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P-TEFb is a key regulator of the process controlling the processivity of RNA polymerase II and possesses a

kinase activity that can phosphorylate the carboxy-terminal domain of the largest subunit of RNA polymerase

II. Here we report the cloning of the small subunit of Drosophila P-TEFb and the finding that it encodes a

Cdc2-related protein kinase. Sequence comparison suggests that a protein with 72% identity, PITALRE, could

be the human homolog of the Drosophila protein. Functional homology was suggested by transcriptional

analysis of an RNA polymerase II promoter with HeLa nuclear extract depleted of PITALRE. Because the

depleted extract lost the ability to produce long DRB-sensitive transcripts and this loss was reversed by the

addition of purified Drosophila P-TEFb, we propose that PITALRE is a component of human P-TEFb. In

addition, we found that PITALRE associated with the activation domain of HIV-1 Tat, indicating that P-TEFb

is a Tat-associated kinase (TAK). An in vitro transcription assay demonstrates that the effect of Tat on

transcription elongation requires P-TEFb and suggests that the enhancement of transcriptional processivity by

Tat is attributable to enhanced function of P-TEFb on the HIV-1 LTR.
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The in t ricate pat tern of gene expression exhibited by all

eukaryot ic organism s is accom plished, in part , th rough

cont rol of the steps required to generate m ature m RN As.

It is increasingly clear that one of the m ajor regulatory

processes affect s the elongat ion poten t ial of RN A poly-

m erase II after in it iat ion (Spencer and Groudine 1990;

Kerppola and Kane 1991; Wright 1993; Bent ley 1995).

N egat ive factors inst igate th is elongat ion cont rol process

by lim it ing the processivity of RN A polym erase II, lead-

ing to abort ive elongat ion , a process characterized by

prem ature term inat ion (Marshall and Price 1992). One

such factor, Drosophila factor 2, causes t ranscript release

(Xie and Price 1996). Posit ive factors, exem plified by

Drosophila posit ive t ranscript ional elongat ion factor

b (P-TEFb; Marshall and Price 1995), t rigger the escape

in to product ive elongat ion and allow the generat ion of

t ranscript s that extend beyond the 38 ends of m ature

m RN As. Polym erases that have m ade the t ransit ion in to

product ive elongat ion are further affected by elongat ion

factors, such as S-II (Guo and Price 1993), TFIIF (Kephart

et al. 1994), ELL (Shilat ifard et al. 1996), and elongin (Aso

et al. 1995); these factors increase the efficiency of t ran-

script ion elongat ion (Reines et al. 1996). Whereas the

effect s of the lat ter factors are im portan t , the t ransit ion

from abort ive to product ive elongat ion is the m ajor regu-

lated step (Wright 1993).

The carboxy-term inal dom ain (CTD) of the largest

subunit of RN A polym erase II plays an im portan t role in

the elongat ion cont rol process. It was first not iced that

phosphorylat ion of the CTD occurred at the sam e t im e

as the t ransit ion in to product ive elongat ion (O’Brien et

al. 1994; Dahm us 1996). It was then found that an in tact

CTD was required for the elongat ion cont rol process

(Chun and Jeang 1996; Marshall et al. 1996). A connec-

t ion between elongat ion cont rol and CTD phosphoryla-

t ion cam e with the discovery that Drosophila P-TEFb

had CTD kinase act ivity (Marshall and Price 1995; Mar-

shall et al. 1996). The CTD kinase act ivity and t ranscrip-

t ional funct ion of P-TEFb are blocked by low levels of

5,6-dich loro-1-b-D-ribofuranosylbenzim idazole (DRB), a

nucleoside analog that inh ibit s CTD phosphorylat ion

(Egyhazi et al. 1996) and the product ion of m RN As

(Tam m and Kikuchi 1979) in vivo.

HIV-1 Tat great ly st im ulates gene expression from the

viral prom oter located in the long term inal repeat (LTR)

of the hum an im m unodeficiency virus (HIV) genom e

(Jones and Peterlin 1994). The prim ary effect of Tat is to

increase the processivity of RN A polym erases that oth-

erwise would prem aturely term inate after the synthesis
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of short nascent t ranscript s (Kao et al. 1987; Laspia et al.

1989; Feinberg et al. 1991; Marcin iak and Sharp 1991;

Laspia et al. 1993). The elongat ion effect requires an

RN A elem ent , t ransact ivat ion response (TAR), that

form s a stem and loop st ructure with which Tat can

associate (Jones and Peterlin 1994). Consisten t with it s

effect on elongat ion Tat has been found to be an in tegral

com ponent of act ivated elongat ion com plexes (Keen et

al. 1996). The funct ion of Tat in elongat ion is sim ilar to

the funct ion of P-TEFb in that the t ranscript ional st im u-

lat ion by Tat is sensit ive to DRB (Braddock et al. 1991;

Marcin iak and Sharp 1991) and requires the CTD of the

largest subunit of RN A polym erase II (Chun and Jeang

1996; Parada and Roeder 1996; Yang et al. 1996). In vit ro

(Herrm ann and Rice 1993, 1995; Chun and Jeang 1996)

and in vivo (Yang et al. 1996) Tat specifically associates

with a serine / threonine kinase through it s act ivat ion do-

m ain . Like P-TEFb, th is Tat -associated kinase (TAK) is

sensit ive to DRB (Yang et al. 1996). It has been suggested

that Tat m ight funct ion by recru it ing TAK to phosphory-

late the CTD (Yang et al. 1996). Tat has also been shown

to affect in it iat ion (Laspia et al. 1989; Vescham bre et al.

1995). Tat can associate with t ranscript ion prein it iat ion

com plexes and th is associat ion does not require the TAR

elem ent (Garcia-Mart inez et al. 1997a). Consisten t with

a funct ion in in it iat ion , recent resu lt s have shown that

Tat can in teract with the RN A polym erase II holoen-

zym e in the absence of TAR (Cujec et al. 1997).

Besides the involvem ent of P-TEFb in elongat ion con-

t rol (Marshall and Price 1995; Marshall et al. 1996),

TFIIH has also been im plicated in the process. There is a

correlat ion between act ivators that st im ulate elongat ion

and their ability to associate with TFIIH (Blau et al. 1996;

Tsuchiya et al. 1996). In addit ion , an t ibodies against sub-

unit s of TFIIH inhibited elongat ion of t ranscript ion of

the c-m yc gene when both were in jected in to Xenopus

oocytes (Yankulov et al. 1996). Parada and Roeder (1996)

and Garcia-Mart inez et al. (1997b), bu t not Yang et al.

