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Second-site revertants from replication-incompetent molecular clones of human immunodeficiency virus
(HIV) contain base substitutions adjacent to the TATA motif. The altered TATA box motifs were analyzed for
their effect(s) on virus infectivity, long terminal repeat (LTR)-directed expression in transient transfection
assays, in vitro RNA synthesis, and assembly of the TFIID-TFIIA preinitiation complex. The revertant TATA
boxes accelerated the kinetics of HIV replication when present in the context of an LTR containing a Spl
mutation (deletion or site specific); no effect was observed on the infectivity of wild-type HIV. In chloram-
phenicol acetyltransferase assays and in vitro transcription systems, the altered TATA box meotifs led to
elevated basal levels of RNA synthesis from NF-kB- and Spl-mutagenized and wild-type templates, respec-
tively, but did not increase responsiveness to Tat transactivation. The revertant TATA boxes accelerated the
binding of TFIID and TFIIA to the LTR and stabilized their association with the promoter. The revertants did
not assemble a more-processive elongation complex. These results suggest that in the context of an impaired
enhancer/promoter (viz., three mutated Spl elements), a series of HIV revertants emerge which contain LTR
alterations that significantly augment basal RNA synthesis. The TATA motif revertants are capable of rescuing

the enhancer/promoter defect and sustain virus infectivity.

Subsequent to the integration of viral DNA, the major
function of the retroviral long terminal repeat (LTR) is to
regulate the production of viral mRNA. The promoter/en-
hancer elements needed for efficient transcriptional initiation
are located within the U3 and R regions and are active in the
context of the 5’ LTR. Like any other eukaryotic promoter, the
human immunodeficiency virus (HIV) LTR contains its own
ensemble of DNA elements to which transcriptional regulatory
factors bind. These sequences were identified from mutagen-
esis studies of LTR-driven reporter gene constructs, from gel
retardation or DNA footprinting experiments, or from
searches of nucleotide sequence data bases (6, 8, 12, 13, 15, 16,
19, 20, 23, 25, 28, 32, 33, 40, 42, 50, 51). The Sp1 and TATA
motifs bind cellular proteins that are constitutively expressed
in most eukaryotic cells and are critical for basal levels of HIV
gene expression (2, 15, 19, 20, 40). In the HIV type 1 (HIV-1)
LTR, the two NF-kB motifs, together with the three Sp1 sites,
function as the principal enhancers of transcription (16, 23, 33,
37, 40, 42).

Our current understanding of HIV LTR function comes
primarily from analyses of transient transfections of HeLa or
human T-cell lines with plasmid constructs in which the
wild-type or mutagenized LTR has been fused to a reporter
gene. Although this approach has been utilized for delineating
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important mechanisms associated with HIV LTR activation, it
is unsuitable for evaluating the complex interactions of cellular
proteins, cis-acting regulatory sequences associated with DNA
and RNA forms of the viral genome, and the full ensemble of
virus-encoded proteins synthesized during a productive virus
infection. For example, mutations of the two NF-kB-binding
sites abolish the response of the HIV LTR to T-cell activators,
as measured in many reporter gene systems (9, 22, 33, 43, 45).
However, when the NF-kB motifs are mutated or deleted in
the context of an intact HIV genome, little if any effect was
noted during subsequent virus infection of phytohemaggluti-
nin-activated peripheral blood mononuclear cells (PBMCs)
(26).

We previously reported that HIV LTR mutants, containing
one or two NF-kB-binding elements and lacking Spl motifs
(removed by deletion mutagenesis) exhibited a hierarchy of
infectivity depending on the CD4-positive cell type infected
(41). For example, Jurkat cells were completely refractory to
infection by Sp1 mutants of HIV-1 (HIVg,,,4), Whereas MT-4
cells and activated PBMCs remained susceptible to HIVg,; 4¢)
as well as its derivative, HIVyy;s;,14e1, Which, in addition to the
Sp1 deletion, also lacks one of the two NF-«B elements. The
CEM and H9 human T-leukemia cell lines occupied a middle
ground in this continuum of susceptibility. Associated with this
observed cell-specific hierarchy of susceptibility to HIVs con-
taining mutated Spl sites was the emergence of revertant
viruses that appeared at late times (e.g., 3 to 4 weeks) following
infection. PCR analyses revealed that 20 individual revertant
clones had acquired two types of second-site nucleotide
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Provirus Designation Infectivityd CAT activity®
NFkB NFkB Sp-1 Sp-1 Sp-1 TATA box basal tat
| [
LTRw1/TATART TACAAGGGACTTTCCGCTGGGGACTT TCCAGGGAGGCGTGGCC TGGGCGGGACTGGGGAGTGGCGAGCCCTCAGATGCTGCATATAAGE  + (5/5)P 31418 5300+190C
LTM/TATARl aaaatta«Nmt'Q*ntﬁ**qwt*tﬁttttttﬁaﬁna-ﬁw-a'tt&t*tnatﬁtt«'tna'-«at-:ntawwtatt:.«t'ra«--nﬁnt + (4/9) 41418 5400+1800
LTRWI'/TATARZ AR R AN R AR R R AR AR A Ak AR R AR A AR AR RN A AN AN AR IR AN AR AR RN AR RN AR R AR R R KRR NANT AN AR Rk 4 (3/3) 47+6.9 4300+1000
LTRSpldel/TATAWT *kk Kk kdkdkhdk * AAkRRRANRRR AN RN KON AN 4 (4/4) 27+4.7 550130
LTRSpldel/TATARI R R T T ey ARAAAAFRRRRTR AR AR MR 4 (D)D) 4113.3 980+210
LTRSpldel/TATARZ KRN KRR RARARN AR IR AR ARk A Ak k KAKKKKKRKPARTH AR AR *E 4 (2/D) 35+3.5 8804170
LTRNISpldel/TATAWT AR e HERIRR A RN A IR AN KERKRARKRNR AN KRR RN RRNRRS 4 (3/6) 0.52+0.12 2104100
LTRNISpldel/TATARI L bl A AL L L L 2 AAKARAARRRRAAAXT AR RN R 4 (4/4) 2.6+1.5 11004180
LTRNlSpldel/TATARZ M N e A A I I e e AARRA RSN RRRRART AR AR RN 4 (5/G) 2.140.55 8704110
LTRSplm/TATAWT KRR AR R R R AR R AR AR R R R R AR R AN AT TR RN R AR ARRT AR AR AR RATTH AR AR AR AR AR AR RN RN NAK (3/4) 1.440.32 31422
LTRsp1m/TATAR] HERE RN AR AR AR AR RRRRRA R AR RAARRATTARERR KR RATTRRARAAARATTHAN AR ARAAAR AR AR RN R AR ATAR RN R® 4 (2/2) 2.540.37 280440

