanism. To test this hypothesis, the kinase
assays were also performed in buffers containing Mn?*. Under
these conditions, CDKO9 kinase activity is stimulated nonspe-
cifically (53, 74). As shown in Fig. 4, the control experiments
with the immunoprecipitated P-TEFb show that CDKO9 kinase
activity is activated fourfold when the kinase assays are per-
formed in the presence of Mn”* instead of in the presence of
Mg?™. Similarly, elongation complexes assayed in the presence
of Mn*" prepared both in the presence and absence of Tat
show strongly enhanced CDKO9 activity. Surprisingly, under
these conditions there is comparatively poor activation of the
CDKO9 kinase activity by Tat. For example, in the presence of
Mn?" the purified P-TEFb shows only a 1.6-fold increase in
the presence of Tat, and there is only a 1.1-fold activation of
the enzyme in the elongation complexes.

Thus, we have been able to obtain direct enzymatic evidence
that CDKD is present in elongation complexes prepared in the
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FIG. 5. Protease mapping of CTD phosphorylation sites in elongation complexes. (A) CTD domain. The diagram shows the position of
protease cleavage sites for Asp-N, Glu-C, and Lys-C. Asp-N cleaves peptide bonds N terminally at aspartic acids (D). Glu-C cleaves peptide bonds
at the carboxyl side of glutamic acids (E), as well as at the carboxyl side of aspartic acids (D). Cleavage at E* by Glu-C was prevented by the proline
residue on the carboxyl side. Lys-C specifically cleaves peptide bonds on the carboxyl-terminal side of lysine (K) residues. Cleavage products of
each protease are shown as shaded bars. (B) Elongation complexes. LacR-arrested and dephosphorylated elongation complexes were labeled with
10 p.Ci of [y-**P]ATP as described in the text. The **P-labeled RNA Pol II was immunoprecipitated with N-20 antibody and digested by the
indicated proteases. The cleavage products were separated on SDS—4 to 12% PAGE gels, transferred to nitrocellulose membranes, and detected
by autoradiography. (C) Glu-C digest. Preinitiation and/or elongation complexes were prepared with CDK7-, CDK9-, or mock-depleted HeLa
nuclear extracts. RNA Pol II from the complexes was labeled with 10 wCi of [y->*P]ATP, purified by immunoprecipitation, and digested with
Glu-C. The labeled peptides were separated in SDS—4 to 12% PAGE gels, transferred to nitrocellulose membranes, and then detected by
autoradiography. (D) Immunoblot analysis of CDK9- or mock-depleted extracts (left panel) and CDK7- or mock-depleted extracts (right panel).
Note that CDK9 depletion did not affect the levels of CDK7 or RNA Pol II and that CDK7 depletion did not change the levels of CDKS8, CDKO9,

or RNA Pol II.

absence of Tat, but the enzyme is comparatively inactive unless
Tat is present.

CDKD9 phosphorylates both the N-terminal and C-terminal
regions of the CTD. The human RNA Pol II CTD is composed
of 52 repeats of the heptapeptide sequence YSPTSPS. Stan-
dard approaches to mapping CTD phosphorylation sites are
impractical since the repetitive nature of the amino acid se-
quence makes it difficult to sequence the CTD or isolate short
peptides carrying phosphorylated amino acids.

In order to determine whether specific regions of the CTD
were phosphorylated by CDK9 during elongation, we devel-
oped a novel mapping method based on our ability to prepare
paused elongation complexes (Fig. 5). Arrested elongation
complexes were first treated with PP1 and then labeled by
incorporation of [y-**P]ATP during the rephosphorylation re-
action. The *?P-labeled RNA Pol II was then purified by im-
munoprecipitation with the N-20 antibody, and the CTD was
cleaved with a variety of proteases. In contrast to Fig. 3A,
which measures the accumulation of phosphorylated species
during transcription, this method detects only the phosphory-

lation products that are produced during the rephosphoryla-
tion reaction.

As shown in Fig. 5A, the proteases Asp-N, Glu-C, and Lys-C
are each able to cleave the CTD into fragments that can be
readily resolved by SDS-polyacrylamide gel electrophoresis
(PAGE). Asp-N cleaves peptide bonds N-terminally at aspartic
acids (D) to produce an almost entire CTD fragment, together
with an additional 40 residues on the amino-terminal side. The
Glu-C protease cleaves peptide bonds at the carboxyl side of
glutamic acid (E) and aspartic acid (D) residues. This produces
a large fragment of 31 kDa containing approximately two-
thirds of the CTD from the amino end of the CTD and a small
fragment of 12 kDa derived from the C terminus. Lys-C cleaves
peptide bonds on the C terminus of lysine (K) residues. This
enzyme produces a large fragment of 36 kDa containing the
N-terminal region of the CTD and numerous small fragments
that are too small to be resolved on the gels used in these
experiments.

