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By binding to the transactivation response element (TAR) RNA, the transcriptional transactivator (Tat)
from the human immunodeficiency virus increases rates of elongation rather than initiation of viral transcrip-
tion. Two cyclin-dependent serine/threonine kinases, CDK7 and CDK9, which phosphorylate the C-terminal
domain of RNA polymerase II, have been implicated in Tat transactivation in vivo and in vitro. In this report,
we demonstrate that CDK9, which is the kinase component of the positive transcription elongation factor b
(P-TEFb) complex, can activate viral transcription when tethered to the heterologous Rev response element
RNA via the regulator of expression of virion proteins (Rev). The kinase activity of CDK9 and cyclin T1 is
essential for these effects. Moreover, P-TEFb binds to TAR only in the presence of Tat. We conclude that
Tat-P-TEFb complexes bind to TAR, where CDK9 modifies RNA polymerase II for the efficient copying of the

viral genome.

The transcriptional transactivator Tat from human immuno-
deficiency viruses (HIV-1 and HIV-2) and simian immunode-
ficiency virus is a highly conserved and unique transcriptional
activator in that it binds to RNA rather than to DNA to
increase rates of elongation rather than initiation of transcrip-
tion (17). Its RNA target, the transactivation response element
(TAR), forms a stable stem-loop at the 5’ end of all viral
transcripts (17). Tat is absolutely essential for viral replication
and has been a major focus of research on new anti-HIV
therapeutic strategies (10). For example, dominant negative
Tat proteins (5), TAR decoys (19), new phenothiazines (16),
and kinase inhibitors (22) have all been demonstrated to de-
crease the ability of Tat to function on the viral promoter, the
5’ long terminal repeat (HIV-1 LTR).

Tat binds to TAR via its RNA-binding domain in the C-
terminal half of the protein (17). Additionally, Tat exists in
multiprotein complexes in cells. One of these comprises the
RNA polymerase II (RNAPII) holoenzyme (7, 11), which con-
tains up to 100 polypeptides and can initiate transcription from
promoters in the presence of general transcription factors
TFIID and TFIIB (7). In the holoenzyme complex, Tat inter-
acts with TFIIH and activates CDK7, a cyclin H-dependent
serine/threonine kinase that is known to phosphorylate the
C-terminal domain (CTD) of RNAPII (7, 12, 27, 35). The
conversion from a nonphosphorylated CTD (RNAPIIa) to a

* Corresponding author. Mailing address: Departments of Medi-
cine, Microbiology, and Immunology, Howard Hughes Medical Insti-
tute, University of California, San Francisco, San Francisco, CA 94143-
0703. Phone: (415) 502-1902. Fax: (415) 502-1901. E-mail: matija@itsa
.ucsf.edu.

7154

phosphorylated CTD (RNAPIIo) is a hallmark of the transi-
tion from initiation to elongation of transcription (26). Tat also
exists in a second complex, which contains CDK9, which, to-
gether with cyclin T1, hyperphosphorylates the CTD (22, 34,
38). Transcriptionally active CDKO9 is a component of the pos-
itive transcription elongation factor b (P-TEFb), which was
defined first in in vitro transcription systems from Drosophila
melanogaster (23). Cyclin T1 also binds to Tat, increases the
affinity of Tat for TAR in vitro, and rescues the block to Tat
transactivation in rodent cells (33). Tat-TFIIH and Tat-P-
TEFb complexes might function independently and sequen-
tially, such that the activation of CDK7 leads to promoter
clearance and the recruitment of CDKOY for efficient elonga-
tion, or dependently, such that CDK7 directly or indirectly
modifies the activity of CDK9 or vice versa.

Given these data, several critical questions remained. Which
of these Tat complexes can interact with TAR, and which
kinase can function via RNA to transactivate the HIV-1 LTR?
In this study, we demonstrate that CDK9 can function via
RNA but only when its kinase domain is intact. Cyclin T1 is
also required for the function of CDK9. Finally, we demon-
strate that the Tat—P-TEFb complex interacts specifically with
TAR in a manner that depends on the 5’ bulge and central
loop of TAR. We conclude that Tat-P-TEFb complexes are
functional at TAR and suggest that Tat-TFIIH complexes act
at an earlier step, such as promoter clearance.