(1996), found that TFIIH could associate with Tat and

was required for Tat -st im ulated t ranscript ion . St rong

evidence links TFIIH with a late event in in it iat ion , pro-

m oter escape (Goodrich and Tjian 1994), whereas P-TEFb

has been shown to funct ion during elongat ion (Marshall

and Price 1995). It is possible that both factors are in-

volved, and they act independent ly or one m ay regulate

the act ivity of the other.

In th is paper we report the cloning of the kinase sub-

unit of Drosophila P-TEFb and show that a previously

known protein , PITALRE, is the hom ologous hum an P-

TEFb catalyt ic subunit . We provide several lines of evi-

dence indicat ing that P-TEFb associates with the HIV-1

Tat . Furtherm ore, we show that hum an P-TEFb is re-

quired for Tat -m ediated st im ulat ion of t ranscript ion

elongat ion . Our resu lt s suggest that the ability of Tat to

increase the processivity of RN A polym erase II is m edi-

ated by it s ability to enhance the funct ion of the elon-

gat ion cont rol factor, P-TEFb.

Results

Cloning of the k inase subunit of Drosophila P-TEFb

To further our understanding of the funct ion of P-TEFb

we cloned a cDN A encoding the sm all subunit of the

Drosophila factor. The two subunit s of purified P-TEFb

were separated by gel elect rophoresis, and the sm all sub-

unit was excised and subjected to protein sequencing.

The pept ide sequence inform at ion was used in the clon-

ing of fu ll-length cDN A, as described in Materials and

Methods. The deduced am ino acid sequence (Fig. 1) iden-

t ified the sm all subunit of Drosophila P-TEFb as a m em -

ber of the Cdc2-like cyclin dependent k inase fam ily with

>40% ident ity to Schizosaccharom yces pom be Cdc2. A

search of the protein database revealed a hum an protein ,

PITALRE (Grana et al. 1994), that exhibit s 72% ident ity

and 83% sim ilarity to the Drosophila protein (Fig. 1).

The high level of sequence sim ilarity indicated that

PITALRE is a poten t ial hom olog of the sm all subunit of

Figure 1. The sm all subunit of Drosophila

P-TEFb is sim ilar to PITALRE. (Dm ) Sm all

subunit of Drosophila P-TEFb; (Hu) hum an

PITALRE. Black reverse shading indicates iden-

t ity.
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Drosophila P-TEFb and therefore m ay be a com ponent of

hum an P-TEFb. Two kinases from Saccharom yces cer-

ev isiae, SGV1 (Irie et al. 1991) and CTK1 (Sterner et al.

1995), each share 43% ident ity with PITALRE and the

sm all subunit of Drosophila P-TEFb. Although sequence

sim ilarity does not allow the predict ion of a poten t ial

yeast hom olog, CTK1 has recent ly been dem onst rated to

increase the elongat ion efficiency of RN A polym erase II

(Lee and Greenleaf 1997).

PITA LRE is a com ponent of hum an P-TEFb

Drosophila P-TEFb funct ions during elongat ion by in-

creasing the processivity of RN A polym erase II, allowing

the synthesis of long t ranscript s (Marshall and Price

1995; Marshall et al. 1996). P-TEFb funct ion is indicated

by the generat ion of DRB-sensit ive runoff t ranscript s

during t ranscript ion in vit ro. If PITALRE is the func-

t ional hom olog of the sm all subunit of Drosophila

P-TEFb, rem oval of PITALRE from HeLa nuclear ext ract

(HN E) should elim inate DRB-sensit ive runoff t ran-

script s. To test th is we im m unodepleted PITALRE from

HN E with ant ibodies directed against the last 20 am ino

acids of PITALRE that are not shared with other known

kinases (Fig. 2A). Western blot analysis indicated that

PITALRE was rem oved by ant i-PITALRE ant ibodies to

levels below detect ion but not by cont rol an t ibodies (Fig.

2B). The depleted HN E was unable to generate DRB-sen-

sit ive 633-nucleot ide runoff t ranscript s from an HIV-1

LTR tem plate in a pulse / chase t ranscript ion react ion

(Fig. 2C). Addit ion of pure Drosophila P-TEFb to the de-

pleted ext ract restored DRB-sensit ive t ranscript ion (Fig.

2C). These resu lt s indicate that deplet ion of PITALRE

abolished hum an P-TEFb act ivity, support ing the hy-

pothesis that PITALRE is a com ponent of hum an P-

TEFb.

PITALRE was not known previously to be a CTD

kinase. Therefore, we exam ined the m aterial im m u-

noprecipitated during the deplet ion of HN E for CTD ki-

nase act ivity. The ant ibody-loaded beads contain ing

PITALRE were washed extensively with high salt and

subjected to a CTD kinase assay. Sim ilar to Drosophila

P-TEFb, beads contain ing PITALRE (together with any

other st rongly associated proteins) were able to convert

the largest subunit of Drosophila RN A polym erase II

to the hyperphosphorylated IIo form (Fig. 3A). Cont rol

beads were inact ive. As expected, all phosphorylat ion

was sensit ive to 50 µ M DRB. In the cont rol react ion

with Drosophila P-TEFb autophosphorylat ion of both

subunit s (43 and 124 kD) was seen . In the react ion

with beads contain ing PITALRE ant ibodies, the 40-kD

PITALRE, a band of sim ilar size to the large subunit of

Drosophila P-TEFb, and several other bands were phos-

phorylated.

To exam ine the associat ion of other proteins with

PITALRE, im m unoprecipitates were washed with buffer

contain ing nonionic detergents and increasing am ounts

of salt . The proteins associated with the beads were ana-

lyzed by SDS–PAGE, followed by silver stain ing (Fig. 3B).

When no salt was present m any proteins were retained

on the beads. Most of these proteins were rem oved by

washing with 200 m M N aCl. N o changes occurred in the

proteins visible after a wash with buffer contain ing N aCl

higher than 400 m M . Besides im m unoglobulin heavy and

ligh t chain and PITALRE (40 kD), proteins with sizes 87,

105, 133, and 140 kD were found. When rabbit an t i-goat

IgG cont rol beads were used no other proteins except for

the im m unoglobulins were seen after h igh salt washes

(data not shown). The im m unoprecipitates were incu-

bated with [g-32P]ATP to determ ine which proteins be-

cam e phosphorylated (Fig. 3C). The beads washed with-

out salt carried out extensive phosphorylat ion of m any

protein subst rates with lit t le DRB sensit ivity. After

washing with 400 m M or h igher concent rat ion of N aCl,

on ly a few proteins were labeled and all phosphorylat ion

was DRB sensit ive. Of the m ajor proteins associated

with PITALRE, only the 105-kD protein was not phos-

phorylated. At all salt concent rat ions the part ially DRB-

sensit ive phosphorylat ion of a 207-kD protein was ob-

served. Except for PITALRE the ident ity of the other pro-

teins is unknown. The sizes of these proteins do not

correlate with subunit s of other known basal t ranscrip-

t ion factors. The other proteins could be const ituen ts of

a larger com plex contain ing P-TEFb or differen t com -

plexes contain ing PITALRE.

