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Transition Step during Assembly of HIV Tat:P-TEFb Transcription
Complexes and Transfer to TAR RNA

Ivadn D’Orso,* Gwendolyn M. Jang,® Alexander W. Pastuszak,®* Tyler B. Faust,® Elizabeth Quezada,®* David S. Booth,>? and

Alan D. Frankel®

Department of Biochemistry and Biophysics, University of California, San Francisco, California, USA,* and Biophysics Graduate Program, University of California at San

Francisco, San Francisco, California, USA®

Transcription factors regulate eukaryotic RNA polymerase II (Pol II) activity by assembling and remodeling complexes at multi-
ple steps in the transcription cycle. In HIV, we previously proposed a two-step model where the viral Tat protein first preas-
sembles at the promoter with an inactive P-TEFb:7SK snRNP complex and later transfers P-TEFb to TAR on the nascent tran-
script, displacing the inhibitory snRNP and resulting in Pol II phosphorylation and stimulation of elongation. It is unknown
how the Tat:P-TEFb complex transitions to TAR to activate the P-TEFb kinase. Here, we show that P-TEFb artificially recruited
to the nascent transcript is not competent for transcription but rather remains inactive due to its assembly with the 7SK snRNP.
Tat supplied in trans is able to displace the kinase inhibitor Hexim1 from the snRNP and activate P-TEFb, thereby uncoupling
Tat requirements for kinase activation and TAR binding. By combining comprehensive mutagenesis of Tat with multiple cell-
based reporter assays that probe the activity of Tat in different arrangements, we genetically defined a transition step in which
preassembled Tat:P-TEFb complexes switch to TAR. We propose that a conserved network of residues in Tat has evolved to con-
trol this transition and thereby switch the host elongation machinery to viral transcription.

he assembly of RNA polymerase II (Pol II) transcription com-

plexes is a dynamic process, which is controlled by transcrip-
tional activators at multiple steps of the transcription cycle (7, 30,
98, 117). Activators that function during initiation typically pos-
sess @ DNA-binding domain for promoter-specific recruitment
and an activation domain (AD) that mediates interactions with
the basal transcription machinery, coactivators/corepressors, or
chromatin-remodeling factors (33, 63, 71, 98). Some activators
function during elongation and may assemble into basal tran-
scription complexes to generate processive complexes that elon-
gate without premature pausing, such as Spl and CTF (7, 8); as-
semble at paused transcription complexes to stimulate subsequent
elongation, such as bacteriophage X Q protein and eukaryotic fac-
tor SII (87, 88, 115); or assemble on newly initiated transcripts to
read through subsequent pause sites, such as bacteriophage A N
protein, c-Myc, and HIV Tat (14, 16, 60, 84, 86).

Studies of HIV Tat, which regulates elongation of the viral
promoter (14, 29, 34, 79), have provided key insights into the host
elongation machinery, largely through the discovery of one of its
cofactors, positive transcription elongation factor (P-TEFb). P-
TEFD, composed of a cyclin subunit (CycT1, -T2a, or -T2b) and a
kinase (Cdk9) (64, 111, 121), is recognized as a global regulator
that overcomes Pol II pausing at promoter-proximal regions (13,
26,41,72,79, 81, 82, 94). Unlike DNA-binding transcription fac-
tors, Tat utilizes an RNA-binding domain (RBD) (residues 49 to
57) to contact the TAR stem-loop located at the 5" end of nascent
viral pre-mRNAs and uses its AD (residues 1 to 48) to recruit
P-TEFDb (CycT1:Cdk9) to TAR, where Cdk9 phosphorylates the
Pol II carboxy-terminal domain (CTD) and elongation factors,
such as negative elongation factor (NELF) and the 5,6-dichloro-
1-B-p-ribofuranosylbenzimidazole (DRB) sensitivity-inducing
factor (DSIF), to stimulate processivity (79, 81, 110, 113). The
timing appears to be governed by the interaction of the Tat:P-
TEFb complex with RNA, similar to how pre-mRNA-processing
factors are timed to function at specific RNA sites during the cou-
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pling of transcription elongation and RNA processing (21, 32,
109).

In addition to interacting with Tat and TAR, P-TEFb exists in
an inactive form bound to the 7SK snRNP, which is composed of
Heximl, Larp7, and Mepce proteins and the noncoding 7SK
snRNA (48, 53, 58, 66, 74, 116, 120). Tat competes with the kinase
inhibitor Hexim1 to release the active form of P-TEFb (2, 66, 96)
and recently has been found associated with the 7SK snRNP com-
plex (21, 70, 101). Interestingly, these Tat:P-TEFb:7SK snRNP
complexes were found assembled at the HIV promoter, with the
inhibitory snRNP ejected in a Tat-TAR-dependent manner (1,
21). This led to a model in which P-TEFb is held inactive by the
7SK snRNP in paused Pol II complexes until Tat mediates the
transfer of P-TEFb to TAR and subsequent kinase activation. Al-
though the molecular details are not yet clear, there is evidence
that Tat may utilize two aspects of molecular mimicry during the
activation process: first, the Tat AD appears to compete with
Hexim1 for a shared binding surface on CycT1, and second, the
Tat RBD appears to recognize a TAR-like motif (GA-UC) within
the 5" stem-loop of 7SK snRNA, as well as an additional feature in
the 3'-end stem-loop (2, 25, 53, 54, 70, 95). Thus, while Tat alone
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is able to displace Heximl and extract P-TEFb from the 7SK
snRNP complex in vitro and in vivo (2, 21, 54), the Tat-TAR in-
teraction likely also plays a significant role in the context of ac-
tively transcribing complexes in vivo. Indeed, we speculated that
an intermediate step exists in which Tat does not activate the P-
TEFb kinase until the Tat:P-TEFb complex is transferred to TAR,
a step that has not been recapitulated in vitro (21, 54).

To uncover intermediate steps during Tat activation, we uti-
lized a set of cell-based reporter assays designed to probe various
arrangements of HIV transcription complexes, in part based on
the principles of artificial recruitment (50, 83), together with sys-
tematic mutagenesis of the Tat AD to identify genetically separa-
ble activities. This approach identified residues in Tat required for
the TAR-dependent and -independent steps of the viral transcrip-
tion cycle, which can be interpreted in the context of the recent
Tat:P-TEFb crystal structure (107). The results suggest that adap-
tive conformational changes in Tat:P-TEFD are used to transition
HIV transcription complexes bound at the promoter into the ac-
tive nascent RNA-bound form. In particular, it appears that the
N-terminal region of Tat, in close proximity to the Cdk9 T loop,
may stabilize the P-TEFb kinase upon CycT1 interaction, while a
zinc finger motif (ZnF2) containing the evolutionarily conserved
Tyr26 and acetylatable Lys28 residues (20, 22) is needed to assem-
ble the Tat:P-TEFb complex on TAR RNA, but not at the pro-
moter. These results are consistent with a model in which HIV
transcription complexes are remodeled into an elongation-com-
petent form via the Tat-TAR interaction and concomitant release
of the 7SK snRNP.

