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Transcriptional elongation by RNA polymerase II (RNAPII) is regulated by the positive transcription
elongation factor b (P-TEFb). P-TEFb is composed of Cdk9 and C-type cyclin T1 (CycT1), CycT2a, CycT2b, or
CycK. The role of the C-terminal region of CycT1 and CycT2 remains unknown. In this report, we demonstrate
that these sequences are essential for the activation of transcription by P-TEFb via DNA, i.e., when CycT1 is
tethered upstream or downstream of promoters and coding sequences. A histidine-rich stretch, which is
conserved between CycT1 and CycT2 in this region, bound the C-terminal domain of RNAPII. This binding was
required for the subsequent expression of full-length transcripts from target genes. Thus, P-TEFb could
mediate effects of enhancers on the elongation of transcription.

Transcriptional elongation by RNA polymerase II (RNA-
PII) is a highly regulated process between negative transcrip-
tion elongation factors (N-TEF), which pause RNAPII, and
the positive transcription elongation factor b (P-TEFb), which
facilitates its elongation (5, 45, 48). Transcription begins with
the assembly of the preinitiation complex (PIC) on the pro-
moter, which includes core elements (CP) and promoter-prox-
imal regions (PPR) (4). CP consists of a TATA box, a TFIIB
recognition element, an initiator (INR), and downstream pro-
moter elements. PPR contain upstream sequences, where Spl
and other activators bind (4). They recruit the PIC through
general transcription factors (GTF; TFIIA to -J) and media-
tors (SRB, etc.), which interact with the nonphosphorylated
C-terminal domain (CTD) of RNAPII and mediate the initi-
ation of transcription (23, 31, 39, 47). TFIIH helps RNAPII to
clear the promoter and partially phosphorylates the CTD (17,
56). Thus, transcription is initiated, but further elongation is
blocked by N-TEF (11, 45), which includes at least two differ-
ent complexes, the 5,6-dichloro-1B-p-ribofuranosylbenzimida-
zole (DRB) sensitivity-inducing factor (DSIF) and the negative
elongation factor (NELF) (19, 21, 57, 62). DSIF contains SPT4
(16 kDa) and SPT5 (160 kDa) (19, 21, 57). NELF is composed
of four subunits, of which the smallest, NELF-E (or RD),
contains an RNA recognition motif (62). At present, the mode
of action of N-TEF is not well understood. Somehow it pauses
RNAPII, resulting in arrested transcription (28, 44, 58, 61, 62).
Finally, it is P-TEFb, consisting of Cdk9 and cyclin T1, T2a,
T2b, or K (CycT1, differentially spliced CycT2a and CycT2b,
and CycK), that overcomes effects of N-TEF and releases
RNAPII from its arrest (8, 42, 45). P-TEFb phosphorylates the
CTD, DSIF, and possibly other targets in these arrested com-
plexes, thus catalyzing the transition from initiation to elonga-
tion of transcription (8, 11, 21, 27, 45, 59, 60).
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Transcriptional enhancer sequences (enhancers) are defined
as cis-acting DNA elements that increase levels of gene expres-
sion (4, 6, 36). Their effects are dependent on PPR and CP but
independent of location, orientation, and distance with respect
to the site of initiation of transcription (4, 6, 36). They can
function independently of chromatin, i.e., on episomal plas-
mids and in in vitro transcription systems (49). Moreover, their
effects are dependent on the CTD of RNAPII, which in pri-
mates contains 52 repeats of the heptapeptide YSPTSPS.
Whereas sequences with 52 and 31 repeats support effects of
different enhancers, those with 5 repeats have been found to be
inactive in these assays (14). Thus, the CTD functions as a
surface for the integration of different signals from activators
and repressors on transcription. When unphosphorylated, the
CTD is covered by mediators and recruits coactivators (50, 51).
In sharp contrast, the phosphorylated CTD plays a central role
in the cotranscriptional processing of mRNA by binding to the
elongator complex (2). To date, an accepted model of how
enhancers function is not available. The looping model sug-
gests that proteins bound to enhancers interact directly with
the PIC on promoters. Alternatively, the scanning model spec-
ulates that enhancer-binding proteins travel along the DNA
until they meet their cognate promoter (4).

A well-defined system that incorporates important features
of eukaryotic promoters and enhancers and reveals the central
role that P-TEFD plays in the elongation of transcription by
RNAPII is represented by the human immunodeficiency virus
(HIV). On the HIV long terminal repeat (LTR) are found
binding sites for TFE3, LEF-1, NF-AT, NF-kB, Sp1, TFIID,
TFIIIL, and LBP-1 (24). Thus, there exists a classical arrange-
ment of the enhancer, PPR, and CP (24). In the absence of
enhancer binding proteins and Tat, the transcription of HIV is
arrested at the transactivation response (TAR) element stem
loop RNA, which is present at the 5’ ends of all viral transcripts
(24). With the help of P-TEFb, Tat binds to TAR and pro-
motes the elongation rather than the initiation of HIV tran-
scription (3, 9, 13, 22, 24, 29, 59). NF-«kB and other activators
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that bind to the HIV enhancer can substitute for the function
of Tat (18) and/or act synergistically with it to increase levels of
viral replication (40, 52). NF-kB also increases the expression
of the immunoglobulin light chain kappa (Igk) gene (43). As in
HIV, RNAPII is engaged but does not elongate past this cel-
lular promoter. The binding of NF-kB to Igk enhancer then
releases RNAPII from its pausing site (46). A similar regula-
tion of transcription is found in the heat-shock genes from
Drosophila melanogaster and the human proto-oncogene c-myc
(32, 55). Tat transactivation also resembles enhancers in its
requirement for the CTD of RNAPII for its effects (38). Thus,
it is not surprising that the major histocompatibility complex
class IT (MHC II) transactivator (CIITA), which mediates ef-
fects of B-cell-specific and gamma interferon-inducible en-
hancers (54) and NF-«kB (1), also binds P-TEFb.