A dist inguish ing characterist ic of P-TEFb is it s sensi-

t ivity to the kinase inhibitors DRB and H-8. In vit ro

t ranscript ion and the CTD kinase act ivity of Drosophila

P-TEFb are both inhibited by these two com pounds, and

in both assays DRB is 10-fold m ore poten t than H-8

(Marshall and Price 1995; Marshall et al. 1996). The ef-

Figure 2. Hum an P-TEFb is required for the generat ion of DRB-

sensit ive runoff t ranscript s. (A ) Im m unodeplet ion . HN E was

passed over two successive protein A colum ns contain ing either

affin ity-purified PITALRE–CT IgG or affin ity-purified rabbit

an t i-goat IgG (cont rol) as diagram ed. (B) Western blot of HN E

depleted with indicated ant ibodies probed with PITALRE–CT

ant ibodies. (Marker) Bacterially expressed PITALRE. (C ) Tran-

script ional act ivity of hum an P-TEFb. The pulse–chase protocol

is described in Materials and Methods. (Dm P-TEFb) Drosophila

P-TEFb; (tRN A) tRN A labeled with [32P]CTP during t ranscrip-

t ion react ion (recovery cont rol).
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fect of DRB and H-8 were determ ined on t ranscript ion in

the HN E (Fig. 4A,B) and on kinase assays using the im -

m unoprecipitated hum an P-TEFb (Figure 4C,D). In both

assays DRB was the m ore effect ive inhibitor. DRB and

H8 com pete with ATP for binding to the kinase act ive

site; therefore, it is inappropriate to com pare direct ly the

50% inhibit ion poin ts under differen t condit ions, espe-

cially if differen t concent rat ions of ATP are used (Mar-

shall et al. 1996). However, the rat io of 50% poin ts for

differen t com pounds under ident ical condit ions can be

com pared. This rat io is m ore likely to be independent of

assay condit ion . The rat io of 50% inhibit ion poin ts (H-

8 / DRB) was 23 µ M / 1 µ M = 23 for the t ranscript ion assay

and 16 µ M / 0.65 µ M = 25 for the CTD kinase assay. These

rat ios are sim ilar to each other, suggest ing that the sam e

kinase, nam ely hum an P-TEFb, is being inhibited in both

assays. Considering the sequence sim ilarity between the

sm all subunit of Drosophila P-TEFb and PITALRE, the

funct ional sim ilarity between Drosophila P-TEFb and

the act ivity rem oved from HN E by PITALRE ant ibodies,

and the presence of other poten t ial subunit s in the im -

m unoprecipitates, we conclude that PITALRE is a com -

ponent of hum an P-TEFb.

P-TEFb specifically associates w ith the act ivat ion

dom ain of HIV Tat

Several lines of evidence led us to hypothesize that P-

TEFb m ight associate with the viral t ransact ivator Tat .

Tat t ransact ivat ion is sensit ive to DRB (Braddock et al.

1991; Marcin iak and Sharp 1991) and requires the CTD

(Chun and Jeang 1996; Parada and Roeder 1996; Yang et

al. 1996), and Tat associates with a DRB-sensit ive CTD

kinase (TAK) (Herrm ann and Rice 1993, 1995; Chun and

Figure 3. Im m unoprecipitat ion of hum an

P-TEFb. (A ) CTD kinase assay. Purified

Drosophila RN A polym erase II (Price et al.

1987; Marshall and Price 1995) was used as

subst rate. (Dm P-TEFb) Drosophila P-TEFb;

(Cont rol) beads after deplet ion of HN E by

affin ity-purified rabbit an t i-goat IgG; (HuP-

TEFb) beads after deplet ion of HN E by

PITALRE–CT IgG. Products were analyzed

by 6% –15% gradien t SDS-PAGE. Selected

size standards from the 10-kD ladder are in-

dicated and apply to all gels. (B) Silver-

stained SDS-PAGE of proteins bound to

PITALRE–CT IgG beads after washing with

a buffer contain ing 20 m M HEPES (pH 7.6),

0.5% N P-40, 1% Triton X-100, and 5 m M

DTT and the indicated am ount of N aCl.

Sizes of proteins rem ain ing after h igh salt

wash are indicated. Bands m arked with an

asterisk (*) are from IgG. (C ) Kinase assay

with only endogenous subst rates of the

fract ions analyzed in B either without or

with 50 µ M DRB, as indicated.

Figure 4. DRB and H-8 inhibit ion of t ran-

script ion and hum an P-TEFb act ivity. (A ,B)

Transcript ion of HIV LTR tem plate (633-

nucleot ide runoff); (C,D ) CTD kinase assay

using im m unoprecipitated hum an P-TEFb

and Drosophila RN A polym erase II as sub-

st rate, as in Fig. 3A. (B,D ) Plot of radioac-

t ivity in runoff or polym erase IIo after

quant itat ion using a Packard Instan t Im -

ager and norm alizat ion to the start ing

am ount (100).
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Jeang 1996; Yang et al. 1996). The hypothesis was tested

by ascertain ing whether the hum an P-TEFb kinase asso-

ciates with Tat during incubat ion with HeLa ext ract s.

Glu tath ione beads contain ing various glu tath ione S-

t ransferase (GST)–Tat fusion proteins were incubated

with HeLa ext ract and washed extensively. Proteins as-

sociated with Tat const ructs contain ing an in tact act i-

vat ion dom ain (Tat72 and Tat48D) were able to phos-

phorylate the synthet ic pept ide CTD3 (Fig. 5A), as well

as RN A polym erase II (data not shown). GST–Tat fusions

contain ing m utat ions in the act ivat ion dom ain that

abolish Tat t ransact ivat ion (Rice and Carlot t i 1990; Her-

rm ann and Rice 1995) were not able to pull down TAK

(Fig. 5A). The proteins associated with the Tat con-

st ructs were probed with ant i-PITALRE ant ibody by

Western blot analysis (Fig. 5B). PITALRE was detected

only when the const ructs contained an in tact Tat t rans-

act ivat ion dom ain . This suggests that P-TEFb is a TAK.

When hum an P-TEFb was depleted from HN E by an-

t ibodies to PITALRE, TAK act ivity (assayed by GST–

Tat48D pull-down) was reduced to <2% of that found in

the in tact ext ract (Fig. 5C, cf. the lane using 5 µl of de-

pleted ext ract and that using 0.1 µl of whole ext ract ).