MATERIALS AND METHODS

Plasmid constructions. The plasmids pRevTat, pHIVSCAT, pRRESCAT,
and pCyclin T1 have been described previously (18, 21, 28, 32). To construct
pSPORTRev, Rev coding sequences (350 bp) were amplified by PCR from
pcRev (32), restricted with AfIIT and Sacl, and cloned into the PstI and Sacl sites
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of pSV - SPORT 1 (Gibco BRL, Gaithersburg, Md.), which contains modified
polylinker sequences (sequences available upon request). Functional expression
of Rev was confirmed as described elsewhere (20). Full-length wild-type CDK9
and its kinase-deficient counterpart (D167N) were amplified by PCR from pRc/
CMVCDKY-HA (pCDKJ9) and pRc/CMVCDK9PNHA [pCDK9(D167N)] (13),
respectively, with the oligonucleotides 5" GCGATCcagctgGAGGCGGCCATG
GCAAAGCAGTACGACTCGGT 3’ (lowercase letters indicate the Pvull site)
and 5" CAGACGGAGTTTGAGCGCGTCTTCCTCGAGAGGGGCCGGCG
3'. Amplified products (1.1 kbp) were restricted with PvulIl and subcloned into
pSPORTRev (Pvull). The identities of the resulting plasmids [pRevCDK9 and
pRevCDK9(D167N)] were confirmed by dideoxynucleotide DNA sequencing
(Amersham, Arlington Heights, Ill.). The expression of fusion proteins in COS
cells was evaluated by Western blotting with anti-Rev and anti-CDK9 antibodies.
Wild-type (+1 to +80) or mutant TAR sequences derived from HIV-1gg, were
cloned into pGEM7fZ(+) (SphI-HindIII; Promega, Madison, Wis.) with oligo-
nucleotides containing Sphl (5') and HindIII (3') linkers. Sequences of the
resulting plasmids pGEM7WT (wild-type TAR), pPGEM7AB (bulge deletion),
and pGEM7AL (loop deletion) were confirmed by DNA sequencing (see Fig.
4A).

Transfection and CAT assays. HeLa cells were transfected with plasmid re-
porters (0.1 pg) and plasmid effector (0.1 pg) in the presence or absence of pTat
(18) with Lipofectamine as recommended by the manufacturer (Gibco BRL).
For Fig. 3 and 4, increasing amounts of competitor plasmids were also used (see
legends to Fig. 3 and 4). Forty-eight hours after the transfection, cells were
harvested and lysed (0.25 M Tris-HCI at pH 7.5, 0.1% Triton X-100). Chloram-
phenicol acetyltransferase (CAT) assays were performed as described previously
(25). As an internal control, 0.2 pg of pPCMVBGal was cotransfected with CAT
plasmid reporters. B-Galactosidase assays were performed as follows. Cell lysates
were mixed with the same amount of 2X B-galactosidase reaction mixture (200
mM NaPO4 [pH 7.3], galactopyranoside) and incubated at 37°C for 2 h. B-Ga-
lactosidase activities were quantified by measuring the absorbance at 450 nm by
the enzyme-linked immunosorbent assay plate reader. All CAT data were nor-
malized to this internal control.

Cell culture. Human 293 cells stably expressing CDK9-HA (PITALRE-HA)
have been described earlier (13). Briefly, 293 cells were transfected with pRc/
CMVCDKO9-HA and selected in G418-containing culture medium (13).