Thus, we hypothesized that P-TEFb plays a general role in
mediating effects of enhancers. Indeed, in this report, we dem-
onstrate that P-TEFb activates transcription from proximal
and distal sites upstream and downstream of the promoter and
coding sequence of a reporter gene. PPR, CP, and the CTD of
RNAPII were required for these effects of P-TEFb. A direct
correlation between the binding of a histidine-rich stretch in
the C-terminal region of CycT1 and the CTD could be made
with this transcriptional activation, which also required the
kinase activity of Cdk9. Importantly, adding these sequences of
CycT1 to CycK, which lacks a long C-terminal extension, al-
lowed this P-TEFb complex to activate transcription from the
same distal sites. These effects were on the elongation rather
than initiation of transcription, indicating that PPR and CP
were sufficient to recruit and position RNAPII. We conclude
that the interaction between C-terminal regions of RNAPII,
CycT1, and distal sites enables P-TEFDb to act as a transcrip-
tional coactivator. Thus, P-TEFDb can link activators at enhanc-
ers and PIC at promoters, which results in the productive
elongation of transcription.

MATERIALS AND METHODS

Plasmid constructions. The plasmid reporter pG6(5'Pro) was described pre-
viously (15). It contained six upstream activation sequence (UAS) repeats, which
bind to residues 1 to 147 of the Gal4 DNA binding domain (DBD). UASs were
located upstream of the three Spl sites, at position —119 of the HIV type 1
(HIV-1) LTR, relatively to the starting point of transcription. No TAR se-
quences were present in pG6(5'Pro). The HIV LTR was fused to the chloram-
phenicol acetyltransferase (CAT) reporter gene. pG6(3'Pro) contained the same
sequences as pG6(5'Pro), the only difference being that UAS sites were placed
3’ to CAT and promoter sequences. pG5 reporter plasmid contained the EIb
TATA box and was described previously (53).

The different plasmid effectors of Gal-CycT1 code for the chimeras of the
full-length CycT1 [Gal-CycT(1-726)] and truncated forms Gal-CycT(1-590),
Gal-CycT(1-420), and Gal-CycT(1-300) (see Fig. 1A), all fused at their N ter-
mini to the DBD of Gal4(1-147) and inserted at the BamHI/Xbal sites of
pEF-Bos-myc(EF). pSG424-Gal-CycK(1-357) and pSG424-Gal-CycK(1-357)T
(300-726) code for the chimeras of residues 1 to 357 CycK and of the same
portion of CycK fused to CycT1 residues 300 to 726, respectively, linked to the
Gal4 DBD protein at their N termini, and inserted at the EcoRI/Xbal sites of
pEF-Bos-myc(EF). The plasmid effectors Gal-Cdk9 and Gal-Cdk9(D167N) ex-
pressed the chimeras of Cdk9 and its kinase-deficient mutant Cdk9(D167N)
fused at their N termini to the DBD of Gal4 and inserted at the BamHI/Xbal
sites of pEF-Bos-myc(EF). pSG424-Gal-VP16 codes for the activation domain of
VP16 fused to Gal4 DBD at its N terminus. For in vitro transcription and
translation, the different CycT1 truncation forms were subcloned into pEF-
Bos-T7 in the BamHI/EcoRI sites. For in vitro glutathione S-transferase (GST)
pull-down assays, CycT1 and its C-terminal truncation forms were cloned into
pGEX-2TK (Amersham Pharmacia Biotech, Piscataway, N. J., Madison, Wis.) in
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the BamHI/EcoRI sites to express GST fusion proteins of CycT1 as described
elsewhere (10).

Binding assays. Assays for the direct binding between the hybrid GST-CTD
and different truncation proteins of CycT1 were performed as described previ-
ously (10). In brief, 5 pg of the hybrid GST-CTD was incubated at 4°C for 3 h in
the presence of 3*S-labeled in vitro transcribed-translated CycT1 or its C-termi-
nal truncation forms (Promega) in 300 pl of binding buffer (buffer A) consisting
of 20 mM HEPES-KOH (pH-7.9), 0.1% Triton X-100, 0.05% NP-40, 0.3%
bovine serum albumin, 5 mM dithiothreitol, 5 mM EDTA, and 200 mM KCI.
Following incubation, binding reaction products were washed extensively with
buffer A containing 500 mM KCIl. Washed beads were subjected to sodium
dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) and analyzed by
autoradiography.

For interaction between CycT1 and the endogenous RNAPII, HeLa nuclear
extracts were incubated with the different GST-CycT1 fusion proteins at 4°C for
3 h in ELB binding buffer (50 mM HEPES-KOH [pH 7.9], 0.1% Triton X-100,
5 mM dithiothreitol, 5 mM EDTA, 150 mM NacCl). Following incubation, reac-
tion products were washed extensively with ELB binding buffer containing 500
mM NaCl. Beads were subjected to 5% SDS-PAGE, followed by Western blot-
ting with anti-RNAPII antibody (8WG16; BAbCO, Richmond, Calif.).

