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A bulge structure in HIV-1 TAR RNA is
required tor Tat binding and Tat-
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The Tat protein of human immunodeficiency virus type 1 (HIV-1) trans-activates viral gene expression and is
obligatory for virus replication. Tat function is mediated through a sequence termed TAR that comprises part
of the 5'-noncoding region of all HIV-1 mRNAs. This region forms a stable stem—loop structure in vitro. Recent
evidence indicates that Tat binds directly to the TAR RNA sequence, and this binding is independent of the
nucleotide sequence in the loop but dependent on the integrity of the upper stem. We used the electrophoretic
mobility-shift assay to identify the sequence and structure specificity of this interaction and its correlation with
Tat trans-activation. We show that a 3-nucleotide bulge structure {positions +23 to +25) in TAR RNA is
important for both Tat interaction with TAR RNA and Tat-mediated trans-activation of gene expression. Single
base substitutions at position + 23 that impair Tat-mediated trans-activation in vivo also reduce binding of Tat
to TAR in vitro, suggesting that the first uridine residue in the bulge is the critical base for both functions. In
contrast, mutations in the loop (positions +31 to +34) and the stem (positions +9 to +12 and +49 to +52),
which reduce Tat-mediated trans-activation, had no effect on Tat binding. We also show that a Tat peptide that
includes the basic region required for nucleolar localization binds to TAR RNA with the same specificity as the
full-length protein. We conclude that Tat binding to TAR is necessary but not sufficient by itself to account for
trans-activation.
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The trans-acting factor Tat of the human immunodefi-
ciency virus type 1 {HIV-1) acts via a sequence (termed
TAR) mapped between nucleotides —17 and + 80 of the
HIV-1 LTR (Rosen et al. 1985) to stimulate viral gene
expression. The tat gene product is necessary for viral
replication {Dayton et al. 1986; Fisher et al. 1986). Sev-
eral mechanisms have been proposed to explain its ac-
tion, including enhancement of HIV-1 LTR-directed
transcription rate {Jakobovits et al. 1988; Jeang et al.
1988; Rice and Mathews 1988; Laspia et al. 1989), in-
crease in mRINA stability (Muesing et al. 1987), anti-ter-
mination of transcription within the R region of the LTR
{(Kao et al. 1987; Selby et al. 1989; Toohey and Jones
1989), and enhancement of translation of HIV-1 mRNAs
(Rosen et al. 1986a; Feinberg et al. 1986; Braddock et al.
1989). Bimodal mechanisms involving transcriptional
and post-transcriptional events have also been suggested
(Cullen 1986; Wright et al. 1986; Sadaie et al. 1988).
Although the mechanism of action of Tat remains
moot, increasing evidence suggests that the TAR ele-
ment is recognized as RNA (Feng and Holland 1988;
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Berkhout et al. 1989). The RNA comprising the TAR re-
gion assumes a stable stem—loop structure in vitro, as
determined by RNA nuclease mapping (Muesing et al.
1987). Extensive mutational analysis of TAR has identi-
fied primary sequence as well as secondary structure re-
quirements for Tat-mediated trans-activation. The most
critical region comprises nucleotides +18 to +44 {Feng
and Holland 1988; Hauber and Cullen 1988; Jakobovits
et al. 1988; Garcia et al. 1989; Selby et al. 1989; Roy et
al. 1990}, although sequences extending to nucleotide
+52 are required for the full magnitude of the trans-ac-
tivation response (Roy et al. 1990). Important features
for trans-activation in this region include the primary
sequence in the loop, the 3-nucleotide bulge at position
+23 to +25 {which will be referred to in the text as the
bulge), and an intact stem. Hence, it is likely that trans-
acting factors involved in Tat-mediated trans-activation
bind to the loop and the bulge in a sequence-specific
fashion and that the integrity of the stem is necessary for
the maintenance of the bulge and the loop in the proper
conformation for recognition by these factors. In agree-
ment with this hypothesis, several TAR RNA-binding
proteins have been identified in HeLa and CV-1 cell nu-
clear extracts by RNA mobility shift and UV-induced
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cross-linking assays {Gatignol et al. 1989; Gaynor et al.
1989; Marciniak et al. 1990}. The loop region and the
stem structure were found to contribute to the stability
of these interactions (Gaynor et al. 1989; Marciniak et
al. 1990). Binding of these trans-acting factors to TAR
RNA was independent of Tat. Structural features within
the TAR stem—loop necessary for binding in vitro were
also required for Tat function in vivo, suggesting that
these nucleoprotein interactions bear relevance to the
mechanism of trans-activation. More recently, purified
Tat protein was reported to bind to TAR RNA but not to
TAR DNA in vitro, as determined by RNA mobility
shift, filter binding, and immunoprecipitation assays
(Dingwall et al. 1989). This interaction required intact
base-pairing proximal to the loop but was independent
of the sequence in the loop.

