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Analysis of Tat transactivation of human immunodeficiency 
virus transcription in vitro

Cindy A. Bohan,1 Fatah Kashanchi,1 Barbara Ensoli,2 Luigi Buonaguro,2 
Kathleen A. Boris-Lawrie,1 and John N. Brady1

1 Laboratory of Molecular Virology and 2 Laboratory of Tumor Cell Biology, National Cancer Institute,
National Institutes of Health, Bethesda, Maryland

T he HIV Tat p ro tein  is a po ten t transactivator of HIV transcrip tion , increasing both  RNA in iti­
a tion  and  elongation. We now dem onstrate tha t purified, full-length 86 am ino acid Tat pro tein  
specifically transactivates the HIV LTR in  vitro to a h igh level (25- to 60-fold). Tat transactivation 
was specifically blocked by anti-Tat serum , b u t no t p re im m une serum . Tat d id  no t transactivate 
transcrip tion  from  the control adenovirus m ajor late p rom oter (AdMLP). HIV transcrip tion  was 
blocked at various functional steps d u ring  in itia tion  and  elongation com plex form ation. Sim ilar 
to the control AdMLP, HIV basal in itiation com plex assembly was sensitive to the addition  of 0.015 % 
sarkosyl p rio r  to the addition  o f nucleoside triphosphates. Resistance to 0.05% sarkosyl requ ired  
the  addition  o f G, C, and  U, which constitute the first 13 bases o f the HIV RNA transcript. The 
add ition  of Tat to the in  vitro transcrip tion  relieved the 0.015% sarkosyl block. These Tat-induced 
com plexes were sensitive to 0.05 % sarkosyl, suggesting th a t transcrip tional in itia tion  had  no t oc­
curred . C onsistent with this hypothesis, the addition  of G, C, and  U to the Tat-induced transcrip­
tion  complexes allowed the rap id  conversion to transcrip tion  in itia tion  complexes. Tat also facil­
ita ted  the form ation o f 0.015% sarkosyl-resistant complexes in  a reconstitu ted  transcrip tion  system 
contain ing  partially purified  transcrip tion  factors and  polym erase II. Following the form ation of 
stable in itia tion  complexes, Tat increased the rate  an d  efficiency of transcrip tion  elongation on 
the  HIV b u t n o t the AdML template. K inetic analysis of Tat transactivation suggests tha t approx­
im ately 30% o f the Tat in itia tion  complexes are converted to elongation complexes. We conclude 
th a t Tat, in  addition  to its dem onstrated  role in  RNA elongation, facilitates transcrip tion  in itia tion  
in  vitro.

T he genome of hum an imm unodeficiency 
virus type 1 (HIV-1; Barre-Sinousi et al., 
1983; Gallo et al., 1984; Levy et al., 1984), etio­

logical agent o f acquired im m une deficiency 
syndrom e (AIDS), encodes the com m on re tro ­
viral structural gag, pol, and env gene products 
and two essential regulatory proteins, Tat and 
Rev (Rosen and Pavlakis, 1990). Tat is local­
ized prim arily  in the nucleolus and acts as a

potent activator of HIV-1 long term inal repeat 
(LTR)-directed gene expression to increase the 
steady-state levels o f all HIV-1 mRNAs (Arya et 
al., 1985; Sodroski et al., 1985; Dayton et al., 
1986; Cullen, 1986; Rosen et al., 1986; Fisher 
et al., 1986; Peterlin et al., 1986; W right et al., 
1986; H auber et al., 1987; M uesing et al., 1987; 
Rice and Matthews, 1988; Sadaie et al., 1988). 
In vivo studies have suggested that Tat regulates
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gene expression at both transcriptional and post- 
transcrip tional levels (Cullen, 1986; H auber et 
al., 1987; Jeang  et al., 1988; Parkin et al., 1988; 
Rice and Matthews, 1988; Edery et al., 1989; Sen- 
G upta et al., 1990; Braddock et al., 1989 and
1990), and that transcriptional activation o f the 
HIV-1 LTR prom oter by Tat is the result o f in ­
creased rates of transcrip tion  initiation and 
elongation (Laspia et al., 1989 and 1990). Re­
cent in vivo and in vitro studies have supported  
a m odel for Tat transactivation prim arily at the 
level o f transcrip tion  elongation (Marciniak et 
al., 1990a; M arciniak and Sharp, 1991; Feinberg 
et al., 1991). In contrast, com pelling evidence 
has been presented which suggests that Tat may 
also function in the context o f a DNA-binding 
p ro tein  (Berkhout and Jeang, 1990), and more 
specifically, tha t Tat and acidic activators may 
act on a sim ilar step in the transcrip tion  p ro ­
cess (Southgate and Green, 1991). In addition, 
Tat has been proposed to act as an antiterm i­
nator o f transcrip tion  (Kao et al., 1987; Toohey 
et al., 1989; Selby et al., 1989), potentiating full- 
length elongation of abundant HIV-1 transcripts 
norm ally truncated  in the absence o f Tat.

The Tat transactivation response (TAR) ele­
m ent (Rosen et al., 1985) contains cis-acting se­
quences located between +14 and +44 relative 
to the start site o f transcrip tion  and is neces­
sary for Tat transactivation (Peterlin et al., 1986; 
M uesing et al., 1987; H auber and Cullen, 1988; 
G arcia et al., 1988; Jakobovits et al., 1988; Selby 
et al., 1988; Feng and H olland, 1988; Garcia et 
al., 1989; B erkhout and Jeang, 1989; Roy et al., 
1990). The 5'-untranslated leader RNA forms 
an energetically favorable stem-loop structure 
(Muesing et al., 1987) that binds cellular p ro ­
teins and Tat specifically in vitro (Dingwall et 
al, 1989; Gaynor et al., 1989; M arciniak et al., 
1990b). It has been proposed that Tat binding 
to TAR sequences and Tat transactivation of 
HIV-1 LTR-driven genes are linked coordinately 
to p68-TAR RNA binding (Marciniak et al., 
1990a,b). Although the TAR sequences required 
for RNA binding to Tat are essential for Tat trans­
activation, the physiological significance o f Tat 
b inding to TAR RNA rem ains unclear. In ad­
d ition  to requiring  TAR sequences for Tat ac­
tivity, upstream  LTR prom oter regions inclusive 
o f the SP1 binding and TATA elements are es­
sential for optim um  Tat transactivation (Cullen, 
1986; Luciw et al., 1986;Jones et al., 1986; Wright 
et al., 1986; Nabel and Baltimore, 1987; Bohn-

lein et al., 1988; H auber and Cullen, 1988; Wu 
et al., 1988; Gaynor et al., 1989; Leonard et al., 
1989; Clark et al., 1990; Berkhout et al., 1990; 
Parrott et al., 1991). Interestingly, TAR-indepen- 
dent HIV-1 LTR activation by Tat occurs in vivo 
with LTR constructs containing heterologous 
RNA-binding sites and Tat fusion proteins hav­
ing either the Rev or MS2 RNA binding site do ­
mains (Southgate et al., 1990; Selby and Peter­
lin, 1990).