For interaction between CycT1 and the CTD of RNAPII, Raji cells (35) (kind
gift of D. Eick) expressing hemagglutnin (HA) epitope-tagged RNAPII, where
the CTD contains 52 or 5 repeats of the heptapeptide sequence, were transfected
with 30 pg of effector plasmids. Lysates were prepared from these cells with ELB
buffer and were immunoprecipitated with anti-Myc antibody (Santa Cruz Bio-
technology, Santa Cruz, Calif.). Proteins were subjected to SDS-PAGE, trans-
ferred to a nitrocellulose membrane, and probed with anti-HA antibody (Santa
Cruz Biotechnology).

Transient-transfection assays. HeLa cells were transfected with target plas-
mids (0.2 pg) with or without the different effector plasmids (1 pg) with Lipo-
fectamine as recommended by the manufacturer (GIBCO/BRL, Gaithersburg,
Md.). All transfections were balanced to total of 1.2 pg of DNA with pEF-Bos-
myc plasmid DNA. At 48 h after transfection, cells were lysed in lysis buffer (250
mM Tris-HCI [pH 7.5] and 0.1% Triton X-100), and CAT activities were mea-
sured by a liquid scintillation assay as described previously (9). Western blot
analysis was performed to evaluate expression levels of the proteins (see Fig.
1D). For the inhibition of kinase activity of Cdk9, cells were treated with DRB
(Sigma, St. Louis, Mo.) (diluted in dimethyl sulfoxide) at various concentrations,
24 h before and 48 h after transfection. CAT activities were measured from cell
lysates as described previously (9).

Raji cells expressing the different RNAPII CTD were grown in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS), 100 pg of streptomycin
per ml, 2 mM L-glutamine, 1 mg of G418 per ml, and 0.1 pg of tetracycline per
ml. Before transfection, cells were washed three times with medium containing
only 1% FCS and were grown for an additional 1 day with medium containing
10% FCS but no tetracycline. This enabled the expression of the different
RNAPII-CTD forms. The next day, the different CycT1 plasmid effectors were
transfected by electroporation (250V; 950 pF), and cells were grown for an
additional 2 days. Cells were lysed with ELB buffer, and the lysates were sub-
jected to immunoprecipitation with the anti-Myc antibody followed by Western
blotting with anti-HA antibody (35).

Immunoprecipitation and Western blotting. For determining the expression
levels of proteins, 293T cells were transfected with various plasmids (2 pg). At
24 h after transfection, cells were lysed with ELB buffer. Proteins were subjected
to SDS-PAGE, transferred onto Immobilon-NC membranes (Millipore, Bed-
ford, Mass.), and reacted with the appropriate antibodies. Proteins were visual-
ized by enhanced chemiluminescence (Amersham Inc., Evanston, IIL.).

For immunoprecipitation experiments, cells were lysed with ELB buffer and
immunoprecipitated with the appropriate antibody. Following binding to the
antibody, reaction mixtures were incubated with protein A-Sepharose beads at
4°C. Immunoprecipitate reaction products were washed extensively with ELB
buffer and subjected to SDS-PAGE followed by Western blotting.

RPA. COS cells were transfected with pG6TAR(5'Pro) (10 pg) and with
Gal-CycT1 fusion proteins and C-terminal-truncation forms (10 wg). At 24 h
after transfection, cells were harvested and RNA was purified. A 30-pg portion
of RNA was used for RNase protection assays (RPA). Antisense probes MTX-
147 and MTX-89 (kind gift of J. Karn) were linearized with Xbal and BamHI,
respectively. Probes were transcribed in the presence of [a->?P]JUTP by using
MAXIscript (Ambion, Austin, Tex.) with T3 RNA polymerase to produce la-
beled RNA probe. Following synthesis, probes were subjected to polyacrylamide-
urea gel electrophoresis and purified before use. RPA were performed using the
RPAIII kit as recommended by the manufacturer (Ambion). Protected RNA
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FIG. 1. The C-terminal region of CycT1 is required for P-TEFb to activate transcription via DNA. (A) Plasmid effectors and targets used in
this study. The plasmid effector GT(1-726) directed the expression of the full-length CycT1 protein from the EF-Bos promoter. CycT1 was fused
at its N terminus to the Gal4 DBD (Gal, positions 1 to 147) and the c-Myc epitope tag (myc, black bar). Below the full-length chimera are Gal
fusion proteins with the C-terminal truncations of CycT1. Also presented are the plasmid effectors GCdk9 and GCdk9(D167N), which expressed
wild-type Cdk9 (striped bar) and the kinase-deficient mutant Cdk9(D167N) (white bar) fused at their N termini to Gal (gray bar). Also depicted
are the EF-Bos promoter (EF), two cyclin boxes (positions 1 to 250, black box) of CycT1, and the polyadenylation site (pA) from simian virus 40.
The plasmid target pG6(5'Pro) contained the HIV LTR linked to the CAT reporter gene. Six repeats of the synthetic Gal4-binding sites (UAS)
were introduced upstream of the three Sp1 sites. These UAS repeats replaced the enhancer (EN) in the HIV LTR. Also presented is the promoter,
which contained the CP, i.e., the TATA box and INR sequences, and the PPR, i.e., Sp1 sites, all placed 5" to the CAT reporter gene (white bar).
The arrow indicates the site of initiation of transcription. The plasmid target pG6(3'Pro) was identical to pG6(5'Pro) except that the UAS repeats
were placed 3’ to CAT and promoter sequences. (B) P-TEFb activates transcription when presented upstream of the promoter via DNA. HeLa
cells coexpressed pG6(5'Pro) and the indicated hybrid Gal-CycT1 (GT), Gal-Cdk9 (GCdk9), and dominant-negative Gal-Cdk9(D167N) proteins.
The Gal4 DBD (Gal) was also expressed alone. CAT activities were measured as described in Materials and Methods. Data are relative to basal
levels of the reporter gene alone (lane 1). They represent two independent experiments, and standard errors of the means are given. (C) P-TEFb
activates transcription when presented via DNA downstream of the promoter and coding sequence. HeLa cells coexpressed pG6(3'Pro) with the
indicated hybrid Gal-CycT1 proteins, wild-type Gal-Cdk9, and kinase-deficient Cdk9(D167N). CAT activities are relative to basal levels of the
reporter gene alone (lane 1). They represent two independent experiments, and standard errors of the means are given. (D) Western blotting
analysis with anti-Myc antibody revealed expression levels of hybrid Gal-CycT1 (lanes 3 to 6), wild-type Gal-Cdk9 (lane 7), and dominant-negative
Gal-Cdk9(D167N) proteins (lane 8).