In this study, we identified distinct structural features
within the TAR region that are required for both Tat-
mediated trans-activation and Tat binding. These in-
clude the uridine residue at position +23 in the bulge as
well as the integrity of the stem in its vicinity. Specific
binding to TAR RNA is also observed with a Tat peptide
containing the basic domain of the protein. Our results
indicate that nucleoprotein complex formation between
Tat and TAR RNA is necessary but not sufficient for
trans-activation of HIV-1 gene expression.

Results
Tat binds to TAR RNA

An RNA mobilit-shift assay was used to characterize the
binding of Tat to TAR RNA. These studies required a
highly purified source of Tat protein. A recombinant Tat
protein containing a stretch of six histidine residues was
engineered, overexpressed in Escherichia coli, and puri-
fied to >95% homogeneity in a single step by immobi-
lized metal ion chromatography with a resin selective
for proteins with neighboring histidine residues. This
purification scheme was shown previously to yield Tat
protein that retained trans-activation activity (Gentz et
al. 1989). The purity of the protein preparation was veri-
fied by SDS-polyacrylamide gel electrophoresis followed
by silver staining (data not shown).

Purified wild-type Tat was mixed with 32P-labeled
RNA synthesized in vitro by SP6 polymerase from the
pSP64TARCAT plasmid (Parkin et al. 1988), which had

Figure 1. Electrophoretic mobility-shift analysis competitor

of Tat binding to TAR RNA: effect of competitors. 04
One-hundred nanograms (ng) of purified Tat was
preincubated in the absence (lane 2) or presence of
excess 3H-labeled TAR RNA {lanes 3-5), TAR
DNA (a 59-mer comprising HIV-1 nucleotides +1

to +59; lanes 6-9), or calf liver tRNA {lanes
10-13), prior to the addition of 32P-labeled TAR

RNA. Complexes were resolved on a nondena-
turing polyacrylamide gel, as described in Experi-
mental procedures. (Lane 1) Free RNA.
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been digested with HindIIl (at nucleotide +80 of the
HIV-1 TAR sequence). This construct generates RNA
that begins at nucleotide + 1 of the HIV-1 LTR and thus
has the same nucleotide sequence at its 5’ end as HIV-1
mRNAs synthesized in vivo. Nucleoprotein complexes
were observed after resolution on a nondenaturing 5%
polyacrylamide gel and autoradiography (Fig. 1, lane 2).
To determine the specificity of the interaction between
Tat and TAR RNA, competition assays were performed
with excess 3H-labeled transcripts. Complex formation
was reduced ~7-fold in the presence of a 10-fold molar
excess of competitor (Fig. 1, lane 3} and was barely de-
tectable in the presence of 50- and 100-fold molar excess
competitor (lanes 4 and 5). In contrast, an oligodeoxynu-
cleotide comprising nucleotides +1 to +59 of the TAR
region had no effect on the formation of Tat—TAR RNA
complexes, even when added at a 500-fold molar excess
(lanes 6—9). Moreover, 10- to 100-fold excess tRNA did
not prevent Tat binding to TAR RNA (lanes 10-12);
complex formation was reduced by only 7-fold in the
presence of a vast molar excess of tRNA (500-fold; lane
13).