Is it possible that Tat facilitates both transcrip­
tion initiation and elongation? Certainly, there 
is precedent for eukaryotic transcrip tion  fac­
tors that provide a dual role in prom oting both 
in itia tion  and elongation. TFIIF (RAP 30 and 
RAP 74) mediates the association of RNA poly­
m erase II with the TFIID-TFIIA-TFIIB (DAB) 
p rein itia tion  com plex (Flores et al., 1991). In 
addition, TFIIF apparently  projnotes a confor­
m ational change in the eukaryotic prom oter 
DNA (Buratowski et al., 1991). This conform a­
tional change has been com pared to the tran ­
sition from  a closed to an open complex in the 
prokaryotic transcrip tion  complex. The ability 
o f Tat to regulate both  transcrip tion  initiation 
and elongation may be due to the m odular struc­
ture o f Tat (Southgate et al., 1991). In the pres­
en t studies, full-length 86 am ino acid Tat was 
utilized to analyze in vitro Tat transactivation. 
Analysis of in vitro transcrip tion  at successive 
functional steps in prein itiation  and initiation 
com plex form ation with the anionic detergent 
sarkosyl, in both unfractionated cell-free extracts 
and reconstitu ted systems using partially p u ri­
fied transcrip tion  factors, indicated that Tat 
increased HIV-1 transcrip tion  in itiation  and 
elongation.

M aterials and m ethods

Plasmids, reagents, and DNA templates

Reagents used in the transcription assays were 
sarkosyl (N-lauroyl sarcosine sodium salt; Sigma 
Chemical Company) p repared  as a 20% stock 
solution (wt/vol), unlabeled FPLC purified n u ­
cleoside triphosphates (Pharmacia), and [a- 
32pjuTP (400 Ci/mmol; Amersham). The DNAs 
used in transcription assays as tem plates were 
the plasm ids pCD12CAT, which contains the 
HIV-1 LTR (-4 5 3  to +126) fused to the prokary­
otic chloram phenicol acetyltransferase (CAT) 
gene (Ensoli et al., 1989; Okam oto et al., 1990),
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and pAdMLP, which contains the 430 bp Alu I 
fragm ent of pAd6 that has the m ajor late p ro ­
m oter and 33 base pairs of downstream  se­
quences. HIV-1 LTR deletion m utants have been 
described previously (Ensoli et al., 1989; Oka- 
moto et al., 1990; Boris-Lawrie et al., 1992). 
pCD23dlS contains a deletion of HIV-1 leader 
sequences +34 to +39 which form the loop 
in the TAR RNA secondary structure. pLM2 
contains HIV-1 LTR sequences (-1 2 6  to +57) 
fused to the CAT gene and is the paren t plas­
m id o f pTM25, which contains a four-base com ­
pensatory substitu tion m utation  at nucleo­
tides + 25 to +28 (CTCG) and +35 to +38 
(CGAG) within the HIV-1 leader sequence. The 
m utation changes the structure o f both the TAR 
bulge and loop.

Templates for in vitro transcription were p re­
pared by digesting 100 |ig of plasm id DNA with 
a 5- to 10-fold un it excess o f restriction enzyme 
for 1-2 hours under buffer conditions suggested 
by the m anufacturer (New England Biolabs). 
After termination of reactions, DNA digests were 
subjected to two phenol-chloroform-isoamyl al­
cohol (50:504) extractions and subsequently pre­
cipitated  by ethanol.
In vitro transcription: unfractionated extracts
For m ost transcrip tion  experim ents, p reincu­
bation of protein extracts (40 pg) and DNA tem ­
plate in the absence of nucleoside triphosphates 
was followed by the addition o f nucleoside tri­
phosphates and a second incubation. All incuba­
tions were at 30°C. The times o f these incu­
bations varied and are presented in the legends 
to the figures. The volume o f the preincubation 
reaction was 15 |xl and was increased by the ad­
dition  of Tat, sarkosyl, o r nucleoside triphos­
phates to reach a final volume o f 16.5 m,1. The 
in vitro transcription buffer contained 10 mM 
HEPES (pH 7.9), 50 mM KC1,0.5 mM EDTA, 1.5 
mM DTT, 6.25 mM MgCl2, and 8.5% glycerol. 
The DNA templates pCD12, CD54, CD52, CD38, 
CD23, CD 16, CD7, CD23dlS, TM25, and LM2 
were linearized with EcoR I and added to a 
final concentration o f 5 pg/ml (75 ng/reaction). 
pAdML was linearized with BamH I and added 
at a concentration of 5-20 pg/ml (75-350 
ng/reaction). HeLa whole-cell extracts, prepared 
as described previously (Manley et al., 1980), 
were added to a final concentration of 2.4 mg/ml 
(40 ng/reaction). Purified Tat (in Tat storage 
buffer: PBS w ithout Ca++ and Mg++, 0.1% BSA

[RNase- and DNase-free], 0.1 mM DTT) was 
added to a final concentration o f 0.4 pM unless 
otherwise stated. Nucleoside triphosphates in 
water were added to a final concentration o f 
500 pM unless otherwise stated. A fter a 
30-minute preincubation period, 20 pCi (2 pi) 
o f [a-32P]UTP (400 Ci/mmole) was added. Tran­
scription reactions were term inated by the addi­
tion o f 20 mM Tris-HCl (pH 7.8), 150 mM NaCl, 
and 0.2% SDS. The quenched reactions were 
extracted with equal volumes o f phenol-chloro­
form and chloroform  and precip ita ted  with 2.5 
volumes of ethanol and 0.1 volume o f 3.0 M 
sodium  acetate. Following centrifugation, RNA 
pellets were resuspended in 12 |d of form am ide 
denaturation mix containing xylene cyanol and 
brom ophenol blue, heated at 90°C for 3 m in­
utes, and electrophoresed at 400 V in a 4% poly­
acrylamide (19:1 acrylamide:bisacrylamide) gel 
containing 7 M urea (prerun at 200 V for 30 
minutes) and IX TBE. Gels were exposed to 
Kodak X-Omat XR-5 film at — 70°C with in ten ­
sifying screens for autoradiography.
In vitro transcription: reconstituted system

Transcription reactions were reconstituted with 
partially purified TFIIA, TFIIB, TFIID, TFIIE/F, 
and RNA polymerase II generously provided 
by Dr. Ulla Hansen, Dana-Farber Cancer Insti­
tute. The reaction buffer contained 50 mM Tris- 
HCl (pH 7.8), 60 mM KC1, 5% glycerol, 6 mM 
MgCl2, and 2 mM DTT. RNA was purified as de­
scribed above.
Antibody neutralization assays

Antibody to Tat was raised against purified Tat in 
rabbits. The polyclonal antiserum  was purified  
by affinity chromatography on a Tat column and 
tested by im m unoprecip itation  and by neu tra l­
ization ofTat-induced AIDS-KS cell growth (En­
soli et al., 1989). Antibody at a 1:10 d ilu tion  
was added to the preincubation reaction con­
taining Tat.