MATERIALS AND METHODS

Cell culture, plasmids, and transcription reporter assays. HeLa, 293,
and 293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) at 37°C with 5% CO,. Site-
directed Tat mutants were made using 100 ng of the relevant plasmid,
5’-phosphorylated oligonucleotides, and High Fidelity Turbo Pfu (Strat-
agene). Primer sequences used in the mutagenesis experiments will be
provided upon request. For the reporter assays, HeLa or 293T cells were
transfected using Polyfect (Qiagen) with 25 ng of a firefly luciferase (FFL)
reporter plasmid and 1 ng of a cytomegalovirus (CMV)-Renilla (RL) lu-
ciferase plasmid in 48-well plates. Activator-expressing plasmids were
transfected in varying amounts, as indicated in the figures. All point mu-
tants were tested at five plasmid concentrations to determine the linear
range of the assay, and only values within the linear range were used. In all
cases, reporter activities are presented as fold activation relative to re-
porter alone and normalized to RL and are averages of three experiments.
Luciferase levels were measured 40 to 44 h posttransfection using the
Dual-Luciferase Reporter Assay (Promega).

RNA interference (RNAi) assays. HeLa HIV RRE:FFL reporter cells
(23) were plated to a density of 1.5 X 10 cells per well in 12-well plates
and transfected with Larp7 small interfering RNA (siRNA) (target se-
quence, 5'-ACAAGCGAGUAAACAUAUA-3'; Dharmacon) at a final
concentration of 100 uM, or with pBS vector, using Lipofectamine 2000
(Invitrogen) for 42 h. The cells were next transfected with a Strep-tagged
Tat plasmid (or empty vector) using Polyjet (SignaGen) for 42 h. Cell
lysates were analyzed in luciferase reporter assays for CycT1N-Rev activa-
tion and by Western blotting for Larp7 knockdown using P-TEFb/7SK
snRNP subunits and B-actin antibodies (21).

Reverse transcription (RT)-PCR. Total RNA from transfected HeLa
cells was isolated using TRIzol (Invitrogen). First-strand cDNAs were
synthesized using Superscript III (Invitrogen), and PCR was performed
with a KOD kit (Novagen). We modified a previously described strategy
to monitor transcription initiation and elongation using primers that
bind to the HIV:RRE luciferase reporter plasmid (55). To monitor initi-
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ation, we used primers P1 (5'-TCTCTCTGGTTAGACCAGTG-3') and
P4 (5'-AACGCACACCGGCCTTATTCC-3"), which amplified a promot-
er-proximal 122-bp fragment. To monitor elongation, we used primers
P2 (5'-AGTGGGCGCAGCGTCAATGAC-3") and P4 (5'-AACGCACAC
CGGCCTTATTCC-3"), which amplified a 229-bp fragment. 18S rRNA
was amplified using gene-specific primers and an 18S quantum mRNA
standard for internal controls (Ambion).

Affinity purifications, coimmunoprecipitation assays, and Western
blots. We used 293 cells for protein-protein interaction experiments be-
cause protein expression levels were higher than in HeLa cells. 293 cells
(3.5 X 10° to 4.0 X 10°) were plated into 10-cm dishes =24 h before
transfecting 4 to 8 pg DNA using Polyjet (SignaGen). The cells were
washed with 1X PBS 38 to 40 h posttransfection, suspended in 1X hypo-
tonic lysis buffer (10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM dithiothreitol [DTT], cOmplete Mini EDTA-free protease
inhibitor cocktail [Roche] supplemented with 0.1% Igepal CA-630), and
immediately centrifuged (13,500 X g for 5 min at 4°C) to separate nuclear
and cytoplasmic fractions. The nuclear pellet was extracted in 20 mM
HEPES-KOH, pH 7.9, 1.5 mM MgCl,, 0.34 M NaCl, 0.2 mM EDTA, 25%
(vol/vol) glycerol, 0.5 mM DTT, and cOmplete mini EDTA-free protease
inhibitor cocktail (Roche) with shaking for 60 min. This crude nuclear
extract was further diluted with ~1.3 volumes of 20 mM HEPES-KOH,
pH 7.9, 1.5 mM MgCl,, 0.2 mM EDTA, 0.18% NP-40, 0.5 mM DTT, and
protease inhibitor cocktail; mixed for 30 min at 4°C; and centrifuged at
13,500 X g for 10 min to remove insoluble material. For the coimmuno-
precipitations (IPs), nuclear extracts containing Flag-tagged or Strep-
tagged proteins were incubated with 10 pl of EZview Red anti-flag M2
(Sigma) beads or Strep-Tactin Superflow beads (IBA), respectively, at 4°C
for 2 h with rotation and washed 3 times with 0.5 ml wash buffer (20 mM
HEPES-KOH, pH 7.9, 1.5 mM MgCl,, 0.15 M NaCl, 0.2 mM EDTA, 0.1%
NP-40). Elutions were performed in 50 wl wash buffer containing 0.2
mg/ml 3X flag peptide (Sigma) or desthiobiotin (IBA), respectively, with
shaking for 30 min at 4°C.

RNA was extracted from the immunoprecipitated material by protei-
nase K (Roche) treatment at 55°C for 2 h, phenol-chloroform extraction,
and ethanol precipitation. The RNA was analyzed by SDS-PAGE and
ethidium bromide staining. CycT1 immunoprecipitations showed one
detectable RNase-sensitive species of about 330 nucleotides (nt) (7SK
snRNA) as previously described (116). The identity of the immunopre-
cipitated RNA was verified by transferring the ethidium bromide-stained
gel to zeta probe membranes (Bio-Rad) for 2 h at 500 mA and hybridizing
to a 7SK probe corresponding to the first 100 nt of stem-loop L.

For Western blots, immunoprecipitated samples were electropho-
resed on 4 to 15% gradient TGX gels (Bio-Rad) and transferred to poly-
vinylidene difluoride (PVDF) (Bio-Rad) or 0.45 wM nitrocellulose (Bio-
Rad) membranes, blocked in PBS containing 0.2% Tween 20 and 5%
nonfat milk for 1 h, and incubated with primary antibodies from 1 h to
overnight at 4°C. The monoclonal anti-Strep antibody was horseradish
peroxidase (HRP) conjugated (Millipore). Primary antibodies were re-
ported previously (21), except Larp7 (AV40847; Sigma). Secondary anti-
bodies coupled to HRP, donkey anti-rabbit IgG-HRP (sc-2313), goat an-
ti-mouse IgG-HRP (sc-2005), and donkey anti-goat IgG—HRP (sc-2020)
(Santa Cruz Biotechnologies) were incubated at 1:10,000 dilutions for 1 h;
the blots were developed using Supersignal West Pico or West Femto
chemiluminescent substrates (ThermoFisher).