This artificial DNA tethering reproduced the recruitment of
P-TEFb by CIITA and RelA (1, 25) and should mimic the
scenario with many as-yet-uncharacterized activators. Full-
length CycT1 and its C-terminally truncated derivatives, fused
to Gal, were then examined for their ability to activate tran-

fragments were separated on 11% polyacrylamide-urea sequencing gels. Gels
were dried and subjected to autoradiography (38, 60).

RESULTS

P-TEFb can activate transcription from sites upstream and

downstream of the promoter and coding sequence of a target
gene. To evaluate the hypothesis that P-TEFb can mediate
effects of enhancers on the elongation of transcription, we
fused CycT1 and Cdk9 to the DBD of Gal4 (Fig. 1A). These
chimeras allowed us to present P-TEFb via UAS that bind Gal.

scription. We used a reporter gene which contained six UAS
repeats located upstream of the HIV promoter, where TAR
was deleted, and the CAT reporter gene [Fig. 1A, pG6(5'Pro)].
Importantly, these UAS repeats replaced the NF-kB binding
sites, which represent the enhancer in the HIV LTR. Gal-
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FIG. 2. Proximal promoter elements are required for the activation of transcription by P-TEFb via DNA. (A) Depicted are the hybrid
GT(1-726) protein, C-terminal truncations of CycT1, and the plasmid target, pGS, which contained the E1b TATA box placed upstream of the
CAT reporter gene. (B) HeLa cells coexpressed pG5 and our Gal-CycT1 (GT) chimeras (Fig. 1A). The Gal-VP16 fusion protein (GVP16) was
used as a positive control. Results are relative to the basal level (lane 1) and represent two independent experiments, where standard errors of the

means are given.

CycT1 chimeras containing the wild-type 726 (Fig. 1B, lane 3)
or N-terminal 590 (lane 4) residues activated transcription
from pGo6(5'Pro) 35- to 40-fold above basal levels. Further
C-terminal truncations of CycT1 reduced the ability of the
hybrid Gal-CycT1 proteins to activate transcription from
pG6(5'Pro). Thus, Gal-CycT1 fusion proteins containing the
N-terminal 420 (Fig. 1B, lane 5) or 300 (lane 6) residues
displayed little or no activity on pG6(5'pro). Importantly, lev-
els of expression of our mutant chimeras were even higher than
that of the wild-type fusion protein (Fig. 1D, compare lanes 4,
5, and 6 to lane 3). We conclude that the C-terminal region of
CycT1 is essential for the ability of CycT1 to activate transcrip-
tion via DNA. Furthermore, the hybrid Gal-Cdk9 protein (Fig.
1B, lane 7) but not a kinase-deficient hybrid Gal-Cdk9 protein
(lane 8) activated transcription 50-fold from the same reporter
gene. Levels of activation by the Gal-Cdk9 chimera were sim-
ilar to levels of activation by the Gal-VP16 fusion protein (data
not presented). These results demonstrate that the direct re-
cruitment of an active Cdk9 to a site upstream of a promoter
activates transcription. We conclude that long CycT1 as well as
Cdk9 can function when presented via DNA, indicating that
P-TEFb mediates transcriptional effects via the C-terminal re-
gion of CycT1.

Given these results and since there is no directionality to
UAS repeats, we hypothesized that P-TEFb should also func-
tion when placed at some distance downstream of a target
gene. To examine this notion, six UAS repeats were positioned
3’ of the CAT gene, distant from the promoter and coding
sequence [Fig. 1A, pG6(3'Pro)]. In this system, only the Gal-
CycT(1-726) (Fig. 1C, lane 3) and Gal-CycT(1-590) (lane 4)
chimeras activated transcription via pG6(3'Pro). Levels of ac-

tivation were 25- to 30-fold above basal levels. C-terminal
deletions of CycT1, i.e., the hybrids Gal-CycT(1-420) (Fig. 1C,
lane 5) and Gal-CycT(1-300) (lane 6), had lower or no activity
on this plasmid target. Moreover, the Gal-Cdk9 chimera (Fig.
1C, lane 7) but not the kinase-deficient Gal-Cdk9 protein (lane
8) also supported transcriptional activation from this distal
site. Similar to the results with pG6(5'Pro), the C-terminal
region of CycT1 was required for effects of our chimeras on
pG6(3'Pro). We conclude that P-TEFb can function via sites
which are located upstream or downstream of and at a distance
from the promoter and coding sequence.