Consistent with the immunoblotting results there are much
lower levels of *?P labeling in the absence of Tat, confirming
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that CDKY is mostly inactive in these complexes. As shown in
Fig. 5B, the CTD of RNA polymerase becomes highly phos-
phorylated throughout its length by the Tat-activated kinase.
For example, the Lys-C fragment, which lacks the C-terminal
region, is labeled to approximately the same specific activity as
the Asp-N fragment, which contains most of the C terminus of
the CTD. Similarly, CDK9 labeled the 31- and 12-kDa pep-
tides generated by Glu-C cleavage with a ratio of 1.2 to 1.0,
after correction for the number of heptad repeats found in the
two fragments.

To provide direct evidence that CDKO is the kinase respon-
sible for CTD phosphorylation in the elongation complexes,
similar experiments were performed with immunodepleted ex-
tracts. As shown in Fig. 5D, the immunodepletion with anti-
bodies to CDK9 removed the majority of the CDK9 from the
extract but did not reduce the amounts of CDK7. In the ab-
sence of CDK9, CTD phosphorylation in elongation com-
plexes was reduced to background levels. Furthermore, there
was no activation of kinase activity by Tat in the CDK9-de-
pleted extracts (Fig. 5C).

As an additional control, we also mapped the phosphoryla-
tion sites on the CTD recognized by CDK7 in preinitiation
complexes (Fig. 5C). There is no detectable labeling of the
CTD by [y-**P]ATP in the preinitiation complexes prepared
with CDK7-depleted extracts, even though both CDK9 and
CDKS are present in the complexes (Fig. 5D). However, as
previously observed (29), CDK7 was able to induce extensive
phosphorylation of the CTD in the absence of Tat.

Cleavage mapping of the CTD showed that, in contrast to
CDKO9, CDK7 preferentially phosphorylates the C-terminal
Glu-C fragment. In the experiments shown in Fig. 5C, CDK9
labeled the 31- and 12-kDa Glu-C large fragments with a ratio
of 1.5 to 1.0, after correction for the number of heptad repeats
found in the two fragments. In contrast, CDK7 phosphorylated
the C-terminal 12-kDa Glu-C fragment preferentially and gave
ratios of between 0.13 and 0.52 to 1.0 when the large and small
fragments were compared (Fig. 5C).

Phosphorylation of the CTD by CDK9 promotes read-
through of terminator and arrest sequences. We have shown
previously that Tat can promote readthrough of an artificial
terminator sequence comprising an RNA stem-loop structure,
followed by a poly(U) tract (25). In order to test whether Tat
can help to overcome blocks imposed by other elongation
blocks we also prepared templates carrying the arrest sequence
present in the human histone H3.3 gene intron (Fig. 6A) (6).
This sequence contains two tandem arrest sites that carry poly-
pyrimidine tracts flanked by purines. The effect of these se-
quences is to bend the DNA template and force polymerase
pausing (3, 35). As a control, we also included a template that
carried only HIV sequences.

Figure 6B compares the efficiency of blocking by the stem-
loop terminator and bent DNA arrest sequence in cell-free
transcription reactions. In these reactions, late-stage elonga-
tion complexes prepared in the presence or absence of Tat and
paused at the lac repressor were generated according to the
method of Keen et al. (34). After dephosphorylation of the
CTD by treatment with PP1, the paused complexes were then
chased in the absence of new label. As shown in Fig. 6B, the
phosphatase-treated transcription complexes paused at the lac
repressor site were efficiently chased after the addition of a full

Pol II CTD PHOSPHORYLATION CONTROLS ELONGATION 4629

complement of nucleotides. As expected, the stem-loop termi-
nator sequence induced termination at position 290 (1),
whereas the histone H3.3 arrest site introduced two stop sites
of the expected sizes (7', and 7’y,,). Comparable stop sites
were absent from the control template. During the chase re-
action, Tat promoted the synthesis of long transcripts and
greatly enhanced readthrough of both terminator sequences.
However, inhibition of CDKO9 activity during the elongation
reaction by DRB abolished the Tat response. Similar levels of
interference with elongation were obtained when these tem-
plates were used in standard transcription reactions (6). Thus,
Tat is able to promote efficient readthrough of elongation
blocks acting at either the RNA or the DNA level. Read-
through of both types of block provides a sensitive assay for
changes in RNA polymerase processivity.

