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Abstract: Transcription is considered to be a crucial step in the replication cycle of HIV-1. Tat regulates an early step 
of transcription elongation. The positive elongation factor P-TEFb, a heterodimer containing a catalytic subunit (CDK9) 
and unique regulatory cyclins (CycT1), is required for HIV-1 Tat transcriptional activation. This is a potential target for 
new HIV-1 transcription inhibitors. Without P-TEFb, transactivation is restrained and only short transcripts are gener-
ated. All the P-TEFb inhibitors can suppress the HIV-1 transactivation process by inhibition of CycT1, CDK9 or their in-
teraction. Several low-molecular-weight compounds such as flavopiridol, roscovitine and the human small nuclear RNA 
7SK which have been showed to possess potent anti-HIV activity by interfering with P-TEFb functions are reviewed in 
this article. 
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INTRODUCTION 

 Acquired immunodeficiency syndrome (AIDS) is the 
communicable disease caused by the human immunodefi-
ciency virus (HIV). HIV has two subtypes: HIV-1 and HIV-
2, and HIV-1 is the main causative agent, with strong viru-
lence. HIV-1 infects immune cells, and causes a depletion of 
CD4+ lymphocytes, eventually resulting in defective cellular 
immunity. Although the established combination therapies 
using fusion, reverse transcriptase and/or protease inhibitors 
has changed the destiny of HIV-1-infected individuals, lead-
ing to a dramatic reduction in AIDS-related morbidity and 
mortality [1], AIDS therapies still face many challenges. As 
of today exactly 25 approved drugs have appeared, and resis-
tance has been shown to arise due to the high rate of genetic 
variation of the HIV-1 genome and mutation selection under 
drug suppression [2]. Therefore, identification of new targets 
and development of new drugs with a low resistance profile 
and high potency remains subject of intensive research. 

 In the HIV-1 life cycle, transcription from the proviral 
DNA is considered to be a crucial step for viral replication, 
and the transactivator of transcription (Tat) protein is abso-
lutely required. Tat regulates an early step in transcription 
elongation that requires the positive transcription elongation 
factor b (P-TEFb) complex, consisting of cyclin-dependent 
kinase 9 (CDK9), cyclin T and other associated factors, to 
elongate the viral RNA genome [3, 4]. Tat complexes with 
P-TEFb to form the Tat/P-TEFb complex, which is tethered 
to the transactivation response element (TAR). The assembly 
of the Tat-TAR-P-TEFb complex autophosphorylates P-
TEFb and hyperphosphorylates the C-terminal domain (CTD) 
of RNA polymerase II [5-7], thereby inducing the formation  

*Address correspondence to this author at the Department of Medicinal 
Chemistry, School of Pharmaceutical Sciences, Shandong University, No.44 
Wenhuaxi Road, Jinan 250012 , China; Fax: +86 531 8838-2264;  
E-mail: xinyongl@sdu.edu.cn 

of processive elongation complexes that synthesize full-
length HIV viral mRNA. Without P-TEFb, only short tran-
scripts are generated. Thus, P-TEFb is required for HIV-1 
Tat transcriptional activation [4, 8], and plays a key role in 
the formation of full-length transcript. The conserved do-
main of CycT1, as a part of P-TEFb, make it possible to de-
tect new inhibitors with low resistance in the near future. 

STRUCTURE OF P-TEFb 

 Information regarding the composition of P-TEFb was 
obtained by cloning of full-length cDNA encoding the small 
subunit of the Drosophila factor [9]. The deduced amino 
acid sequence revealed the small subunit of Drosophila P-
TEFb as a member of the Cdc2-like cyclin-dependent kinase 
family. A search of the protein database revealed that a hu-
man protein of PITALRE exhibits 72% identity and 83% 
similarity to the Drosophila protein. The high level of se-
quence similarity indicated that PITALRE is a potential ho-
molog of the small subunit of Drosophila P-TEFb and there-
fore may be a component of human P-TEFb. Depletion of 
PITALRE caused annihilation of human P-TEFb activity 
providing further proof that PITALRE is a component of 
human P-TEFb [9]. 

