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The activation of the human immunodeficiency virus (HIV) enhancer in T cells can occur through multiple
independent pathways. This enhancer is stimulated by NF-KB or through alternative mechanisms, including
ElA transactivation, which is dependent on the TATA box. In this report, the role of the TATA box in
activation by NF-KB is examined. ElA stimulation of the HIV enhancer requires the presence of the TATA
sequence in the sense orientation. Analysis of mutant HIV enhancer plasmids shows that basal mRNA levels are
reduced when the TATA sequence is altered but that inducibility of NF-KB and the site of transcriptional
initiation are unchanged. These data suggest that transcriptional initiation in this class II promoter is
determined by an initiator factor which does not require binding to the TATA sequence. Because KB is found
in a variety of viruses, this mechanism may be relevant to the activation of other viral enhancers.

Transcription of human immunodeficiency virus type 1
(HIV-1) in T lymphocytes is regulated by DNA-binding
proteins which recognize sites in the regulatory region of the
viral long terminal repeat. Stimulation of T cells by phorbol
esters or cytokines (tumor necrosis factor alpha and inter-
leukin-1 [18]) results in increased expression of HIV, medi-
ated by the inducible transcription factor NF-KB (16). In
addition, the HIV-1 enhancer can be stimulated by several
viral transactivators, including herpesvirus ICPO (17) and
adenovirus ElA, which acts through the TATA box (17).
Because the HIV enhancer is activated by NF-KB and is also
responsive to stimulation by ElA, the possibility of an
interaction between these two regulatory elements was
raised. We have examined the role of the TATA sequence in
activation of the HIV enhancer by NF-KB. Because KB is
present in several primate virus enhancers (1, 4, 5, 14), this
mechanism has relevance both to TATA box function and
also to a basic understanding of virus activation.
To determine the role of the TATA box in activation by

NF-KB, Jurkat cells stably expressing the tat-I gene, Jurkat
tat-II (9), were cotransfected by using DEAE-dextran (16)
with the HIV enhancer linked to the chloramphenicol ace-
tyltransferase gene (CAT) and with a plasmid which ex-
pressed adenovirus ElA or with a control (pUC13). Previous
studies have shown that the presence of the tat-I gene
improves the detection of low levels of HIV CAT activity
but does not otherwise affect these regulatory signals com-
pared with those of Jurkat cells (17). Cotransfections were
also performed with otherwise identical HIV CAT plasmids
with altered TATA box sequences. Twenty-four hours after
transfection, cells were incubated with phorbol 12-myristate
13-acetate (PMA) for an additional 20 h. Jurkat tat-III cells
transfected with HIV CAT showed an 8.7-fold increase in
CAT activity in the presence of ElA compared with that of
controls (Fig. 1A). When stimulated additionally by PMA, a
further approximately ninefold increase in CAT activity was
observed, suggesting that activation by NF-KB and ElA was
more than additive (Fig. 1A).

* Corresponding author.

When these cells were transfected with an HIV CAT
plasmid containing an altered TATA box, basal CAT activity
decreased from 7- to 20-fold relative to that of the HIV CAT
plasmid in different experiments (Fig. 1B; note scale
change). In contrast to stimulation mediated by ElA (17),
PMA induced a 14.5-fold increase in CAT activity (Fig. 1B).
Similar to results for a KB mutant with an intact TATA box
(16), no stimulation was seen after transfection with a
plasmid containing mutations in both the KB and the TATA
box, demonstrating that the PMA effect was mediated by
NF-KB (Fig. 1C) or a related KB-binding protein (3, 7);
however, the expression of this double-mutant plasmid is
increased by the immediate early transactivator of cytomeg-
alovirus (data not shown). Similar results were observed in
Jurkat cells which lack the tat-I gene.
To determine whether the orientation of the TATA box