This st rongly suggests that under the condit ions used

hum an P-TEFb is the predom inant CTD kinase that as-

sociates with Tat . Others have shown that TFIIH can

associate with Tat (Parada and Roeder 1996; Garcia-Mar-

t inez et al. 1997b), bu t under the condit ions used, we did

not detect any p62 subunit of TFIIH bound to Tat nor did

we detect a reduct ion in the am ount of the subunit in the

PITALRE-depleted ext ract . In addit ion , when glu tath i-

one beads contain ing TAK were probed with ant ibodies

to all th ree subunit s of CAK (CDK7, cyclin H, Mat1;

supplied by D. Morgan , University of Californ ia, San

Diego) we found no evidence of the TFIIH-associated ki-

nase (data not shown).

To further confirm that hum an P-TEFb can associate

with Tat , TAK was part ially purified from HeLa cells by

sequent ial chrom atography on DEAE, heparin , and SP

resins. Fract ions elu ted from the second and th ird col-

um ns, Heparin and SP were assayed for TAK act ivity and

probed for hum an P-TEFb (Fig. 6). In the eluate of both

colum ns, TAK act ivity assayed by GST–Tat48D pull-

down (Fig. 6A,D) correlated with P-TEFb determ ined by

Western analysis using two differen t preparat ions of

PITALRE ant ibodies (Fig. 6B,C,E,F). A GST const ruct

with a m utat ion in the Tat act ivat ion dom ain did not

becom e associated with CTD kinase act ivity when in-

cubated with the sam e colum n fract ions (data not

shown). In addit ion , we com pared the drug sensit ivity of

TAK and hum an P-TEFb. As expected, TAK act ivity was

inhibited by DRB and H-8 in a m anner sim ilar to P-TEFb

(data not shown).

Hum an P-TEFb is required for Tat -st im ulated

elongat ion

To invest igate the funct ion of P-TEFb in Tat t ransact i-

vat ion direct ly, we com pared the effect of Tat on in it ia-

t ion and elongat ion in whole or PITALRE-depleted ex-

t ract s (Fig. 7). Two differen t DN A tem plates were used.

The TAR tem plate contained HIV-1 LTR sequences from

−475 to +76, whereas the DTAR tem plate lacked the se-

quence encoding TAR and contained HIV-1 LTR se-

quences from −475 to +19. With HN E (not depleted) and

a cont inuous labeling protocol (Fig. 7A), 10 ng/ µ l of Tat

st im ulated the generat ion of runoff ∼ 12-fold (Fig. 7C,

Figure 5. PITALRE associates with the act ivat ion dom ain of

HIV-1 Tat . (A ) TAK act ivity assay using CTD3 pept ide as sub-

st rate. The indicated GST Tat or Tat m utant proteins were

used. Both Tat72 and Tat48D have in tact t ransact ivat ion do-

m ains, whereas other const ructs have m utat ions that abolish

t ransact ivat ion . (Tat72) HIV-1 Tat contain ing residues 1–72;

(Tat48D) the act ivat ion dom ain of HIV-1 Tat contain ing resi-

dues 1–48; (Cys22) m utant Tat contain ing Gly instead of Cys at

posit ion 22; (Pro18IS) Tat m utant contain ing Glu and Phe in-

sert ion after Pro-18. (B) Western blot of the sam e sam ples using

ant ibodies against PITALRE–CT. (C ) TAK act ivity assays using

GST–Tat48D were perform ed with whole or depleted (depHN E)

HN E. In the kinase assay CTD3 pept ide was used as subst rate.

(−) N o kinase added; (*) no CTD3 pept ide added. Hum an P-TEFb

(HuP-TEFb) was im m unoprecipitated from the equivalen t of 1

µl of HN E.

Figure 6. PITALRE coelu tes with TAK act ivity. (A –C ) Heparin

colum n fract ions; (D–F) SP colum n fract ions. TAK act ivity was

assayed with GST–Tat48D across both colum ns using CTD3 as

the kinase subst rate (A ,D ); PITALRE was detected in Western

blots using ant ibodies against whole PITALRE (B,E) or PITAL-

RE–CT, (C,F).
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solid bars). This effect of Tat was m ost ly inh ibited by 50

µ M DRB and required the TAR sequence. The DRB sen-

sit ivity of Tat -st im ulated runoff was sim ilar to that de-

term ined for the low level of runoff from the HIV LTR in

the absence of Tat shown in Figure 4 (data not shown).

When PITALRE-depleted ext ract was used, the m ajority

of the st im ulatory effect of Tat was abolished. This re-

su lt st rongly suggests that hum an P-TEFb is required for

efficien t t ransact ivat ion by Tat . Add-back of Drosophila

P-TEFb to the depleted ext ract st im ulated runoff in the

presence or absence of Tat , as seen in Figure 2, but did

not restore the ability of Tat to specifically enhance

elongat ion (data not shown). This suggests that other

required factors were rem oved by the deplet ion of

PITALRE or that Drosophila P-TEFb lacks appropriate

dom ains required for in teract ion with Tat or other co-

factors. Addit ion of the high salt -washed PITALRE im -

m unoprecipitate had no effect on runoff in the presence

or absence of Tat (data not shown), indicat ing that im -

m obilizat ion had a negat ive im pact on the funct ion of

P-TEFb. Although consisten t with an effect on elonga-

t ion , the experim ent shown in Figure 7A did not ru le out

the possibility that the m ajor effect of Tat was on in it ia-

t ion .

From the autoradiograph (Figure 7A) and the norm al-

ized quant itat ion data graphed in Figure 7C (solid bar) it

was obvious that Tat had a m odest effect on t ranscrip-

t ion (about twofold increase of runoff) in the presence of

50 µ M DRB, in the presence of DTAR tem plate, or even in

the absence of hum an P-TEFb. To further analyze the

effect of Tat on t ranscript ion , we perform ed a sim ilar set

of experim ents, as shown in Figure 7A, except that a

pulse-only t ranscript ion protocol was used instead of a

cont inuous labeling protocol (Fig. 7B). Quant itat ion of

the short pu lsed t ranscript s (<20 nucleot ides in length)

gives the efficiency of in it iat ion . Under these condit ions

it was clear that increasing Tat had the effect of increas-

ing t ranscript ion in it iat ion (Fig. 7B and open bars in C).

At the highest level of Tat used (10 ng/ µ l) in it iat ion in-

creased about twofold com pared to in it iat ion when no

Tat was added. This effect on in it iat ion did not require

TAR (Fig. 7B,C). Moreover, the effect of Tat on in it iat ion

was not sensit ive to DRB and did not require P-TEFb.