 Full-length cDNA encoding the large subunit of Droso-
phila P-TEFb was also cloned using the protein sequence 
information [10]. The sequence of the cDNA indicated that 
the predicted protein contained a cyclin motif. The function 
of P-TEFb has been assigned to a kinase-cyclin pair, and the 
kinase subunit alone had no activity [10]. Recombinant pro-
teins with simultaneous expression of both Drosophila sub-
units were produced in a baculovirus expression system and 
its ability to phosphorylate the CTD of RNA polymerase II 
was demonstrated [10]. Because of its similarity to other 
cyclin-dependent kinases, the kinase subunit was named cy-
clin-dependent kinase 9 (CDK9), and the cyclin subunit was 
named cyclin T because it is involved in transcription [10]. 
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 To further understand the function of P-TEFb, three hu-
man sequences were found to encode for two related human 
genes: cyclins T1 and T2 [11], and cyclins T2 splice variants 
termed T2a and T2b that share the first 642 amino acids but 
possess different carboxyl termini (Fig. (1)). All three pro-
teins were coexpressed with CDK9 to produce active recom-
binant P-TEFb, the major form was cyclinT1. T2a and T2b 
were less abundant forms derived from a second gene. In the 
HeLa nuclear compartment, about 80% of the CDK9 was 
complexed with cyclin T1, 10% was complexed with T2a 
and 10% with T2b [11]. 

Fig. (1). Diagram of human cyclins T1, T2a, and T2b and Droso-

phila cyclin T [11]. Amino acids are numbered and the cyclin box 
is indicated in the diagram. Human cyclins T2a and T2b have 642 
amino acids in common but different carboxyl termini (black 
boxes). In the cyclin box region, Drosophila cyclin T had 64% 
identity to either human cyclins T1 or T2, and human cyclins T1 
and T2 shared 81% identity.

 Human cyclin K was also identified as a component of P-
TEFb. A CDK9-cyclin K heterodimer was extracted from 
insect cells infected with a baculovirus expressing both pro-
teins [12]. A study showed that CycK, with the kinase activ-
ity of CDK9, could phosphorylate the CTD of RNA polym-
erase II when tethered heterologously to RNA, which pro-
vided another evidence that P-TEFb contains a common 

catalytic subunit (CDK9) and the unique regulatory cyclins 
CycT1, CycT2a, CycT2b, or CycK [13]. But which cyclin as 
the component of P-TEFb is still a problem. 

 In a study of a hamster ovary gene expression, the prob-
lem about the composition of P-TEFb was solved. Cyclin 
T1, not cyclins T2a or T2b, were encoded by human chro-
mosome 12, and human cyclin T1 can rescue Tat transactiva-
tion in Chinese hamster ovary (CHO) cells [14]. In vitro,
only human cyclin T1, but not rodent cyclin T1 or human 
cyclins T2a and T2b, could support interactions between Tat 
and TAR. Recruitment of the Tat-P-TEFb complex is more 
specific with only P-TEFb containing cyclin T1 allowing 
complex formation with TAR [15], and human cyclins T2a 
and T2b do not rescue Tat transactivation in rodent cells 
[12]. It is likely that cyclin K will not function because it 
lacks the cysteine residue at position 261 of cyclin T1 that is 
required for a zinc-dependent interaction between cyclin T1 
and HIV-1 Tat [16]. Thus, human Cyclin T1 was identified 
as a Tat-associated protein, an important component of P-
TEFb. 

CRYSTALLOGRAPHIC ANALYSIS OF CYCLIN T1 

 Cyclin T1 has a conserved domain—the cyclin box do-
main, which is necessary and sufficient for its interaction 
with Tat protein [16, 17]. A recent study has shown the 
structure of the cyclin box domain (Fig. (2a)) of human cy-
clin T1 by crystallographic analysis of cyclin T1 in complex 
with the transactivator protein Tat from equine infectious 
anemia virus (EIAV), which is functionally and structurally 
related to HIV-1 Tat [18].  