Only complexes prepared in the presence of Tat were able to
read through the two types of elongation blocks efficiently and
produce significant amounts of full-length transcripts. During
the chase reactions the RNA polymerase CTD was converted
to the II* form whenever Tat was present (Fig. 6C). In addi-
tion to phosphorylating the RNA polymerase CTD, CDKDY is
also able to phosphorylate the elongation factor Spt5 (6, 36,
51). As shown in Fig. 6C, Spt5 is phosphorylated in parallel
to the CTD and converted into a slowly migrating species
(Spt5%).

Blocking the phosphorylation reaction by the addition of
DRB not only prevented phosphorylation of the CTD (Fig.
6C) but also blocked the ability of Tat to promote readthrough
of the elongation blocks (Fig. 6B). Similarly, Tat-activated
transcription was seen with templates lacking the terminator or
arrest sequences. However, on these templates more transcrip-
tion complexes were able to reach the end of the template in
the absence of Tat (and/or presence of DRB) since the addi-
tional blocks to elongation were removed.

Thus, transcription elongation efficiency through terminator
sequences is dependent upon CDK9-dependent phosphoryla-
tion events involving the RNA polymerase CTD and, possibly,
Spts.

Phosphorylation of RNA polymerase CTD stimulates RNA
polymerase processivity. In the preceding experiment, the dis-
tribution of RNA polymerases after a 10-min chase was eval-
vated, and clear differences between phosphorylated and
nonphosphorylated transcription complexes were detected.
However, this experiment does not demonstrate whether or
not these changes arose because of changes in RNA polymer-
ase processivity or other effects, such as changes in RNA poly-
merase stability on the template or changes in the proportion
of transcription complexes that were able to resume elongation
during the chase. In order to measure whether CTD phosphor-
ylation by CDK9 stimulates the processivity of transcription
elongation, the kinetics of elongation by the phosphatase-
treated elongation complexes arrested by LacR were examined
(Fig. 7). As described previously, DRB was added to one set of
reactions in order to block rephosphorylation of the CTD by
CDKO9 during the chase.

As shown in Fig. 7A, virtually all of the arrested transcrip-
tion complexes resume elongation within 0.5 min of adding
nucleotides. After 3 min, most of the complexes chased in the
absence of DRB have reached the terminator (t) both in the
presence and in the absence of Tat. However, at this early time,
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FIG. 6. Phosphorylation of the CTD is required for efficient transcription through terminator sequences. (A) Structure of templates. The pW1
template carries a terminator formed by an RNA stem-loop, followed by nine uridines (7). pH3.3 contains two tandem arrest sequences (7’';, and
7'1p) that induce DNA bending. In pATerm, the terminator sequence was replaced by the original HIV sequence. (B) Transcription reactions were
performed with three different immobilized DNA templates (pW1, pH3.3, or pATerm). Reactions contained 100 ng of LacR and were performed
in the absence (—) or presence (+) of 20 ng of Tat. After labeling for 20 min with [«->*P]JUTP (—PP1), the immobilized templates were purified
and treated with RNase H in the presence of the RHX1 and RHLAC oligonucleotides to remove the labeled RNA transcripts from transcription
complexes that had read through the LacR site. The arrested complexes were then dephosphorylated by PP1 treatment (+PP1). After the
complexes were washed with TMZ buffer, the dephosphorylated complexes were chased by the addition of 250 uM ATP, GTP, and CTP; 5 uM
UTP; and 25 mM IPTG in the absence (—) or presence (+) of 100 puM DRB. Positions of transcripts at the runoffs (p), terminator (7), and lac
repressor (LacR) in pW1 template are indicated. 7', and 7', indicate the stop sites from the pH3.3 template. (C) Immunoblot. Samples of the
reactions shown in panel B were immunoblotted with the N-20 antibody against RNA Pol II and the anti-Spt5 antibody. Tat-dependent hyper-
phosphorylation of RNA polymerase CTD and Spt5 was observed during the chase of dephosphorylated complexes assembled on each template.

comparatively few complexes are able to reach the end of
templates (p) even in the presence of Tat. By 10 min, the
elongation reaction is essentially complete in the absence of
DRB and there are sevenfold more transcripts present at the
end of the template in the presence of Tat than in its absence.
In contrast, addition of DRB to the chase reactions effectively
blocked Tat stimulation of transcription and slowed the reac-
tion kinetics.