Results

Purified Tat specifically transactivates HIV-1 
in vitro

The 86 am ino acid Tat protein  used in these 
studies was expressed in E. coli and purified  to 
>99% hom ogeneity by successive rounds of 
m olecular sieve and HPLC reverse phase chro-



394 Bohan et al.

Tat 0.5 5ng - B
Tat^M ) 0 .04 .4 4

-200 
-  92 f

9 -  68
-  46 •

382-
t  -

-  30 * *

-  21.5
l

-  14.3
-  6.5

1 2 3 4

-  3.4 D
CD12 AdML

2 3 4
I I ITat -  + -

1- -  + + +
622—
527— f

HIV CD12 AdML 404 — -  • mI - - - +"1̂ ” - - + I 309 —

-622
-527

-404

-309

-242
-238
-217
-201
-190
-180

, 382b 

"375b
a-Tat

Tat
-  -  +  --  + + + -  + + +

M

* -622 «£ -527
|  -404

-309
_242 I -238

3=188
m  -160  m  -147

-123
-110

242 — 
238 — 
2 1 7 _ 
201 _  
190 — I S O -  
160— 
147 —

123 —

m 1 2 3 4 5 6 7 8

| - L M 2 - |  |-TM25"|

-  + -  + T a t

5 2 7 -  *  W  ▼  ▼

m  - m  »

1 2 3 4 5 6 7 8

-9 0
-7 6
-67

4 0 4 -  j  #  '  •

3 0 9 -

1 2  3 4

■CD12



Tat stimulates transcription initiation and elongation in vitro 395

m atography (B. Ensoli et al., unpublished data; 
Fig. 1A). Purified Tat (0.04-4.0 gM) was added 
to in vitro transcription reactions containing 
75 ng o f an EcoR I-linearized HIV-1 DNA tem ­
plate (CD12R1), 500 pM NTPs, and HeLa cell 
extract (40 ng protein). In the presence of op­
tim al concentrations o f Tat (0.4 pM), a rep ro ­
ducible 25- to 60-fold increase in the abundance 
of the full-length 382 nt HIV-1 run-off transcript 
was observed (Fig. IB, lane 3) u nder conditions 
yielding low basal HIV-1 transcription. Trans­
activation was m inim al (fourfold) at low Tat 
concentrations (0.04 |xM; Fig. IB, lane 2), and 
prom oter activity was inhibited  at high Tat 
concentrations (4 pM; Fig. IB, lane 4). H igh con­
centrations o f HIV-1 LTR DNA tem plates in 
in vitro transcription reactions yielded high 
basal transcrip tion  activity, which dim inished 
the observable Tat transactivation effect. Tat stor­
age buffer did  not contribute to Tat transac­
tivation, as an equal volume o f Tat storage 
buffer added to the in vitro transcription 
reaction yielded basal levels o f transcrip tion  
(Fig. IB, lane 1).

To dem onstrate that the transactivation ac­
tivity was specific to Tat, affinity-purified poly­
clonal antibodies to Tat were tested for their 
ability to block transactivation (Fig. 1C). Anti- 
Tat antibody efficiently blocked Tat transacti­
vation o f the HIV-1 LTR in vitro (Fig. 1C, lanes 
1-3), bu t not transcrip tion  from  the control 
AdML tem plate (Fig. 1C, lanes 5-7). In contrast, 
preim m une rabbit serum did not affect Tat trans­
activation (Fig. 1C, lanes 2 and 4). This exper­
im ent also dem onstrated that Tat transactiva­
tion  in vitro was promoter-specific, as Tat was 
unable to stimulate transcription from an AdML 
tem plate in parallel assays (Fig. 1C, lanes 5 and

6). In  addition  to dem onstrating the prom oter 
specificity of the Tat protein , these control as­
says also show tha t the addition  of anti-Tat an ­
tibody or preim m une serum  had no effect on 
basal transcrip tion  (Fig. 1C, lanes 7 and 8).

It could be argued that the lack o f Tat trans­
activation of the AdMLP was due to the high 
basal activity o f the prom oter. To address this 
possibility, the AdML tem plate was transcribed, 
in the presence or absence o f Tat, at various 
tem plate concentrations (Fig. ID); 75 ng (lanes 
3 and 6), 150 ng (lanes 4 and 7), o r 350 ng 
(lanes 5 and 8) o f the AdML tem plate were 
added  to the transcrip tion  reaction. No signifi­
cant difference in the level o f transcription 
was observed in the presence or absence of 
Tat. Transactivation o f the HIV CD12 tem plate 
(Fig. ID, lanes 1 and 2) dem onstrated that the 
Tat used in these studies was active.

To dem onstrate fu rther tne prom oter spec­
ificity of Tat transactivation in vitro, an in te r­
nal control was added to the transcrip tion  as­
say. The wild-type HIV-1 LTR DNA tem plate 
(CD12R1) was cotranscribed with e ither a Tat 
transactivation-com petent leader deletion m u­
tan t (LM2), a Tat transactivation-defective leader 
substitution m utant (TM25), or the AdMLP. The 
DNA tem plates were added sim ultaneously to 
in vitro transcrip tion  reactions in the absence 
or presence o f Tat. C onsistent with the results 
presented  above, the wild-type HIV-1 LTR DNA 
tem plate was responsive to Tat (Fig. IE; 382 n t 
transcript). Transcription from  the HIV-1 LTR 
DNA tem plate (LM2) contain ing leader se­
quences 1-57 was also responsive to Tat trans­
activation (Fig. IE, lanes 1 and 2; 313 nt tran ­
script). In contrast, the leader substitu tion 
m utant DNA tem plate (TM25) containing a TAR