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were
performed as previously described (21) using a HeLa cell line containing
the HIV:RRE promoter driving FFL expression transfected with CycT1N-
Rev in the absence or presence of Tat AD using calcium phosphate. The
cells were incubated for 36 h and washed in PBS before cross-linking and
lysis (23).

Clustering analysis. Heat maps representing the activities of Tat mu-
tants in each transcription reporter assay were generated using MATLAB
version 7.4.0 (MathWorks, Natick, MA). Data were clustered using a Eu-
clidean-distance metric, and centroid linkage was performed with the
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program Cluster 3.0 (18). Clusters were formed among nodes with corre-
lation thresholds of 0.90 or greater. Residue identity was calculated using
an in-house Python script based on the multiple-sequence alignment of
Tat proteins from 1,496 HIV/SIVcpz isolates (http://www.hiv.lanl.gov;
2009). Pearson correlation coefficients (r) between all pairwise assays were
calculated using Excel software (Microsoft).

RESULTS

Reporter assays to detect intermediates during Tat activation.
Our current model of Tat activation proposes that P-TEFb is ini-
tially recruited to the HIV promoter in a kinase-inactive state due
to its association with the 7SK snRNP. Following Tat:P-TEFb pre-
assembly at the promoter, the kinase is subsequently activated
upon P-TEFD transfer to TAR on the nascent RNA. During this
transition, release of inhibitory factors, Hexim1 and 7SK snRNA,
triggers Cdk9 phosphorylation of the Pol II CTD and elongation
factors, facilitating escape into productive transcription elonga-
tion (Fig. 1A) (21, 35, 94). Transcription is an inherently dynamic
process requiring the coupling of various steps; therefore, it is
difficult to define intermediate states that may arise as Tat:P-TEFb
complexes assembled at the promoter transfer to TAR to form
elongation-competent complexes. To address this problem, we
have devised additional cell-based reporter assays that comple-
ment the original Tat activation assay (Fig. 1A). These alternate
assays examine Tat:P-TEFb complex assembly at the promoter
and at the nascent RNA in TAR-independent contexts, thereby
decoupling the Tat requirements for P-TEFb kinase activation
from TAR association during transcriptional activation (Fig. 1B to
D). Although the Tat activation assay constitutes all the steps re-
quired for transcription activation, we propose that differences in
activities between the assays may help delineate discrete steps.

In the first assay (inhibition of Tat activation) (Fig. 1B), an
RBD-deficient Tat protein (T-RS) excludes wild-type Tat from the
promoter by preferentially assembling with P-TEFb through the
Tat AD but cannot facilitate transfer of P-TEFb to TAR, thus
blocking transition to elongation (23). Therefore, this reporter
assay monitors Tat:P-TEFb preassembly at the promoter irrespec-
tive of TAR and Tat RNA-binding activity. Comparison between
inhibition of Tat activation and the standard Tat activation assay
(Fig. 1A) allows the uncoupling of Tat:P-TEFb requirements for
promoter assembly versus transition to the nascent RNA and thus
may define a step prior to TAR binding (21, 23, 43, 68).

A second assay (activation by RNA-bound P-TEFb) (Fig. 1C)
was designed to test if the elongation block imposed by loss of the
Tat RBD can be overcome by artificially tethering P-TEFb to
the nascent RNA (Tat bypass), thereby completely eliminating the
need for Tat, as well as TAR. For this assay, the N-terminal cyclin
box of CycT1 (the minimal domain required for Tat activity [40])
was fused to HIV Rev (CycTIN-Rev) and used to activate an HIV
promoter derivative (HIV:RRE) in which TAR was replaced by
RRE (Table 1). Relatively weak activity (=5-fold activation) (Fig.
1C) suggested that Tat is indispensable for activation, although
P-TEFb is bound to the nascent RNA.

Since RNA-bound P-TEFb alone only modestly activated tran-
scription (Fig. 1C), in a third assay (Tat activation of RNA-bound
P-TEFb) (Fig. 1D), we coexpressed T-RS with CycT1N-Rev or
Cdk9-Rev and found that T-RS no longer functioned as an inhib-
itor, but rather, synergistically stimulated transcription when P-
TEFb was tethered to RNA (Fig. 1D and data not shown). Tat is
known to activate transcription when tethered to the nascent tran-
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script through another protein (Rev), using a heterologous pro-
tein-RNA interaction (Tat-Rev—RRE) (23, 102). In this context,
the Tat-Rev fusion activates transcription to a level comparable to
CycT1N-Rev and T-RS, thus highlighting the importance of the
Tat AD, but not the RBD, during Tat activation of RNA-bound
P-TEFD (Fig. 1D). Since full-length Tat or the Tat AD also stimu-
lated transcription of RNA-bound P-TEFb to the same level as
T-RS (data not shown), we conclude that the RS moiety does not
alter Tat AD function and stimulation is not a consequence of the
artificial T-RS fusion (23); therefore, we use fused and unfused Tat
interchangeably throughout the paper.

Our results indicate that P-TEFb recruitment to the nascent
transcript is insufficient to recapitulate Tat activation (5, 36, 42),
as the Tat AD is required to fully activate the P-TEFb kinase. These
results support a model in which inactive P-TEFb complexes are
loaded at the HIV promoter and inhibitory factors are released
upon Tat-TAR binding, upon delivery of the Tat AD to the nas-
cent RNA through a heterologous protein-RNA interaction, or by
the Tat AD in trans through protein-protein interactions with
P-TEFb bound to the nascent RNA (Fig. 1D) (21). We present
additional experimental evidence demonstrating that Tat-medi-
ated disassembly of 7SK snRNP from P-TEFb underlies activation
by RNA-bound P-TEFD (see below).

Tat activates transcription elongation in frans through
P-TEFb bound to the nascent RNA. Two previous reports sug-
gested that the sole function of Tat is to recruit P-TEFD to the
nascent RNA (5, 85); however, we observed only weak activity
with P-TEFb artificially recruited to the nascent RNA alone (Fig.
1C) and, surprisingly, substantial stimulation with the addition of
Tat AD (Fig. 1D). Since our experiments were performed in HeLa
cells using the N-terminal domain of CycTl fused to Rev
(CycT1N-Rev) whereas both previous studies measured activities
in 293T cells using full-length CycT1-Rev fusions, we compared
CycT1IN-Rev and CycT1-Rev activation in HeLa cells and ob-
served only slightly higher activity with full-length CycT1 alone
(~5-fold) and, as with the N-terminal fragment, substantial stim-
ulation with Tat AD (Fig. 2A). Conversely, Tat and P-TEFb arti-
ficially recruited to the nascent RNA through the Rev-RRE inter-
action demonstrated much lower activation in 293T cells than in
HeLa cells (Fig. 2B), likely reflecting activation from the more
tightly repressed basal state in HeLa cells (~35-fold less luciferase
for the reporter alone), which have low NF-kB levels (4, 114).
Since P-TEFb artificially tethered to the transcript still requires
Tat for efficient activation, we explored the mechanism in greater
detail to uncover TAR-dependent and -independent steps utilized
by the Tat:P-TEFb complex.