This change in the distribution of RNA polymerases can also
be measured quantitatively by comparing the densitometry
traces shown in Fig. 7C. A useful measure of the efficiency of
the elongation reaction is to compare the ratios of runoff
transcripts to transcripts paused at the terminator (p/t). For
example, after the 10-min chase in the absence of DRB there
is a p/7 ratio of 1.8-fold, whereas in the presence of DRB there
is a p/t ratio of only 0.15.
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FIG. 7. CTD phosphorylation by CDK9 enhances processivity of
RNA Pol II. (A) Elongation complexes were assembled in the pres-
ence of LacR with HeLa nuclear extract on the pW1 DNA template
and treated with RNase H and protein phosphatase. The complexes
were then chased for the indicated times (0, 0.5, 3, and 10 min) in the
absence (—) or presence (+) of DRB. RNA polymerase processivity is
increased by the phosphorylation of CTD in the presence of Tat, but
the addition of the CDKY inhibitor DRB abolishes the activation of
RNA Pol II processivity by Tat. (B) Immunoblots showing phosphor-
ylation extent of RNA Pol II and Spt5 were performed with N-20
antibody against RNA Pol II or anti-Spt5 antibody. (C) Quantitative
analysis of the gel shown in panel A by densitometry. The changes in
the distributions of transcripts produced by the rephosphorylated tran-
scription complexes (—DRB/+Tat) and unphosphorylated transcrip-
tion complexes (+DRB/+Tat) during the chase reactions provide a
direct measure of changes in RNA polymerase processivity.

Immunoblots of the corresponding reactions (Fig. 7B) show
that both the CTD of RNA Pol II and Spt5 were efficiently
rephosphorylated when the chase reaction was performed in
the presence of Tat, but there was only very weak rephospho-
rylation of the proteins in the absence of Tat. The rephospho-
rylation reaction is progressive, and intermediate phosphory-
lation products are observed after 0.5 min. However, the
reaction reaches completion by 3.0 min. As expected, the ad-
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dition of DRB completely prevented the rephosphorylation of
RNA polymerase and Spt5.

Thus, the reaction kinetics show that hyperphosphorylation
of elongation complexes by CDK9 directly correlates with an
increase in the processivity of transcription elongation.

CTD phosphorylation prior to elongation can enhance poly-
merase processivity. Is phosphorylation of the CTD by Tat-
activated CDK9 kinase linked to transcription through pause
sites, or does it have a general effect on RNA polymerase
processivity? We addressed this question experimentally by
performing separate phosphorylation and elongation reac-
tions. As shown in Fig. 8B, the CDK9 kinase present in the
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FIG. 8. Activation of elongation complexes by phosphorylation
prior to elongation. (A) Transcription. Elongation complexes were
assembled by using the pW1 DNA template in the presence of lac
repressor and dephosphorylated (+PP1) as described in the legend to
Fig. 6. The complexes were rephosphorylated by adding between 0 and
250 pM dATP as a phosphate donor. After a brief wash to remove
unincorporated dATP, 100 puM DRB was then added to prevent fur-
ther phosphorylation of the complex during the chase reaction. The
rephosphorylated complexes were chased by addition of all four ribo-
nucleotide triphosphates and 25 mM IPTG. Positions of transcripts at
the runoff (p), terminator (t), and lac repressor (LacR) are shown.
(B) Immunoblot. Samples from the reactions shown in panel A were
immunoblotted with N-20 antibody against RNA Pol II and the anti-
Spt5 antibody. (C) Quantitative analysis of the gel shown in panel A by
densitometry. Note that there is a strong correlation between the
extent of CTD phosphorylation and the amount of the runoff product

(p)-



4632 KIM ET AL.

Tat-activated transcription complexes is able to rephosphory-
late the CTD and Spt5 in paused polymerases after the
addition of dATP and none of the other ribonucleotide
triphosphates. Under these conditions there is no additional
elongation, and the paused elongation complexes remain
bound to the template adjacent to the lac repressor. Conver-
sion of the II, form to the II,* form is dependent upon the
amount of dATP added until the reaction is saturated at 250
pnM dATP. The phosphorylation of Spt5 proceeds in parallel in
these reactions. After a brief wash of the phosphorylated tran-
scription complexes to remove unincorporated dATP, 100 puM
DRB was added to prevent further phosphorylation of RNA
polymerase and Spt5. Transcription elongation was subse-
quently initiated by the addition of IPTG and the four ribonu-
cleotide triphosphates. As shown in Fig. 8A and C, in the
presence of Tat the extent of CTD and Spt5 phosphorylation
was positively correlated with the efficiency of transcription
through the termination signal (7). As the dATP concentration
is increased, progressively more transcription complexes be-
come phosphorylated and reach the end of templates.

We conclude that phosphorylation of the CTD results in a
modified polymerase with enhanced processivity. Therefore,
although the CTD must be phosphorylated for efficient elon-
gation, this event can take place at any time during elongation,
and there is no requirement to continuously phosphorylate the
polymerase during its transit along the DNA template or when
it encounters an elongation block.