Figure 1. Tat-specific transactivation of HIV-1 transcription in vitro. A. Silver stain of an SDS-PAGE gel of purified Tat. Lanes 1 and 4, molecular weight markers; lane 2, 0.5 gg Tat; lane 3, 5 gg Tat. B. Tat concentration dependence for maximal transactivation in vitro. The CD12 HIV template (75 ng) was incubated with HeLa whole-cell extract in the absence (lane 1) or presence of 0.04 gM (lane 2), 0.4 gM (lane 3), or 4.0 gM (lane 4) Tat. C. Inhibition of Tat transactivation by anti-Tat antibodies in vitro. The CD12 HIV or AdML DNA template was incubated in the absence (lanes 1 and 5) or presence (lanes 2-4 and 6-8) of 0.4 gM Tat. Rabbit anti-Tat polyclonal antibody (1:10 
dilution; lanes 3 and 7) or rabbit preimmune serum (L10 dilution; lanes 4 and 8) were added to in vitro transcription reactions containing the HIV (75 ng) or AdML (250 ng) templates in the presence of 0.4 gM Tat. D. Titration of AdMLP in the presence and absence of Tat. 75 ng (lanes 3 and 6), 150 ng (lanes 4 and 7), or 350 ng (lanes 5 and 8) of the AdMLP were transcribed in the presence or absence of 0.4 gM Tat as indicated. 75 ng of the HIV CD12 template was incubated in the absence (lane 1) or presence (lane 2) of 0.4 gM Tat. E. Cotranscription of HIV-1 wild-type and TAR mutant DNA templates. Wild-type HIV templates CD12 (75 ng) and LM2 (75 ng) or CD12 
(75 ng) and TAR mutant template (TM25) were coincubated in HeLa whole-cell extracts in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 0.4 gM Tat. Full-length transcripts from CD12, LM2, and TM25 HIV-1 LTR DNA templates were 382, 313, and 309 nt, respectively.
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region defective for Tat and p68 binding was 
no t responsive to Tat (Fig. IE, lanes 3 and 4; 309 
n t transcript). Similarly, cotranscrip tion  o f the 
HIV and  AdML prom oters resulted in transac­
tivation o f the HIV bu t not the AdML tem plate 
(data  no t shown). In addition, the TAR m utant 
CD23dlS containing a deletion o f the TAR loop 
reg ion  was not transactivated by Tat in vitro 
(Fig. 2B, lanes 1 and 2; 338 nt transcript). Wild- 
type and LM2 DNA tem plates, b u t not TM25 
and  CD12dlS DNA tem plates, were shown to 
be  active for Tat transactivation in vivo (Ding­
wall et al., 1989; Ensoli et al., 1989; M arciniak 
et al., 1990a; Boris-Lawrie et al., 1992). Exten­
sion o f these analyses to o ther TAR m utants 
dem onstra ted  a positive correlation  between 
in vivo and in vitro Tat transactivation (data 
n o t shown).
Proximal LTR promoter elements and TAR are 
essential for Tat transactivation
M aximum transactivation of HIV-1 LTR-directed 
gene expression by Tat in vivo required  both  
proxim al prom oter sequences (NF-kB, SP1, and 
TFIID binding sites) and TAR sequences (Cul­
len, 1986; W right et al., 1986; Nabel and Bal­
tim ore, 1987; H auber and Cullen, 1988; Leon­
ard  et al., 1989; B erkhout et al., 1990; Parrott 
et al., 1991). To determ ine w hether sim ilar LTR 
sequences were required for maximum Tat trans­
activation in vitro, 5'-LTR and TAR deletion m u­
tan ts were used as transcrip tion  tem plates in 
cell-free extracts in the absence or presence of 
purified  Tat (Fig. 2A and B). Tat transactivation 
was observed with tem plates CD12 (-453), CD7 
(-278), CD16 (-176), CD23 (-117), CD38 
(-103), and CD52 (-6 5 ) (Fig. 2B, lanes 3, 4, and 
7-16). Tat transactivation was abolished upon 
deletion  o f LTR DNA sequences between -  65 
and  —48 (CD54), which contained p a rt o f the 
SP1 binding sites of the HIV-1 LTR (Fig. 2B, lanes 
5 and  6). Analysis o f a specific in ternal deletion 
m u tan t w ithin the HIV LTR tha t lacks the SP1 
b inding  sites, b u t retains the NFkB and o ther 
regulatory sequences, dem onstrated  that SP1 
is critical for efficient Tat transactivation in vitro 
(Fig. 2C). Therefore, Tat transactivation in vitro 
requ ired  a m inim al p rom oter with several SP1 
b inding  sites adjacent to a TATA box. M utant 
CD23dlS (deletion o f +35 to +38), inactive for 
Tat transactivation in vivo (Ensoli et al., 1989), 
was not transactivated by Tat in the in vitro tran ­
scrip tion  system (Fig. 2B, lanes 1 and 2). These

m utant analyses showed that both proximal LTR 
prom oter elements and TAR sequences were 
necessary for Tat transactivation in vitro.
Tat facilitates HIV-1 transcription preinitiation 
complex formation in the presence of sarkosyl

Tat transactivation in vitro (25- to 60-fold) was 
feasibly the com posite of Tat effects on several 
steps in HIV-1 transcription. Therefore, the roles 
o f Tat during HIV-1 transcription initiation and 
elongation in vitro were examined. The anionic 
detergent sarkosyl had been used to define dis­
crete functional steps during RNA polymerase II 
transcription initiation in vitro using the AdML 
prom oter (Cai and Luse, 1987; Reinberg and 
Roeder, 1987; Hawley and Roeder, 1987; Bur- 
atowski et al., 1989; Saltzm an and W einmann, 
1989). A nucleotide-independent step involving 
the binding of TFIID and TFIIA to the p ro ­
m oter was sensitive to 0.015% sarkosyl (Fig. 3). 
Partial resistance to 0.015% sarkosyl resulted 
upon  stable binding o f TFIID and TFIIA to the 
prom oter. Com plete resistance to 0.015% sar­
kosyl required  binding o f RNA polymerase II 
to the DAB preinitiation complex. The assembly 
o f pre in itia tion  complexes rem ained sensitive 
to 0.05% sarkosyl at stages preceding transcrip­
tion initiation. Productively in itiated tran ­
scription complexes, form ed by the incorpora­
tion o f the first dinucleotide in the nascent 
transcript, were resistant to 0.05% sarkosyl 
(Luse et al., 1987).

Experim ents were first perform ed using the 
AdMLP as a control DNA tem plate. Consistent 
with previous observations, the addition of sar­
kosyl at concentrations >0.015% during the p re­
incubation period  inhibited  the form ation of 
full-length transcripts (375 nt) from  the AdMLP 
(Fig. 4, lanes 1-8). W hen preinitiation complexes 
were perm itted  to form  for 30 m inutes p rio r 
to the addition  o f sarkosyl and nucleoside 
triphosphates, transcrip tion  was resistant to
0.015% sarkosyl but was blocked by sarkosyl con­
centrations >0.05% (Fig. 4, lanes 9-15). These 
experim ents dem onstrated that the preincuba­
tion  period  allowed sufficient tim e for p re in i­
tia tion  complexes to form  on the AdMLP. That 
complexes which assembled during the p re in ­
cubation period were sensitive to 0.05% sarkosyl 
indicated that productively initiated complexes 
had  not been form ed p rio r to the addition  of 
exogenous nucleoside triphosphates.