FIG. 1. Structures of mutant and revertant LTRs, infectivities of LTR mutant viruses, and CAT activities of the mutant LTR-CAT constructs.
The sequences of the enhancer/promoter region are shown. The NF-«B sites, Spl sites, and TATA box are indicated at the top. Symbols: *,
nucleotide identity with wild type; —, a nucleotide deletion. Footnotes: a, virus infectivity (+) was measured by RT activity released into the
medium (>1,000 cpm/10 wl) following cocultivation of MT-4 cells with transfected 12D7 cells, and RT-negative cultures were maintained for a
minimum of 3 weeks; b, values in parentheses indicate the number of experiments in which RT production was observed and the total number of
experiments; ¢, CAT activity (basal and Tat induced) relative to the basal activity of LTRy/TATA,,~CAT. The CAT activities represent
reproducible mean values from three to five independent transfections and were normalized to the expression of cotransfected human growth

hormone plasmid.

changes located immediately upstream of the TATA box; each
revertant retained the original Spl or Spl plus NF-kB muta-
tions. The revertant nucleotide substitutions effectively ex-
tended the TATA element in the 5’ direction and altered its
context with respect to immediately adjacent 5’ sequences.

We have examined the functional effects of the TATA box
revertant changes in two experimental systems. In the first, the
biological consequences of the TATA box alterations were
evaluated during productive virus infections in the context of a
wild-type or Spl-mutagenized HIV-1 LTR. The TATA rever-
tant changes accelerated replication kinetics only when present
as a component of a mutated (deleted or point) LTR; no effect
was observed on virus infectivity in the context of a wild-type
LTR. When evaluated in in vitro transcription systems, a 5- to
10-fold increase in LTR-directed RNA synthesis was observed
in the presence of the TATA box changes. This effect appears
to reflect an increase in the number of initiation events and was
associated with increased stability of the basal transcription
factors TFIID and TFIIA with DNA templates containing
revertant TATA elements.

MATERIALS AND METHODS

Construction of proviral and LTR-CAT DNAs containing
LTR mutations. pILIC (26) is an infectious, single-LTR,
circularly permuted, proviral clone of HIV-1 derived from
pNLA4-3 (1); the proviral DNA in pILIC is inserted into the
vector at the BamHI site, located within the rev/env coding
region. Mutant LTRs were constructed as previously described
(41). Briefly, the BamHI-Sphl fragment from pILIC, which
encompasses env sequences, the LTR, and the 5’ terminus of
the gag region, was subcloned, mutations were introduced by
site-directed mutagenesis (and subsequently verified by se-
quencing), and an Xhol (422 nucleotides downstream of the
BamHI site)-Sphl subfragment was recloned into pILIC. The
revertant TATA boxes TATAg, and TATAg, were originally

identified following long-term passage of LTRg,;4./TATAw+
and LTRyN;5p10e/ TATAwr HIV-1 mutant viruses (previously
called Spde and N1Spdel/WT viruses, respectively) (41).
The sequences of the mutated LTR and the nomenclature
used to designate the various LTR mutants and revertants used
in these studies are shown in Fig. 1. LTR-CAT plasmids were
generated by inserting the Xhol-HindIIl fragment (which
encompasses the U3 and R regions of the LTR) from the wild
type or LTR mutants of pILIC DNAs, upstream of the
chloramphenicol acetyltransferase (CAT) gene containing the
simian virus 40 poly(A) signal (17).

The HIV LTR mutants used in this work are shown in Fig.
1 and include the following: (i) LTRg,;4./TATAy, which
contains a deletion of the three Spl-binding sites (previously
called pdl-Sp [36] or pNL-2kB [41]); (ii) LTRyspigel/
TATA,,, which contains deletions of the three Sp1 sites plus
the upstream NF-kB-binding site (previously called pNL-1kB
[41]); and (iii) LTRg,;»/TATAwr, Which contains point mu-
tations in the three Sp1 motifs that abolish the binding of Spl
(20). The revertant TATA boxes were introduced into the
wild-type or enhancer mutant (41) HIV LTR to generate the
proviruses listed in Fig. 1. Sequencing analysis indicated that
the LTRg,,4./TATAg, provirus DNA clone also contained a
single silent base substitution in the gag gene.