To test whether Tat activation of RNA-bound P-TEFb recapit-
ulates the known function of Tat in elongation, we measured ini-
tiating and elongating transcripts and found that both CycT1N-
Revand CycT1-Rev alone only slightly stimulated elongation (Fig.
2C). Only simultaneous expression of Tat AD and CycT1N-Rev or
CycT1-Rev stimulated elongation to levels comparable to those of
the Tat-Rev control on the same HIV:RRE derivative promoter
(Fig. 2C). Mutation of the Tat-TAR recognition motif (TRM) of
CycT1 at Cys261 (17, 22, 40, 107), a known region of Tat AD inter-
action that affects direct protein-protein interactions (11, 17, 22, 40),
decreased transcriptional stimulation by the Tat AD ~4-fold and
transcription elongation rates (Fig. 2D), corresponding to inefficient
displacement of Hexim]1, the P-TEFb kinase inhibitor, from 7SK
snRNP complexes (see below). Thus, although bypassing the Tat-
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FIG 1 Reporter assays and proposed models for Tat activation in several tethered arrangements. (A) Tat activation refers to the activity of Tat in its wild-type
arrangement using an HIV long terminal repeat (LTR) FFL reporter. The model shown is based on a recently proposed mechanism in which Tat activates the
Cdk9 kinase by transferring P-TEFb from an inactive promoter-bound state, together with Spl and TFIID, to the active TAR-bound state in which Cdk9
phosphorylates the CTD of Pol I at serines 5 and 2 (S5 and S2), as well as other elongation factors (not shown for simplicity) (21). The bar graphs (A to D, right)
show activation levels normalized to wild-type Tat activity (see Materials and Methods). (B) Inhibition of Tat activation refers to assays in which the Tat AD,
alone or as part of the T-RS fusion, functions as a dominant-negative inhibitor that prevents P-TEFb transfer to the nascent RNA and consequently blocks
elongation (23). (C) Activation by RNA-bound P-TEFb refers to assays in which P-TEFb is directly tethered to the nascent RNA by a heterologous protein-RNA
(Rev-RRE) interaction (57), in this case, the N-terminal domain of CycT1 fused to Rev (CycT1N-Rev) on an HIV:RRE reporter (Table 1). The activity in this case
is substantially lower than expected, possibly reflecting association with the 7SK snRNP complex (see the text). (D) Tat activation of RNA-bound P-TEFDb refers
to assays in which Tat AD or T-RS in trans is able to stimulate the activity of the CycTIN-Rev fusion used in panel C to wild-type Tat levels. The same reporter
can be activated by Tat-Rev (a fusion of the Tat AD to the Rev protein) artificially tethered to the nascent RNA through the Rev:RRE protein-RNA interaction
(23,97, 102).

TAR interaction (22), Tat activation of RNA-bound P-TEFb mirrors
native transcription elongation by Tat (29) and thus constitutes a
unique system to uncover Tat:P-TEFb requirements during complex
preassembly and transfer to TAR RNA.

RNA and promoter requirements for Tat activation of RNA-
bound P-TEFb areidentical to those for native Tat activation. Since

December 2012 Volume 32 Number 23

Tat activation of RNA-bound P-TEFb significantly reconfigures
the mechanism of activation, we investigated whether the same
requirements for activation still applied. First, to examine the
RNA requirements for Tat activation of P-TEFb when bound to
the nascent RNA, we replaced the Rev-RRE interaction used to
tether P-TEFb to the RNA in the previous reporters with the
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TABLE 1 Transcription reporter and activator combinations used in all cell-based assays

TAR-dependent
Promoter reporter DNA or RNA element

Tat:P-TEFD activation Activator

Cell-based assay

HIV HIV TAR Yes Tat Tat activation

HIV HIV TAR Yes Tat + T-RS, Tat AD Inhibition of Tat activation

HIV:RRE HIV RRE No Tat-Rev TAR-independent Tat activation

HIV:RRE HIV RRE No P-TEFb-Rev Activation by RNA-bound P-TEFb

HIV:RRE HIV RRE No P-TEFb—Rev + Tat, Tat AD or T-RS Tat activation of RNA-bound P-TEFb
HIV:MS2 MS2 phage No P-TEFb—MS2cp Activation by RNA-bound P-TEFb
Gal4:HIV:RRE Yeast Gal4 and HIV RRE No Gal4-Tat, Gal4—P-TEFb, Tat-Rev

HIV HIV TAR Yes HJ Tat P-TEFb-dependent TAR-binding Tat activation
HIV:BIV BIV TAR No HJ Tat P-TEFb-dependent TAR-binding Tat activation

MS2cp-MS2 (MS2 coat protein-MS2 RNA) interaction and ob-
served modest (3- to 10-fold) activation by CycT1-MS2cp chime-
ras without Tat, none by the unfused constructs, and substantial
stimulation by the Tat AD (Fig. 3A). These results are identical to
those observed using Rev-RRE tethering (Fig. 1 and 2), suggesting
that the nature of the protein-RNA interaction used to recruit
P-TEFb to the nascent RNA is irrelevant for activation by the Tat
AD in trans.

While tethering P-TEFb to the promoter appears to be an im-
portant component of Tat activation of RNA-bound P-TEFb, we
asked whether the specific nature of P-TEFb recruitment was cru-
cial for Tat activation. When CycT1 was directly bound to the
DNA template via a Gal4 DNA-binding domain fusion (85, 103),
we observed only ~3.5-fold stimulation by the Tat AD even when
four Gal4 sites were present (Fig. 3B), whereas tethering Tat to the
nascent transcript via the Rev-RRE interaction on the same re-
porter resulted in strong activation (~80-fold) (data not shown).
Thus, Tat shows strong activation only when P-TEFb is recruited
to the nascent RNA but not to DNA, consistent with the hypoth-
esis that Tat activates the P-TEFb kinase when transferred to nas-
cent RNA, but not when it is still bound to the initiating and/or
preelongation Pol II complex (21). Similarly, Tat delivered as
Gal4-Tat to the viral promoter requires multiple Gal4-binding
sites to achieve levels of activation above basal activity, albeit
much less than native Tat activation (reference 103 and data not
shown), and thus apparently does not activate the P-TEFb kinase
well in this artificial context (see Discussion).