In  parallel experim ents, sarkosyl (0.001%-
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Figure 2. Tat-specific transactivation of transcription from 5'-deletion and TAR-deletion mutant HIV-1 LTR DNA templates in vitro. A. Diagram of HIV-1 LTR DNA templates used for in vitro transcription. B. Tat trans­activation of wild-type and mutant HIV-1 LTR transcrip­tion in vitro. Promoter templates (75 ng) were added to in vitro transcription reactions containing either Tat storage buffer (-) or 0.4 \iM Tat (+). C. Effect of SP1 on Tat transactivation. In vitro transactivation was per­formed with approximately 100 ng of either the wild- type HIV-1 LTR or an internal SP1 deletion mutant (SPE- CAT) in the presence or absence of Tat (0.4 ^M). Bar graphs indicate fold transactivation as measured by 32P cpm determination of RNA products.+
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Figure 3. Schematic diagram of discrete functional steps during transcription initiation and their differen­tial sensitivities to sarkosyl in vitro. Adapted from Cai and Luse, 1987; Reinberg and Roeder, 1987; Hawley and Roeder, 1987; Buratowski et al., 1989; Saltzman and Weinmann, 1989.
0.25%) was added to in vitro transcrip tion  re ­
actions containing the HIV-1 LTR prom oter 
(CD12R1) in the absence or presence of Tat 
(Fig. 5). As observed with the AdMLP, HIV-1 LTR 
basal transcription was sensitive to the addition 
of 0.015% sarkosyl at the onset o f the preincu­

bation period  (Fig. 5A, lanes 1-5). A tenfold de­
crease in the level of basal transcription was 
observed (Fig. 5A, lanes 1 and 4). This num ber 
was probably an underestim ate of the relative 
effectiveness of the sarkosyl block, since no tran ­
scription was detected at sarkosyl concentrations 
>0.015%. In contrast, when Tat was added to 
transcription reactions containing <0.015% sar­
kosyl, efficient transactivation of HIV-1 RNA syn­
thesis was observed (>25-fold; Fig. 5A, lanes 1-4 
and 6-9). Less than a twofold reduction in Tat 
transactivation was observed in the presence 
of 0.015% sarkosyl (Fig. 5A, lanes 6 and 9). W hen 
the concentration of sarkosyl was >0.015%, Tat 
transactivation of the HIV-1 LTR DNA tem plate 
was not observed (Fig. 5A, lanes 5 and 10; data 
not shown). T hat Tat transactivation was ob­
served in the presence of 0.015% sarkosyl, a con­
centration of detergent that was inhibitory for 
basal HIV-1 transcription, suggested that Tat was 
able to overcome a sarkosyl block that occurred 
early in prein itiation  complex form ation, spe­
cifically at a step p rio r to or inclusive of the 
stable form ation of the DAB-Pol II complex on 
the HIV-1 LTR prom oter.

P reincubation of transcription reactions 
p rio r to the stepwise addition of sarkosyl and 
nucleoside triphosphates conferred HIV-1 tran ­
scription resistance to concentrations of sar­
kosyl <0.015% and decreased the level o f Tat
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Figure 5. Facilitation of preinitiation complex forma­tion on the HIV-1 LTR promoter in the presence of Tat. A. Resistance of HIV-1 transcription to 0.015% sarkosyl added at the start of preincubation in the pres­
ence of Tat. 75 ng of the CD 12 template was transcribed in HeLa whole-cell extracts containing 0.0% to 0.25% sarkosyl during the preincubation period. Reactions were carried out in the absence (lanes 1-5) or presence (lanes 6-10) of 0.4 gM Tat. B. Effect of sarkosyl addition to in vitro transcription reactions after preincubation.

transactivation from the HIV-1 LTR prom oter 
(Fig. 5B, lanes 1-4 and 7-10). These results in ­
dicated two im portant points: first, that the sen­
sitivities of basal transcription from  the HIV-1 
LTR and AdML prom oters to sarkosyl were sim­
ilar; and second, that preincubation of the HIV-1 
LTR DNA template with a HeLa cell extract p er­
m itted the efficient form ation of prein itiation  
complexes and negated the quantitative effect 
o f Tat transactivation. Transcription from the 
HIV-1 LTR prom oter was blocked by the addi­
tion of 0.05% sarkosyl to in vitro transcription

reactions at the end of the preincubation period 
and p rio r to the addition of exogenous nucle­
oside triphosphates (Fig. 5B, lanes 5 and 11) and 
indicated that productively initiated transcrip­
tion complexes were unable to form in the ab­
sence of exogenous nucleoside triphosphates.
Nucleotide requirements for HIV transcription 
in the presence or absence of Tat
The above studies suggested that low concen­
trations of nucleotide pools (<1 gM) in the 
HeLa cell extracts used in the in vitro transcrip­
tion assays were insufficient to support produc­
tive transcription initiation. This hypothesis 
could be tested directly, since the nucleoside 
triphosphates required  for in itiation of RNA 
synthesis could be predicted from the HIV-1 
nucleotide sequence. Com binations of exog­
enous nucleoside triphosphates lacking either 
ATP or GTP and CTP were added to preincu­
bation  reactions containing the HIV-1 LTR 
tem plate with or w ithout Tat. After sarkosyl ad­
dition to 0.05%, the full com plem ent of nucle­
oside triphosphates were introduced, and tran ­
scripts were analyzed following elongation. In 
the absence of Tat, detectable levels of full-length 
transcripts were observed only under conditions 
when all nucleoside triphosphates were pres­
ent prior to sarkosyl addition (Fig. 6A, lanes 1-3). 
Tat stimulated transcription when either all four 
nucleoside triphosphates (Fig. 6A, lane 4) or GTP, 
CTP, and UTP (Fig. 6A, lane 5) were added to 
the transcription reaction p rio r to the addition 
of sarkosyl. In contrast, the addition of GTP, 
CTP, and ATP; CTP, ATP, and UTP; GTP, ATP, 
and UTP; or ATP and UTP did not result in 
the form ation of Tat-induced 0.05% sarkosyl- 
resistant complexes (Fig. 6A, lanes 3 and 6; data 
not shown).

The level o f HIV transcrip tion  in the pres­
ence o f G, C, and U to the preincubation  was 
lowered because of the ATP-dependent step in 
transcriptional initiation. T hat in itiation  com ­
plex form ation was observed in the presence 
o f GTP, CTP, and UTP (Fig. 6A, lane 5) was con­
sistent with the observation that GTP, albeit at 
lower efficiency, was able to substitute for ATP in 
the catalytic conversion of RNA polymerase IIA 
to 110, an energy-dependent polymerase phos­
phorylation “activation” step occurring p rio r 
to or concom itant with the form ation of the 
first phosphodiester bond (Payne et al., 1989; 
Laybourn and Dahmus, 1990).
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of nucleoside triphosphates were added to in vitro transcription reactions containing 300 ng of either AdMLP or HIV-1 LTR DNA templates. Transcription reactions were analyzed after a 30-minute incubation.