RNA capture assays. Wild-type and mutant TAR RNA species were prepared
from the pPGEM7 plasmids by transcribing linearized templates (HindIII) with T7
polymerase in the presence of [a->*P]JUTP with the MAXIscript kit (Ambion,
Austin, Tex.). Labeled RNA was purified from a 5% denaturing polyacrylamide
gel and eluted (1.95 M NH,OAc, 1% sodium dodecyl sulfate, 60 pg of tRNA per
ml) for 6 h at 60°C. After phenol and chloroform extractions, the RNA was
precipitated with 2.5 volumes of EtOH and resuspended in RNA capture buffer
(50 mM HEPES-KOH at pH 7.6, 50 mM KCI, 0.1 mM EDTA, 5% glycerol, 7
mM Mg,Cl, 10 mM dithiothreitol). Nuclear extracts (9) were prepared from 293
cells stably expressing hemagglutinin (HA)-tagged wild-type CDKO or the pa-
rental vector. CDK9 complexes were immunoprecipitated (50 wg of nuclear
extract/treatment) onto protein A-Sepharose beads (Pharmacia, Piscataway,
N.J.). These beads were washed at least three times in the wash buffer (50 mM
Tris-HCI at pH 7.4, 0.25 M NaCl, 0.1% Triton X-100, 5 mM EDTA, 10 mM
dithiothreitol, 1 mM sodium metabisulfite, 0.2 mM phenylmethylsulfonyl fluo-
ride) and two times in RNA capture buffer before being resuspended in 250 pl
of binding buffer. RNA capture assays were performed in the presence or
absence of recombinant Tat protein (500 ng) (7), wild-type or mutant [a->?P]
UTP-RNA (10° to 10¥ cpm/pg, respectively), and 10 ng of tRNA per ml. Binding
reaction mixtures were incubated at 25°C for 1 h with gentle rotation and then
washed extensively with RNA capture buffer. Complexes were extracted with
phenol (pH 5.0), concentrated by precipitation (0.3 M sodium acetate, 20 g of
tRNA, 2.5 volumes of EtOH), and resolved on 10% denaturing polyacrylamide
gels. Captured RNA was visualized following exposure of the dried gel to X-ray
film.

RESULTS

The hybrid RevCDK9 protein activates transcription from
the HIV-1 LTR where TAR was replaced by SLIIB from RRE.
Recently, P-TEFDb and especially cyclin T1 were demonstrated
to interact with Tat (22, 34, 38). Furthermore, the inhibition of
the kinase activity of CDK9 abolished Tat transactivation (22).
Since P-TEFb phosphorylates the CTD, we wanted to test
whether CDKO9 could activate transcription when introduced to
the transcription complex via RNA. To this end, the following
plasmids were used (Fig. 1). They directed the synthesis of Rev
(pRev), hybrid RevTat (pRevTat), RevCDK9 (pRevCDKD9),
and mutant RevCDK9(D167N) [pRevCDK9(D167N)] pro-
teins from the simian virus 40 early promoter (Fig. 1A). The
mutation of aspartic acid at position 167 to asparagine abol-
ishes the ability of CDK9 to phosphorylate the retinoblastoma
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FIG. 1. Diagrammatic representation of plasmid effectors and reporters used
in this study. (A) Plasmid effectors consisted of pRev, pRevTat, pPRevCDK9, and
pRevCDK9(D167N), which directed the synthesis of Rev, hybrid RevTat, hybrid
RevCDKOY, and hybrid Rev-kinase-negative-CDKO proteins from the simian vi-
rus 40 early promoter, respectively. (B) Plasmid reporters consisted of pHIVS-
CAT, and pRRESCAT, which contained the wild-type HIV-1 LTR from HIV-
1sp» and substituted HIV-1 LTRs, where TAR was replaced by SLIIB from the
RRE linked to the CAT reporter gene, respectively. Ovals before arrows denote
types of promoters, followed by start sites of transcription (lines with arrows),
TAR and SLIIB structures, and reporters (CAT), followed by the polyadenyla-
tion site (pA). D167N stands for a mutation of aspartic acid to asparagine at
position 167 of CDK9, which destroys the kinase activity of CDKO.

protein (13) and the CTD (data not presented). However, this
same mutation does not affect the ability of the mutant CDK9
to form higher-order complexes (data not presented). Addi-
tionally, we used pTat and pCDK9. These plasmids are de-
scribed elsewhere (13, 18). Two major plasmid effectors were
used. They contained the wild-type HIV-1 LTR (pHIVSCAT)
or the HIV-1 LTR where TAR was replaced by the high-
affinity Rev-binding stem-loop IIB (SLIIB) from the Rev re-
sponse element (RRE) (PRRESCAT) (32) linked to the CAT
reporter gene (Fig. 1B).