 The cyclin box structure of Cyclin T1 consists of two 
characteristic -helical repeats giving an elongated shape. 
Each repeat consists of five helices named as H1–H5 and 
H1 –H5  respectively (Fig. (2b)). The N and C- termini of -

Fig. (2). Structure of the cyclin box domain of cyclin T1 [18]. (a) Schematic diagram of the modular domain organization of human CycT1.
The N-terminal cyclin domain contains the two canonical cyclin-box repeats and accessory N and C-terminal helices. (b) Overall structure of 
human CycT1 (8–263). Helices of the two repeats are denoted H1-H5 and H1 -H5 . The N and C- termini (HN and HC) of -helical repeats 
fold at the interface of the two repeats are shown respectively. (c) Superimposition of CycT1 and human cyclin H (RCSB accession number 
1JKW). The two molecules are aligned on their cyclin box repeat structures (T1, 30–248; H, 49–262) resulting in an RMSD value of 2.2 Å. 
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helical repeats fold at the interface of the two repeats and are 
referred as HN and HC, respectively. Overall, the structure 
of Cyclin T1 (30–248), excluding both terminal helices, can 
superimpose cyclin H (RCSB accession number 1JKW). The 
higher structural and sequential similarity of the first repeat 
holds for cyclins in general indicates the conserved CDK-
binding domain. On the opposite site of kinase-binding do-
main, there is a specific insert between helices H4 and H5 
which may have potential to interact with effector molecules 
and is a potential target for research in the future. Also, the 
second repeat exhibits another characteristic. The specific 
insert between helices H3 and H4  is unique to T-type cy-
clins and leads to an extended bulged loop with highly con-
served aromatic residues [18].  

STRUCTURE OF CDK9 

 CDK9 is a serine–threonine kinase involved in transcrip-
tion and responsible for the activation of RNA polymerase 
II, which is a potential therapeutic target in human disease. 
Therefore, data on its 3D structure are essential for the de-
velopment of new and specific inhibitors [19].  

 The human CDK9 protein was expressed in E. coli BL21 
and purified from soluble fraction using ionic exchange and 
ATP-affinity chromatography [19]. Circular dichroism was 
used to determine the secondary structure of CDK9. The 
CDK9 CD spectrum revealed that it contains 30–34% helix, 
33–36% beta, and 21–29% of coil. 

 The models for CDK9 show a typical bilobal structure 
(Fig. 3B), in which the smaller N-terminal lobe consists of 
predominant -sheet structure, which contains five antiparal-
lel -strands ( 1– 5) and a single large helix ( 1). The 
larger C-terminal lobe consists of -helices primarily, with a 
pseudo-4-helical bundle ( 2, 3, 4, 6), a small - ribbon ( 6–

8), and two additional helices ( 5, 7) [19, 20]. The con-
served core consists of a small ATP binding domain and a 
large lobe associated with peptide binding and catalysis [19]. 
The core (the -sheet and the helical bundle) of the CDK9 
structure is very similar to that of CDK2 [21, 22],as shown 
in Figs. (3A-C). 

STRUCTURE ANALYSIS OF P-TEFB 

The N-Terminus 188 Amino Acids of CycT1 is Necessary 

and Sufficient to Bind CDK9 In Vivo

 To gain more insight in the critical region(s) of cyclinT1 
responsible for interaction with both CDK9 and Tat, an ex-

tensive analysis of the in vivo interactions were performed 
using the yeast two- and three-hybrid systems [23]. CycT1 
can interact efficiently with CDK9 in the two-hybrid interac-
tion system. Through a series of cyclinT1 mutation experi-
ment for the ability to associate with CDK9, it appeared that 
the region of cyclinT1 from amino acid 1 to 188 is necessary 
and sufficient to interact with CDK9 in vivo [23]. A similar 
conclusion has also been reached by others [24]. 

In Vivo Interaction Between CycT1 and Tat/TAR Re-

quires the Integrity of the “Cyclin Box” 

 The ability of CycT1 to bind Tat protein has been previ-
ously reported and such interaction mediates Tat function by 
recruitment of P-TEFb complex to TAR. Experiments on the 
interaction of CycT1 or CycT1 mutants with Tat/TAR were 
carried out in a modified yeast three-hybrid system for find-
ing the essential domain in CycT1. A series of CycT1 mu-
tants were tested to identified a Tat/TAR recognition motif 
(TRM) at the carboxyl-terminal edge of “cyclin homology 
box” between aa 254 and 272. Moreover, no significant acti-
vation or LacZ gene was detected when CycT1(13 188)
mutant bind to Tat/TAR. The CycT1(133 188) mutant en-
codes the first 487 amino acids of CycT1, with a deletion of 
55 amino acids between 133 and 188 residues. This mutant 
encodes the TRM region (aa 254±272) and fails to bind 
Tat/TAR, which indicated that the integrity of the entire “cy-
clin box” is required for binding to Tat/TAR in vivo [23]. 