To determine the affinity constant of the interaction
between Tat and TAR RNA, the RNA mobility-shift
assay was performed with 0.4 pM (100 ng) of protein
using 0.15 to 2.5 nM radiolabeled RNA. The amounts of
protein-bound and free RNA were quantitated by laser
densitometric scanning of the autoradiograph, and the
affinity constant and concentration of binding sites on
the protein were obtained by Scatchard-type analysis
{Fig. 2) (Haile et al. 1989). The K, of the interaction,
derived from the intercept on the abscissa, was
1.4 x 10~1° M, indicating that Tat binds to TAR RNA
with high affinity. The concentration of binding sites,
derived from the reciprocal of the slope, was 0.4 nm.
This number is ~1000 times less than the concentration
of Tat protein used {0.4 pum), suggesting that only a frac-
tion of the purified protein was active in this assay. Al-
ternatively, protein aggregates may be present, thus ren-
dering many binding sites nonaccessible.

To rule out the possibility that minor Escherichia coli
contaminants in the protein preparation are responsible
for the mobility shift, anti-Tat monoclonal antibodies
were added to the reaction mixtures. Nucleoprotein
complex formation was abolished in the presence of
three different monoclonal antibodies to Tat (Fig. 3,
lanes 3—5), but was not affected by monoclonal anti-
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Figure 2. Scatchard-type analysis of Tat binding to TAR RNA.
A plot of free/bound versus free RNA at different RNA concen-
trations and a representative RNA mobility- shift assay used for
this analysis are shown. Increasing amounts of RNA (0.2-2.5
nM) were incubated with wild-type Tat protein {0.4 uM; 100 ng).
RNA-protein complexes were resolved on a nondenaturing
polyacrylamide gel, and the gel was processed for autoradiog-
raphy, as described in Experimental procedures. The amount of
protein-bound and free RNA was quantitated by laser densito-
metric scanning of the autoradiograph. Known amounts of
RNA (lanes 1-7) were subjected to electrophoresis in parallel
with the RNA-protein complexes (lanes 8-14) to provide a
standard curve for quantitation of RNA. Quantitation of the
autoradiographs following exposure times, which were in the
linear range was performed. The slope of the plot defines the
reciprocal of the concentration of binding sites, whereas the in-
tercept at the abscissa defines the K.

bodies to the HIV-1 Rev protein {lanes 6 and 7). Further-
more, chemically synthesized Tat peptides generated a
gel mobility shift similar to that of the Escherichia coli
recombinant Tat protein (see below). Taken together,
these results prove that Tat itself, and not a contami-
nant, complexes with TAR RNA to cause a shift in the
mobility of the RNA. Anti-Tat monoclonal antibodies
failed to cause a “super-shift’”’ of Tat—TAR RNA com-
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Figure 3. Effect of anti-Tat monoclonal antibodies on Tat
binding to TAR RNA. One hundred ng of purified Tat was
preincubated in the absence (lane 2) or presence of 1 pg of dif-
ferent monoclonal antibodies to Tat (lanes 3—5) or Rev (lanes 6
and 7), prior to the addition of 32P-labeled TAR RNA. Com-
plexes were resolved on a nondenaturing polyacrylamide gel, as
described in Experimental procedures. {Lane 1) Free RNA.

Tat binding to HIV-1 TAR RNA

plexes, even when added after the complexes were
formed (data not shown), suggesting that these anti-
bodies recognize regions in Tat required for binding to
TAR RNA.