First, we cotransfected our plasmid effectors with the wild-
type HIV-1 LTR target (pHIVSCAT). The wild-type Tat in-
creased levels of expression 99-fold over that for the mutant
Tat (Fig. 2A, lanes 1 and 2). Similarly, the hybrid RevTat
protein transactivated the HIV-1 LTR 86-fold (Fig. 2A, lane
3). Basal levels of expression in this and subsequent experi-
ments were measured by the liquid CAT assay, where the slope
was measured by increases in counts per minute (Fig. 2, bot-
tom). As expected, since Rev has no affinity for TAR, neither
Rev nor the hybrid RevCDKY proteins had any effect on the
HIV-1 LTR. In sharp contrast, the hybrid RevCDK9 transac-
tivated the substituted HIV-1 LTR (pRRESCAT), where TAR
was replaced by SLIIB, 26-fold (Fig. 2B, lane 4). This effect was
about one-half of that observed with the hybrid RevTat protein
on the same plasmid target (46-fold [Fig. 2B, lane 3]). Impor-



7156 FUJINAGA ET AL.

A. pHIVSCAT B. pRRESCAT
100 — 50 1
=
é 80 - S 40 1
g g
3 60 - g 30
S 40 1 § 201
=20 A S 10
[=) [=)
s S#
0 — % O -
1[2]3]4]s 1]2]3]4]s
X 8 5 9 2 2 8 85 9 2
¥ L ] M Z
E5%35 8 5% 5%
" % 3 8 £ 3 8
g 2 g2
a a
@] &)
5 5
I~ e
o j=1}
Effector Target CAT (cpm/min)  Fold-transactivation
TatZX pHIVSCAT 27 1
Tat 2676 99
RevTat 2325 86
Rev pRRESCAT 4 1
RevTat 185 46
RevCDK9 102 26

FIG. 2. RNA tethering is required for the activity of CDK9 on the HIV-1
LTR. HeLa cells were cotransfected with pHIVSCAT (A) or pRRESCAT (B)
and indicated plasmid effectors. (A) Only the wild-type Tat and hybrid RevTat
proteins transactivated pHIVSCAT, which contains TAR (99- and 86-fold, re-
spectively [black bars]). Neither the hybrid RevCDK9 nor RevCDK9(D167N)
protein transactivated the wild-type HIV-1 LTR (striped bars). (B) Both the
hybrid RevTat and RevCDK9 but not Tat and RevCDK9(D167N) proteins
increased transcription from pRRESCAT, which contains the binding site for
Rev (SLIIB) in place of TAR. The hybrid RevCDKY protein had about one-half
the activity of the hybrid RevTat protein (46-fold versus 26-fold transactivation
[black versus striped bars]). A total of 0.1 g of each plasmid target and effector
was used. The table below the bar graphs contains the mean slopes from liquid
CAT data and absolute values for the fold transactivation. Experiments are
representative of three independent transfections performed in duplicate where
the standard errors of the means are given.

tantly, neither wild-type Tat nor the mutant hybrid RevCDK9
(D167N) protein had any effect when targeted to the HIV-1
LTR via SLIIB (Fig. 2B, lanes 2 and 5). Together, these data
demonstrate that CDK9 can function when tethered to RNA
and that the kinase activity of CDKD is essential for this effect.
Interestingly, neither hybrid RevCDK9 nor RevVP16 protein
(32) worked as well as the hybrid RevTat protein, suggesting
that structural constraints on these fusion proteins might exist.