Spl is required for the activation of transcription by P-
TEFb when presented via DNA. As P-TEFb could replace
NF-kB when UAS were placed just upstream of the three Spl
sites on the HIV LTR, we examined whether PPR is required
for P-TEFD to mediate its effects. It should be noted that Sp1
sites are required for NF-«B to activate HIV transcription (24)
and for the function of the 72-bp repeats of simian virus 40
(20). To this end, five UAS repeats were placed next to the CP
(E1b TATA box) and upstream of the CAT reporter gene (Fig.
2A, pG5). Importantly, no Sp1 sites were present in pG5. None
of our Gal-CycT1 fusion proteins activated transcription from
pGS5 (Fig. 2B, lanes 1 to 6). However, the Gal-VP16 chimera
activated transcription via the same plasmid target (Fig. 2B,
lane 7). Moreover, deletions of Spl sites in pG6(5'Pro) gave
the same result, with three sites functioning optimally and their
progressive removal resulting in no activity (data not present-
ed). This suggests that Sp1l and CP recruit the PIC to initiate
transcription. We conclude that PPR and CP are essential for
the ability of P-TEFb to activate transcription by RNAPII via
DNA.
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FIG. 3. P-TEFb interacts with RNAPII via the C-terminal region of CycT1 in vivo and in vitro. (A) P-TEFb interacts with RNAPII in vivo. Total
nuclear extracts from HeLa cells were immunoprecipitated with anti-Cdk9 (lane 2) or anti-CycT1 (lane 3) antibodies. One tenth of the nuclear
extract was used as an input control (lane 1). Preimmune serum was used as a control for immunoprecipitations (lane 4). Samples were separated
by SDS-PAGE, transferred to a membrane, and probed with the antibody 8WG16, which recognizes RNAPII. (B) CycT1 interacts with RNAPII
in vitro. GST-CycT1 chimeras that were examined for their interactions with the endogenous RNAPII are depicted. Also presented are important
elements in CycT1: the cyclin box, the Tat-TAR recognition motif (TRM), the coil domain, the histidine-rich stretch (His), and PEST sequences.
Equal amounts of the indicated GST-CycT1 fusion proteins, which were bound to glutathione-Sepharose beads (lanes 2 to 9), and the control GST
alone were incubated with HeLa nuclear extracts as described in Materials and Methods. After a GST pull-down assay, Western blotting was
performed with the SWG16 antibody against RNAPII.

RNAPII interacts with the C-terminal region of CycT1 in 2 and 3). Moreover, we mapped the region of CycT1 that binds
vivo. These results indicated that C-terminal residues of CycT1 RNAPII (Fig. 3B). In vitro binding reactions using nuclear

promote transcriptional activation via distal sites. These inter- extracts and GST-CycT1 fusion proteins demonstrated that
actions could occur by the looping of DNA. Indeed, some neither GST alone (Fig. 3B, lane 1) nor the fusion protein
activators that bind to enhancers and coactivators that interact containing the N-terminal 300 residues (lane 8) interacted with

with activators and PIC also facilitate the bending of DNA (4, RNAPII. The same was true for GST-CycT1 chimeras contain-
36). The CTD of RNAPII is also required for these effects (14, ing the first 480 residues (Fig. 3B, lane 7) and residues from
50). Accordingly, by interacting with the CTD, P-TEFb could positions 611 to 726 (lane 9). In contrast, full-length CycT1
function as a coactivator that links enhancers to the PIC. This (Fig. 3B, lane 2) and GST-CycT1 fusion proteins containing
interaction could lead to the phosphorylation of the CTD by the 551 N-terminal residues (lane 3) or only sequences from
Cdk9 and the activation of transcription. positions 231 to 611 (lane 4) and 350 to 611 (lane 5) bound

To evaluate this hypothesis, we examined whether P-TEFb RNAPII. Moreover, a region of the hybrid GST-CycT1 protein
interacts with RNAPII. Indeed, both CycT1 and Cdk9 coim- from positions 481 to 551 (Fig. 3B, lane 6) still interacted with
munoprecipitated this polymerase in HeLa cells (Fig. 3A, lanes RNAPII. This region contains a histidine-rich stretch that
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could mediate the binding between CycT1 and RNAPII. Other
GST-CycT1 chimeras that contained these 70 residues also
binds RNAPII (Fig. 3B, lanes 4 and 5). We conclude that the
C-terminal region of CycT1 between positions 481 and 551
interacts with RNAPII in vivo and with nuclear extracts in
vitro.

The C-terminal region of CycT1 binds the CTD of RNAPII
in vitro and in vivo. Next, we examined the binding between a
GST-CTD fusion protein and *°S-labeled CycT1 protein,
which was transcribed and translated with rabbit reticulocyte
lysate in vitro. Only full-length CycT1 (Fig. 4A, lane 2) and
CycT1 containing the N-terminal 590 residues (lane 3) bound
the GST-CTD chimera. Since the wild-type CycT(1-726) did
not bind GST alone, this interaction was specific (Fig. 4A, lane
1). Moreover, mutant CycT1 proteins containing the N-termi-
nal 420 (Fig. 4A, lane 4) and 300 (lane 5) residues also did not
bind the GST-CTD fusion protein. We conclude that the CTD
of RNAPII binds the C-terminal residues of CycT1 in vitro.