The primary sequence in the bulge is critical for Tat
binding

Deletion of the bulge in the TAR region was shown pre-
viously to reduce trans-activation to various degrees, de-
pending on the transfection system used (~7-fold, Berk-
hout and Jeang 1989; ~300-fold, Roy et al. 1990). We re-
peated this experiment and obtained results comparable
to our own previously reported results (Roy et al. 1990;
Fig. 5B, lanes 3 and 4). In addition, bulged nucleotides
within RNA stem loop structures have been proposed to
be sites for protein binding {Peattie et al. 1981; Wickens
and Dahlberg 1987). In view of these results, a mutant
TAR RNA with a deleted bulge {AB; Fig. 4) was tested in
the RNA mobility-shift assay for nucleoprotein complex
formation with Tat. Deletion of the bulge resulted in the
loss of Tat binding (some minor diffusion of the RNA
was apparent in the presence of protein; Fig. 5A, cf. lanes
4 and 3). These results pointed to the bulge as a key ele-
ment for Tat binding and trans-activation. Conse-
quently, mutational analysis of the bulge was carried
out to define the sequence within the bulge required for
both trans-activation in vivo and Tat binding in vitro.
The different mutations are shown in Figure 4. TAR
function was tested by transient transfection of the
plasmid pU3RIII [Sodroski et al. 1985; this plasmid con-
tains the CAT reporter gene under the control of the
HIV-1 LTR (- 167 to +83}], into a HeLa cell line stably
expressing tat (Roy et al. 1990). We introduced muta-
tions in the UCU bulge to change one nucleotide (ACU,

G GG GG GG GG
¢S v e v e v e v G
Cc 6t Co et 6t S A Cc et
GC GC Gc GC GC
AU AU AU AU AU
GC GC GeC GC GC
CU .' C. oY UU
Uau *AuU Uay Uau Uau
GC GC GC GC GC
wt AB B-UC B-UU B-UUU
GG GG AA
% u G u e c A
Co g Co g g A Co gt
GC GC GC GC
AU AU AU AU
y& ¢ exs eG°C W& ¢
¢ c u ¢
Aau Cau Aau Uau
GC GC GC GC
B-ACU B-CCU B-AUG TAR 31/34

Figure 4. Bulge and loop mutations in the TAR region. Nu-
cleotides +21 to +41 of wild-type or mutated TAR sequences
and their predicted secondary structures are shown. Base sub-
stitutions are indicated in boldface; (@) deleted nucleotides.
Mutations were introduced by site-directed mutagenesis as de-
scribed in Experimental procedures and subcloned into pU3RII
for transfection experiments or pSP64TARCAT to generate
RNA for binding studies.
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CCU) or all three nucleotides (AUG). In addition, we
mutated the bulge into sequences that occur in nature:
UC (in HIV-1pyy,), UU {in HIV-2 and SIV], and UUU |in
HIV-lgpy, HIV-1gy, HIV-1,, and HIV-1,,5) (Myers
1989). A 1-nucleotide substitution in the bulge (UCU to
ACU or CCUJ diminished TAR function 25-fold (Fig. 5B,
lanes 5 and 6, 7 and 8). Substitution of all three nucleo-
tides (UCU to AUG] decreased Tat-mediated trans-acti-
vation 10-fold (Fig. 5B, lanes 9 and 10; we have not ex-
amined possible positive effects on the translation of the
CAT gene that result from the introduction of the up-
stream AUG). The corresponding RNAs, tested in the
mobility-shift assay with Tat, failed to form nucleopro-
tein complexes (minor diffusion of the TAR RNA oc-
curred in the presence of Tat; Fig. 5A, lanes 6, 8, and 10).
Titration of the mutant RNAs AB, B-ACU, B-CCU,
B-AUG with increasing amounts of Tat (up to 400 ng)
did not result in the formation of RNA—protein com-
plexes (data not shown). We cannot exclude the possi-
bility that highly unstable nucleoprotein complexes
form in vivo, thus accounting for the residual trans-acti-
vation activity observed with mutants B-ACU, B-CCU,
and B-AUG. In contrast, substituton of UU, UUU, or UC
for the sequence UCU had no significant effect on trans-

AB B-A 3= B-A
: 2 & 8 7 B 9
eX - . e
e
S eesnLenn
wt - + = + - + = + = +
AB B=-ACU

activation activity (Fig. 5B, lanes 11-16), and Tat
binding to RNAs containing these mutations was com-
parable to that observed with wild-type RNA (Fig. 5A, cf.
lanes 12, 14, 16, and 18). These results provide strong
evidence that binding of Tat to the bulge is correlated
functionally with trans-activation.

Next, we examined a mutant TAR RNA containing a
4-base substitution in the loop (TAR+31/+34). Al-
though this mutation strongly reduced trans-activation
activity in vivo (Roy et al. 1990), it did not significantly
affect Tat binding in vitro (Fig. 54, cf. lanes 20 and 22).
Hence, the primary sequence in the loop is not required
for Tat binding. These results indicate that Tat binding
by itself is not sufficient to mediate trans-activation.