Cell culture and virus infection. MT-4 (18), H9 (38), 12D7
(a clonal derivative of A3.01 CEM cells) (11), and Jurkat (46)
cells were maintained in RPMI 1640 medium containing 10%
fetal calf serum. Human PBMCs were stimulated with 1 pg of
phytohemagglutinin (Wellcome Diagnostics) per ml for 3 days
prior to infection and maintained in RPMI 1640 medium
containing 10% fetal calf serum and 10% interleukin 2 (Boehr-
inger Mannheim). For preparation of virus stocks, the plasmid
DNAs were digested with BamHI and the released 9.2-kb
proviral DNA was concatemarized in vitro with DNA ligase.
The ligated DNAs (10 pg) were introduced into 107 12D7 cells
by electroporation (Bio-Rad), followed by cocultivation with
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MT-4 cells. Alternatively, transfection was performed by the
DEAE-dextran method as previously described (26). Virus
production was monitored by *?P-labeled reverse transcriptase
(RT) assay (48). Cell-free virus stocks were prepared from the
coculture supernatants and used as inocula in infectivity assays.
PBMC and T-cell lines were infected with equivalent amounts
of wild-type or mutant virus, as determined by RT activity.

CAT assay. 12D7 cells (107) were coelectroporated with 5 pg
(each) of the following plasmid DNAs: LTR-CAT DNA,
CMV1-Tat DNA (a gift of Anne Gatinol, Laboratory of
Molecular Microbiology, National Institute of Allergy and
Infectious Disease) (containing Tat cDNA from HIV-1gg,
downstream of the simian cytomegalovirus immediate-early
promoter), and human growth hormone DNA (pXGH-5;
Nichols Institute Diagnostics) (used as an internal transfection
control). CAT assays were performed 48 h after transfection as
previously described (17). Cell lysates were diluted so that each
sample converted 0.5 to 30% of the ['*C]chloramphenical
substrate to the acetylated form during a 1-h incubation.
Human growth hormone assays were performed according to
the manufacturer’s protocol. CAT activity was normalized for
sample dilution and the amount of human growth hormone
released into the culture supernatant.

In vitro transcription with unfractionated extracts. Tem-
plates for in vitro transcription were prepared by digesting 100
png of plasmid DNA with a 5- to 10-fold unit excess of
restriction enzyme for 1 to 2 h under buffer conditions
suggested by the manufacturer (New England Biolabs). After
termination of reaction, DNA digests were subjected to two
phenol-chloroform-isoamyl alcohol (50:50:1) extractions and a
subsequent enthanol precipitation. For most transcription ex-
periments, preincubation of protein extracts (40 pg) and DNA
template in the absence of nucleoside triphosphates was
followed by the addition of nucleoside triphosphates and a
second incubation. All incubations were at 30°C. The in vitro
transcription buffer contained 10 mM HEPES (N-2-hydroxy-
ethylpiperazine-N’-2-ethanesulfonic acid) (pH 7.9), 50 mM
KCl, 0.5 mM EDTA, 1.5 mM dithiothreitol (DTT), 6.25 mM
MgCl,, and 8.5% glycerol. The DNA templates were linearized
with EcoRI and added to a concentration of 3.3 to 10 pg/ml (50
to 300 ng per reaction mixture). HeLa whole-cell extracts,
prepared as described previously (29), were added to a final
concentration of 2.4 mg/ml (40 g per reaction mixture).
Purified Tat [in Tat storage buffer, which consists of phos-
phate-buffered saline (without Ca?* and Mg?*), 0.1% bovine
serum albumin (BSA) (RNase and DNase free), and 0.1 mM
DTT] was added to a final concentration of 0.4 uM. Nucleo-
side triphosphates in water were added to a final concentration
of 500 wM. After a 30-min preincubation period, 20 pCi (2 pl)
of [«-**P]JUTP (400 Ci/mmol) was added. Transcription reac-
tions were terminated by the addition of 20 mM Tris-HCI (pH
7.8), 150 mM NaCl, and 0.2% sodium dodecyl sulfate. RNA
was purified and analyzed on a denaturing 4% polyacrylamide—
urea gel as described previously (3).

Band shift analysis. Partially purified TFIIA, TFIIB, and
TFIID were prepared by sequential phosphocellulose, DEAE,
and Mono S column chromatography by the method of Meis-
terernst et al. (31). The oligonucleotide probe was labeled with
[y-**P]ATP by using T4 kinase enzyme. The labeled oligonu-
cleotide (6.25 ng) (approximately 10° cpm) was incubated with
partially purified TFIID (1 pl; DEAE column fraction) and
TFIIA (2 pl; Mono S column fraction) for 30 min at room
temperature. The sense-strand wild-type oligonucleotide
probe contained upstream HIV promoter sequences from — 38
to —8 (5'-GATGCTGCATATAAGCAGCTGCTTTTTGCC-
3"). The final volume of the reaction mixture was 15 pl, and the
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binding reaction buffer contained 12 mM HEPES (pH 7.9),
10% glycerol, 5 mM MgCl,, 60 mM KCl, 1 mM DTT, 20 pg of
BSA per ml, 0.5 mM EDTA, 0.01% Nonidet P-40, and 3 pg of
poly(dG-dC) - poly(dG-dC) (Pharmacia). For competition
studies, 100 ng of unlabeled oligonucleotide was added to the
incubation mixture. After incubation, DNA-protein complexes
were analyzed on a 4% native polyacrylamide gel with 0.25 X
TBE (Tris-borate-EDTA) as the running buffer. The polyacryl-
amide gel was preelectrophoresed for 1 h at 150 V.