Cyclin T1 Mutants that Enhance Tat-Activation form a 

Complex with Tat on TAR RNA 

 Human cyclin T1 mutants experiments were performed 
to evaluate whether the ability of cyclin T1 mutants to en-
hance tat-activation in rodent cells correlated with the ability 
to form a complex with Tat bound to TAR RNA [25]. Tat 
formed a complex with the full-length human cyclin T1 pro-
tein, but did not form a complex with human cyclin T1 pro-
teins containing either the amino-terminal 95 or 206 amino 
acid residues. In contrast, cyclin T1 mutants containing ei-
ther the amino-terminal 298, 397, 405 or 595 amino acid 
residues formed gel-retarded complexes with Tat similar to 
those seen with full-length cyclin T1. Amino terminal dele-
tions of cyclin T1 which removed either 66, 203, 301 or 400 
amino acid residues, respectively, were unable to form a 
complex with Tat on TAR RNA. These results indicated that 
the ability of the amino terminus of cyclin T1 to form a 
complex with Tat on TAR RNA correlated with the ability of 

Fig. (3). Ribbon diagram of (A) CDK2 structure; (B) CDK9 model; and (C) CDK9:ATP model [19]. 
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this portion of the cyclin T1 protein to markedly stimulate 
tat-activation of the HIV-1 long terminal repeat (LTR) [25].  

THE FUNCTION OF P-TEFB IN THE RNA POLYM-

ERASE II TRANSCRIPTION OF THE HIV-1 TAT 

TRANSACTIVATION 

 Transcription of the integrated provirus by RNA polym-
erase II is a key step in HIV-1 replication, which determines 
the amount of virus produced in the infected cell. The tran-
scription of HIV-1 provirus can be divided into four steps: 
initiation, suspension, transactivation and transcription elon-
gation, in which, P-TEFb plays an important role in the tran-
scription stage. 

 (1) Initiation. CREB binding protein (P300/CBP), P300/ 
CBP-associated factor (PCAF) and Histone acetyl trans-
ferase (HAT) are recruited to chromatin to acetylate the his-
tone. The chromatin becomes loose in order to expose HIV-1 
provirus genome. The 5  LTR serves as the promoter of 
RNA polymerase II, and the transcription is initiated while 
RNA polymerase II binds to LTR [3, 26]. 

 (2) Suspension. In the absence of viral trans-activator of 
transcription (Tat) protein, RNA polymerase II initiates tran-
scription from the viral LTR, but is defective for elongation 
with the productive transcripts [20]. The suspension of tran-
scription is achieved by the binding of 5,6-dichloro-1-beta-
D-ribofuranosylbenzimidazole (DRB) sensitivity-inducing 
factor (DSIF) and negative elongation factor (NELF) bind to 
RNA polymerase II, which function together by blocking 
elongation [27]. 

 (3) Transactivation. CyclinT1 binds to CDK9 to form P-
TEFb. HAT p300 and the related p300/CBP and PCAF bind 
to Tat and acetylate the residue Lys28 thereby enhancing its 

transactivating function on HIV-1 LTR [28, 29]. Also, Ac28-
Tat has high affinity for CycT1-CDK9 compared to PCAF. 
This results in increased binding of the Tat-P-TEFb complex 
to TAR RNA with the subsequently releases PCAF from Tat 
[30]. The full-length CycT1 protein is phosphorylated by 
CDK9, whereas ATP enhances binding to the TAR of both 
P-TEFb complexes [31]. The carboxyl terminal domain 
(CTD) of RNA polymerase II, the Spt5 subunit of DSIF and 
NELF are phosphorylated by Tat-P-TEFb-TAR complexes 
to overcome the action of negative factors that normally act 
to inhibit transcription elongation from the LTR [8, 32]. 