The conformation of the bulge is important for Tat
binding and trans-activation

In addition to the primary sequence analysis of the
bulge, we wished to examine the requirement for the
bulge structure per se. To this end, we introduced muta-
tions in the predicted duplex region of the stem-loop.
Mutations included substitutions on either side of the
stem and compensatory substitutions. SP6-derived tran-

R WD N

Figure 5. Effect of deletions and nucleotide substitutions in the bulge of TAR on Tat binding to TAR RNA in vitro and Tat-mediated
trans-activation in vivo. (A) Tat binding to TAR RNA. Wild-type {wt} or mutant 32P-labeled TAR RNAs were incubated in the absence
{—) or presence (+) of 100 {lanes 1-18) or 200 (lanes 19-22) ng of purified Tat and complexes were resolved on a nondenaturing
polyacrylamide gel, as described in Experimental procedures. (B) Tat-mediated trans-activation. Wild-type (wt} or mutated pU3RIII
was transfected into HeLa cells lacking { — | or stably expressing tat (+). Extracts were prepared 48 hr after transfection. A representa-
tive CAT assay using 50 g of HeLa cell extract and 5 pg of HeLa-tat cell extract is shown. The trans-activation activity was defined
as the CAT activity obtained in the HeLa-tat cell line divided by that obtained in the parental cell line. Results, expressed as percent
of wild-type (wt), represent an average of two to four independent experiments.
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scripts were tested in the RNA mobility-shift assay for
binding to Tat. The first set of mutant RNAs are ex-
pected to distort {TAR II and TAR III') or restore [TAR
111, IIT’) the original bulge structure (Fig. 6, top). Mutants
TAR HI and TAR III', which were shown previously to
have virtually no trans-activation activity in vivo (Roy
et al. 1990), failed to form stable complexes with Tat
(lanes 4 and 6). The double mutant TAR III, IIl", which
was shown to restore TAR function to wild-type levels
in vivo (Roy et al. 1990}, bound to Tat albeit with some
reduced efficiency (cf. lanes 8 and 2). Thus, proper con-
formation of the bulge structure (i.e., intact base-pairing
between nucleotides +18 to +21 and +41 to +44) is
required for Tat binding. The second set of mutant
RNAs (TAR I, TAR I, and TAR II'}, which are not ex-
pected to affect the bulge structure (Fig. 6, bottom),
bound to Tat with similar efficiency as the wild-type
RNA {cf. lanes 10, 12, 14, and 16). Disruption of base-
pairing in this region was shown previously to reduce
trans-activation by 3- to 12-fold (TAR I: 31% of wild-
type; TARI': 8% of wild-type; Roy et al. 1990).

A Tat peptide containing the basic domain binds
specifically to TAR RNA

To begin the analysis of the domain in Tat that interacts
with TAR RNA, we tested a chemically synthesized Tat
peptide comprising amino acids 38 to 62 in the RNA
mobility-shift assay. This peptide was chosen because it
contains a highly basic domain (amino acids 49 to 57)
believed to be required for the interaction with nucleic
acids. Significantly, this small peptide bound efficiently
to TAR RNA (Fig. 7, lane 2). The specificity of the inter-
action was assessed by performing the assay with
various mutant TAR RNAs. Mutants AB, B-ACU, and
B-CCU, which abrogate binding of the full-length wild-
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46 % Ce gh g oA
GC GC
CCGA AU AU
GC yCuGCy uCcuGCy
AU A [ A G
[ V] G
e ve G A c
¢y €AGCG caGgc®
¢ / AU AU
AU v v
ca .. .
A5¢
AU
A TAR I TAR NI
GC
GU
UA
UG .. ..
cG UA UA
CUA AUGC GUGU
UA c ] G [
Gg ce ¢ uc c®
G
™ GpppG C [V <) UG
: ¢ ¢
c L) . .
TARI| TAR I