Given the importance of the Sp1l and TATA elements within
the HIV promoter for Tat activation (4, 21, 103), we individually
mutated these elements and lost activation by CycT1-Rev and Tat
AD, as well as Tat-Rev (Fig. 3C and data not shown); in contrast,
deletion of the NF-kB sites had no effect. Asloss of Spl and TATA
elements also affected basal transcription levels, this potentially
links the basal machinery to Tat activity during elongation (4).
The requirement for TBP/TFIID at the TATA box was further
confirmed using a mutated TATA box (TGTA) and a compensa-
tory TBP mutant (TBPm3) with altered specificity (Fig. 3D) (105,
112). Thus, Tat activation of RNA-bound P-TEFb recapitulates
the known HIV promoter requirements for Tat activation and
indicates the importance of assembling the correct basal tran-
scription machinery.

P-TEFb chimeras assemble into 7SK snRNP complexes, and
Tat activation correlates with Hexim1 displacement. Based on
our model that inactive P-TEFb complexes initially assemble at
the HIV promoter and that Tat remodels the complex by ejecting
Hexim1 and completely displacing 7SK snRNP when Tat:P-TEFb
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transfers to TAR, we hypothesized that RNA-bound P-TEFb may
similarly be held in an inactive state by 7SK snRNP until Tat dis-
places the kinase inhibitor or induces conformational changes
that eject 7SK snRNP. In support of this hypothesis, we found that
both full-length and N-terminal CycT1 and CycT1-Rev chimeras
assemble with Cdk9, as well as components of the 7SK snRNP
complex (Hexim1, Larp7, and the 7SK RNA). Hexim1 and Larp7
are displaced by wild-type Tat and the RNA-binding-deficient Tat
mutants (Tat AD and T-RS), albeit at different levels, during Tat:
P-TEFb complex formation (Fig. 4A and data not shown). Muta-
tion of the Tat interaction surface of CycT1 (TRM; C261A) (17,
22, 40) leads to less efficient Tat or Tat AD displacement of
Hexim1 (Fig. 4B), while Tat mutants that cannot interact with
CycT1 do not eject Hexim1 (data not shown). Notably, the degree
of Hexim1 displacement (Fig. 4B) correlates well with activation
of the P-TEFDb kinase and the transition to elongation (Fig. 2D).

Since our model proposes that Tat activation of RNA-bound
P-TEFbD relies on 7SK snRNP displacement (Fig. 1C and D), we
asked whether depleting endogenous Larp7 could mechanistically
replace Tat, rendering activation of the HIV:RRE reporter Tat
independent. Indeed, 7SK snRNP depletion (~70% efficiency)
increases both basal levels (~4-fold) and activation by RNA-
bound P-TEFb (~3-fold) in the absence of Tat (Fig. 4C). Addition
of Tat further activates transcription, either with or without Larp7
depletion, suggesting that incomplete Larp7 knockdown may
leave residual 7SK-bound complexes for Tat disassembly or that
7SK snRNP removal may not phenocopy all aspects of Tat func-
tion. Further investigation is needed to more precisely define the
effects of 7SK snRNP depletion.

To examine the dynamics of complex assembly between Tat
and P-TEFDb bound to the nascent RNA at the HIV promoter and
transcribed regions, we monitored occupancy of CycT1N-Rev,
components of the 7SK snRNP complex, as well as Sp1 and Pol II
in ChIP experiments using a HeLa cell line with an integrated
HIV:RRE reporter in the absence or presence of Tat AD (Fig. 4D).
As previously seen with Tat and an HIV reporter, Tat activation of
RNA-bound P-TEFb is accompanied by increased Sp1 and Pol I
occupancy at the promoter and Pol IT CTD serine 2 phosphoryla-
tion (S2P-CTD) throughout the gene body (21, 85), consistent
with enhancing the transition into elongation. In agreement, the
P-TEFb chimera (CycT1N-Rev and Cdk9) is found upstream of
the transcription start site (TSS) (+1) with increased occupancy
within the gene only in the presence of Tat AD, consistent with
P-TEFb traveling with elongating complexes (51, 80). Impor-
tantly, Hexim1 occupancy is observed at the promoter (—75) and
in the region of the nascent RNA (+103) without Tat AD but is
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FIG 2 Tat activates RNA-bound P-TEFDb at the transcription elongation step. (A) Schematic of the CycT1 and Rev fusions and their activities on an HIV:RRE
luciferase reporter. N in the CycT1 nomenclature refers to the fully active N-terminal cyclin box (40). Also shown is a Western blot probed against the C-terminal
Flag tag of each protein to show relative steady-state expression levels (a-Flag). HeLa cells were transfected with 25 ng of reporter plasmid, 1 ng of the CycT1 or
Rev plasmid, and 0.1 ng (+) or 1 ng (++) of T-RS. The error bars indicate standard deviations. (B) The same experiment as in panel A, conducted in 293T cells.
Activation in the 293T cells is substantially lower than in HeLa cells and reflects the higher basal activity of the promoter (41,000 = 6,700 versus 1,200 * 21 relative
luciferase units, which represents ~25-fold activation versus ~135-fold). (C) Schematic of RT-PCR products used to assess initiation and elongation. The gel
shows the products resulting from transfection of HeLa cells with the indicated constructs, and the graph plots the calculated elongation efficiencies expressed in
arbitrary units (AU) (22). An 18S rRNA fragment was coamplified as an internal control. (D) Activity of a CycT1 mutant (C261Y) that weakens the interaction

with Tat (11, 17, 39) in HeLa cells, using the same activation and RT-PCR assays as for panels A and C.

significantly decreased in both regions upon Tat AD expression.
Near-complete loss of Hexim1 at the nascent RNA (+103) is con-
sistent with increased Hexim1 displacement upon Tat-TAR bind-
ing (21). However, in the context of the integrated reporter, we
observed that Larp7 occupancy did not change in the presence of
Tat AD, a result that partially conflicts with the immunoprecipi-
tation experiments in which Tat AD, but not Tat, completely
ejects Hexim1 from P-TEFb (Fig. 4B). Thus, in this chimeric con-
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text, it appears that Hexim1 displacement, not Larp7/7SK RNA, is
required for kinase activation and transition to elongation (Fig. 2
and 4D). In agreement with this, it was recently shown that Tat
stably associates with the 7SK snRNP complex by competitively
displacing Hexim1 and, unexpectedly, that the Tat:7SK snRNP
complex displays lower CTD kinase activity than P-TEFb assem-
bled on the super elongation complex (21, 45, 101). These results
indicate that Tat activates transcription through the RNA-bound
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FIG 3 Tat activates P-TEFb bound to RNA but not DNA and uses basal transcription elements. (A) Activation of RNA-bound P-TEFb through the MS2
protein-RNA interaction by T-RS in HeLa cells. The cells were transfected with 25 ng of an HIV:MS2 reporter plasmid, 1 ngof the CycT1 or MS2cp plasmid, and
1 ng of T-RS. The Western blot shows steady-state expression levels of C-terminally Flag-tagged proteins. The error bars indicate standard deviations. (B)
Activation of DNA-bound P-TEFb, using Gal4:HIV:RRE reporters containing 1, 2, or 4 Gal4-binding sites and Gal4-CycT1 and T-RS under the same conditions
as for panel A. Tat-Rev activates this reporter through the RRE by 85-fold = 4.7-fold (data not shown). (C) Spl and TATA elements, but not NF-kB sites, are
required for Tat activation of RNA-bound P-TEFb. The HIV:RRE reporters shown were cotransfected with 1 ng of CycTIN-Rev and 1 ng of T-RS, and activation
levels were normalized to a cotransfected CMV-RL plasmid. (D) Requirement for TBP using an altered-specificity mutant. Activation assays were performed as
for panel C using an HIV:RRE reporter containing a mutant TATA box (TGTA) complemented with a TBP mutant (TBPm3) that has enhanced binding