The addition  o f GTP, CTP, and UTP to the 
preincubation  reaction was expected to allow 
the synthesis of 13 nucleotide nascent RNA 
blocked in elongation due to the lack o f ATP, 
the next base in the nascent HIV-1 RNA (Fig. 
6B, bottom). To determ ine whether the expected 
short transcripts were synthesized, transcription 
reactions from  HIV-1 LTR and AdMLP DNA 
tem plates were analyzed 30 m inutes post­
initiation for short transcripts. Thirteen nucleo­
tide transcripts were synthesized from the HIV-1 
LTR prom oter in transcrip tion  reactions con­
ta in ing  GTP, CTP, and UTP b u t lacking ATP 
(Fig. 6B, lane 1). W hen only UTP was added to 
the reaction, no short transcripts were detected 
(Fig. 6B, lane 2), which indicated that HIV-1 tran­
scription was not initiated. As a control for these 
studies, short transcripts from  the AdMLP were

also analyzed. Exclusion o f GTP from AdMLP 
transcrip tion  reactions yielded transcripts of 
10 nucleotides, since the first guanosine in the 
nascent transcrip t from  the AdMLP was posi­
tioned  at +11 (Fig. 6B, lane 3). UTP alone was 
unable to initiate transcription from the AdMLP 
(Fig. 6B, lane 4). As expected, no transcripts were 
detected in transcription reactions containing 
HeLa cell extract, CTP, ATP, and UTP in the 
absence of prom oter DNA tem plate (Fig. 6B; 
lane 5).

Productive initiation requires adequate 
threshold concentrations of appropria te  nucle­
oside triphosphates to allow form ation of the 
first dinucleotide in the nascent transcript (Luse 
et al., 1987) and a source o f energy for two dis­
tinct steps leading to initiated complexes (Payne 
et al.,1989; Laybourn et al., 1990). To exclude
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the possibility tha t the absence of HIV-1 tran ­
scripts in the presence of UTP alone was due 
to a lack o f energy, the above experim ents were 
repeated  in the presence of UTP and ATP or 
dATP (data not shown). No HIV transcription 
was observed, providing fu rther evidence that 
the H eLa cell extracts used in the in vitro tran ­
scrip tion  assays th roughout these studies con­
ta ined  nucleoside triphosphate pools inade­
quate to support the form ation of productive 
in itia tion  complexes.
Tat stimulates HIV-1 transcription in a 
reconstituted in vitro transcription system

To discount the possibility that transcription 
in itia tion  occurred during the preincubation 
step in HeLa whole-cell extracts, Tat transacti­
vation was studied in in vitro transcrip tion  re ­
actions reconstitu ted with partially purified 
transcrip tion  factors and RNA polymerase II. 
In this reconstitu ted  system, transcrip tion  was 
totally dependent upon the addition  o f exoge­
nous nucleoside triphosphates. The HIV-1 LTR 
DNA tem plate (CD12R1) was preincubated with 
TFIIA, TFIIB, TFIID, TFIIE/F, SP1, and RNA

polymerase II in the absence or presence of Tat. 
Sarkosyl (0.015%) was added to in vitro tran ­
scription reactions at different times during the 
preincubation  period, p rio r to the addition  of 
nucleoside triphosphates. HIV-1 LTR transcrip­
tion in the absence of Tat was inhibited  by
0.015% sarkosyl (Fig. 7A, lanes 1 and 3). The 
presence o f Tat in the reconstituted system stim­
u lated  0.015% sarkosyl-resistant transcription 
w ithin 7.5 and 15 m inutes of incubation (Fig. 
7A, lanes 2 and 4). Transcription in the pres­
ence of Tat was blocked completely when 0.05% 
sarkosyl was added p rio r to the addition o f n u ­
cleoside triphosphates (Fig. 7A, lane 5). The level 
o f Tat transactivation with partially purified 
transcription factors was quantitatively less than 
tha t observed with cell extracts.

To dem onstrate that preinitiation complexes 
were form ed in the presence o f Tat bu t required 
nucleoside triphosphates to initiate transcrip­
tion, in vitro reconstitu ted reactions were p re­
incubated for 15 m inutes in the presence of
0.015% sarkosyl, pulsed with nucleoside triphos­
phates for 45 seconds, and finally incubated in 
0.05% sarkosyl to allow elongation of transcrip-
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tion complexes that were in itiated stably and 
to block prein itiation  of transcrip tion  in the 
reconstitu ted  reactions. The pulse with nucle­
oside triphosphates allowed efficient conversion 
of the Tat-induced prein itiation  complexes to 
actively initiated complexes (Fig. 7B, lanes 2 
and 4). The 30-45 second pulse with nucleoside 
triphosphates quantitatively converted 0.05% 
sarkosyl-sensitive prein itiation  complexes to
0.05% sarkosyl-resistant in itiation complexes.
Tat stimulates transcriptional elongation of 
preformed HIV-1 initiation complexes
Recently, Tat was shown to stim ulate HIV-1 tran ­
scription elongation in vitro (Marciniak et al., 
1990a and 1992; Kato et al., 1992). To deter­
m ine w hether our purified Tat was able to p ro ­
mote transcription elongation of the HIV-1 LTR 
prom oter using our in vitro transcrip tion  sys­
tem, Tat was added to cotranscription reactions 
containing productively initiated HIV-1 tran ­
scription complexes form ed by an initial p re­

incubation of HeLa whole-cell extracts with 
wild-type and TAR m utant HIV-1 LTR DNA tem ­
plates, followed by an additional incubation in 
the presence of optim al concentrations of n u ­
cleoside triphosphates. Tat was added to the 
reactions 10 m inutes following transcription 
initiation. Transcription reactions were then 
term inated at various times, and full-length tran­
scripts were analyzed. In the absence of Tat, full- 
length transcripts were initially detected at 30 
m inutes following the addition of nucleoside 
triphosphates (Fig. 8, lane 3). In the presence 
o f Tat, full-length HIV-1 transcripts were ob­
served within 15 m inutes (5 m inutes after the 
addition of Tat; Fig. 8, lanes 1 and 5). In te r­
estingly, the TAR m utant template, CD23dlS, 
which was unresponsive to Tat at the level of 
in itia tion  (Fig. 2B, lanes 1 and 2), was respon­
sive to Tat at the level o f elongation (338 b tran ­
script). The stim ulatory effect o f Tat added to 
transcrip tion  reactions contain ing actively in i­
tiated complexes was sim ilar to that observed
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Figure 8. Stimulation of transcription elongation on the HIV-1 LTR promoter in the presence of Tat. Wild-type (CD12R1) and TAR mutant (CD23dlS) HIV-1 LTR DNA templates (A) or AdML template (B) in HeLa whole-cell extracts were permitted to form preinitiation complexes for 30 minutes. Subsequent addition of nucleoside tri­
phosphates (500 nM) and [a-32P]UTP began productive initiation. Transcription was allowed to proceed for 10 min­utes prior to the addition of purified Tat (0.4 nM). Following mock or Tat addition, assays were terminated at 45 minutes.
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when 0.05% sarkosyl was added (data no t 
shown), which may indicate that Tat, like 0.05% 
sarkosyl, may potentiate the release o f regula­
tors of basal transcription.