wtTAR

Tat binding to HIV-1 TAR RNA

Figure 7. Electrophoretic mobility-shift analysis of a Tat pep-
tide binding to TAR RNA. Wild-type (wt) (lanes 1 and 2) or mu-
tant (lanes 3—8) 32P-labeled TAR RNAs were incubated in the
absence (—) or presence {+) of 10 ng of a chemically synthe-
sized Tat peptide comprising amino acids 38 to 62. The mo-
bility-shift electrophoresis assay was performed essentially as
described in Experimental procedures except that the peptide
was preincubated with 15 ng of tRNA, prior to the addition of
32p.]abeled wild-type ({lane 2) or mutant {lanes 4, 6, and 8) TAR
RNAs. Nucleoprotein complexes were analyzed on a nondena-
turing polyacrylamide gel, as described in Experimental proce-
dures.

type protein, also failed to form nucleoprotein com-
plexes with this peptide (lanes 4, 6, and 8). We further
delimited the TAR-binding region to the basic domain
inasmuch as a peptide comprising amino acids 47 to 58
was capable of binding with specificity to TAR RNA
{data not shown).

Discussion

Our results strongly support a role for Tat binding to
TAR RNA in the mechanism of trans-activation, and
identify a critical nucleotide {uridine +23) in the 3-nu-
cleotide bulge of TAR that is required for both Tat
binding and trans-activation. In addition, our data sug-
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Figure 6. Effect of distorting the bulge structure on Tat binding in vitro. Mutations were introduced by site-directed mutagenesis as
described in Experimental procedures. The predicted effect of base substitutions (indicated in boldface type} on the TAR stem—loop
structure is shown. 32P-labeled wild-type {wt) or mutant RNAs were mixed in the absence (—) or presence {+) of 200 ng of purified
Tat. Nucleoprotein complexes were analyzed on a nondenaturing polyacrylamide gel, as described in Experimental procedures.
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gest that the basic domain in Tat is responsible for the
specific interaction with TAR RNA. This highly basic
domain (8 lysine and arginine residues between amino
acids 49 and 57) is required for Tat function in vivo and
mediates subcellular localization of Tat to the nucleolus
{Hauber et al. 1989; Kuppuswamy et al. 1989; Ruben et
al. 1989). These results suggest that nucleolar localiza-
tion reflects the interaction of Tat with RNA.

The functional importance of the 3-nucleotide bulge
in trans-activation has been shown before (Berkhout and
Jeang 1989; Roy et al. 1990. Jakobovits et al. (1988) per-
formed random mutagenesis in the TAR region and also
found that a 3-base substitution in the bulge reduced
trans-activation. The unique importance of the uridine
base is in agreement with results of Berkhout and Jeang
{1989) which show that base substitutions in the bulge
reduced trans-activation to a greater extent when this
uridine residue was changed to adenosine. Substitution
of guanosine for this uridine residue also had a dele-
terious effect on both trans-activation and Tat binding
{U. Delling, unpubl.). Moreover, this uridine residue at
position +23 is highly conserved among different HIV-1,
HIV-2, and SIV isolates although the rest of the sequence
in the bulge is not. Interestingly, the TAR regions of
HIV-2 and SIV, which have a bulge of 2 uridine residues
in one of the proposed stem—loop structures (Arya
1988), are responsive to the Tat protein of HIV-1
(Emerman et al. 1987; Guyader et al. 1987; Arya 1988,
Viglianti and Mullins 1988).

Notwithstanding the importance of Tat binding for
trans-activation, it appears not to be sufficient to confer
responsiveness to Tat in vivo. Indeed, a 4-base substitu-
tion in the loop, which was shown previously to reduce
trans-activation activity drastically {Roy et al. 1990), did
not affect Tat binding. Similarly, disrupting the integrity
of the RNA secondary structure between nucleotides
+9 to +12 and +49 to +52 perturbed TAR function in
vivo {Roy et al. 1990}, but not Tat binding in vitro. Ding-
wall et al. (1989) also found that the primary sequence in
the loop is not required for nucleoprotein complex for-
mation. These results imply that other trans-acting
factors are required for trans-activation mediated by Tat.
Consistent with this hypothesis, a number of cellular
TAR RNA-binding proteins have been identified (Ga-
tignol et al. 1989; Gaynor et al. 1989; Marciniak et al.
1990). TAR RNA-binding proteins from HeLa cell nu-
clear extracts with specificity for the loop sequence have
recently been purified (Marciniak et al. 1990; R. Gaynor,
pers. comm.). We also observed TAR RNA protein com-
plexes with HeLa, CHO, and COS cell nuclear extracts,
which were dependent on the integrity of the RNA stem
structure between nucleotides +9 to +12 and +49 to
+52 (S. Roy, unpubl.). The nature of these TAR RNA-
binding proteins as well as their role in trans-activation
remains to be determined.