Cyclin T1 is also required for the function of CDK9 in cells.
To determine what other components of P-TEFb might also be
required for the function of CDKO9, we performed the follow-
ing squelching experiments in cells. Squelching refers to the
ability of one domain of a protein to prevent the relevant
cofactor(s) from interacting with the target protein. Previously,
free Tat could efficiently compete for a limiting coactivator on
heterologously tethered hybrid Tat proteins (6, 21). As pre-
sented in Fig. 3, a twofold excess of free CDK9 could decrease
levels of transactivation of the hybrid RevCDKOY protein by
80% (15- to 3-fold, lanes 2 and 3). Western blots revealed that
levels of CDK9 were twofold higher than those of the chimera
(data not presented). When increasing amounts of cyclin T1
were coexpressed with both CDK9 proteins, this squelching
was eliminated in a dose-dependent fashion (Fig. 3, lanes 4
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to 6). Importantly, coexpression of these different proteins
had little to no effect on the cotransfected internal control,
pCMVBGal (Fig. 3, bottom). We conclude that cyclin T1 is
present in limiting amounts in cells and is required for the
function of CDKO9. Based on the data presented in Fig. 2, this
function is the ability of CDKO9 to act as a kinase. Additionally,
these results suggest strongly that no other component of P-
TEFb is limiting or required for the function of CDKDY in cells.
We also asked whether Tat had any effect in this system. One
could imagine that Tat could have a positive, a negative, or no
effect on the hybrid RevCDK9 protein. However, Tat had
virtually no effect on the hybrid RevCDK9 protein, even at a
fivefold excess of Tat over the chimera (Fig. 3, lanes 7 and 8).
We conclude that Tat does not affect interactions between
cyclin T1 and CDK9 and that Tat does not increase the activity
of CDKO. This finding is in agreement with previous studies,
where no effect of Tat on the activity of CDK9 was reported in
vitro (22). In this scenario, Tat would allow for optimal inter-
actions between CDKO9, cyclin T1, and TAR RNA and the
presentation of P-TEFb to the transcription complex.
Complexes containing Tat and P-TEFb bind to TAR specif-
ically. Since we could establish a functional link among cyclin
T1, CDKO, and the ability of CDKO9 to act via RNA, we won-
dered if P-TEFb could bind to TAR RNA in vitro. Recently,
recombinant Tat and cyclin T1 were demonstrated to interact
with TAR, and this binding depended on an intact 5’ bulge and
central loop in TAR (33). Moreover, the mutant Tat protein
lacking its RNA binding arginine-rich domain no longer facil-
itated these interactions (33). However, the ability of the P-
TEFb complex to bind to TAR had not been tested. To this
end, we created 293 cells which constitutively express influenza

20 T

=
2 15 7 9%
3 90!
> 3%l
g 5
g 59
T —_ %6 %%
z 10 3o
= [
< %]
S [
3 £33
2 5
[=) 5 %]
= [
1]
iese]
53!
[

Rev
RevCDK9 01 01] 0.1 | RevCDK9
CDK9 02] 02|05 Tat

CyclinT1 0.6

1 2 3 4 5 6 7 8

CMVBGal [0.14 [0.16]0.15]0.16]0.15[0.17] 0.16[0.14] OD450

FIG. 3. Squelching assays revealed functional interactions between CDK9
and cyclin T1 in cells. The expression of free CDK9 reduced effects of the hybrid
RevCDKOY protein on SLIIB (15- to 3-fold transactivation [lanes 2 and 3, white
and cross-hatched bars]). However, the coexpression of increasing amounts of
cyclin T1 together with CDK9 and the chimera restored levels of transactivation
from 8- to 15-fold (lanes 4 to 6, cross-hatched bars). The coexpression of Tat had
limited effects on the hybrid RevCDK9 protein (16-fold to 10-fold transactivation
[lanes 7 and 8, black bars]). A total of 0.1 pg of the plasmid effector was used.
Amounts of plasmid effectors are given below the bar graph. The introduction of
various proteins had minimal effects on the expression of LacZ from the co-
transfected pCMVBGal, which served as our internal control plasmid (table;
expressed as absorbance units). Experiments are representative of two indepen-
dent transfections performed in duplicate where the standard errors of the
means are given. OD450, optical density at 450 nm.
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FIG. 4. CDKO as part of P-TEFb binds to TAR RNA in the presence of Tat.
(A) Different TAR sequences were used in our RNA binding studies. The
wild-type TAR contained the entire TAR (60 nucleotides) and an additional 20
nucleotides to the HindllI site at its 3" end. Abulge lacked the 5’ bulge (circled
boldface letters). Aloop lacked 4 nucleotides of the central loop (boldface let-
ters). Only relevant nucleotides from the upper stem are presented; the rest of
the loop is schematized by the railroad track. (B) All three TAR sequences were
labeled equivalently, and Aloop migrated faster on these 10% polyacrylamide
gels. Immunoprecipitated P-TEFb complex (from HeLa cells expressing HA-
tagged CDKO9) bound to the wild-type but not mutant TAR sequences only in the
presence of Tat (compare lanes 1 and 2 to lanes 3, 4, 5, and 6). In the absence
of HA-tagged CDK9 (wild-type HeLa cells), no binding to TAR was observed
even in the presence of Tat (lanes 5 and 6). wt, wild type; nt, nucleotide(s).