specificity for the mutated TATA box (105).

P-TEFb complex without completely dismantling the Tat-7SK
RNA interaction. It remains to be determined if these results re-
flect sequential displacement of the Heximl and Larp7/7SK
snRNA inhibitory components.

Genetic dissection of Tat activation steps and Tat:P-TEFb
complex assembly. Having established assays reflecting different
aspects of Tat activation, we proceeded to define the unique mo-
lecular surfaces of the Tat AD governing Tat:P-TEFb preassembly
and transfer to TAR. For this, we introduced Ala substitutions at
45 positions within the Tat AD and assessed their activities in the
three previously described assays: (i) standard Tat activation, (ii)
inhibition of Tat activation, and (iii) Tat activation of RNA-
bound P-TEFb (Fig. 1 and 5A). For Tat activation, which moni-
tors the entire activation process on an HIV luciferase reporter, 30
full-length Tat mutants decreased activity by at least 4-fold (Fig.
5A), including at least 15 that are zinc-coordinating residues or
otherwise contribute to the structural stability of Tat within the
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P-TEFb complex (20, 91, 92, 107). In inhibition of Tat activation,
which monitors Tat:P-TEFb preassembly at the promoter and
precedes Tat-TAR interaction (23), 21 mutations engineered into
the TAR-binding-deficient Tat mutant decreased inhibition =4-
fold (Fig. 5A). The mutations resulting in the most striking differ-
ences in activity between these two assays reside in the N-terminal
acidic and cysteine-rich regions. A nearly identical activity pattern
was observed during Tat activation of RNA-bound P-TEFb by
these same TAR-binding-deficient Tat mutants. However, this as-
say monitors P-TEFb kinase activation on the nascent RNA inde-
pendent of TAR (Fig. 1D and 5A). The reduced requirement for
Tat AD residues in the last two TAR-independent assays most
likely reflects the bypassed requirement for RNA binding during
Tat:P-TEFb assembly and transcription activation (Fig. 1). For
example, Lys28 acetylation by p300/CBP-associated factor
(PCAF) was previously shown to enhance the affinity of Tat:TAR:
P-TEFb complexes by affecting Tat interaction with CycT1 TRM
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FIG 4 RNA-bound P-TEFb assembles with 7SK snRNP complexes, and Tat displaces Hexim1 at the viral promoter. (A) Flag-tagged CycTIN or full-length
CycT1, unfused or fused to Rev, was expressed in 293 cells with or without Strep-tagged Tat or Tat AD and immunoprecipitated using Flag beads. Mock refers
to a Flag immunoprecipitation of cells transfected with an empty vector. The composition of P-TEFb/7SK snRNP components in the immunoprecipitation was
analyzed by Western blotting using Cdk9, Hexim1, and Larp7 antibodies, while 7SK snRNA was visualized directly as a 330-nt RNA species whose identity was
confirmed by Northern blotting. (B) Flag-tagged CycTIN-Rev (the wild type and a C261A mutant) was transfected into 293 cells with or without Strep-tagged
Tat or Tat AD, and the P-TEFb/7SK snRNP composition was evaluated as for panel A. (C) Larp7 depletion by RNAi. Western blots show that Larp7 is reduced
by ~70% but that the other 7SK snRNP subunits or B-actin used as a control are unaffected. The plot shows reporter assays in HeLa cells transfected with an
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normalized to the activity of the reporter alone without siRNA. The error bars indicate standard deviations. (D) ChIP assays were performed with chromatin
extracts prepared from the HIV:RRE reporter cell line 48 h after a Flag-tagged CycT1N-Rev transfection alone (gray bars) or cotransfected with Strep-tagged Tat
AD (black bars) using the indicated antibodies. The values represent the percentages of input DNA immunoprecipitated and are the averages of two independent
PCR assays from two separate experiments.
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not mutated, since they completely disrupted protein folding in the other three assays. The black boxes with white asterisks represent the expected phenotype and
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of the HIV Tat AD and the JDV RBD, which is able to bind to both HIV and BIV TARs in P-TEFb-dependent and P-TEFb-independent modes, respectively (22,
99). Conserved residues between the HIV and JDV Tat RBDs used for HIV TAR binding (P-TEFb-dependent TAR-binding Tat activation) are highlighted in red.
Schematic of ternary complexes showing that HJ Tat binding to HIV TAR is dependent on interactions between Tat and CycT1/P-TEFb while binding to BIV TAR
is P-TEFb independent. (C) Pearson correlation coefficients (r) for pairwise comparisons of all assays. (D) Affinity-purified Strep-tagged HJTat (wild-type and
select Tat AD Ala mutants) was analyzed by Western blotting for interactions with endogenous CycT1, Cdk9, and Larp7. Mock refers to an empty-vector-
transfected control. (E) Surface representation of Tat (gray), CycT1 (gold), and Cdk9 (blue) using the coordinates of the Tat:P-TEFb structure (107). Mutated
Tat residues examined in panel D map to the CycT1 TRM (green) or are positioned to interact with Cdk9 (red). The Cdk9 T loop essential for kinase activity is
indicated.

(21); however, since mutation of Lys28 does not affect inhibition
of Tat activation, acetylation probably does not play a role in the
early stages of Tat:P-TEFb preassembly but may be important for
ejection of the 7SK snRNP complex or transfer of P-TEFb to the
nascent RNA. An adjacent residue, Tyr26, shows an identical phe-
notype and may be functionally coupled to Lys28.