The effect of Tat on in it iat ion can be used to explain the

sligh t effect of Tat on the generat ion of runoff in the

presence of DRB, DTAR tem plate, or depleted HN E (Fig.

7A). The two assays taken together indicate that the m a-

jor effect of Tat is on elongat ion , although in it iat ion is

sligh t ly affected. Most im portan t ly, P-TEFb is required

for the effect of Tat on elongat ion but not for it s effect on

in it iat ion .

Discussion

We have cloned the sm all subunit of Drosophila P-TEFb

and ident ified it as the counterpart of two hum an protein

k inases whose m utual ident ity was not recognized pre-

viously. Sequence sim ilarity suggested that the sm all

subunit of Drosophila P-TEFb was the hom olog of

PITALRE, a Cdc2-related kinase of h itherto unknown

funct ion . This was confirm ed when Drosophila P-TEFb

was able to funct ionally replace the t ranscript ional ac-

t ivity rem oved from HeLa nuclear ext ract with PITALRE

ant ibodies. Using im m unological and biochem ical test s

we found that hum an P-TEFb was a TAK. Furtherm ore,

we showed that the effect of Tat on t ranscript ion elon-

gat ion was dependent on P-TEFb. These resu lt s provide a

foundat ion for understanding the m echanism of act ion

of Tat in HIV transcript ional t ransact ivat ion and should

facilit ate the developm ent of defined in vit ro Tat t rans-

act ivat ion system s and of drugs aim ed at blocking Tat

t ransact ivat ion .

All th ree of these act ivit ies, P-TEFb, PITALRE, and

TAK, previously were known to be associated with a 42-

to 43-kD phosphoprotein that is now characterized as

the kinase subunit of the hum an P-TEFb com plex. In

Drosophila th is com plex contains two subunit s of 43

and 124 kD (Marshall and Price 1995), whereas the hu-

m an P-TEFb com plex is less well defined. The sm all sub-

unit is found in associat ion with several h igh m olecular

weight polypept ides (Fig. 3; Grana et al. 1994; Garriga et

al. 1996a). The roles of the addit ional polypept ides are

Figure 7. P-TEFb is required for Tat t ransact ivat ion in vit ro.

(A ) In vit ro Tat t ransact ivat ion using a cont inuous labeling pro-

tocol with the indicated tem plates and ext ract s. Runoff t ran-

script s were analyzed in a 6% TBE/ urea gel. (B) Sim ilar react ion

m ixtures as in A were subjected to a 2-m in pulse, and the short

t ranscript s generated (<30 nucleot ides) were analyzed in an 18%

TBE/ urea gel. (C ) Quant itat ion data for A and B. The am ount of

runoff or short t ranscript s for each tem plate / ext ract com bina-

t ion was norm alized to the corresponding lane with no DRB or

Tat added.
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unknown, but it is possible that they in teract with other

com ponents of the t ranscript ional m achinery and / or

regulate k inase act ivity. Because PITALRE has sim ilar-

ity to other cyclin-dependent k inases it is likely that one

of these associated proteins is a cyclin subunit . PITALRE

with it s associated proteins is a proline-directed serine /

threonine kinase (Garriga et al. 1996b) that , like it s Dro-

sophila counterpart , is able to hyperphosphorylate the

CTD of RN A polym erase II (Figs. 3 and 5; Herrm ann and

Rice 1995; Marshall et al. 1996). Although proteins such

as the ret inoblastom a protein pRB (but not h istone H1)

can serve as subst rates (Grana et al. 1994), at least in

vit ro, the link between t ranscript ion elongat ion and

RN A polym erase II phosphorylat ion m akes it likely that

the CTD is a m ajor subst rate for the P-TEFb kinase in

vivo.

CTD hyperphosphorylat ion is associated with proces-

sive elongat ion (Dahm us 1996). Correspondingly, the

CTD is essen t ial for P-TEFb-m ediated t ransit ion to pro-

duct ive elongat ion in vit ro (Marshall et al. 1996) and for

Tat t ransact ivat ion in vivo and in vit ro (Parada and

Roeder 1996; Yang et al. 1996). Drosophila P-TEFb acts

at an early stage of elongat ion to allow transcript ion

com plexes to m ake the t ransit ion to product ive elonga-

t ion (Marshall et al. 1996), and resu lt s presen ted here

extend th is finding to the hum an t ranscript ion system

(Fig. 2). Sim ilarly, Tat binds to short nascent t ranscript s

(Jones and Peterlin 1994) and overcom es prom oter–proxi-

m al term inat ion (Kao et al. 1987; Laspia et al. 1989,

1990). A priori, the propert ies of hum an P-TEFb m ake it

an at t ract ive candidate for the crit ical agent recru ited to

the elongat ing com plex by Tat . However, Tat has been

reported to associate with num erous com ponents of the

t ranscript ion apparatus, as well as other proteins (Jones

and Peterlin 1994).

Several lines of evidence indicate that P-TEFb is in-

volved in the st im ulat ion of processivity brought about

by Tat . P-TEFb binds specifically to the act ivat ion do-

m ain of Tat , and the in teract ion is elim inated by m uta-

t ions that abrogate t ransact ivat ion (Fig. 5; Herrm ann and

Rice 1993). The in teract ion of TAK with Tat survives

exhaust ive washing under st ringent condit ions and has

been observed in vit ro (Herrm ann and Rice 1993, 1995;

Chun and Jeang 1996) and in vivo (Yang et al. 1996).

Furtherm ore, TAK (P-TEFb) binds to the Tat proteins of

HIV-2 and equine infect ious anem ia virus (Herrm ann

and Rice 1993, 1995), which both appear to funct ion

through the sam e cofactor as HIV-1 Tat (Carroll et al.

1992; Madore and Cullen 1993). A second line of support

derives from experim ents with the nucleoside analog

DRB. The enhanced processivity brought about by P-

TEFb and by Tat are both select ively sensit ive to low

levels of DRB (Figs. 4 and 7; Braddock et al. 1991; Mar-

cin iak and Sharp 1991; Marshall and Price 1992). Corre-

spondingly, the CTD kinase act ivit ies of Drosophila P-

TEFb and TAK are sensit ive to low levels of DRB and

related inhibitors (Fig. 4; Herrm ann and Rice 1995; Egy-

hazi et al. 1996; Marshall et al. 1996). Perhaps the m ost

com pelling argum ent for the role of P-TEFb in Tat t rans-

act ivat ion com es from deplet ion experim ents (Figs. 2, 3,

5, and 7). Ant ibodies directed against a 20-residue pep-

t ide from the carboxyl term inus of PITALRE sim ulta-

neously rem oved TAK act ivity and rendered the HeLa

nuclear ext ract dependent on P-TEFb for efficien t elon-

gat ion . P-TEFb could be detected in the im m unoprecipi-

tates by silver stain ing and CTD kinase assay. Most im -

portan t ly, HN E depleted of P-TEFb was unable to sup-

port Tat t ransact ivat ion (Fig. 7A).