CTD phosphorylation in the absence of Spt5 can enhance
polymerase processivity. Spt5 is a subunit of the DRB sensi-
tivity-inducing factor (i.e., DSIF). In normal transcription,
DSIF works in concert with the negative elongation factor
(NELF) to induce polymerase pausing near promoter start
sites (61-63, 67, 68). This pausing event can be reversed by a
CDKO9-dependent phosphorylation event. In addition to play-
ing a role in early transcription, Spt5 also acts as a generalized
elongation factor. In the first experiment to demonstrate a
direct role for Spt5 in HIV transcription, Gaynor and cowork-
ers (30, 66) showed that immunodepletion of Spt5 from tran-
scription extracts strongly inhibited Tat-activated transcription
but only had minimal effects on basal transcription. Similarly,
our previous studies (6) have also shown that Spt5 plays a
positive role in transcription elongation by enhancing the sta-
bility of transcription complexes at terminator sequences with
the consequence that more transcription complexes are able to
read through strong arrest sites.

It was therefore important to determine whether the en-
hanced processivity we observed after CDK9-dependent phos-
phorylation of elongation complexes was a direct consequence
of the phosphorylation of the CTD rather than due to an effect
of DSIF that was mediated by Spt5 phosphorylation. For ex-
ample, CDKO9 could be acting primarily to relieve a block
during late elongation that was imposed by DSIF that is anal-
ogous to the blocks imposed by DSIF during early elongation.
Alternatively, the phosphorylated form of Spt5 could be en-
hancing RNA polymerase processivity.

Chase experiments were therefore performed with extracts
that had been selectively depleted of Spt5 by antibodies (6). As
shown in Fig. 9B, phosphorylation of the RNA polymerase
CTD proceeds efficiently in the absence of Spt5. The Spt5-
depleted transcription complexes were also able to resume
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elongation during the chase experiments (Fig. 9A), but only
complexes that had been exposed to Tat, and therefore carried
phosphorylated CTD sequences, were able to efficiently read
through the elongation blocks. In the absence of Spt5, the
amount of transcripts reaching the end of the templates (p) is
somewhat reduced. As described previously, this is due to the
ability of Spt5 to block premature dissociation of the nascent
RNA chains from the transcription complexes during elonga-
tion (6).

Since Tat is able to enhance transcription elongation even in
the absence of Spt5, we conclude that phosphorylation of the
RNA polymerase CTD by Tat-activated CDK9 directly en-
hances the processivity of the polymerase.

DISCUSSION

Phosphorylation of the RNA polymerase CTD by CDK9
enhances polymerase processivity. It is now well established
that HIV-1 Tat stimulates hyperphosphorylation of RNA poly-
merase CTD during transcription elongation (29, 41, 72, 74).
However, it has been a significant experimental challenge to
measure the effects of CDK9 on transcriptional elongation
because many kinases, including CDK7, CDKS, and DNA-PK,
are also able to phosphorylate the CTD. We therefore devel-
oped a method that allowed us to analyze the phosphorylation
of RNA polymerase during elongation and in the absence of
new initiation events. Our technique was based on the obser-
vation that phosphorylated RNA polymerases (II,, or II,*) that
have been arrested by LacR can be converted to the II, form
by protein phosphatase treatment and still retain their elonga-
tion capacity. During subsequent chases, the paused poly-
merases are able to resume elongation, and in the presence of
Tat, the CTD becomes phosphorylated.

Here we provide strong evidence that the enzyme responsi-
ble for CTD phosphorylation during elongation is CDKO. First,
the phosphorylation reaction is both Tat and TAR dependent.
Second, Tat-activated phosphorylation showed inhibition pro-
files of DRB and H8 (data not shown) on phosphorylation of
RNA polymerase CTD similar to those of CDKO9 as reported
previously (29, 74). Finally, immunodepletion of CDK9 pre-
vented CTD phosphorylation during elongation.

Under our experimental conditions only a fraction of RNA
polymerases are converted to the II * form during Tat-acti-
vated phosphorylation, and a similar fraction of the purified
transcription complexes are activated by Tat. As shown in Fig.
8, the proportion of active and inactive enzyme can be varied
by controlling the extent of the phosphorylation reaction by
using different dATP concentrations. It therefore seems likely
that the II,* form represents the entire fraction of the RNA
polymerase population that becomes activated by Tat.