To correlate our binding studies in vitro with functional
results in cells, we used Raji B cells that stably express HA
epitope-tagged RNAPII with different lengths of the CTD, i.e.,
52 or 5 repeats of the heptapeptide YSPTSPS (35). Previous
studies demonstrated that only RNAPII containing 52 or 31
repeats of the CTD supported Tat transactivation and effects
of enhancers (14, 38). Therefore, we performed immunopre-
cipitations using the hybrid Gal-CycT(1-590) and Gal-CycT(1-
300) proteins, respectively. Only the N-terminal 590 residues of
CycT1 were included because this fusion protein did not con-
tain the C-terminal PEST region and was expressed at higher
levels than the wild-type protein (Fig. 1D, compare lanes 3 and
4). Gal-CycT(1-590) but not Gal-CycT(1-300) interacted with
the full-length CTD (Fig. 4B, compare lanes 5 and 7). More-
over, neither protein bound the RNAPII with only 5 repeats
(Fig. 4B, compare lanes 6 and 8). Coexpression studies also
revealed that only the full-length CTD supported the function
of our Gal-CycT1 and Gal-Cdk9 chimeras on pG6(5'Pro) and
pG6(3'Pro) in these Raji B cells (data not presented). We
conclude that the C-terminal region of CycT1 binds the CTD
of RNAPII in vitro and in vivo.

C-terminal region of CycT1 rescues the ability of CycK to
mediate transcriptional activation. Based on these results, the
CTD appeared to be the key target for the C-terminal region
of CycT1. The binding of these two domains was documented
in several different ways and mapped to the histidine-rich
stretch in CycT1. To prove the functional significance of this
interaction, we examined the ability of a Gal-CycK chimera to
activate transcription from distal sites via DNA. The same
plasmid targets were used (Fig. SA). By binding Cdk9, CycK
forms an alternative P-TEFb complex (8). However, it contains
only 357 residues, which include the N-terminal cyclin boxes
but not the long C-terminal region of CycT1 and CycT2. Nei-
ther Gal-CycT(1-300) (Fig. 5B and C, lanes 4) nor Gal-CycK
(lanes 5) activated transcription. In contrast, a Gal-CycK chi-
mera which was fused to the C-terminal region of CycT1 (Fig.
5B and C, lanes 6) activated transcription when presented via
DNA to levels of the Gal-CycT(1-726) fusion protein (lanes 3).
Thus, the C-terminal residues of CycT1 rescued the ability of
Gal-CycK fusion protein to support transcriptional activation
from distal sites upstream and downstream of the promoter
and coding sequence.
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FIG. 4. The C-terminal region of CycT1 binds the CTD of RNAPII
in vitro and in vivo. (A) The C-terminal region of CycT1 binds the
CTD in vitro. The indicated **S-labeled CycT1 proteins, which were
transcribed and translated with rabbit reticulocyte lysate in vitro, were
incubated with the GST-CTD fusion proteins bound to glutathione-
Sepharose beads (lanes 2 to 5). As a control, GST alone was incubated
with CycT(1-726). Binding reactions and steps leading to autoradiog-
raphy were performed as described in Materials and Methods. CycT1
inputs represent 10% of amounts that were used for the binding
reactions. (B) The C-terminal region of CycT1 interacts with the CTD
in vivo. Raji cells stably expressing an HA epitope-tagged and a-aman-
itin-resistant RNAPII, which contained 52 or 5 repeats of the hep-
tapeptide YSPTSPS of the CTD, coexpressed Gal-CycT(1-590) or
Gal-CycT(1-300). Lysates prepared from these cells were immunopre-
cipitated with the anti-Myc antibody, subjected to SDS-PAGE, trans-
ferred to membranes, and probed with the anti-HA antibody. As a
control, the Gal-CycT(1-590) chimera was expressed in parental Raji
cells that do not express the HA epitope-tagged RNAPII molecules
(Raji-LS). Lanes 1 to 3 represent the inputs of the different HA
epitope-tagged RNAPII molecules, expressing 52 (wild type [WT]) or
5 (truncated [A5]) repeats of the CTD. Arrows indicate the wild-type
and truncated large subunit of RNAPII (RPB1). Below the Western
blots are the wild-type HA epitope-tagged RPB1 and A5 RPB1. The
synthesis of the HA epitope-tagged and a-amanitin resistant (¢ AR)
RNAPII was directed by the cytomegalovirus (CMV) promoter.

The kinase activity of Cdk9 is required for effects mediated
by CycT1. The interaction between the C-terminal region of
CycT1 and the CTD of RNAPII was required for the activation
of transcription. When presented via DNA, Cdk9 had the same
activity (Fig. 1B and C). To demonstrate that the kinase activ-
ity of Cdk9 is also required for effects of Gal-CycT(1-726), we
used DRB, a known inhibitor of Cdk9, or a kinase-deficient
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FIG. 5. Addition of the C-terminal region of CycT1 to CycK rescues the activity of the Gal-CycK chimera via DNA. (A) Plasmid effector
GT(1-726), which directed the expression of the Gal-CycT(1-726) fusion protein. Also illustrated are the hybrid proteins in which the N termini
of CycK or of the hybrid CycK-CycT(300-726) protein were fused to the Gal4 DBD. Plasmid targets pG6(5'Pro) and pG6(3'Pro) (Fig. 1A) are
also shown. (B) Addition of the C-terminal region of CycT1 to Cyc K rescues the activity of the Gal-CycK chimera from sites upstream of the
promoter. HeLa cells coexpressed pG6(5'Pro) and Gal-CycT(1-726), truncated Gal-CycT(1-300), Gal-CycK(1-357), and Gal-CycK(1-357)-
CycT(300-726) chimeras. Data are relative to basal levels of the reporter gene alone and represent two independent experiments; standard errors
of the means are given. (C) Addition of the C-terminal region of CycT1 to CycK rescues the activity of the Gal-CycK chimera from sites
downstream of the promoter and coding sequence. HeLa cells coexpressed pG6(3'Pro) and Gal-CycT(1-726), truncated Gal-CycT(1-300),
Gal-CycK(1-357), and mixed Gal-CycK(1-357)-CycT(300-726) chimeras. Data are relative to basal levels of the reporter gene alone and represent
two independent experiments, where standard errors of the means are given.