was important for enhancer activation, a plasmid containing
the reverse complement of the TATAA sequence, TTATA,
was transfected into Jurkat tat-III cells. The CAT activity of
the plasmid with the inverted TATA box was similar to that
of the plasmid with the mutant TATA box (TGCGC), 6- to
10-fold less than expression from HIV CAT (wild type, with
the sequence TATAA) in resting and stimulated cells.
Cotransfection with the ElA expression plasmid did not
significantly increase CAT activity (Fig. 2B), suggesting that
ElA stimulation mediated by the TATA box is dependent on
orientation. Because the TATA sequence in simian virus 40
(SV40) can partially substitute for TATA in the hsp70
promoter (20), we prepared plasmids containing this se-
quence in both orientations (TATTTAT and ATAAATA,
wild type and reverse complement, respectively). When
these plasmids were transfected into Jurkat tat-III cells and
incubated with PMA, CAT activity was induced at levels
comparable to those of the mutant TATA plasmid (Fig. 2C
and D), showing that the SV40TATA box did not substitute
for the native TATA sequence.
To determine the site of transcriptional initiation after

stimulation of the mutant TATA plasmids, S1 nuclease
analysis was performed (2). Protection of an expected 60-
base-pair fragment was observed in cells stimulated by
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FIG. 1. Activation of HIV CAT mutant plasmids by PMA and EIA. Jurkat tat-Ill cells (10) were transfected with 10 to 20 pug of HIV CAT
(A), TATA box mutant (GCGC) (B), or a double mutant with altered KB and TATA (GCGC) box (C) (14). For viral transactivation, cells were
cotransfected with 2 ,ug of ElA (6) or with control plasmids and 5 to 20 p.g of the relevant HIV-CAT plasmid. Twenty hours after transfection,
cells were maintained in medium alone or incubated with 26 nM PMA for an additional 20 h. Conversion of chloramphenicol to its acetylated
forms was assayed (8, 16). The efficiency of transfection was standardized as described elsewhere (16, 17) by cotransfection with the plasmid
expressing interleukin-3 and measuring interleukin-3 activity (25). Results are representative of at least three independent transfections. The
percent conversions for the uninduced plasmids were as follows: HIV CAT, 1.1%; TATA box mutant, 0.15%:c and mutant KB plus TATA box
mutant, 0.21%.
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FIG. 2. Stimulation of HIV CAT mutant TATA box plasmids by PMA and ElA. Cells were transfected with HIV CAT plasmids with a

mutant TATA box (A), the reverse complement of the TATAA sequence (B), SV40 TATA (sense) (C), or SV40 TATA (reverse complement)
(D) and were stimulated as described in the legend to Fig. 1, except that 20 pLg containing the TATA box in the inverted orientation (reverse
complement) was obtained by a site-directed mutagenesis technique (16). The mutant plasmids containing the SV40 TATA box were
constructed by inserting a double-stranded oligonucleotide (TGCAGTATTTATGCAGC) in both orientations into the PstlI site created in a
previously described mutant TATA box plasmid (17). Basal CAT conversions for each group were as follows: TATA box mutant, 0.31%;
TTATA, 0.5%; TATTTAT. 0.6%; and ATAAATA. 0.7Cr.
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FIG. 3. S1 nuclease analysis of RNA from cells transfected with
HIV CAT and TATA box mutant plasmids. Jurkat tat-III cells were
transfected with HIV CAT (10 p.g) or the indicated mutant plasmids
(10 ,ug) with altered TATA boxes. Twenty-four hours later, cells
were incubated alone (-) or with 26 nM PMA (+) for an additional
12 h. Total cellular RNA was isolated, and 10 ,ug was used for S1
nuclease analysis. Quantitation by densitometry revealed the fol-
lowing induction ratios in each group: SV40 ATAAATA, 8.8-fold;
SV40 TATTTAT, 5.6-fold; TTATA, 8.4-fold; TGCGC, 10.3-fold;
HIV CAT+E1A, 4.5-fold; HIV CAT, 19.5-fold. A single-stranded
end-labeled oligonucleotide probe, complementary to positions -17
to +60 of the sense strand of HIV with a 7-base extension at the 3'
end, was used as the probe. The position of the protected 60-
base-pair fragment is shown (_.). Undigested probe is shown in
lane 1. Size markers (in base pairs [bp]) are indicated at the right.