We observed that Tat st im ulated t ranscript ional in i-

t iat ion as well as elongat ion in our in vit ro t ranscript ion

assay. This has been observed before (Laspia et al. 1989;

Vescham bre et al. 1995) and is consisten t with the fact

that Tat in teract s with the RN A polym erase II holoen-

zym e (Cujec et al. 1997) and associates with t ranscrip-

t ion prein it iat ion com plexes (Garcia-Mart inez et al.

1997a). However, Tat st im ulated in it iat ion only ∼ 2-fold,

whereas it s runoff t ranscript s increased >10-fold (Fig. 7),

consisten t with previous resu lt s (Kao et al. 1987; Laspia

et al. 1989; Feinberg et al. 1991) that the m ajor effect of

Tat is on elongat ion . The fact that TAR and P-TEFb are

only required for the effect on elongat ion further differ-

en t iate the effect of Tat on in it iat ion and elongat ion . The

st im ulat ion of in it iat ion by Tat m ay be m ediated

through it s in teract ion with SP1 (Jeang et al. 1993),

TATA-binding protein (TBP) (Kashanchi et al. 1994; Ve-

scham bre et al. 1995), the p62 subunit of TFIIH (Parada

and Roeder 1996), or RN A polym erase II (Mavankal et al.

1996). The effect of Tat on elongat ion is likely m ediated

by the in teract ion of TAR RN A with a com plex contain-

ing Tat and P-TEFb. The com plex m ay contain other

cofactors such as Tat–SF1 (Zhou and Sharp 1996), which

is required for Tat t ransact ivat ion . Support ing th is idea,

Tat–SF1 has been shown to associate with a kinase that

is also required for Tat t ransact ivat ion (Zhou and Sharp

1996). A m odel in tegrat ing the effect s on in it iat ion and

elongat ion is difficu lt to form ulate. However, work of

Hernandez and coworkers has indicated that Tat m ight

affect the way RN A polym erase II in it iates at the HIV

LTR under differen t condit ions because of the presence

of a DN A elem ent around the start poin t of t ranscript ion

that induces short t ranscript s (IST) (Cullen 1993; Shel-

don et al. 1993; Pendergrast and Hernandez 1997). The

differen t types of early elongat ion com plexes could have

differen t recept ivity to P-TEFb act ion .

Although P-TEFb is required for norm al elongat ion

cont rol and Tat t ransact ivat ion , an im portan t quest ion is

whether Tat enhances the funct ion of P-TEFb specifi-

cally during t ranscript ion of the HIV LTR. The associa-

t ion of P-TEFb with the act ivat ion dom ain of Tat sug-

gest s that an enhancem ent of act ivity is possible. The

resu lt s in Figure 7 also st rongly suggest that Tat allows

P-TEFb to funct ion m ore effect ively. If P-TEFb m erely

perform ed it s norm al funct ion the am ount of DRB-sen-

sit ive runoff generated would be related to the num ber of

in it iat ion events. Because Tat st im ulated in it iat ion

about twofold from the LTR either with or without TAR,

the effect on DRB-sensit ive runoff should have been two-

fold. However, when the TAR sequence was present Tat

increased DRB-sensit ive runoff t ranscript s ∼ 12-fold. The

m ost likely explanat ion is that Tat enhanced the func-
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t ion of P-TEFb. Because P-TEFb is lim it ing in nuclear

ext ract s (Marshall and Price 1992, 1995) Tat m ay allow

the available P-TEFb to be recru ited to early elongat ion

com plexes contain ing TAR RN A. Consisten t with the

idea that the enhancem ent of P-TEFb funct ion by Tat is

at t ribu table to increased local concent rat ion of P-TEFb,

we have observed a st im ulat ion of DRB-sensit ive runoff

by increasing the concent rat ion of P-TEFb in the ext ract

in the absence of Tat (see Fig. 2). One caveat to the in-

terpretat ion of our resu lt s is that the m ethod used to

m easure in it iat ion only looked in a 2-m in window. It is

possible that the effect of Tat on in it iat ion during the

20-m in cont inuous labeling period used to exam ine Tat

t ransact ivat ion m ight have been differen t . Further ex-

perim ents will be needed to resolve th is and other un-

certain t ies about the m echanism of the enhancem ent of

P-TEFb funct ion .

Although we have shown that P-TEFb plays a role in

elongat ion cont rol, others have im plicated TFIIH in the

process. In our work with P-TEFb we have not uncovered

a specific funct ion for TFIIH in elongat ion cont rol, al-

though it is presen t in all react ions because of it s in it ia-

t ion requirem ent . Drosophila P-TEFb has been shown to

increase the processivity of RN A polym erase II when

added to in vit ro react ions after the in it iat ion phase was

com plete (Marshall et al. 1996). In the sam e study puri-

fied Drosophila TFIIH was unable to funct ionally sub-

st itu te for P-TEFb even though it possessed a sim ilar

level of CTD kinase act ivity (Marshall et al. 1996). In

com paring work from a num ber of laboratories, a poin t

of confusion is the sensit ivity of the two kinases to the

com pet it ive inhibitors DRB and H8. Although it has

been suggested that TFIIH is the DRB-sensit ive k inase

(Yankulov et al. 1995), we showed in the Drosophila sys-

tem that P-TEFb was significan t ly m ore sensit ive to

DRB than was TFIIH (Marshall et al. 1996). A com pari-

son of the DRB sensit ivity of hum an TFIIH and P-TEFb

kinase act ivity has not been m ade direct ly using ident i-

cal condit ions; however, using a standard CTD kinase

assay (10 µ M ATP) DRB had a 50% inhibit ion poin t of <1

µ M against P-TEFb, which is sign ifican t ly lower than the

10–50 µ M reported for TFIIH under sim ilar (7.5 µ M ATP)

condit ions (Yankulov et al. 1995). Therefore, we suggest

that cau t ion should be exercised when in terpret ing ex-

perim ents u t ilizing kinase inhibitors such as DRB and

H8. A second poin t of confusion is the associat ion of the

CTD kinases with Tat . N either we (T. Pe’ery, unpubl.)