RESULTS

Effects of second-site TATA region changes on HIV replica-
tion. To verify that the TATA box alterations observed were
indeed responsible for restoring the infectivity of the family of
HIV LTR mutants with Sp1 motifs deleted, the two types of
revertant changes (TGCATATAA to TGTATATAA [TA
TAR;] or AGTATATAA [TATAg,) were introduced into the
wild-type or mutagenized LTR associated with the circularly
permuted full-length proviral DNA (designated pILIC [26]),
previously used for the analysis of HIV LTR mutants. The
nomenclature used to designate the structures of the HIV
LTRs present in different HIV molecular clones and virus
derivatives and the presence or absence of the wild-type or
revertant TATA box (LTRxx/TATA.+ ) is indicated in Fig. 1.

Virus stocks were generated by transfecting the clonal 12D7
derivative of CEM cells with wild-type or HIV LTR mutant
proviruses followed by cocultivation with MT-4 cells, as de-
scribed in Materials and Methods. Human T-cell leukemia
virus type I-transformed MT-4 cells are exquisitely sensitive to
infection by HIV-1, presumably because they constitutively
synthesize the Tax, protein and contain constitutively activated
NF-kB (36). The MT-4 cells serve two functions in the
transfection-cocultivation system: (i) they rapidly amplify viral
progeny released following a single cycle of replication in
transfected 12D7 cells, and (ii) since MT-4 cells are susceptible
to infection by all members of the family of HIV LTR mutants
with Spl deletion (41), they are the host cell of choice for the
preparation of virus stocks for subsequent infectivity studies.

As shown in Fig. 2A, the Spl-deleted provirus LTRg, 4.0/
TATA., exhibited slightly delayed replication kinetics com-
pared with that of the parental wild type (LTR/TATA,) in
the transfection-cocultivation assay. This result is consistent
with our previously reported study of HIVg, 4, in infectivity
assays (41) which showed that peak production of HIVg, ;4
progeny virions was delayed 2 to 3 days compared with that of
wild-type HIV-1 in highly susceptible MT-4 cells (the T-cell
type used in the transfection-cocultivation system). The repli-
cation properties of the LTRgy;4./TATAg; and LTRg,; 4/
TATAg, proviruses were also very similar to those of LTR g1/
TATA -t in the transfection-cocultivation system (Fig. 2A).
Consequently, to ascertain whether the revertant TATA boxes
have any effect on the replication properties of the Sp1-deleted
HIV-1 proviruses, direct infections (rather than transfection
and cocultivation) were performed on CEM cells, previously
shown to be less susceptible to this family of HIV LTR mutants
than MT-4 cells (41). The 12D7 subclone of CEM cells was
infected with cell-free LTRgp;4o/TATA T, LTRsp 140/ TA
TAg;, and LTRg,, 4./ TATAg, virus stocks, and particle pro-
duction was measured by RT assay. As shown in Fig. 3, very
low levels of progeny LTRg,;4./TATAy virions were de-
tected 3 to 4 weeks following infection, whereas the revertant
TATA box motifs augmented replication of the LTRg,; 4o/
TATAg; and LTRg, 4./TATAg, HIV derivatives signifi-
cantly. It should be noted, however, that the revertant TATA
box changes did not restore virus infectivity to wild-type levels.
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FIG. 2. Replication kinetics of LTR 4/ TATAwr (A), LTRy1sp1aef/ TATAwr (B), and LTR, o/ TATAy,r (C) proviral DNAs in transfection-
cocultivation assays. Replication kinetics of LTR/TATAy, proviruses is also shown. Ten micrograms of circularly permuted proviral plasmid
DNA was digested with BamHI, and the released proviral DNA was concatemerized by ligation in vitro. DNAs were introduced into 1 X 107 12D7
cells by electroporation followed by cocultivation with 5 X 10° MT-4 cells. Virus production was monitored by RT assay.

Since the infection kinetics of HIV containing the more-
extensive LTRy; 5,146/ TATAyr mutation had been previously
shown to be markedly delayed in all CD4-positive cells includ-
ing MT-4, we elected to return to the transfection-cocultiva-
tion system and monitor the effects of the revertant TATA
boxes on the replication of LTRy;s,1q9e/TATAwr proviral
DNA. As is shown in Fig. 2B, tﬁe replication of the
LTRy1sp1ae/ TATAy,r mutant was delayed by nearly 3 weeks
compared with that of LTR,-/TATAy,; in fact, no progeny
virus production was detected in three of six independent
experiments with this LTR mutant (see tabulated infectivity
data in Fig. 1). However, the markedly impaired replication
capacity of LTRy;5p14e/ TATAyr Was restored following the
introduction of the revertant TATA boxes: both LTRn;sp14er/
TATAg, and LTRy;sp14e/TATAg, proviruses exhibited a
striking acceleration of replication kinetics compared with that
of LTRy1sp14e/ TATAr in the transfection-cocultivation as-
says (Fig. 2B).