Cdk9 mutant [Cdk9(D167N)]. As shown in Fig. 6B, DRB in-
hibited the ability of the hybrid Gal-CycT(1-726) protein to
activate transcription via pG6(5'Pro). These levels of inhibi-
tion were similar to the inhibition of Tat transactivation by
DRB (data not presented). It is also known that at these levels,
DRB does not inhibit other cyclin-dependent kinases, such as
Cdk7 (43). Furthermore, the kinase-deficient Cdk9 protein
[Cdk9(D167N)] also inhibited the activation of transcription by
the Gal-CycT(1-726) fusion protein (Fig. 6C). Together, these
results demonstrate that the kinase activity of Cdk9 is essential
for the activation of transcription of target genes by P-TEFb
from distal sites.

CycT1 and Cdk9 increase rates of elongation of transcrip-
tion via DNA. Our results demonstrated that the C-terminal
region of CycT1 is required for transcriptional effects when
P-TEFb is presented via DNA. This activation of transcription
could have represented increased rates of initiation or elonga-
tion of transcription or both. It is established that on the HIV
LTR, Tat and P-TEFbD regulate the step of elongation of tran-
scription. Nuclear run-on and steady-state RNA analyses give
identical results in this system (1, 26). Because of the stem-loop
structure, short transcripts, which correspond to TAR, have
stabilities identical to that of the full-length mRNA species.
Thus, to verify that effects of the Gal-CycT(1-726) chimera via
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FIG. 6. The kinase activity of Cdk9 is required for the activation of
transcription by P-TEFb via DNA. (A) DRB inhibits the activation of
transcription by the Gal-CycT(1-726) fusion protein. The Gal-CycT(1-
726) hybrid was coexpressed with pG6(5'Pro) in HeLa cells. Cells were
incubated for 24 h before and 48 h after the transfection with increas-
ing concentrations of DRB. (B) A kinase-deficient Cdk9 protein in-
hibits the activation of transcription by the Gal-CycT(1-726) chimera.
Increasing concentrations of a plasmid expressing the dominant-neg-
ative Cdk9(D167N) protein were cotransfected with plasmids express-
ing Gal-CycT(1-726) and pG6(5'Pro) into HeLa cells. CAT activities
are relative to basal levels of the reporter gene alone. They represent
two independent experiments, and standard errors of the means are
given.

DNA were also on this step of transcription, we performed
RPA. RNA was purified from cells expressing pG6TAR
(5'Pro) along with different Gal-CycT1 fusion proteins. The
TAR sequence had no effect on the ability of the Gal-CycT1
hybrid to activate transcription via DNA (data not presented)
(15). We used two different antisense RNA probes (60). A
proximal probe hybridized to the TAR sequence and measured
levels of initiated transcripts. A distal probe hybridized to the
CAT sequence and measured levels of elongated transcripts
(Fig. 7). Each probe was annealed to the purified RNA, di-
gested with RNase T1, and separated by PAGE, and the pro-
tected species were detected by autoradiography.

As shown in Fig. 7, all Gal-CycT1 fusion proteins supported
similar levels of promoter-proximal transcription. Levels of
initiated transcripts were similar to those obtained with the
Gal-VP16 fusion protein, which was used as a positive control
(Fig. 7, lane 6, lower panel). However, differences between
Gal-CycT1 fusion proteins were found when elongated tran-
scripts were compared. Similar to the Gal-VP16 chimera, only
Gal-CycT(1-726) (Fig. 7, lane 2) and Gal-CycT(1-590) (lane
3) increased levels of elongated transcripts (lanes 2 and 3,
upper panel). In contrast, Gal-CycT(1-420) (Fig. 7, lane 4) and
Gal-CycT(1-300) (lane 5) did not support these effects. These
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FIG. 7. Effects of the C-terminal region of CycT1 are on the elon-
gation rather than initiation of transcription. RNA was purified from
COS cells expressing the indicated Gal-CycT1 chimeras and the plas-
mid target pG6TAR(5'Pro) (lanes 1 to 5). Cells expressing Gal4-VP16
(GVP16) and Gal4 DBD (Gal) were used as the positive and negative
controls, respectively. RPA were performed as described in Materials
and Methods with two different RNA probes. A proximal probe cor-
responded to the HIV LTR from positions —10 to +59 and measured
rates of initiation of transcription. A distal probe corresponded to the
CAT sequence from positions 342 to 482 and measured rates of elon-
gation.

results confirm that the effects of P-TEFb via distal sites are
also on the elongation of transcription.