nor Yang et al. (1996) found TFIIH in associat ion with

Tat . However, Parada and Roeder (1996) as well as Gar-

cia-Mart inez et al. (1997b) reported that TFIIH associated

with Tat and was required for Tat -st im ulated t ranscrip-

t ion . Unlike our resu lt s in which P-TEFb associated with

Tat in the presence of a crude nuclear ext ract , the lat ter

group found that TFIIH only associated with Tat after

part ial purificat ion (Garcia-Mart inez et al. 1997b). Para-

da and Roeder (1996) only found hyperphosphorylat ion

of the CTD when a crude fract ion of TFIIH contain ing

other factors was used. Despite the confusion , st rong evi-

dence for the involvem ent of TFIIH in elongat ion cont rol

com es from experim ents that do not involve kinase in-

h ibitors but , rather, an t ibodies against subunit s of TFIIH

(Yankulov et al. 1996). Yankulov et al. (1996) showed

that in ject ion of ant ibodies against TFIIH had an effect

on t ranscript ion sim ilar to DRB. Our previous resu lt s

and those presented here do not ru le out a sign ifican t

role for the kinase act ivity of TFIIH in elongat ion cont rol

or Tat t ransact ivat ion , but rather, indicate only that an-

other k inase, P-TEFb, is required. N ow that the kinase

subunit of P-TEFb has been ident ified, exam ining the

poten t ial in terplay between TFIIH and P-TEFb is an ex-

cit ing possibility.

Materials and methods

Cloning of the sm all subunit of Drosophila P-TEFb

Drosophila P-TEFb was purified as described (Marshall and

Price 1995). The sm all subunit was excised after SDS-PAGE and

subjected to pept ide sequencing (Keck Facility, Yale University,

N ew Haven, CT). Based on pept ide sequences, two degenerate

PCR prim ers (GGAATTCN ATGYTN CARCARCC and AAC-

TGCAGTCCARAARAARTCRTGRTT) were synthesized and

used to am plify cDN A from Drosophila Kc cell total cDN A

m ade from poly(A)+ RN A. A 1.1-kb cDN A fragm ent was am pli-

fied by PCR using Taq DN A polym erase. After digest ion with

Pst I (an in ternal site in the PCR product and a site designed in

the 38 end), the 0.7-kb fragm ent from the 38 port ion of the PCR

product was cloned in to the Bluescript II SK+ vector (St rata-

gene). The 38 region of the fu ll-length cDN A sequence was ob-

tained using a GIBCO 38 RACE kit with two specific prim ers

from the 0.7-kb fragm ent (58-TGTCAAGGATCAAACCGG-

CTGTGAT and 58-CGAATTCCAAGAAACGCATCGATGC).

The 58 region of the fu ll-length cDN A was obtained using a

GIBCO 58 RACE kit with three gene-specific prim ers from the

0.7-kb fragm ent (58-AGACCTGCCAAATCGTGT, 58-AGAAG-

GTGGATCTGTAACCATTCGT, and 58-GGAATTCAGATC-

TCGATCAGATTCA). The ent ire 1.2-kb coding region of the

sm all subunit was cloned using a GIBCO reverse t ranscript ion

PCR kit . First , the cDN A encoding the sm all subunit was

generated in a reverse t ranscript ion with a designed prim er

(58-TTACTACTCGAGCTACCAAACCCGGTC) and purified

tem plate (Drosophila em bryonic m RN A). Second, the coding

sequence was produced in a PCR react ion using Vent DN A

polym erase, two prim ers (58-TAAGCAAGCTTCTATGGCG-

CACATGTCC and 58-TTACTACTCGAGCTACCAAACCCG-

GTC), and the cDN A as the tem plate. Third, the coding se-

quence was digested with HindIII and XhoI and cloned in to

pET-21a vector.

Generat ion of ant ibodies to PITA LRE

PITALRE–CT ant ibodies were affin ity-purified rabbit IgG di-

rected to the carboxy-term inal 20 am ino acids of PITALRE

(Santa Cruz Biotechnology). Ant ibodies against the whole

PITALRE were generated using purified recom binant protein as

ant igen . First , two prim ers (58-GCAGGATCCAGAATTCCA-

TATGGCAAAGCAGTACGACTCGG and 58- pGATCTCGA-

GCCCTCAGAAGACGCGCTCAAA) were used in a PCR reac-

t ion to am plify the coding region of the cDN A of PITALRE. The

hum an brain cDN A m ix (Clontech Co.) was used as tem plate.

The PCR product was cloned in to a pET21a vector (N ovagen

Co.). The final vector was am plified and t ransform ed in to DE3

(BL21)-com peten t cells for expression of PITALRE. The t rans-

form ed DE3 cells were grown to an OD 600 of 0.6 and induced

with 1 m M IPTG. After 3 hr induct ion , the cells were collected
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and lysed by passing through a French press three t im es. The

lysate was subjected to cent rifugat ion at 15,000g for 30 m in .

The pellet was solubilized in 20 m M Tris (pH 7.5), 0.1 M N aCl,

and 7 M urea and loaded onto a Mono Q colum n (Pharm acia

Co.). The flowthrough fract ion of the Mono Q colum n was

loaded onto a Mono S colum n (Pharm acia Co.); the flowthrough

fract ion of the Mono S colum n, in turn , was subjected to dialy-

sis against PBS. The dialyzed solu t ion was cent rifuged at

15,000g for 30 m in . The pellet was suspended in the sam e buffer

and sent for generat ion of ant ibodies in rabbit (Pocono Rabbit

Farm & Laboratory, Inc.).

Im m unodeplet ion of hum an P-TEFb

Im m unodeplet ion was perform ed by passing protein A–Sepha-

rose-precleared HN E (in 20 m M HEPES at pH 7.6, 15% glycerol,

165 m M KCl, 0.1 m M EDTA, 1 m M DTT, 0.1 m M PMSF) through

two affin ity colum ns m ade with protein A–Sepharose beads pre-

bound with ant i-PITALRE–CT ant ibodies or cont rol IgGs (affin-

ity-purified rabbit an t i-goat IgG; Sigm a). For every 50 µl of HN E,

10 µl of protein A beads contain ing 1 µg of bound IgG was used.

After deplet ion of HN E, the ant ibody-contain ing beads were

washed extensively with 100 t im es the bead volum e of 20 m M

HEPES (pH 7.6), 0.5% N P-40, 1% Triton X-100, 5 m M DTT, and

600 m M or indicated concent rat ion of N aCl and then washed

with 25 t im es the bead volum e of 20 m M HEPES (pH 7.6) and 1

m M DTT. The am ounts of the washed beads used for the kinase

assays and silver stain ing were the equivalen t of 1 and 10 µl of

HN E, respect ively.

CTD k inase assay

CTD kinase assays were perform ed in a 20-µ l react ion contain-

ing 20 m M HEPES (pH 7.6), 10 µ M ATP, 5 µCi [g-32P]ATP, ∼ 10 ng

of Drosophila RN A polym erase II, 5 m M MgCl2, and purified

Drosophila P-TEFb or im m unoprecipitated hum an P-TEFb. In

the react ions contain ing DRB it was added to 50 µ M unless other

indicated am ounts were used. The react ions were incubated at

30°C for 1 hr.