To confirm the differential requirements of Tat AD residues
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during the transition of preassembled Tat:P-TEFb complexes to
TAR RNA, we constructed a parallel set of mutations in the con-
text of a chimeric Tat protein referred to as HJ Tat. This Tat variant
contains the RBD of Jembrana disease virus (JDV) Tat instead of
the native HIV RBD (22, 99) and can therefore bind two ortholo-
gous TAR elements (HIV and bovine immunodeficiency virus
[BIV]) (Fig. 5B and Table 1). While the P-TEFb kinase is needed to
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activate both reporters, P-TEFb is needed only for Tat:P-TEFb
complex assembly on HIV TAR (referred to as P-TEFb-dependent
TAR-binding Tat activation). Hence, this comparison identifies
Tat AD residues that are specifically required for P-TEFb-depen-
dent and -independent RNA-binding mechanisms and can fur-
ther refine models in which preassembled Tat:P-TEFb complexes
are remodeled as they transition from the inactive promoter-
bound state to the active TAR-bound state (Fig. 1A) (21). Indeed,
residues indispensable for Tat activation through BIV TAR (P-
TEFb-independent TAR-binding Tat activation) are virtually
identical to those for the TAR-independent assays (Fig. 5A). Con-
versely, the indispensability of N-terminal residues, as well as
Tyr26 and Lys28, for activation through HIV TAR indicated that
these residues are needed for interactions in the context of the
Tat:TAR:P-TEFb ternary complex, but not Tat:P-TEFb. A high
Pearson correlation coefficient () distinctly clusters the two TAR-
dependent assays (Tat activation and P-TEFb-dependent TAR-
binding Tat activation) and the three TAR-independent assays
(inhibition of Tat activation, Tat activation of RNA-bound P-
TEFb, and P-TEFb-independent TAR-binding Tat activation),
whereas the values calculated between dissimilar assays display
much lower coefficients (Fig. 5C). Strong correlation between the
two TAR-dependent assays reinforces a model in which specific
residues and Tat acetylation are needed for the transfer of preas-
sembled Tat:P-TEFb complexes from the promoter to TAR.

To better define the roles of N-terminal Tat residues, as well as
Tyr26 and Lys28, we affinity purified Strep-tagged HJTat mutants
representative of the residue classifications defined below and ex-
amined their association with endogenous P-TEFb and 7SK
snRNP subunits (Fig. 5D). All of the N-terminal mutants tested
showed reduced interaction with Cdk9, but not CycT1 (Fig. 5D),
consistent with the Tat:P-TEFD structure, in which residues Leu8
through Trp11 forma 3, helix positioned near the T loop of Cdk9
(Fig. 5E) that may stabilize the complex (107). CycT1 and Cdk9
interactions were abolished by mutation of known structural res-
idues, Cys22 and Lys41, but were unaffected by mutation of
Asn24, Tyr26, and Lys28. As expected, Hexim1 did not copurify
with wild-type or mutant Tat proteins (2, 21), while Larp7 (7SK
snRNP) copurified to similar levels, except with the Lys28 mutant,
which, interestingly, showed increased Larp7 association. In light
of our previous studies showing that Lys28 is needed to assemble
high-affinity Tat:P-TEFb complexes on TAR (22), this observa-
tion suggests potentially coupled roles for Lys28 in both Tat-7SK
snRNP disassembly and Tat:P-TEFb:TAR complex formation.

An evolutionarily conserved network of residues in the Tat:
P-TEFb complex. With the large functional data sets generated for
all Tat AD mutants using multiple cell-based reporter assays (Fig.
5A), it becomes possible to cluster residues based on their activi-
ties and to map them onto the recent Tat:P-TEFD structure (107).
Moreover, this comprehensive analysis permits us to define func-
tional interfaces in the context of the two-step model of activation,
where Tat first preassembles with inactive P-TEFb/7SK complexes
at the promoter and is then transferred to TAR (21). By hierarchi-
cal clustering, we categorized six classes of residues showing
strong functional correlations, high evolutionary conservation in
most cases (Fig. 6A), and physical clustering within the structure
(Fig. 6B). Class I residues (yellow) do not disrupt Tat activity in
any assay when mutated and are not evolutionarily conserved;
conversely, at the other extreme, class VI residues (black) show
severe defects in all assays when mutated and are strictly evolu-

December 2012 Volume 32 Number 23

A Transition Step during Tat Activation

tionarily conserved. This is likely the consequence of disrupting
Tat folding and is exemplified by the cysteine-rich domain, which
folds into a compact structure composed of two a-helices medi-
ating the coordination of two Zn ions (20, 107). Class V residues
(gray) show moderate defects when mutated but also are likely to
affect folding or perhaps interactions with other transcription fac-
tors. Mutation of class II residues (orange) only slightly (<2-fold)
decreases activity in the TAR-dependent Tat activation assays and
does not affect activation in assays not operating through TAR
(inhibition of Tat activation and Tat activation of RNA-bound
P-TEFb). These residues are positioned in the structure to perturb
P-TEFb assembly or Cdk9 activation. Similarly, class III residues
(blue) show pronounced decreases in Tat activation when mu-
tated, with 3 residues (Pro3, Pro6, and Trp11) possibly involved in
Cdk9 interactions (107). Single-site Ala mutagenesis has been
generally useful in defining protein-protein interactions, protein-
folding residues, and energetic parameters (15, 67, 89, 108); how-
ever, in cases where the substitutions are nonconservative, such as
Pro3, Pro6, and Trpll, changes in structure or other long-range
effects may also underlie the functional disruptions observed.

Class IV residues Tyr26 and Lys28 (green) show the most se-
vere defects in the TAR-dependent assays yet are not apparently
associated with structural defects, as Tat:P-TEFb complex forma-
tion is not abolished (Fig. 5D). Indeed, unlike the class V and VI
folding residues, these mutants show no defect in activation assays
operating in a TAR-independent manner and thus may not be
required for the early stage of Tat:P-TEFb preassembly at the pro-
moter. Tyr26 and Lys28 are located within the ZnF2 motif, near
the CycT1 TRM, which is disordered in the Tat:P-TEFb structure
due to the absence of TAR and acetylated Lys28 (Fig. 5 and 6) (20,
39, 107). Therefore, it will be especially interesting to reevaluate
these mutational data once a cocrystal structure with TAR be-
comes available. TAR may well be important for interacting with
the two residues, either directly or through conformational
changes in P-TEFb or Tat upon RNA binding (22). Alternatively,
because they cluster in the middle of the CycT1 TRM interface,
they may be energetically important in the cooperative assembly
of Tat:P-TEFb on the RNA, perhaps coordinating communica-
tion between protein and RNA conformations to increase affinity
(9, 46).