It was also important to examine the biological properties of
HIVs containing a revertant TATA box (TATAg,) in the
context of Spl mutations in which the spatial organization of
the LTR had been preserved (i.e., site-specific Sp1 mutations).
This was accomplished by substituting a TT dinucleotide for
the GG dinucleotide in each of the three Spl motifs, which
eliminates Sp1 binding (20) (Fig. 1). The replicative properties
of such a mutant provirus (LTRg,;,/TATAyy) as well as

proviral DNA containing the Sp1m mutation plus the revertant
TATA box (LTRg,;/TATAg,) were evaluated by transfec-
tion and cocultivation. Two interesting results were obtained.
First, in contrast to the original Spl-deleted LTR mutant,
LTRg,14e/TATAw, the replication of LTRg,;,/TATAwr
was markedly delayed compared with replication of the wild-
type virus in the highly sensitive transfection-cocultivation
assay (contrast Fig. 2C with A). In fact, no replication of
LTRgp,n/TATAyy was detected in one of four independent
experiments (see tabulated infectivity data in Fig. 1), and in the
other three experiments, progeny virus production was delayed
significantly. Second, the presence of the revertant TATA box
in LTRg,,;/TATAg, greatly accelerated the kinetics of infec-
tion (Fig. 2C). Thus, the TATA box alteration conferred
augmented biological activity to a HIV provirus with mu-
tagenized Spl motif in the context of an HIV LTR with a
wild-type spatial organization.

Finally, we were curious whether the revertant TATA boxes
might accelerate wild-type HIV infections. Accordingly, in
vitro mutagenesis was used to introduce the TATAg; and
TATAg, changes into pILIC DNA, and virus stocks were
generated by transfection and cocultivation, as described in
Materials and Methods. Six independent infections of acti-
vated human PBMCs and 12D7 cells (carried out over a
3-log-unit range of multiplicities of infection) failed to reveal
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FIG. 3. Infection kinetics of the HIV, 4, family of viruses in 12D7
cells. 12D7 cells g2 X 10° cells) were inoculated with equal amounts (5
X 10° cpm of **P-labeled RT activity) of wild-type or HIVg,; 4./
TATAwr, HIVg, 4o/TATAg,, or HIVg,4./TATAg, produced by
MT-4 and 12D7 cocultivation; progeny virion production was moni-
tored by RT assay. Symbols: +, mock infected; O, LTR1/TATAy;
®, LTR, 4 /TATAyr; B, LTRg,q/TATAz;; A, LTRg 0/
TATAR,.

measurable differences between LTRy/TATAw 1, LTRw/
TATAR,, and LTR,/TATAg, HIVs (data not shown).

Role of TATA region changes on HIV LTR-directed expres-
sion in transient transfection assays. It seemed appropriate,
from a mechanistic standpoint, to evaluate the possible func-
tional role(s) of revertant TATA boxes on HIV LTR-directed
RNA synthesis, because they had emerged during protracted
infections with viruses containing mutations affecting the bind-
ing sites for transcription regulatory factors (Sp1 and NF-«B).
As a first step in this process, the effects of the TATA motif
changes on LTR-directed CAT expression in electroporated
CEM cells were examined. As indicated from the data pre-
sented in the right-hand columns of Fig. 1, the revertant TATA
boxes had little if any effect on the basal or Tat-induced
expression directed by wild-type or Spl-deleted LTRs and
conferred a consistent two- to fivefold increase of basal and
Tat-induced levels of CAT directed by LTRy;sp140 and
LTRgp,;,, mutant HIV promoters. Thus, similar to the virus
replication and infectivity studies presented in Fig. 2 and 3, the
revertant TATA box alterations appear to function only in the
context of a mutagenized LTR in CAT assays where a modest
increase in expression was observed.

Functional activity of revertant TATA boxes during in vitro
transcription. We next decided to monitor the effect(s) of the
revertant TATA boxes in an in vitro transcription system so
that individual steps associated with LTR-directed RNA syn-
thesis could be analyzed. CAT reporter plasmid DNAs con-
taining HIV LTR -/ TATA w1, LTR/TATAR;, or LTRy 1/
TATAg, promoters were added (50 to 150 ng per reaction
mixture) to the HeLa cell in vitro transcription system de-
scribed in Materials and Methods. A small amount of RNA
transcript (330 bases long) was synthesized following incuba-
tion with 150 ng of HIV LTR,,/TATA,, template DNA; no
RNA was detected when smaller amounts of this construct
were used (Fig. 4A, lanes 1 to 3). When the HIV LTRy/
TATAg, or LTRy/TATAg, promoters were assayed in this
system, considerably larger amounts of the 330-base RNA
transcript was produced (Fig. 4A, lanes 4 to 9). PhosphorIm-
aging analysis revealed that HIV LTR,/TATAg, directed
the synthesis of 5- to 10-fold-more RNA than the HIV
LTRw/TATAy, promoter did. In several independent ex-
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periments, the level of HIV LTRy/TATAg,-directed tran-
scription was two- to threefold higher than that observed with
HIV LTR,,/TATA,,+. Because no exogenously supplied Tat
was present in these assays, the increased RNA synthesis
directed by the HIV LTRy/TATAg, and LTR,/TATAg,
promoters clearly reflected elevated basal levels of transcrip-
tion in vitro.