virus HA-tagged CDKO. In these cells, P-TEFb can be immu-
noprecipitated with anti-HA antibodies. As reported previ-
ously, the immunoprecipitation of CDK9 from nuclear extracts
purifies P-TEFb, which can hyperphosphorylate the CTD in
vitro (38). TAR and mutant TAR RNA species were created
(Fig. 4A). Anti-HA immunoprecipitates were tested for their
binding to these labeled TAR RNA species in the presence
and absence of Tat.

As observed from data presented in Fig. 4B, P-TEFb could
bind to the wild-type TAR RNA only in the presence of Tat
(lanes 1 and 2). Our Tat was purified by affinity chromatogra-
phy following its overexpression in Escherichia coli, which
yielded a single stained band on gel electrophoresis (with the
Coomassie blue dye [7]). This Tat—P-TEFb complex could not
bind to a TAR RNA where the 5’ bulge was deleted (Abulge,
Fig. 4B, lanes 3 and 4) or where the central loop was absent
(Aloop, Fig. 4B, lanes 5 and 6). Importantly, in the absence of
the HA-tagged CDK9, immunoprecipitates from wild-type
HeLa cells demonstrated no binding to TAR in the presence
or absence of Tat (Fig. 4B, lanes 7 and 8). Additionally, the
mutant Tat containing only the activation domain of Tat (N-
terminal 48 residues) did not facilitate these interactions (data
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FIG. 5. A model for interactions among Tat, P-TEFb, and TAR. CDKO9 exists
in the P-TEFb complex in cells. This complex minimally contains CDK9 and
cyclin T1. Tat binds to P-TEFb in the absence of TAR. This complex has also
been referred to as the Tat-TAK (Tat-associated kinase) complex. The assembly
of the Tat—-P-TEFb complex results in the formation of a high-affinity surface for
the binding to TAR RNA. Both the 5’ bulge and central loop are required for
these protein-RNA interactions. Upon binding to TAR, CDK9 can then phos-
phorylate the CTD of RNAPIIo and possibly other targets, which results in
efficient elongation of viral transcription. Importantly, the kinase activity of
CDKO9 and the presence of cyclin T1 are required for these effects.

not presented). We conclude that P-TEFb can bind to the wild-
type TAR, which contains an intact 5’ bulge and central loop,
and that these interactions depend on the presence of the
wild-type Tat protein.

DISCUSSION

In this study, we demonstrated that CDK9 can function via
RNA provided that its kinase domain is intact. However, since
no effect of CDK9 or the hybrid RevCDKY9 proteins was ob-
served in the absence of SLIIB, RNA tethering is required for
these effects. Additionally, cyclin T1 was required for the ac-
tivity of CDK9 via RNA. Although Tat had no effect on this
heterologous tethering system, P-TEFb complexes, which con-
tain CDKY, could bind specifically to TAR RNA only in the
presence of Tat. This binding required the 5" bulge and central
loop in TAR. We conclude that Tat-P-TEFb complexes bind
to TAR where CDK9 phosphorylates the CTD and possibly
other proteins (Fig. 5).