TA K act iv ity assay

Preparat ion of Tat fusion proteins and the TAK pull-down assay

were conducted as described by Herrm ann and Rice (1993, 1995)

with m odificat ions. N uclear ext ract , cytoplasm ic ext ract , or

fract ions contain ing part ially purified TAK were incubated with

glu tath ione–Sepharose beads contain ing GST–Tat fusion pro-

teins for 1 hr at 4°C with gent le rocking. DE3 (BL21) bacteria

contain ing the GST–Tat expression vectors were obtained from

N IH AIDS Research and Reference Reagent Program . For m axi-

m um sensit ivity, GST–Tat48D was used unless specified other-

wise. The beads (30 µl, 50% slurry) were washed six to eight

t im es with 1 m l of EBCD buffer (50 m M Tris at pH 8.0, 120 m M

N aCl, 0.5% N P-40, 5 m M DTT) contain ing 0.03% SDS, then

two to four t im es with Tat k inase buffer (TKB/ Mg: 50 m M Tris-

HCl at pH 7.6, 5 m M DTT, 5 m M MnCl2, and 4 m M MgCl2)

and brought to 50 µl with TKB/ Mg buffer and kinase assay

m ix. The final react ion contained 2 µM ATP, 10 µCi [g-32P]ATP

(ICN , 3000 Ci / m m ole), and 50–100 µ M CTD trim er pept ide

CTD3 (ACSYSPTSPSYSPTSPSYSPTSPSKK). React ions were in-

cubated at 25°C for 40 m in , stopped by boiling in Laem m li

sam ple buffer, and resolved by elect rophoresis in 15% poly-

acrylam ide / bis-acrylam ide (30% :0.15% ) gels.

Part ial purificat ion of TA K

TAK was part ially purified from a HeLa cell cytoplasm ic frac-

t ion (2.6 gram s of protein) prepared according to Ausubel et al.

(1989), except that dialysis was om it ted. Proteins precipitat ing

between 10% and 40% saturat ion of am m onium sulfate (816

m g) were resuspended in DEAE buffer (25 m M HEPES at pH 7.6,

150 m M KCl, 0.1 m M EDTA, 1 m M DTT, 0.1 m M PMSF, 4 m M

MgCl2, 1 µg/ m l each of aprot in in , leupept in , pepstat in A, and

10% glycerol), dialyzed against the sam e buffer, and applied to

a 230-m l DEAE–Sepharose colum n equilibrated in DEAE buffer.

The flowthrough fract ion (350 m g of protein) was concent rated

by 50% am m onium sulfate precipitat ion . The proteins were

resuspended in HE buffer (sam e as DEAE buffer, except 25 m M

HEPES at pH 6.9, and 100 m M KCl were used) and loaded onto

a perfusion chrom atography heparin affin ity colum n (POROS

20 HE; PerSept ive Biosystem s). The colum n was washed with

the sam e buffer, and proteins were elu ted with a linear gradien t

of 100–500 m M KCl in 15 colum n volum es of HE buffer. TAK

act ivity elu ted from 200 to 250 m M KCl. Act ive fract ions were

dilu ted with an equal volum e of the sam e buffer, except that the

pH was 8.0 and KCl was om it ted, and loaded onto a perfusion

chrom atography cat ion exchange colum n (POROS 20 SP; Per-

Sept ive Biosystem s). The colum n was washed with SP buffer

(the sam e as HE buffer, except that the buffer was 25 m M HEPES

at pH 7.5) and elu ted with a linear gradien t of 100–500 m M KCl

in 15 colum n volum es of SP buffer. The act ive fract ions (1 m g of

protein) elu ted at ∼ 300 m M KCl.

Transcript ion assay

The t ranscript ion tem plate (N coI-digested pLTR-4 / CAT vector

contain ing the HIV-1 LTR from −153 to +80, provided by P.

Luciw, University of Californ ia, Davis) was used in a pulse-

chase t ranscript ion experim ent (Fig. 2). React ions [12 µl total;

20 m M HEPES at pH 7.6, 7 m M MgCl2, 20 µg/ m l of DN A tem -

plate, 3 µ l of HN E, 64 m M KCl, with 50 µ M DRB or 0.3 µl of

Drosophila P-TEFb (Marshall et al. 1996), as indicated] were

preincubated for 20 m in at 30°C, pulsed for 2 m in by adding

ATP, GTP, and UTP to 600 µ M each and 5 µCi [a-32P]CTP (∼ 0.1

µ M), and chased for 5 m in by adding CTP to 1.2 m M . React ions

were stopped, phenol ext racted, and analyzed on a 6% poly-

acrylam ide gel as described (Marshall and Price 1995). pLTR–

TAR–Luc and pLTR–DTAR–Luc plasm ids were digested with

EcoRI to generate TAR and DTAR tem plate that were used in

the experim ents shown in Figure 7. The TAR tem plate contains

HIV-1 LTR from −475 to +76, whereas the DTAR tem plate con-

tains HIV-1 LTR from −475 to +19. Transcript ion with TAR and

DTAR tem plates will generate runoffs of 694 and 646 nucleo-

t ides, respect ively. In Figure 7A, the t ranscript ion react ion m ix-

ture contained 20 m M HEPES (pH 7.6), 7 m M MgCl2, 60 m M KCl,

0.5 µ l of HN E (or depHN E as indicated), 20 µg/ m l of TAR tem -

plate (or DTAR tem plate as indicated), an indicated am ount of

HIV-1 Tat (86-residue HIV-1 Tat followed by a st reptavidin

binding tag at it s carboxyl term inus, k indly provided by O.

Flores, Tularik , Inc., South San Francisco, CA), and DRB. The

react ion m ix was preincubated for 15 m in at 30°C, and the

t ranscript ion was started by adding nucleot ides to final concen-

t rat ions of 50 µM ATP, 50 µ M GTP, 50 µ M UTP, 10 µ MCTP, and

5 µCi [a-32P]CTP (∼ 0.1 µ M) and cont inuously labeling for 20 m in

(Fig. 7A), or by adding nucleot ides to final concent rat ions of 50

µ MM ATP, 50 µ M GTP, 50 µ M UTP, and 5 µCi [a-32P]CTP (∼ 0.1

µ M), and pulsed for 2 m in (Fig. 7B). The react ions were stopped,

and the react ion m ixtures were phenol-ext racted. The t ran-

script s were then analyzed on a 6% polyacrylam ide gel as de-

scribed (Marshall and Price 1995).
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