 (4) Transcription elongation. A full-length RNA tran-
script is produced by RNA polymerase II [33]. P300/CBP is 
recruited to bind to Tat-P-TEFb-TAR complexes. The Ac50-
Tat, acetylated by P300/CBP, has a lower affinity to Tarre-
sulting in the release of P300/CBP-Tat-P-TEFb from Tar 
[34]. 

P-TEFB INHIBITORS 

 As mentioned above, human transcription elongation fac-
tor P-TEFb is a heterodimer consisting of CycT1 and CDK9. 
Whichever is inhibited, either CycT1 or CDK9 or the inter-
action between them, can repress P-TEFb function as Trans-
activation factor. Recently, a few P-TEFb inhibitors have 
been reported. 

Flavopiridol 

 Flavopiridol is a semisynthetic small-molecular-weight 
derivative of rohitukine, an alkaloid isolated from Dysoxy-
lum binectariferum. It is a CDK inhibitor and has been in 
clinical trials as an anticancer agent because of its antiprolif-
erative properties [35].  

Fig. (4). The process of HIV-I Tat transactivation [5]. (a) RNA polymerase II binds to LTR to initiate transcription. (b) DSIF binds to RNA
polymerase II, and they function together to block elongation. (c) With the aid of Tat-P-TEFb-TAR complexes, the CTD of RNA polymerase 
II, the Spt5 subunit of DSIF and NELF are phosphorylated, and, hence, transactivation is stimulated. (d) A full-length RNA transcription is 
produced by RNA polymerase II. 
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 Flavopiridol potently blocks transcriptional activity of 
RNA polymerase II in vitro by inhibiting P-TEFb, a process 
initially related to inhibition of HIV replication (IC50 < 10 
nM) [36]. Flavopiridol inhibits the C-terminal domain kinase 
activity of P-TEFb. Furthermore, inhibition of CDK9 by 
flavopiridol was shown to be non-competitive with respect to 
ATP [37].  

 A number of studies elucidating the bonding model of the 
complex CDK9/Flavopiridol have been done in the past 
showing that the kinase is folded into the typical bilobal 
structure, with the smaller N-terminal lobe and the larger C-
terminal lobe. The flavopiridol molecule is found to be in the 
cleft between the two lobes (Fig. 5). Analysis of the interac-
tions of flavopiridol with CDK9 indicates that flavopiridol 
binds to the ATP binding pocket of CDK9 with higher affin-
ity than for CDK2 [20, 38]. In vitro and in vivo, flavopiridol 
inhibited transcription at concentrations much lower than 
those required for inhibition of other CDKs, even in the 
presence of ATP. DNA microarrays studies have demon-
strated that flavopiridol inhibits gene expression by closely 
mimicking the actions of two specific transcription inhibitors 
(actinomycin D and DRB), and further indicating that fla-
vopiridol might act as a global transcription inhibitor [39]. 

Roscovitine 

 Roscovitine has been reported to inhibit CDK1, -2, and -
5 activity, but not of CDK3, -6, -7, -8, or -9. However, 
CDK9-cyclin T complex is critical in the control of the Tat 
protein function. New experiments were performed to exam-

ine the effect of Roscovitine on CDK9-cyclin T complex 
from both infected and uninfected cells. The IC50 value of 
Roscovitine on CDK9 was calculated to be~0.6 M [40]. A 
recent study demonstrated that it effectively inhibited wild-
type and resistant HIV-1 mutants in T cell lines, monocytes, 
and peripheral blood mononuclear cells (PBMCs) at low 
concentrations and sensitized these cells to apoptose result-
ing in a dramatic drop in viral titers [41]. 