Our results demonstrate that the target of Tat is RNA,
thus substantiating the hypothesis that Tat-mediated
trans-activation requires the recognition of the TAR re-
gion as RNA {Feng and Holland 1988; Berkhout et al.
1989). The mechanism of action of Tat probably in-
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volves transcriptional and post-transcriptional events.
There is accumulating evidence that Tat increases the
rate of transcription initiation (Jakobovits et al. 1988;
Jeang et al. 1988; Rice and Mathews 1988; Laspia et al.
1989). In this context, the TAR region could be acting as
an RNA enhancer {Sharp and Marciniak 1989). Alterna-
tively, Tat interaction with TAR may prevent premature
termination of transcription (Kao et al. 1987; Selby et al.
1989; Toohey and Jones 1989). Support for post-tran-
scriptional events as part of the mechanism of trans-ac-
tivation was obtained recently from studies showing
that translation of TAR-containing RNAs microinjected
in the nuclei of Xenopus oocytes was stimulated by Tat
(Braddock et al. 1989).

Bulged nucleotides within RNA stem—loop structures
have been shown to be critical features for protein recog-
nition. A bulged adenosine in the R17 coliphage operator
is important for binding of the R17 coat protein (Ro-
maniuk et al. 1987; Wu and Uhlenbeck 1987). A bulged
cytosine in the iron-responsive element (IRE) within the
5’-untranslated region of the ferritin heavy chain mRNA
is necessary for high affinity interactions with the 90-kD
IRE-binding protein (IRE-BP) {Haile et al. 1989). In addi-
tion, bulged adenosines are present in the 16S rRNA
binding sites of ribosomal proteins S8 and S15 (Garrett
et al. 1984). The trans-acting factor Rev of HIV-1, which
is essential for the production of unspliced (~9 kb) and
singly spliced (~4 kb) transcripts that encode viral struc-
tural proteins {for review, see Cullen and Greene 1989
and Pavlakis and Felber 1990}, was recently reported to
be an RNA-binding protein (Daly et al. 1989; Zapp and
Green 1989; Cochrane et al. 1990; Heaphy et al. 1990).
Its target, the Rev responsive element (RRE), forms a
complex secondary structure {Dayton et al. 1989), that
was shown to be necessary for both Rev binding in vitro
and the Rev response in vivo {Malim et al. 1990; Olsen
et al. 1990). Interestingly, a bulged nucleotide is present
in one of the functionally important stem-loops. It re-
mains to be determined whether this bulged nucleotide
is required for Rev binding.

The identification of features within the TAR region
and the Tat basic domain that are critical for Tat binding
in vitro and TAR function in vivo should prove impor-
tant for the elucidation of the mechanism of Tat-me-
diated trans-activation and might provide new strategies
for the development of therapeutic approaches targeted
against Tat.

Experimental procedures
Purification of Tat and production of monoclonal antibodies

A detailed description of the method used to purify biologically
active Tat protein overexpressed in E. coli was presented else-
where (Gentz et al. 1989). Splenocytes from mice immunized
with purified E. coli overexpressed recombinant proteins Tat
(Gentz et al. 1989) or Rev (Cochrane et al. 1989) were fused to
myeloma cells using standard techniques {Harlow and Lane
1988). Hybridomas that tested positive by ELISA were cloned
by limiting dilution. Monoclonal antibodies were purified from
the ascites fluid using caprylic acid followed by ammonium
sulfate precipitation {Harlow and Lane 1988).
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Site-directed mutagenesis

Mutations were introduced in the TAR region by oligonucleo-
tide-directed mutagenesis in M13 by use of either the two-
primer method (Zoller and Smith, 1982) or an in vitro muta-
genesis system (Amersham). The mutations were confirmed
before and after subcloning in pSP64TARCAT (Parkin et al.
1988) and pU3RIII (Sodroski et al. 1985) by sequencing with the
dideoxy chain-termination method {Sanger et al. 1977).