The chase experiments reported here demonstrate that
phosphorylation of RNA transcription complexes by CDK9
alters the processivity of the enzyme and allows it to overcome
transcription at two distinct elongation blocks. The first block
we studied was an RNA stem-loop structure followed by nine
uridine residues. This artificial sequence, which closely resem-
bles bacterial termination signals, causes RNA polymerase to
stop elongation and to release transcripts in cell-free transcrip-
tion systems. The second block is a sequence normally found in
the histone H3.3 gene carrying structural elements that bend
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FIG. 9. Spt5 is not required for Tat-dependent activation of elongation

and RNA polymerase phosphorylation. (A) Transcription. Elongation

complexes were assembled in the presence of lac repressor (—PP1), dephosphorylated (+PP1), and then chased with either mock-depleted or
Spt5-depleted HeLa nuclear extracts. Reactions were performed with either the pW1 template or the pH3.3 template as described in the legend
to Fig. 6. Positions of transcripts at the runoff (p), terminator (1, 7'y, and 1',;,), and lac repressor (LacR) are shown. (B) Immunoblot. Samples
from the reactions shown in panel A were immunoblotted with N-20 antibody against RNA Pol II and the anti-Spt5 antibody. Note that
hyperphosphorylated polymerases can elongate efficiently through both the terminator site and the arrest sites even in the absence of Spt5.

DNA. This sequence causes transcription arrest, but does not
induce transcript release, in cell-free systems and in vivo (3,
35). Bent DNA sequences are also potent arrest sites in yeast
(11, 38). We also showed in the present study that phosphor-
ylation of RNA polymerase by CDK9 enhances readthrough of
both types of block, indicating a generalized role of hyperphos-
phorylation of CTD in processivity of RNA Pol II.

The terminator and arrest site sequences that we used in
these experiments provide effective tools for measuring small
changes in RNA polymerase processivity. However, the HIV
genome does not carry any specific termination signals. In-
stead, there are numerous sites where pausing can occur. The
cumulative effect of each of these pauses is to prevent the RNA
polymerase from transcribing the entire HIV genome unless
Tat is present.

The Tat-activated CDKDY is also able to phosphorylate the
transcription elongation factor Spt5 during elongation. Since
Spt5 is one of the subunits of DSIF, which can act as an
inhibitor of early elongation events, it is conceivable that the
effects we observed were due to reversal of a block imposed by
DSIF and its cofactor NELF (61-63, 67, 68). However, as
shown here, equivalent chase efficiencies and Tat activation
can be achieved in the absence of Spt5. Consistent with these
results, recent experiments by Bourgeois et al. (6) have shown
that Spt5 acts as a complementary factor for Tat-activated
transcription by inhibiting RNA release from paused RNA
polymerases. In addition to Spt5, other elongation factors such

as TFIIS, TFIIF, and Tat-SF1 may cooperate with Tat to pro-
mote polymerase transcription through various blocks. How-
ever, none of these factors appears to be a substrate for CDKO.

Thus, we conclude that it is only the phosphorylation of the
CTD that has a direct effect on polymerase processivity.

Constitutive activation of the CDK9 kinase by Tat. Little is
known about how CDK9 becomes activated by Tat. Although
Tat, CDK9, and CycT1 can form stable complexes with TAR
RNA during elongation (65), TAR appears to be only used as
a loading site for Tat and does not remain tightly associated
with the elongation complex (34). It therefore seems likely that
protein-protein interactions between Tat, CycT1, and CDK9
mediate conformational changes that permit the enzyme to
become constitutively active. Identifying the sequences and
structures that regulate these events will be critical for defining
the mechanism of action of Tat.

Using our cell-free system, we demonstrated for the first
time that CDKY is tightly regulated during transcriptional
elongation and activated only in the presence of Tat. In the
absence of Tat, or after transcription through a defective TAR
element, the CDK9 present in elongation complexes cannot
phosphorylate RNA polymerase CTD, even though the en-
zyme is present at the same level as in complexes that have not
incorporated Tat.

The inability of CDK9 to phosphorylate the CTD in the
absence of Tat could either be because the enzyme is inactive
and/or because the CTD is inaccessible to the enzyme. Several
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lines of evidence suggest that CDKDY is activated by Tat. First,
we have found with synthetic peptide substrates that CDKO in
transcription complexes shows very low activity in the absence
of Tat. Second, in agreement with a variety of other studies, we
found that isolated P-TEFDb kinase, which contains the CDK9/
CycT1 complex, can also be activated by the addition of re-
combinant Tat (20, 72).

Activation of cyclin-dependent kinases usually occurs in two
steps. First, binding of the kinases to their respective cyclin
partners induces conformational changes in the enzyme. Sec-
ond, in order to form a stable binary complex with its activating
partner, cyclin H, CDK7 must be phosphorylated on a con-
served threonine (Thr170) in its activation segment, or T-loop
(40, 44). It seems likely that activation of CDK9 by CycT1
involves phosphorylation at an analogous site. However, this
event is not sufficient to explain the tight regulation of CDK9
by Tat since CycT1 is always present in the elongation com-
plexes.