To determine whether the TATA box revertants affected
transcription initiation, the synthesis of promoter-proximal
RNA was examined in a shorter (15-min) in vitro transcription
assay that permitted, on the basis of previous time course
studies, analysis of transcripts generated during the initial
round of RNA synthesis. The >?P-labeled RNA produced was
purified, hybridized to a promoter-proximal probe consisting
of the 5'-terminal 80 nucleotides of the LTR-directed tran-
script, and digested with S1 nuclease, and the protected RNA
products were analyzed on a polyacrylamide-urea gel. As
shown in Fig. 4B, approximately fivefold-more promoter-
proximal transcripts were present in the reaction mixture
containing the LTR,/TATAg, template than in that contain-
ing the LTR,/TATA, 1 promoter (lanes 2 and 4). This result
is consistent with the run-off transcription assays presented in
Fig. 4A and suggests that the revertant TATA box increases
LTR-directed expression by stimulating transcription initia-
tion.

Similar results were obtained using the HIV LTRg, 4./
TATAw, LTRg,,4./TATAg,, and LTR,4./TATAR, pro-
moters in coupled in vitro transcription-Spl nuclease assays.
Transcription driven by the HIV LTRg,,; 4./ TATAy, template
in vitro was lower than transcription driven by the LTRy/
TATAywr promoter as a result of the absence of the three
Spl-binding sites. Nonetheless, the LTRg,;4./TATAg, and
LTRg, 40/ TATAg, promoters directed 2- to S5-fold-higher
basal levels of RNA than LTRg,;4./TATA did (data not
shown).

The Tat responsiveness of HIV LTRs containing revertant
TATA boxes was next investigated in the in vitro transcription
system by performing reactions (reaction mixtures contained
75 ng of CAT reporter plasmid DNA) in the presence or
absence of 0.4 uM Tat protein (3, 30). In the presence of Tat,
transcription directed by the LTRy,/TATAy, promoter in-
creased 13-fold (Fig. 5, lanes 1 and 2); with the LTRy/
TATARg, promoter, a 16-fold stimulation was observed (Fig. 5,
lanes 3 and 4). The effect of Tat on a promoter containing the
revertant TATAg, box was more difficult to quantitate because
of very high levels of basal transcription. In a reaction mixture
similar to that used for LTR,,/TATAy and LTRy/TA
TARg,, the LTRw/TATAg, promoter directed the synthesis of
20-fold-more RNA than the LTR,,/TATAy promoter in
the absence of Tat did (compare Figure 5, lanes 1 and 5); the
addition of Tat resulted in a further 2-fold elevation of
expression (Fig. 5, lanes 5 and 6). Because the in vitro
transcription reactions driven by the LTRy,/TATAg, pro-
moter were no longer in the linear range, a separate experi-
ment that included less (35-ng) template DNA was performed;
under these conditions, Tat effected a sevenfold increase in
transcriptional activity (Fig. 5, lanes 7 and 8). Taken together,
the results presented in Fig. 5 show that the TATA box
revertants elevate basal transcription levels but do not increase
responsiveness to Tat. These results are consistent with the
effects of TATA box revertants in the LTR-directed CAT
assays described earlier (summarized in the right-hand col-
umns of Fig. 1).

The revertant TATA boxes accelerate the assembly of basal
transcription factors TFIID and TFIIA. The binding of TFIID
to the TATA element is one of the initial steps that occurs
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FIG. 4. In vitro transcription of HIV wild-type and TATA rever-
tant templates. (A) Titration of input DNA templates in an in vitro
transcription reaction. Hela whole-cell extract was incubated with
various concentrations of DNA template, as described in Materials
and Methods. After a 1-h incubation, RNA products were purified and
analyzed on a 4% denaturing polyacrylamide-urea gel. LTRy-/
TATA+, LTRy/TATAg,, and LTRy/TATAg, promoters were
used. The arrow indicates 330-base HIV transcript. (B) S1 nuclease
analysis of RNA transcribed from wild-type or revertant HIV promot-
ers. In vitro transcription reactions were performed as described in
Materials and Methods. [a->?P]JUTP-labeled RNA, synthesized from
either LTR/TATAy 1 or LTR/TATAg, template, was hybridized
with the cold oligonucleotide probe (+1 to +80; lanes 2 and 4)
followed by S1 nuclease digestion. Protected RNA was analyzed on a
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FIG. 5. In vitro Tat transactivation of HIV promoters containing
wild-type and revertant TATA boxes. In vitro transcription reactions
were carried out as described in Materials and Methods. Lanes 1, 3,
and 5 reflect basal promoter activity (75 ng of template DNA); lanes 2,
4, and 6 contain the indicated template plus Tat (0.4 pM). The
LTR,,/TATAg, template (35 ng) was added to the transcription
reaction mixtures presented in lanes 7 and 8. The presence (+) or
absence (—) of the Tat protein is indicated over the lanes.

during the assembly of the polll transcription complex. To
assess whether the augmentation of RNA synthesis associated
with the revertant TATA boxes might be due to increased
binding of TFIID (and TFIIA) to the promoter, band shift
analyses were initially performed with an oligonucleotide from
the wild-type HIV LTR which contained sequences mapping
—8 to — 38 nucleotides upstream of the transcription initiation
site. As shown in Fig. 6A (lanes 2 and 3), the TATAwr
oligonucleotide did not form a band shift complex following
incubation with either TFIID or TFIIA alone. In contrast, a
single, prominent, slowly migrating complex (designated DA)
was observed when the TATA,, oligonucleotide was incu-
bated with both TFIID and TFIIA (Fig. 6A, lane 4). As
expected, when unlabeled TATAy, oligonucleotide was in-
cluded in the reaction mixture, the DA band shift complex
failed to form (Fig. 6A, lane 5), whereas a mutated oligonu-
cleotide, unable to bind TFIID, did not prevent the formation
of DA (Fig. 6A, lane 6).