DISCUSSION

Since the seminal discovery that HIV Tat enhances transcription
elongation (29, 49, 56, 93), many contributing host factors have
been identified, including P-TEFb (64, 79, 80, 121), 7SK snRNA
(74, 116), Hexim1 (58, 66, 96), 7SK snRNP (21, 70, 101), compo-
nents of the super elongation complex (44, 45, 100, 101), and the
basal transcription machinery (85, 98). However, the mechanism
and timing of assembly of these factors at the viral promoter dur-
ing active elongation and their requirement for TAR RNA are
poorly understood. Our recent results point to an activation
model having at least two discrete steps, where Tat and P-TEFb are
initially assembled with the inhibitory 7SK snRNP into transcrip-
tion complexes at the promoter and later transferred to TAR on
the nascent transcript, triggering release of the snRNP and activa-
tion of Cdk9 (21) (Fig. 1A). The crystal structure of the Tat AD
bound to P-TEFb clearly shows how CycT1 and Cdk9 act as a
template to fold Tat, possibly explaining the need to preassemble
the complex before TAR binding (20, 107). P-TEFb enhances the
affinity and specificity of Tat for TAR, while Cdk9 autophosphor-
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FIG 6 Conserved networks of functional residues in the Tat:P-TEFb complex. (A) Activity data for all Tat AD mutants in all cell-based assays were clustered as
described in Materials and Methods and reordered in the heat map according to their values relative to wild-type Tat activation (0 to 1; black to yellow). Six
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displayed using UCSF Chimera (65), with the six classes of residues color coded as in panel A, and their associated phenotypes for reporter activity and interaction

profiles.

ylation apparently renders a P-TEFb conformation more favor-
able for TAR recognition (31, 38, 39, 118), thus providing further
rationale for complex preassembly at the promoter and Tat:P-
TEFb cooperativity for TAR.

By devising a set of cell-based reporter assays with different
permutations of Tat and P-TEFb, we have been able to probe the
two steps of the model in a functional context: Tat:P-TEFb preas-
sembly at the promoter and subsequent recruitment of the com-
plex to TAR on the nascent RNA. The reporter assays (Fig. 1) rely
in part on tethering (or artificial recruitment), an instrumental
strategy in defining discrete molecular events during transcrip-
tion, splicing, RNA processing, and translation (10, 12, 19, 27, 50,
52, 57, 59, 62, 73, 83, 104). While these systems are somewhat
artificial, the results can be validated by recapitulating phenotypes
in the wild-type setting or, in our case, activity measurements
using an extensive set of Tat mutants in each context and coim-
munoprecipitation assays. The most surprising result is that Tat,
without the need for Tat RBD or TAR binding (23), activates
P-TEFb tethered directly to the nascent RNA (Fig. 1D). For the
first time, we are able to uncouple the requirements for Tat:P-
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TEFb preassembly from Tat: TAR:P-TEFb complex formation in a
comprehensive manner.

Although the role of molecular mimicry between TAR and 7SK
RNA during activation remains unclear, one can envisage that
Larp7 and 7SK RNA are completely ejected from the promoter
immediately before the Tat-TAR interaction (21). ChIP experi-
ments showing the presence of 7SK snRNP at the promoter re-
gardless of TAR argue against Hexim1 recruitment to the viral
promoter through TAR binding (75, 96) and indicate that the
kinase inhibitor is released from 7SK snRNP by Tat—P-TEFb in-
teractions on the nascent RNA (Fig. 4D), as predicted by our
model (21). In this two-step model of Tat activation, interaction
between the Tat AD and the TRM of CycT1 might initially eject
Hexim1 from preassembled 7SK snRNP complexes. Upon Tat-
mediated transfer of P-TEFb to the nascent RNA, 7SK snRNP
disassembles and the P-TEFD kinase is activated. Supporting this
model, Larp7 depletion, which destabilizes 7SK snRNA and con-
sequently disassembles Hexim1 from P-TEFb (53), increases the
activity of P-TEFb bound to the nascent RNA (Fig. 4C). In vitro
systems will be required to more precisely define the kinetics of
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assembly and displacement of these factors and the activity of the
P-TEFb kinase alone, bound to Tat, and in the context of the
Tat:7SK snRNP complex (38, 45, 79, 101, 110, 119). In apparent
disagreement with our model, a previous observation that P-TEFb
is easily extracted from chromatin with high-salt treatment (6)
suggested that 7SK snRNP complexes do not stably associate with
chromatin (76, 78); however, recent genome-wide experiments
examining the assembly of noncoding RNAs with chromatin
demonstrated that 7SK snRNA is enriched several thousandfold in
the chromatin fraction (69), raising the possibility that 7SK com-
plexes selectively assemble at specific promoters (28).

Itis particularly instructive to compare the activities of Tat and
P-TEFDb recruited to the HIV promoter by other means. For ex-
ample, recruiting Tat through a heterologous DNA-protein inter-
action (Gal4-Tat) requires multiple Gal4-binding sites and still
results in weaker activation than TAR-mediated recruitment (ref-
erence 103 and data not shown); this is also true for P-TEFD re-
cruitment through DNA (Fig. 3B). Similarly, recruiting Gal4—P-
TEFb to the hsp70 promoter in Drosophila activates transcription
in the absence of heat shock to a much lower level than by heat
shock factor 1 (61), suggesting that these artificial recruitment
mechanisms only partially recapitulate function. Even Tat activa-
tion in the context of heterologous protein-RNA interactions (Fig.
1D) (5, 97, 102) does not fully recapitulate activity. For example,
acetylation of Tat Lys28 is dispensable in heterologous systems but
is important in the native HIV Tat-TAR context to modulate the
affinity for TAR and fine tune escape into productive elongation
(22). Interestingly, we also find that mutation of Lys28 reduces
7SK snRNP dismantling in the context of Tat activation by RNA-
bound P-TEFb (Fig. 5D). Thus, these heterologous systems can be
especially informative compared with the wild-type mechanism of
Tat activation. Our results provide strong evidence that Tat does
not bind TAR directly at the promoter and that a preassembly step
is required. The generation of an in vitro system that recapitulates
the results observed in vivo will be needed to further define the role
of Tat residues in the two-step model.

Comprehensive Tat mutagenesis coupled with analyses using
multiple cell-based reporter assays defined networks of functional
residues whose evolutionary constraints are not readily explained
by the Tat:P-TEFb structure (107). Evolutionarily conserved res-
idues constitute molecular surfaces for essential interactions,
allosteric communication, or transmission of conformational
changes into functional behavior (3, 90, 106). Many proteins un-
dergo conformational changes upon transient interactions, often
involving disorder-to-order transitions (47, 77). The intrinsic dis-
order and structural flexibility of Tat may be relevant for interac-
tions with more than one binding partner and may allow compet-
ing interactions to occur in a sequential manner (24, 37), such as
switching from unbound to RNA-bound states during activation.
While further investigation is needed to uncover the molecular
details, the observed functional and structural clustering of resi-
dues suggests that Tat:P-TEFb complexes have evolved networks
of residues to orchestrate the switch from transcription initiation
to elongation, RNA binding, and the assembly/disassembly of 7SK
snRNP complexes.
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