One possible mechanism for Tat regulation of CDKY is that
it could alter the conformation of regulatory sequences found
on the C terminus of CDK9 and the C terminus of CycT1. This
could lead to an activation of the enzyme by preventing them
from occupying the active site of the enzyme. This hypothesis
is supported by the observation that these regions of the pro-
teins can be phosphorylated by CDK9. Furthermore, auto-
phosphorylation of CDKD9 is known to enhance the binding of
the CDK9/CycT1 complex to TAR (18, 20). Similarly, Zhou et
al. (73) have suggested that TFIIH is able to inhibit CDK9
activity in preinitiation complexes and early-stage elongation
complexes by blocking CDK9 autophosphorylation.

Certain tightly regulated cyclin-dependent kinases are also
under the control of two classes of inhibitors: CIPs and INKs
(reviewed by Pavletich [49]). The CIP family typically bind the
cyclin-dependent kinase/cyclin complex, whereas the INK4 fam-
ily tend to target the free cyclin-dependent kinase. Together,
these inhibitors exert a tight on-off control on many cyclin-
dependent kinase proteins within the cell cycle. It is conceiv-
able that similar inhibitors are able to switch transcription on
or off via interactions with CDK?7 and CDKO9. For example, one
recently discovered feature of CDK9 regulation is that more
than half of the enzyme in HeLa cells is found in an inactive
complex with 7SK RNA (45, 69). 7SK is a powerful inhibitor of
HIV-1 Tat activation since it both inhibits the kinase activity of
CDK9 and prevents recruitment of P-TEFb to the HIV pro-
moter (45, 69). Although 7SK RNA itself does not participate
in the control of CDK9 during elongation, it is conceivable that
other RNA sequences, such as TAR, could interact with P-
TEFb to inhibit its activity in the absence of Tat.

Phosphorylation of the CTD is also regulated by CTD phos-
phatases during elongation (10, 37, 42, 43, 56). For example,
Marshall et al. (42, 43) have reported that CTD phosphatases
are strongly inhibited by Tat. Under our conditions, a low level
of protein phosphatase activity was detected in the paused
elongation complexes under conditions where CDK9 was in-
active, i.e., after prolonged incubation in the presence of DRB
or in the absence of ATP. However, we were unable to detect
large differences in phosphatase activity in the presence or
absence of Tat (data not shown). These observations imply
that it is the activation of the CDKJ kinase activity, rather than
inhibition of the CTD phosphatase, that is primarily responsi-
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ble for the enhanced phosphorylation of the RNA polymerase
induced by Tat that we have observed.

Sequential phosphorylation of the CTD by CDK7 and
CDK9. The CTD of RNA polymerase is extensively phosphor-
ylated during transcription initiation and during transition to
early elongation. It has been proposed that Tat may play a role
during these stages of transcription by activating TFIIH (14,
46) or CDKO9 (27). However, we have been unable to detect by
sensitive immunoblotting and **P-incorporation assays any in-
crease in either CDK7 or CDK9 activity when Tat is added to
preinitiation complexes. This suggests that both enzymes be-
come inaccessible to Tat because of the structure of the preini-
tiation complex. Support for this idea comes from the obser-
vation that immunodepletion of CDK7 completely abolished
phosphorylation of RNA polymerase CTD in preinitiation
complexes, whereas immunodepletion of CDK9 had no effect
on CTD phosphorylation in preinitiation complexes. Similarly,
it has recently been reported that the CAK component of
TFIIH is not required for Tat-activated transcription (9).

In order to compare the patterns of phosphorylation in-
duced by CDK7 and CDKO9 (53, 72) during three distinct stages
of transcription, we used antibodies that recognize epitopes
associated with the presence of phosphorylated Ser2 (HS) and
Ser5 (H14) in the heptapeptide repeat of the CTD (48). In the
preinitiation complexes and early elongation complexes, the
primary modification of the CTD is due to Ser5 phosphoryla-
tion by CDKZ7.

CDK?7 dissociates from the transcription complexes shortly
after transcription initiation (29, 70, 72). However, there is a
significant increase in both Ser5 and Ser2 phosphorylation by
CDKO during Tat-dependent elongation. These new phosphor-
ylation signals appear to be distinct from those produced by
CDK7. Ramanathan et al. (53) compared the substrate speci-
ficity of CDK7, CDKS, and CDKO9 by using synthetic peptide
substrates. Their data suggest that each kinase displays differ-
ential preferences according to where a specific heptad repeat
is located in the CTD. Additional evidence that Ser2 phos-
phorylation of RNA Pol II occurs only during elongation
comes from chromatin immunoprecipitation in Saccharomyces
cerevisiae. In these experiments, Ser5 phosphorylation was de-
tected primarily in polymerases located at promoter regions
and Ser2 phosphorylation was found only in polymerases lo-
cated in coding regions (37).