Transfections and chloramphenicol acetyltransferase (CAT)
assays

HeLa and HeLa-tat cells (established as described by Rosen et
al. 1986b) were plated at 1 x 106 cells in 10-cm petri dishes one
day before transfection. The DEAE—dextran method was used
(Grosschedl and Baltimore 1985) with 5 ug of DNA (pU3RIII
constructs). After 40—48 hr, cells were harvested, and extracts
were prepared by freeze-thawing 3 times, heating to 60°C for 7
min, and microfuging for 5 min. Protein concentrations were
determined by use of the Bradford colorimetric assay (Bio-Rad).
CAT assays were performed with 50 pg of HeLa cell extract and
5 ng of HeLa-tat cell extract for 1 hr at 37°C as described
(Gorman et al. 1982). The percentage of acetylated “C-chlor-
amphenicol was determined by scintillation counting of the
spots cut out from the TLC plate. Assays giving under 1% or
over 70% acetylation were repeated with more or less extract.
The fold trans-activation was defined as the CAT activity (cor-
rected for the amount of protein used in the assay) obtained in
HeLa-tat cells compared with that in the parental cells.

In vitro transcriptions and RNA gel purification

The SP64TARCAT constructs {Parkin et al. 1988) were linear-
ized with HindIl {at nucleotide +80 in the HIV-1 sequence),
phenol extracted, passed through a G-50 spin-column, and eth-
anol-precipitated. Uncapped SPé-derived transcripts were pro-
duced in the presence of [a-32PJUTP or GTP (New England Nu-
clear, 3000 Ci/mmol), or [5-3H|CTP {New England Nuclear, 27
Ci/mmol), as described by Green et al. (1983). For mutants
B-ACU, B-CCU, and B-UC, oligodeoxynucleotide templates for
transcription by T7 RNA polymerase were synthesized and pu-
rified. Annealing of oligodeoxynucleotide templates and T7
transcriptions was carried out as described by Meerovitch et al.
(1989), except that the GTP concentration was raised to 0.5
mM. RNAs were purified on 8% polyacrylamide-8 M urea gels,
eluted in 0.5 M ammonium acetate, 1 mm EDTA, and 0.1% SDS
{Grabowski et al. 1984), and recovered by two phenol extrac-
tions followed by ethanol precipitation.

Mobility-shift electrophoresis assay

The RNA mobility-shift assays were performed essentially ac-
cording to Konarska and Sharp (1986). Briefly, 100—200 ng of
purified Tat was preincubated in a buffer containing 10 mm
Tris-HCI (pH 7.5), 1 mm DTT, 1 mm EDTA, 50 mm NaCl, 0.5
U/pl RNasin, 0.09 pg/pl bovine serum albumin, and 0.05%
(vol/vol) glycerol at 30°C for 10 min. 32P-labeled RNA {2000
cpm, 2.94 x 10% cpm/png) was added for a further incubation of
10 min. The final volume of the reaction was 20 pl. Samples
were loaded on a 1.5-mm thick, 5% polyacrylamide gel
(30 : 0.8, acrylamide : bis-acrylamide)} containing 5% glycerol,
which had been preelectrophoresed for 30 min at 30 mA. Elec-
trophoresis was carried out in 0.5 X TBE at a constant current of
30 mA for 2.5 hr at 4°C. Gels were dried and exposed to X-ray
film (Fuji) with intensifying screens at — 70°C. Quantitations of

Tat binding to HIV-1 TAR RNA

complex formation were performed by scanning of X-ray films
with an LKB soft laser densitometer.
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A bulge structure in HIV-1 TAR RNA is required for Tat binding and
Tat-mediated trans-activation.
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