The affinities of TFIID plus TFIIA for the revertant TATA
boxes, TATAg, and TATAg,, were compared with that for the
TATA oligonucleotide in band shift assays similar to that
shown in Fig. 6A, except that the TFIID and TFIIA concen-
trations were reduced fivefold to limit the formation of com-
plexes with the TATA,, oligonucleotide. As shown in Fig. 6B,
three- and sixfold increases in TFIID-TFIIA binding to the
labeled TATAR, and TATAg, oligonucleotides, respectively,

6% denaturing polyacrylamide—urea gel. b, bases. The presence (LTR)
or absence (—) of the 80-b LTR probe is indicated over the lanes.
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were observed compared with that of TATAy, . Because only
limiting amounts of TFIID and TFIIA were used in this
experiment, only 1 to 2% of the labeled probe formed a
complex following 5 min of incubation. Similar results
were obtained in several independent experiments (data not
shown).

TFIIA and TFIID form a more-stable complex with the
revertant TATA boxes than with the wild-type TATA motif.
The relative stabilities of the TFIID-TFIIA complex bound to
wild-type and revertant TATA boxes was evaluated in a
two-step experiment in which purified TFIIA and TFIID were
first incubated with the three different TATA-containing oli-
gonucleotides for 10 min to allow the DA complex to form. A
50-fold excess of unlabeled TATA,,+ was then added to each
reaction mixture, and aliquots were removed at various times
for analysis on a neutral polyacrylamide gel. More than 90% of
the DA complex could be displaced from the TATAwr
template in less than 1 min (Fig. 7, lanes 2 to 7), whereas
greater stability was observed when TFIIA and TFIID were
initially bound to either TATAg, or TATAg, (Fig. 7, lanes 9
to 21). PhosphorImaging analysis indicated that approximately
49% of the initial TATAg,-DA complex was still present
following 15 min of incubation with the unlabeled TATAy,
oligonucleotide. In this experiment, we estimate that the
half-life of the DA complex bound to the TATA, template
was approximately 20 s, whereas it was considerably longer (>5
min) when a promoter-containing TATAg, element was in-
cluded in the reaction mixture.

DISCUSSION

The emergence of HIV-1 revertants bearing nucleotide
changes at a site(s) different from the position of an initial

on wild-type and revertant TATA oligonucleotides. (A) Assembly of
HeLa TFIID and/or TFIIA on the HIV TATA box. A probe spanning
from —38to — 8 of the wild-type HIV TATA region was used for band
shift analysis. Band shift analysis was done either with partially purified
HeLa TFIID (DEAE, 0.25 M fraction), TFIIA (DEAE, 0.1 M
fraction) or both combined. Samples (1 wl) of either TFIID (lane 2),
TFIIA (lane 3), or TFIIA and TFIID (lane 4) were incubated with the
HIV TATA probe. Lane 5, specific competition with cold wild-type
competitor (WT TATA Comp); lane 6, competition with a 5-base-long
TATA mutant oligonucleotide (Mutant TATA Comp) containing
TATAA-to-ACACT base substitutions in the TATA motif. (B) Rela-
tive affinities of TFIID and TFIIA for the wild-type and revertant
TATA motifs. The oligonucleotide probes were incubated with TFIID
and TFIIA for either 0, 1, or 5 min. The graph shows the counts per
minute present in the DA band shift complex from the gel. Experi-
ments in this figure represent only one-fifth of TFIID and TFIIA used
in panel A.

mutation or at distinct loci during growth in tissue culture or
replication in vivo has been reported with increasing fre-
quency. Not unexpectedly, many of such second-site revertants
map to the env gene, the most variable region of the HIV
genome, and have been associated with alterations in virus
replication kinetics, cell tropism, virus neutralization, gp120-
CD4 binding, and gp120-gp41 stability (14, 24, 34, 47, 49). In
addition to our studies of the second-site TATA box revertants

TATAg,
2 5 10 15 !

TATAg,
12

TATALr
1 2 5 1015M— 0

Minute T 0 5 10 15— 0 1

———

DA —

Probe —

234567

1 8 91011121314 1516 17 18 19 20 21

FIG. 7. Stability of TFIID and TFIIA complex on the wild-type and
revertant TATA sequences. The wild-type or revertant TATA probes
were incubated with TFIID and TFIIA for 10 min after which a 50-fold
excess unlabeled wild-type TATA oligonucleotide (TATAyy) was
added to the incubation mixture. At various time points, an aliquot of
the reaction mixture was removed and loaded on a running neutral gel.
Quantitations (in counts per minute) were done with a PhosphorImager.
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(41), nucleotide changes involving other cis-acting HIV regu-
latory sequences, which appeared following the tissue culture
propagation of viral mutants with deletions of portions of the
tRNA primer-binding site (pbs), have been reported (39). In
the latter work, fully infectious virus was regenerated from an
initial mutant provirus in which the 3’-terminal 12 nucleotides
of the 18-nucleotide pbs had been deleted. Despite the resto-
ration of a complete pbs, a new deletion located adjacent to
and immediately 3’ to the pbs (in the Gag leader sequence)
was invariably present.