PMA, whereas protection was markedly reduced in unstim-
ulated cells (Fig. 3, lane 12 versus lane 13). This site, which
corresponds to the viral transcriptional initiation site, was
used also by HIV CAT plasmids containing the mutant
TATA box (Fig. 3, lane 9), the inverted TATA box (Fig. 3,
lane 7), and SV40 TATA boxes (Fig. 3, lanes 3 and 5). The
position of transcriptional initiation in the HIV enhancer was
therefore not dependent on the TATA box sequence. The
same initiation site was also utilized when transcription was
stimulated by ElA (Fig. 3, lanes 10 and 11).

In this study, we have examined the relationship between
activation of the HIV enhancer by NF-KB and the require-
ment for a specific TATA box sequence. This analysis has
shown that the HIV TATA element acts in an orientation-
dependent manner to increase mRNA levels. Activation of
the HIV enhancer mediated by NF-KB occurred in the
absence of a functional TATA box, which is not required to
position the transcriptional initiation site. Furthermore, the
reverse complement TATAA sequence (TTATA) was not
activated by ElA, suggesting that stimulation of this site is
also sequence and orientation dependent.

In addition to their role in increasing the efficiency of

transcriptional initiation (15, 23), TATA-binding proteins
have been sometimes implicated in the determination of
transcriptional initiation sites. For example, when the TATA
box of the sea urchin H2A histone gene or SV40 early
promoter is mutated, these genes remain transcriptionally
active, but the site of transcriptional initiation is altered (1,
10, 23). Although a previous study has shown that the TATA
box mutation alters the HIV transcriptional initiation site,
these studies employed a plasmid containing the SV40
enhancer and replication origin which are known to cause
aberrant transcriptional initiation (12). Recently, it has been
shown that an initiator site is present in a class II promoter
from terminal transferase which lacks a TATA sequence and
acts to determine the site of transcription initiation (21).
Similar sites have been defined in yeast promoters (22). Our
findings suggest the presence of an analogous site in the HIV
enhancer beca4e the TATA box is not required for the
precise transcriptional initiation, implying that proteins need
not bind to TATA to determine the site of initiation. In vitro
transcription studies have also demonstrated that the TATA
box contributes to basal enhancer function, although it may
not determine the initiation site (13). Similar observations
have been made for other regulatory regions, including the
E1B promoter, in which linker-scanning mutations de-
creased ElA inducibility but did not alter the transcriptional
initiation site (24). Taken together, these findings suggest
that the role ofTATA-binding proteins in different enhancers
is determined by the specific interaction with other DNA-
binding proteins. In the HIV enhancer and possibly else-
where, the TATA box sequence acts as an orientation-
dependent element which acts to enhance HIV gene
expression but which is not needed to specify the site of
transcriptional initiation.

This work was supported in part by Public Health Service grants
A126865 and RR07008.

LITERATURE CITED
1. Benoist, C., and Chambon, P. 1981. In vivo sequence require-

ments of the SV40 early promoter region. Nature (London)
290:304-310.

2. Berk, A. J., and P. A. Sharp. 1977. Sizing and mapping of early
adenovirus mRNAs by gel electrophoresis of S1 nuclease di-
gested hybrids. Cell 12:721-732.

3. Bohnlein, E., J. W. Lowenthal, M. Siekevitz, D. W. Ballard,
B. R. Franza, and W. C. Greene. 1988. The same inducible
nuclear protein regulates mitogen activation of both the inter-
leukin-2 receptor-alpha gene and type 1 HIV. Cell 53:827-836.

4. Boshart, M., F. Weber, G. Jahn, K. Dorsch-Hasler, B. Flecken-
stain, and W. Schaffner. 1985. A very strong enhancer is located
upstream of an immediate early gene of human cytomegalovi-
rus. Cell 41:521-530.

5. Chiu, R., M. Imagawa, R. J. Imbra, J. R. Bockoven, and M.
Karin. 1987. Multiple cis- and trans-acting elements mediate the
transcriptional response to phorbol esters. Nature (London)
329:648-651.

6. Fire, A., C. C. Baker, J. L. Manley, E. B. Ziff, and P. A. Sharp.
1981. In vitro transcription of adenovirus. J. Virol. 40:703-719.

7. Franza, B. R., Jr., S. F. Josephs, M. Z. Gilman, W. Ryan, and
B. Clarkson. 1987. Characterization of cellular proteins recog-
nizing the HIV enhancer using microscale DNA-affinity precip-
itation assay. Nature (London) 330:391-395.

8. Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982.
Recombinant genomes which express chloramphenicol acetyl
transferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.

9. Greene, W. C., W. Y. Leonard, Y. Wano, P. B. Svetlik, N. Y.
Pelter, J. G. Sodroski, C. A. Rosen, W. C. Goh, and W. A.
Haseltine. 1986. Trans-activator gene of HTLV-II induces IL-2
receptor and IL-2 cellular gene expression. Science 232:877-
880.

VOL. 63, 1989



4100 NOTES

10. Grosschedl, R., and M. L. Birnsteil. 1980. Identification of
regulatory sequences in the prelude sequences of an H2A
histone gene by the study of specific deletion mutants in vivo.
Proc. Natl. Acad. Sci. USA 77:1432-1436.

11. Guyader, M., M. Emerman, P. Sonigo, P. Clawel, L. Montag-
nier, and M. Alizon. 1987. Genome organization and trans-
activation of HIV-2. Nature (London) 326:662-669.

12. Jakobovits, A., D. H. Smith, E. D. Jakobovits, and D. J. Capon.
1988. A discrete element 3' of human immunodeficiency virus 1
(HIV-1) and HIV-2 mRNA initiation sites mediates transcrip-
tional activation by an HIV trans activator. Mol. Cell. Biol.
8:2555-2561.

13. Jones, K. A., P. A. Luciw, and N. Duchange. 1988. Structural
arrangements of transcription control domains within the 5'-
untranslated leader regions of the HIV-1 and HIV-2 promoters.
Genes Dev. 2:1102-1116.

14. Leung, K., and G. J. Nabel. 1988. HTLV-1 transactivator
induces interleukin-2 receptor expression through an NF-KB-
like factor. Nature (London) 333:776-778.

15. Mathis, D. Y., and P. Chambon. 1981. The SV40 early region
TATA box is required for accurate in vitro initiation of tran-
scription. Nature (London) 290:310-314.

16. Nabel, G. J., and D. Baltimore. 1987. An inducible transcrip-
tional factor activates expression of human immunodeficiency
virus in T cells. Nature (London) 326:711-718.

17. Nabel, G. J., S. A. Rice, D. M. Knipe, and D. Baltimore. 1988.
Alternative mechanisms for activation of human immunodefi-
ciency virus enhancer in T cells. Science 239:1288-1302.

18. Osborn, L., S. Kunkel, and G. J. Nabel. 1989. Tumor necrosis
factor-a and interleukin-1 activate NF-KB and the HIV en-
hancer in T cells. Proc. Natl. Acad. Sci. USA 86:2336-2340.

19. Rosen, C. A., J. Sodroski, and W. A. Haseltine. 1985. The
location of the cis-acting regulatory sequences in the human T
cell lymphotrophic virus type III (HTLV-III/LAV) long termi-
nal repeats. Cell 41:813-823.

20. Simon, M. D., T. M. Fish, B. J. Benecke, J. R. Nevins, and N.
Heintz. 1988. Definition of multiple, functionally distinct TATA
elements, one of which is a target in the hsp 70 promoter for
ElA regulation. Cell 52:723-729.

21. Smale, S. T., and D. Baltimore. 1989. The "initiator" as a
transcription control element. Cell 57:103-113.

22. Struhl, K. 1987. Promoters, activator proteins, and the mecha-
nism of transcriptional initiation in yeast. Cell 49:295-297.

23. Takahashi, K., M. Vigneron, H. Matthes, A. Wildeman, M.
Zenke, and P. Chambon. 1986. Requirement of stereospecifying
alignment for initiation from the simian virus 40 early promoter.
Nature (London) 319:121-126.

24. Wu, L., D. S. E. Rosser, M. C. Schmidt, and A. Berk. 1987. A
TATA box implicated in transcriptional activation of a simple
adenovirus 2 promoter. Nature (London) 326:512-515.

25. Yokota, F. L., D. Rennick, C. Hall, N. Arai, T. Mosmann, G.
Nabel, H. Cantor, and K.-I. Arai. 1984. Isolation and character-
ization of a mouse cDNA clone that expresses mast-cell growth-
factor activity in monkey cell. Proc. Natl. Acad. Sci. USA
81:1070-1074.

J. VIROL.