DISCUSSION

In this report, we present evidence that the elongation of
transcription can be regulated from sites upstream and down-
stream of target genes. P-TEFD, in this case composed of
CycT1 and Cdk9, activated transcription when presented via
DNA. CycT1 bound the CTD of RNAPII in vitro and in vivo,
enabling P-TEFb to mediate its effects. This binding required
more than five heptapeptide repeats in the CTD and the his-
tidine-rich stretch, which is conserved in the C-terminal region
of CycT1 and CycT2. The kinase activity of Cdk9 was required
for P-TEFD to mediate its effects. Importantly, placing just this
C-terminal region of CycT1 onto another cyclin that binds
Cdk9 conferred upon CycK the ability to activate transcription
via DNA. We conclude that the C-terminal region of CycT1 is
required for the transcriptional effects of P-TEFb via DNA. In
keeping with the enhancer hypothesis, this activation de-
pended on promoter elements, such as CP and PPR, in this
case Spl, and the CTD of RNAPII. Thus, P-TEFb could me-
diate effects of enhancers on the elongation of transcription.

Our experiments confirm and extend previous studies on
P-TEFb, where Gal-P-TEFb chimeras could activate transcrip-
tion via UAS (34, 37). Distinct from promoter effects, our
study revealed that P-TEFb can also function as a coactivator
from sites distal to the target gene. Additionally, we docu-
mented that the CTD is the target of P-TEFb. Most impor-
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FIG. 8. Model of P-TEFb mediation of transcriptional effects from distal sites. The rectangle at the top shows cis elements of proximal
(promoters) and distal (enhancers) transcriptional regulatory elements. The promoter consists of the CP (TATA box [T] and INR), downstream
promoter element, and PPR, where activators like Sp1 (blue circles) bind. PIC is assembled and positioned at the promoter (step 1, green circles).
Activators, such as NF-kB (purple circles), bind to the enhancer, positioned upstream (or downstream, not pictured) and in any orientation distant
from the promoter and coding sequence. They affect chromatin remodeling and also recruit P-TEFb (step 2). Their ability to bend DNA enables
the C-terminal region of CycT1 to bind the CTD of RNAPII (step 3). Cdk9 (orange circle) then phosphorylates the CTD of RNAPII (red circle)
(step 4), resulting in the elongation of transcription (step 5).

 —

tantly, the ability of P-TEFb to bind the CTD could be corre- following heat shock, P-TEFb is recruited to regions upstream
lated directly with its effects on the elongation of transcription. of promoters of over 200 transcriptional units, implying its
Our study also extends data from D. melanogaster, where the requirement for the activated transcription of genes, where
CTD is essential for effects of P-TEFb (41). In this system, RNAPII is paused (33).
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Although CycT1 and Cdk9 were tethered artificially to
DNA, this situation only mimicked several strong activators
that can function on enhancers and which bind and recruit
P-TEFbD to these sequences. Previously, we made this connec-
tion with CIITA, which is the coactivator of MHC II genes
(25). It functions from conserved upstream sequences in these
promoters or from distal enhancers of these genes (54). Addi-
tionally, we found that NF-kB also recruits P-TEFb to the
interleukin 8 gene (1). A recent report made the same con-
nection with the androgen receptor (30). Thus, the recruitment
of P-TEFb represents an essential step for transcriptional ef-
fects of these activators. Although the direct tethering to DNA
made our analyses simpler, additional insights into complex
DNA-protein assembly, looping, and transcriptional activation
will come from more detailed studies with these individual
cellular and viral activators.

This study also addresses two important issues regarding
HIV replication. First, it supports the notion that DNA-bound
activators, such as NF-«B, recruit P-TEFb (1). This interaction
explains the ability of HIV to start transcribing its genome in
the absence of Tat. Thus, cellular activation releases NF-kB to
the nucleus, where it binds to two repeated sequences up-
stream of the three Sp1 sites. The recruitment of P-TEFb then
leads to the synthesis of Tat. Second, P-TEFb on NF-«B could
promote the autophosphorylation of Cdk9, which is necessary
for productive interactions between Tat, TAR, and P-TEFb.
This posttranslational modification is required for the creation
of the optimal RNA-binding surface of the complex between
Tat and P-TEFb (7, 12). Finally, this tripartite complex leads to
sustained high levels of viral replication (59).

In fulfilling the criteria of enhancers, this study advances the
concept that P-TEFb is an important coactivator for distal
activators, i.e., that its interaction with the CTD of RNAPII
can convey signals over long distances. Thus, our study sug-
gests a model of how some enhancers could function (Fig. 8).
First, the PIC is assembled and positioned on promoters. Pro-
teins bound to TATA box, INR, and Spl sequences play im-
portant roles in this process (step 1). Other activators that bind
to promoter and enhancer elements also remodel chromatin
and recruit P-TEFD (step 2). Some proteins also bend DNA,
enabling the C-terminal region of CycT1 to interact with the
CTD of RNAPII (step 3). Cdk9 then phosphorylates the CTD
(step 4), and possibly other proteins that interact with the
paused RNAPII, resulting in the elongation of transcription
(step 5). In summary, the interaction between the C-terminal
region of CycT1 and the CTD of RNAPII allows P-TEFb to act
as a coactivator that connects enhancer-binding proteins with
the paused RNAPII at promoters, which leads to the elonga-
tion of transcription. This model brings closer the worlds of
prokaryotic and eukaryotic transcription, where transcriptional
antitermination, i.e., elongation, regulates among others the
expression of bacteriophage \ genes (16).
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