The hybrid RevCDK9 protein functioned efficiently via
RNA. In this context, CDK9 was required but was by itself not
sufficient for activity, i.e., both an intact kinase domain and
cyclin T1 were required for transactivation. This finding im-
plies that RNA tethering is involved in catalysis, e.g., in the
phosphorylation of the CTD of RNAPII. Since RNA must pass
by the CTD for cotranscriptional processing (31), it is not sur-
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prising that RNA presentation would represent an optimal way
of bringing kinases to the CTD. On the other hand, most tran-
scriptional activators recruit general transcription factors and
RNAPII to the promoter (29) and therefore do not function
via RNA. So far, the only exception is VP16, which can also
interact with TFITH and possibly other kinases (35).

Our squelching results suggest that components of P-TEFb,
especially cyclin T1, are also limiting in cells. This finding has
some relevance to the replication of HIV and the establish-
ment of molecular latency. It is possible that HIV enters cells
where levels of P-TEFb are low, e.g., nonactivated cells (34). In
this scenario, there might be insufficient P-TEFb to support
Tat transactivation, leading to a block in viral transcription. In
these cells, optimal Tat transactivation would occur only upon
cellular activation. Finally, direct binding studies revealed that
P-TEFb and Tat form a complex that binds specifically to
TAR, and this cooperative binding depends on the intact 5’
bulge and central loop of TAR. Since CDKY is encoded on the
human chromosome 4 (4), our data also support the finding
that cyclin T1 is the protein encoded on the human chromo-
some 12, which rescues Tat transactivation in rodent cells (33).
Moreover, our studies extend this finding by revealing that Tat
is required for the binding of P-TEFb to TAR RNA.

Tat has placed the control of transcriptional elongation at
center stage. After the initiation of transcription, there exist a
series of well-orchestrated steps leading to productive elonga-
tion of transcription (2, 3, 14, 15, 30). TFIIH plays the major
role in promoter clearance (1, 35), which in HIV is increased
by Tat (8, 12, 27). CDK7 partially phosphorylates the CTD,
and the activity of CDK7 is increased by Tat (8, 12, 27). In this
study, we did not present data on RNA tethering of CDK7.
However, the hybrid RevCDK?7, RevCyclinH, and RevMatl
proteins were all inactive on pRRESCAT. These data could
mean that all these chimeras rendered CDK7 inactive or that
the work of CDK7 is completed by the time that SLIIB, which
is longer than TAR, is synthesized (14, 37). The latter finding
would agree nicely with studies that revealed that TFIIH dis-
sociates from RNAPII early after promoter clearance (37).

In a subsequent step, CDK9 hyperphosphorylates the CTD
and possibly other targets. In the case of HIV, the entrance of
P-TEFb into the transcription complex depends on Tat and
TAR. The conversion of RNAPII from the IIa to the ITo form
then results in an exchange of cellular proteins that bind to the
CTD (24, 36). Studies of Tat will allow for the dissection of
these steps and the characterization of participating proteins.
One intriguing possibility is that RNA presentation leads to
proper positioning and longer association between cyclin-de-
pendent kinases, CTD, and the transcription complex. How
other promoters, which are also regulated by attenuation, such
as c-myc, c-myb, and c-fos, recruit their kinase complexes to
RNAPII remains to be investigated (3, 30).

Our study is compatible with the following model for inter-
actions among Tat, TAR, and P-TEFb (Fig. 5). However, it
does not exclude an important role for interactions between
Tat and CDK7 (Tat-CAK or Tat-TFIIH complexes) at an
earlier step in transcription from the HIV promoter. Tat and
P-TEFDb are known to assemble independently of TAR in cells
(34, 38). These interactions result in structural changes of the
Tat-P-TEFb complex that allow for its binding to TAR. When
TAR is made, Tat-P-TEFb complex is recruited to TAR,
where CDK9 hyperphosphorylates the CTD of RNAPII and
possibly other targets. Efficient elongation of transcription re-
sults. To extend the model, other components of P-TEFb must
be characterized, targets of CDK9 must be identified, and the
elongating RNAPIIo must be analyzed. In the process, new
therapeutic strategies against HIV might be revealed.
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