The Tat-containing extract did no t increase 
transcrip tion  elongation from  all polymerase 
II prom oters (Fig. 8B). A sim ilar set o f elonga­
tion assays was perform ed with the AdMLP. The 
results of this experim ent dem onstrated that 
Tat does no t increase elongation on the AdML 
tem plate (Fig. 8B, com pare lanes 1-4 and 5-8). 
In this particular assay, a slight decrease in the 
intensity of the AdML RNA was observed in the 
45-minute sample (lane 8). This decrease was 
not observed in the 20- and 30-minute elonga­
tion samples and likely represented a difference 
in RNA recovery with this particular sample. 
These results suggested that Tat specifically in ­
creased the num ber and efficiency of proces- 
sive HIV-1 elongation complexes.
Tat-induced transcription initiation complexes are 
efficiently converted to elongation complexes

Since Tat functioned at both  transcrip tion  in i­
tiation and elongation, then Tat may act sep­
arately on these events and/or may facilitate the 
transition from transcription initiation to elon­
gation. As an initial study to address these pos­
sibilities, the kinetics of transition from  0.015% 
sarkosyl-resistant prein itiation  complexes to
0.05% sarkosyl-resistant elongation complexes 
in the absence and presence o f Tat was inves­
tigated. Sarkosyl (0.015% or 0.05%) was added 
at 5, 10, and 30 m inutes following the start of 
transcription in the absence or presence of Tat.

In this experim ent, HIV-1 basal transcrip tion  
was sensitive to the addition of 0.015% sarko­
syl during the first 30 m inutes o f incubation 
(Fig. 9). In the presence of Tat, HIV-1 LTR tran ­
scription was resistant to 0.015% sarkosyl after 
5 m inutes of incubation (Fig. 9, lane 2), which 
indicated a significant increase in the level o f
0.015% sarkosyl-resistant p rein itiation  com ­
plexes. These complexes were sensitive to 0.05% 
sarkosyl (Fig. 9, lane 4), which suggested tha t 
only a small percentage of the form ed p re in i­
tiation complexes had initiated transcription. 
By 10 m inutes of incubation, HIV-1 LTR tran ­
scription in the presence of Tat was partially 
resistant to 0.05% sarkosyl (Fig. 9, lane 8), in ­
dicating that a greater num ber of prein itiation  
complexes had converted to elongation com ­
plexes. Finally, by 30 m inutes of incubation, 
quantitative conversion of HIV-1 prein itia tion  
complexes to elongation complexes was noted 
in the presence of Tat (Fig. 9, lanes 10 and 12). 
The tim e-dependent and quantitative transition 
of HIV-1 transcrip tion  from  0.015% sarkosyl- 
resistance to 0.05% sarkosyl-resistance suggested 
that Tat-induced prein itiation  complexes were 
efficiently converted to elongation complexes.

Discussion

Several lines of evidence suggest that HIV Tat 
binds to TAR RNA and functions as an RNA- 
binding protein  (Dingwall et al., 1989). It is also 
evident that Tat increases the efficiency of RNA 
elongation, both  in vivo and in vitro (Feinberg 
et al., 1991; Laspia et al., 1989 and 1990; Mar-
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Figure 9. Kinetics of Tat transactivation in unfractionated HeLa cell extracts. Sarkosyl (0.015% or 0.05%) was added (5, 10, or 30 
minutes) to complete in vitro transcription reactions containing the HIV CD12 tem­plate (75 ng), HeLa whole-cell extract, and exogenous nucleoside triphosphates (300 nM) in the absence (lanes 1, 3, 5, 7, 9, 11) or presence (lanes 2, 4, 6, 8, 10, 12) of0.4 nM Tat.
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ciniak et al., 1990 and 1991). Recently, however, 
it has been suggested that Tat may also function 
in the context o f a DNA-binding protein  (Berk- 
hou t an d jean g , 1990), and m ore specifically, 
that Tat and acidic activators may act on a sim­
ilar step in the transcrip tion  process (South- 
gate and Green, 1991). The sequential assembly 
o f general transcription components, including 
TFIIA, TFIIB, TFIID, TFIIE/F, and RNA poly­
m erase II, into functional p rein itiation  and in i­
tiation complexes has been analyzed (Luse et 
al., 1987; Reinberg and Roeder, 1987; Hawley 
et al., 1987; Nakajima et al., 1988; Van Dyke et 
al., 1988 and 1989; Saltzman and W einmann, 
1989; Buratowski et al., 1989; M aldonado et al., 
1990). Interestingly, an initial and rate-lim iting 
step in transcrip tion  initiation, the stable b ind­
ing o f TFIIA and TFIID to the prom oter tem ­
plate, is sensitive to 0.015% sarkosyl. Resistance 
to 0.015% sarkosyl is conferred upon subse­
quent association o f RNA polym erase II to the 
actively m aturing prein itiation  complex. Tat 
transactivates HIV-1 transcrip tion  in the pres­
ence o f 0.015% sarkosyl added at the beginning 
o f p re in itia tion  complex form ation. O ne in ter­
p re ta tion  o f these results is that Tat stimulates 
RNA polymerase II transcription by facilitating 
the assembly and/or stabilization o f basal tran ­
scription factors with the HIV-1 LTR prom oter. 
A lthough one cannot rule out the possibility 
tha t the Tat effect in the presence of sarkosyl 
results from  the Tat-activated elongation o f a 
m inor fraction of complexes that are able to 
form  in the presence of sarkosyl, several lines 
o f evidence suggest that this in terp reta tion  is 
unlikely. T here is less than a twofold decrease 
in the level o f Tat transactivation when 0.015% 
sarkosyl is added to the Tat containing reactions. 
In contrast, sarkosyl quantitatively blocks HIV 
basal transcrip tion  (>10-fold decrease). This 
would necessitate a tenfold increase in the level 
o f rein itiation  to account for the level o f RNA 
synthesized. This seems unlikely, since the level 
o f transcrip tion  rein itiation  is extremely low 
in the in vitro transcrip tion  systems. In addi­
tion, using gel shift assays to analyze the b ind ­
ing o f transcrip tion  factors to the HIV TATA 
sequence, we have recently dem onstrated that 
Tat interacts with and stabilizes the interaction 
o f TFIID with this p rom oter element, directly 
supporting a role for Tat in prein itiation  com ­
plex assembly (F. Kashanchi an d j. N. Brady, u n ­
published data). The effect o f this interaction

on factors such as TFIIA, TFIIB, and polym er­
ase II with the initiation complex is presently 
u n d er investigation.