The mechanism responsible for reverting a disabling muta-
tion affecting virus replicative capacity or conferring a novel
biological phenotype is most likely the obligate reverse tran-
scription reaction that occurs during infections induced by
replication-competent retroviruses. The lack of proofreading
activity to correct errors in RNA-dependent DNA polymeriza-
tion generates viral genomes containing a multitude of point
and deletion mutations, many of which render the resultant
viruses noninfectious. Given sufficient selective pressure (e.g.,
rapid growth in tissue culture, antiviral therapy, or immuno-
logical surveillance in vivo) and an intrinsically error-prone
process that generates genetically heterogeneous genomic
intermediates, retroviruses such as HIV continuously produce
progeny with enormous adaptive potential. In those cases
where second-site revertants emerge following the introduc-
tion of the initial disabling point or deletion mutation, virus
infectivity was clearly never lost. Low but undetectable levels of
virus must have been continually produced, including revertant
progeny that eventually outgrew other members of the virus
quasi-species, and eventually dominated the pool of released
virus particles. In the mutants under study here, the point when
progeny virions again became detectable could reflect the
transition in HIV LTR-directed RNA synthesis when the
extremely low basal levels of viral RNA directed by an
Spl-deleted LTR were suddenly boosted as a consequence of
the acquisition of a revertant TATA box. The increased level
of HIV RNA produced might exceed a hypothetical threshold
and generate levels of Tat protein required to sustain a
productive virus infection and release sufficient amounts of
virion-associated RT activity to be detected in our assays. No
augmentation of virus infectivity or CAT expression was
observed when the TATA revertant motifs were inserted into
an otherwise wild-type LTR. This latter finding suggests that
when basal levels of HIV transcription are sufficiently high, the
further increase due to the presence of the revertant TATA
boxes is neither needed nor measurable. Thus, in the context of
HIV mutants containing known biochemical defects or virus
isolates with defined biological phenotypes, second-site rever-
tants become immensely useful tools for elucidating structure-
function relationships. In the context of the present study, the
observed emergence of second-site revertants in viral mutants
may be an example of the mechanism by which HIV might
evade therapies aimed at disrupting enhancer function.

It is interesting to note that the HIV variant in which all
three Sp1 sites were mutated displayed markedly slower kinet-
ics of replication than a virus in which the Spl sites were
deleted. This is of interest not only as it pertains to the ability
of NF-kB to function at a distance from the TATA box, but
also in light of the reported interaction between NF-«B and
Sp1 (37). In the case of the Spl deletion mutant, the NF-xB
site is positioned 34 bp closer to the TATA sequence. We
suggest that the role of the TATA revertant changes may be to
compensate for the lost NF-«B or Sp1 effect by facilitating an
interaction between NF-«kB and the basal transcription factors.
In the Sp1 point mutant, the effect of the TATA revertant may
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be less efficient as a result of the increased distance between
NF-kB and the basal transcription factors.

This analysis of the mutant Spl HIVs and their LTRs
suggests that the revertant TATA boxes serve primarily to
increase basal levels of transcription; no increased responsive-
ness to Tat could be demonstrated in transfected tissue culture
or in vitro systems. The augmented promoter activity observed
was dependent not only on the structure of LTR in which the
revertant TATA box resided but also on the type of assay
performed. For example, the revertant TATA motifs acceler-
ated HIV infection kinetics only when present within an LTR
containing a Spl mutation. No effect was observed when the
TATA box reversion was associated with a wild-type LTR.
Similar results were obtained in CAT assays. In contrast,
less-stringent constraints were operative in in vitro systems.
There, the stimulatory effects of the revertant TATA boxes on
basal transcription were readily observed even in the context of
the wild-type LTR. Previous investigations of the HIV TATA
motif have suggested that the substitution of other eukaryotic
TATA boxes or non-TATA initiator sequences minimally
affected basal transcription but, in most cases, markedly re-
duced responsiveness to Tat (2, 27, 35). Mutations correspond-
ing to the TATAR,; and TATAg, motifs were not included in
the promoters tested. It would appear therefore, that a distinct
class of TATA revertants has been selected for in which basal
but not Tat-transactivated transcription has been affected.
These results also imply that HIV basal transcription must play
a critical role in virus replication at some point in the infection
cycle.

One interpretation of our findings, which ties together the
results of virus infections, CAT assays, and the in vitro
transcription experiments, is that the original Sp1 mutation so
severely compromised basal activity of the HIV promoter that
no detectable progeny could be detected. The revertant TATA
boxes emerged as a result of long-term selective pressure (for
enhanced growth in infected tissue cultures), because they
provided a more-optimal template for assemblying polII tran-
scription complexes and directing larger amounts of viral
RNA. This could reflect the increased binding of TFIID or,
alternatively, the selective binding of a unique species of
TFIID containing a specific set of TAFs (4, 5, 7, 10, 44, 52) to
the revertant TATA motifs. Such a hypothesis suggests that the
intrinsic interaction of TFIID with the HIV basal promoter is
weak or generates full-length viral transcripts very inefficiently.
In this regard, we have recently demonstrated that Tat binds to
TFIID, facilitating binding of the basal transcription factor to
the promoter, thereby increasing HIV transcription (21). Thus,
increased levels of transcription can be obtained either by
altering the primary sequence with which TFIID interacts, as
has occurred in the revertants, or by modifying the interaction
of TFIID through protein-protein interactions, as in Tat
transactivation. The revertants analyzed in this study do not
selectively assemble a more-processive initiation/elongation
complex (data not shown). Experiments to analyze the inter-
action of and the TAFs associated with the TFIID that binds to
the wild type, TATA revertant, and Tat-transactivated HIV
promoter are presently in progress. Such studies should help to
define the complex mechanisms of HIV transcription regula-
tion.
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