Using a combination of immunoprecipitation and protease
digestion of RNA polymerase engaged in preinitiation or elon-
gation, we were also able to analyze the phosphorylation pat-
tern of RNA polymerase CTD in preinitiation complexes and
elongation complexes. Analysis of the *?P-labeled Glu-C di-
gestion products showed that distinct regions of the CTD are
phosphorylated by CDK7 and CDKO9. The amino-terminal part
of the CTD is preferentially phosphorylated by CDK9 kinase
in the elongation complexes. In contrast, in preinitiation com-
plexes the carboxyl-terminal parts of the CTD are phosphor-
ylated preferentially by CDK?7. Similarly, Ramanathan et al.
(53) reported that fragments of the CTD that corresponded to
the carboxyl-terminal region of CTD were preferred as sub-
strates by purified CDK7, whereas the amino-terminal region
was preferred by CDKO.

Role of CDK9 during basal transcription from the HIV
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LTR. It has been difficult to determine the precise role played
by CDKO in promoting transcription from the HIV LTR in the
absence of Tat. Recent experiments by Renner et al. (54) have
shown that addition of recombinant DSIF and NELF to iso-
lated RNA Pol II elongation complexes increases the time that
the polymerase spends at pause sites. P-TEFb is able to reverse
this negative effect due to its ability to phosphorylate the Spt5
subunit of DSIF. A key feature of this system is that the
negative factors begin to exert their influence very quickly, and
independently of transcript length, whereas there is pro-
nounced kinetic delay before P-TEFb can overcome these
elongation blocks. These results strongly suggest that during
basal transcription from the HIV LTR P-TEFb is required to
promote early-stage elongation and permit transcription com-
plexes to reach TAR. In agreement with this model, our West-
ern blotting results show that CTD phosphorylation at Ser5 is
increased in late-stage elongation complexes compared to ear-
ly-stage elongation complexes even in the absence of Tat.
However, in the absence of Tat, there is no increase in Ser2
phosphorylation, a finding consistent with the idea that the
substrate specificity of CDK9 might be influenced by Tat (72).

Structural basis for the regulation of polymerase processiv-
ity by CTD phosphorylation. Much of the recent work on the
RNA polymerase CTD has focused on its role in providing a
platform for RNA splicing and processing factors (for a review,
see reference 28). Different regions of the repeat appear to act
as binding sites for different sets of processing factors. For
example, the CTD carboxyl terminus spanning heptads 27 to
52 can support capping, splicing, and 3’-end processing,
whereas the amino terminus only supports capping (17). How-
ever, in addition to providing a mechanism that couples tran-
scription and mRNA processing, the CTD also plays an im-
portant role in regulating elongation.

Recent cross-linking (15) and X-ray crystallographic (13, 23)
studies have provided important clues as to how phosphoryla-
tion of the CTD could be used to increase RNA polymerase
processivity. In preinitiation complexes the CTD is buried
close to the DNA template and surrounded by basal transcrip-
tion factors, including TFIIH, and proteins of the mediator
complex. Cross-linking studies have shown that in preinitiation
complexes the polymerase is orientated with CTD making con-
tacts with the DNA template at around position 16, down-
stream of the transcription start site (15). The repeat unit of
each heptapeptide in the CTD contains two SPXX motifs
(SPTS and SPSY) that allow the CTD to fold into a compact
beta-turn stabilized by a side chain-main chain interaction (5).
Peptides with this structure can bind DNA by bis-intercalation
(26, 58). Phosphorylation of the CTD would be expected to
disrupt these interactions by introducing negative charges that
are repelled by the phosphates on the DNA helix. Thus, phos-
phorylation of the CTD during initiation can destabilize exten-
sive downstream contacts between the polymerase and the
DNA template.

Similar principles probably apply during elongation. In this
case, regions near the N terminus of the CTD that are hypo-
phosphorylated because of limited activity by CDK7, or CTD
phosphatase activity, would be free to interact with the DNA
template. This would be expected to stabilize the transcription
complex at pause sites but also limit processivity. Phosphory-
lation of the N-terminal region of the RNA polymerase CTD
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by CDK9 could then be used to overcome these blocks to
elongation.

In conclusion, we have demonstrated that phosphorylation
of the RNA polymerase CTD at novel sites by CDK9 can
directly alter its processivity. This novel biochemical mecha-
nism explains how Tat is able to activate transcription elonga-
tion during HIV replication.
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