Tat’s putative role in the stim ulation o f in itia­
tion complex form ation may be sim ilar to the 
functions attributed  to several DNA-dependent 
transactivating proteins (Sawadogo and Roeder, 
1985; H orikoshi et al., 1988a,b; Abmayr et al., 
1988; Katagiri et al., 1990; Stringer et al., 1990; 
Ptashne and Gann, 1990; Yamazaki et al., 1990; 
Lin and Green, 1991). The pseudorabies im m e­
diate-early protein, PIE, and the tobacco mosaic 
virus DNA-binding protein, TGAla, activate tran­
scription in in vitro systems by increasing the 
num ber of active p re in itia tion  complexes (Ab­
mayr et al., 1988; Yamazaki et al., 1990). PIE 
transactivates in vitro transcrip tion  by facilitat­
ing the interactions between the target prom oter 
and TFIID. Interestingly, both PIE and Tat trans­
activation may be circumvented by preincuba­
tion o f the cell-free extract and the DNA tem ­
plate to perm it the form ation of prein itiation  
complexes. The acidic transcriptional activator 
VP16 stimulates transcription by increasing the 
num ber of functional p rein itiation  complexes 
(Lin and Green, 1991). It has been reported  that 
VP16 interacts directly with TFIID (Stringer et 
al., 1990; Ingles et al., 1991) and TFIIB (Lin et 
al., 1991), and in vitro evidence suggests that 
VP16 could increase prein itiation  com plex for­
m ation by recruiting TFIIB to the prom oter (Lin 
and Green, 1991).

Analysis by Laspia et al. (1989) of HIV-1 tran ­
scription in the presence o f Tat in vivo ind i­
cates that transcription initiation from wild-type 
HIV-1 LTR prom oters increases significantly 
(15-fold). In addition, both  Laspia et al. (1989) 
and  Feinberg et al. (1991) have reported  that 
Tat-transactivated HIV transcription complexes 
elongate m ore efficiently into the distal region 
o f the RNA transcript. C onsistent with these 
observations are reports that Tat transactivation 
of the HIV-1 LTR prom oter in vitro results from  
an increase in the efficiency of transcrip tion  
elongation (M arciniak et al., 1990a; M arciniak 
and Sharp, 1991; Kato et al., 1992). These results 
suggest that transcrip tion  complexes form ed 
in the presence o f Tat are quantitatively and 
possibly qualitatively distinct in their com pe­
tence to initiate and elongate transcription from 
the HIV-1 LTR prom oter. O ur results are not 
inconsistent with the model in which Tat trans­
activation increases the efficiency of RNA elon-
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gation. O ur results extend these observations 
and  provide evidence that Tat may also have 
a critical function that is p rio r to, bu t perhaps 
coupled  with, its elongation effect. S upport for 
the b ifunctional role o f Tat comes from  the 
dem onstration  o f differential effects o f Tat on 
the m utan t CD23dlS. This m utan t deletes the 
sequences adjacent to the downstream  DNA 
binding  site for UBP-1. In addition, the second­
ary structure o f the b ind ing  sites for both  Tat 
and  p 68 are destroyed. Tat does no t transacti- 
vate this m utan t tem plate if Tat is added p rio r 
to preinitiation complex form ation. In contrast, 
a 10-fold stim ulation in HIV-1 transcrip tion  
elongation is evident upon  the addition  o f Tat 
after the onset o f RNA synthesis (Fig. 8, lanes 
5-8). These results suggest that both downstream 
DNA (initiation) and RNA (elongation) se­
quences may be involved in Tat transactivation. 
M utant CD23dlS is not transactivated by Tat in 
vivo (Ensoli et al., 1989). The fact that this m u­
tan t exhibits a Tat initiation-defective, bu t Tat 
elongation-com petent, phenotype in our in 
vitro analyses may suggest that the loss o f Tat 
transactivation by this m utant in vivo may be 
due to a defect in initiation complex form ation. 
Consistent with previous studies, these results 
suggest that Tat b inding to RNA is no t sufficient 
to explain TAR elem ent function (Dingwall et 
al., 1989; Roy et al., 1990). These results fu rther 
suggest that cellular proteins distinct from  the 
p 68 loop b inding  protein , such as p l40  SBP 
(Rounseville and Kumar, 1992), may facilitate 
RNA elongation.

Toohey an d jo n es  (1989) repo rt that sarkosyl 
affects the ratio  o f full-length and short HIV-1 
transcripts in vitro. Full-length HIV-1 tran ­
scripts are detected at sarkosyl concentrations 
<0.015% b u t d isappear upon incubation o f the 
extract with interm ediate levels o f sarkosyl 
(0.05-0.15%), whereupon truncated leader tran ­
scripts (58-61 nt) becom e abundant. At higher 
concentrations o f sarkosyl (0.25-0.40%), the ap­
pearance o f the full-length HIV-1 RNA returns, 
while the levels o f truncated  leader transcripts 
decline. The disappearance of full-length HIV-1 
transcripts at a sarkosyl concentration o f 0.05% 
is directly relevant to the results presented in 
this m anuscript. W hen 0.05% sarkosyl is added 
at the end o f the preincubation reaction con ­
tain ing Tat, bu t before the addition  o f nucle­
oside triphosphates, a dram atic decrease in the 
levels o f full-length HIV-1 transcripts is observed.

In contrast to the results o f Toohey a n d jo n es
(1989), the sensitivity of HIV-1 basal transcrip­
tion to 0.05% sarkosyl in ou r transcrip tion  sys­
tem  is overcome by the addition  o f 300 pM n u ­
cleoside triphosphates p rio r to 0.05% sarkosyl 
addition. The reason for the differences in the 
results o f the two in vitro transcrip tion  systems 
is no t readily apparent. Differences in the re ­
spective analyses include (1) tim e o f sarkosyl 
addition  relative to transcrip tion  initiation; (2) 
types o f extracts, i.e., Manley whole-cell vs. p a r­
tially purified nuclear; (3) HIV-1 LTR DNA tem ­
plates; and (4) conditions for HIV-1 basal tran ­
scription (e.g., tem plate concentration). Most 
notably, the level o f HIV-1 basal transcrip tion  
in the analysis by Toohey a n d jo n e s  (1989) is 
optim ized for near maximal activity, which 
is inhibitory for Tat transactivation in vitro. 
F urther refinem ent of in vitro transcription sys­
tems as afforded in our reconstitu ted system 
using purified transcrip tion  factors and RNA 
polym erase II should resolve differences be­
tween HIV-1 basal transcrip tion  and Tat trans­
activation o f transcription.

M arciniak and Sharp (1991) have reported  
tha t there are two classes of elongation com ­
plexes which initiate from  the HIV prom oter, 
a less-processive and a more-processive form. 
Tat was found to increase the more-processive 
class o f elongation complexes. Since no increase 
in the am ount o f transcription between nucleo­
tides 1 and 82 was observed, the authors con­
clude tha t the total effect o f Tat is due to an 
increase in elongation. In light o f our results, 
it is interesting to speculate that Tat does reg­
u late transcrip tion  in itiation  by specifically fa­
cilitating the assembly o f these more-processive 
complexes. Thus, even though there would be 
no increase in the level o f prom oter proxim al 
transcription, the level o f prom oter distal tran ­
scription could be increased by the HIV Tat 
protein.
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