7SK RNA 

 Two reports have shown a direct role of the most abun-
dant human small nuclear RNA (snoRNA) 7SK in the inhibi-
tion of P-TEFb activity [42, 43]. Using different experimen-
tal approaches, Zhou and co-workers [42] and Bensaude and 
colleagues [43] identified the presence of two functionally 
different P-TEFb complexes in vivo. Both groups identified a 
P-TEFb-interacting RNA molecule capable of inhibiting its 
catalytic function. Sequence analysis of RNA molecule has 
confirmed that it is human snoRNA (7SK). Almost half of 
the P-TEFb complex in HeLa cells is associated to 7SK 
RNA, which impaired its catalytic and transcriptional activ-
ity. Disruption of the 7SK/P-TEFb complex using UV irra-
diation, actinomycin D treatments or RNA digestion led to 
increase of transcription elongation [42, 43]. Thus, there are 
two forms of P-TEFb complex which can be found in vivo, a 
free transcriptionally active complex and a 7SK-interacting 
form [44] (Fig. 6). 7SK inhibits HIV-1 Tat specific transcrip-
tional activities of P-TEFb in vivo and in vitro by inhibiting 
the kinase activity of CDK9 and preventing recruitment of P-
TEFb to the HIV-1 promoter [42]. It has been proposed that 

Fig. (6). Model of P-TEFb knockdown by siRNA treatment [44]. Under normal conditions, 7SK interacts with the majority of P-TEFb avail-
able in the cell, rendering it inactive, supported by biochemical data documenting strong interactions between 7SK and P-TEFb and its 
negative effect on P-TEFb kinase activity. 

Fig. (5). (A, B) Structure of Flavopiridol and Roscovitine. (C) Ribbon diagram of the complex CDK9 with Flavopiridol. 
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inhibition of CDK9 activity by 7SK might constitute a feed-
back loop modulating the efficiency of the elongation step of 
RNAPII-dependent gene transcription [43]. Therefore, the 
RNA-mediated regulation of transcription might be an evolu-
tionarily conserved mechanism. 

 Also, the 7SK binding alone was not sufficient to inhibit 
P-TEFb [45]. All the 7SK-associated proteins from HeLa 
cells were screened for a factor(s) that could also interact 
with P-TEFb. One protein called HEXIM1 emerged from 
this screen. P-TEFb was inhibited by the HEXIM1 protein in 
a process that specifically required 7SK for mediating the 
HEXIM1: P-TEFb interaction [46], which allowed HEXIM1 
to inhibit transcription both in vivo and in vitro. P-TEFb dis-
sociated from HEXIM1 and 7SK in cells undergoing stress 
response leading to an increase in the level of active P-TEFb 
for stress-induced transcription. P-TEFb was the predomi-
nant HEXIM1-associated protein factor, and thus likely to be 
the principal target of inhibition coordinated by HEXIM1 
and 7SK. Since HEXIM1 expression is induced in cells 
treated with hexamethylene bisacetamide, a potent inducer of 
cell differentiation, targeting the general transcription factor 
P-TEFb by HEXIM1/7SK may contribute to the global con-
trol of cell growth and differentiation [45]. 

PERSPECTIVES 

 To date, reverse transcriptase inhibitors, protease inhibi-
tors and fusion inhibitors are widely used in clinic, but these 
drugs have all elicited resistance associated with the high 
rate of genetic variation of the HIV-1 genome. The TAR 
RNA, present in all HIV mRNAs, is an integral component 
of the HIV life cycle that has roles from the reverse tran-
scriptase step to genomic RNA encapsidation. P-TEFb influ-
ences a critical step, transactivation, which becomes a key 
target in the HIV-1 replication cycle. Using the conserved 
domain of CycT1 which is a part of P-TEFb, it is possible to 
make new inhibitors with low resistance in the near future 
therapies for HIV-1 infection. 

ABBREVIATIONS 

AIDS = Acquired immune deficiency syndrome  

CDK9 = Cyclin-dependent kinase 9 

CTD = C-terminal domain 

CHO = Chinese hamster ovary 

DRB = 5, 6-dichloro-1-beta-D-ribofuranosylbenzimi-
dazole 

DSIF = DRB-sensitivity inducing factor 

EIAV = Equine infectious anemia virus 

HIV = Human immunodeficiency virus 

HAT = Histone acetyl transferase 

LTR = Long terminal repeat 

NELFs = Negative elongation factors 

P-TEFb = Positive transcription elongation factor b  

PBMCs = Peripheral blood mononuclear cells 

PCAF = P300/CBP-associated factor  

snoRNA = Small nucleolar RNA 

Tat = Transactivator of transcription 

TAR = Transactivation response element  

TRM = Tat/TAR recognition motif  
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