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Human immunodeficiency virus type 2 (HIV-2) causes AIDS, but generally after a much longer asymptom-
atic period than that which follows infection with HIV-1. At the molecular level, HIV-2 is much more closely
related to the simian immunodeficiency viruses than to HIV-1 and our previous studies have demonstrated that
HIV-2 and HIV-1 enhancer stimulation is mediated by different sets of cellular proteins following T-cell
activation. Similar to HIV-1, HIV-2 encodes a transactivating protein, Tat, which appears to be necessary for
viral replication and stimulates viral transcriptional initiation and/or elongation. While Tat-1 binds to the
RNA of the trans-activation responsive (TAR) region of HIV-1 and HIV-2, cellular factors that bind to the RNA
transcript are also necessary for Tat to function in vivo. Since almost all previous investigations of cellular
cofactors for Tat had focused on HIV-1, we undertook studies aimed at understanding the interaction between
the TAR RNA region of the HIV-2 promoter (TAR-2) and cellular proteins. By using extension inhibition
analysis (toeprinting) and RNA electrophoretic mobility shift assays, we demonstrated binding of a nuclear
factor(s) in T cells to the base of the promoter-proximal stem-loop structure. Mutational analysis of this region
revealed that both the sequence of the 3* arm and the stem structure itself are important for activation of the
promoter by Tat-2. In contrast, the structure is necessary for activation of TAR-2 by Tat-1 but the sequence is
less important. These results suggest that a cellular factor interacts with the 3* arm of the proximal stem-loop
structure of TAR-2 and mediates Tat-2-induced increases in the level of HIV-2 transcripts.

Tat, the virally encoded transactivator protein of the human
immunodeficiency viruses (HIVs), is a key factor in a complex
network of transcriptional regulation. This protein, which is
essential for viral replication (1, 8), interacts with the nascent
RNA transcript at the trans-activation responsive (TAR) ele-
ment, located immediately downstream of the transcriptional
start-site, and stimulates viral transcription through a poorly
understood mechanism that has been the topic of intense study
in recent years.

Although both HIV type 1 (HIV-1) and HIV-2 share mech-
anisms of transactivation and are similar in genetic organiza-
tion, the two viruses show substantial differences at the clinical
and molecular levels (reviewed in reference 30). Patients in-
fected with HIV-2 generally have a clinically asymptomatic
period which is much longer than that following HIV-1 infec-
tion, and HIV-2 is transmitted at a much lower rate perinatally
and sexually than is HIV-1 (22). While both viruses encode
almost the same set of proteins, HIV-2 has only approximately
40% similarity to HIV-1 at the nucleic acid level. Whereas
activation of the HIV-1 enhancer following T-cell stimulation
is mediated largely by the two kB sites (28, 29, 32), with some
contribution from the proximal Sp1 site (34), activation of the
HIV-2 enhancer in T cells is mediated by four distinct DNA
elements: a single NF-kB binding site, two purine-rich sites
(PuB1 and PuB2) which bind the ets protooncogene family
member Elf-1, and the peri-ets (pets) site (16, 17, 25, 27, 29),
which binds the human autoantigen DEK (10). In addition, in
monocytic cells, a fifth functional site, termed peri-kB, is

present (7, 19). Therefore, it is clear that regulation of HIV-2
transcription by cellular factors in activated T cells shares sim-
ilarities with that of HIV-1 but also demonstrates definite
differences.

In HIV-1, the TAR site is located between nucleotides 11
and 144 (reviewed in reference 14). Chemical and enzymatic
analyses have revealed a single stem-loop RNA which is
thought to function as a tether for the Tat-1 protein, properly
positioning it for further action with the transcriptional com-
plex. The trinucleotide pyrimidine bulge located in the pro-
moter-proximal arm of the stem structure at nucleotides 123
to 125 and a few of the bases immediately flanking this bulge
provide the site of interaction between TAR-1 and the Tat-1
protein. The TAR element of HIV-1 also contains an internal
RNA site, termed the initiator sequence, that appears to be
necessary for efficient transcriptional initiation (42).

In contrast to that of HIV-1, the TAR region of HIV-2 (Fig.
1) has a more complex structure, containing three stem-loop
regions extending from the cap site to position 1123 relative to
the start of transcription (39). However, only the first two
stem-loop structures appear to play a role in transactivation by
Tat (39). Fenrick et al. found that complete transactivation by
Tat-2 requires only stem-loop 1 of the TAR-2 region and that
when loop 1 is altered, loop 2 can mediate transactivation,
albeit at a reduced rate (9). It was suggested that the limited
transactivation mediated by loop 2 was due to its distance from
the cap site, since decreasing the distance by deletion signifi-
cantly increased transactivation by Tat-2 mediated through this
element. Each of the first two stem-loop structures contains a
dinucleotide pyrimidine bulge in a position similar to that of
the trinucleotide bulge found in HIV-1 (40). In one study,
removal of the bulge of the promoter-proximal stem-loop
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structure reduced Tat-2 transactivation to about 30% of that of
wild type TAR-2, while removal of the bulge of the distal
stem-loop had little effect on Tat-2-mediated transactivation
(40). However, efficient Tat-2 transactivation of an HIV-2 pro-
moter with a deleted Tat-2 binding bulge on the first stem-loop
structure was recently demonstrated in vitro, further suggest-
ing that other interactions are involved in the recruitment of
Tat-2 to TAR-2 (12). Removal of either bulge simplified the in
vitro Tat-2 protein–TAR-2 RNA binding pattern without re-
ducing the overall affinity for Tat-2 (40). Deletion of both
pyrimidine bulges resulted in a marked reduction of Tat-2
binding in vitro and largely abolished Tat-2 transactivation in
transient transfection assays (40). Taken together, these results
suggest that the first stem-loop structure is the preferred site of
interaction between Tat-2 and the TAR-2 region, and the
second, distal stem-loop structure can function in the absence
of the first stem-loop, albeit at a lower efficiency (9, 12, 40).
The degree of importance of the pyrimidine bulge in Tat-2–
TAR-2 interactions remains unclear.

As suggested by the very different TAR structures of HIV-1
and HIV-2, there are key differences in the direct interactions
between the Tat proteins and TAR RNA regions of HIV-1 and
HIV-2. While Tat-2 is not able to efficiently transactivate an
HIV-2 promoter in which the dinucleotide bulges have been
deleted from both of the first two stem-loop structures, Tat-1 is
still able to mediate transactivation through this mutant
TAR-2 structure (41). Also, the Tat-2 protein is unable to
transactivate the wild-type HIV-1 promoter unless a second
TAR stem-loop is added in tandem within the TAR-1 element
(3). The Tat-1 protein, however, is able to effectively transac-
tivate the wild-type HIV-2 promoter. Tat-1 is not simply a
stronger transactivator than Tat-2, as fusion protein experi-
ments suggest that Tat-2 is actually the more potent transac-
tivator if it can be adequately recruited to the promoter (39).

While earlier studies focused on the direct interactions be-
tween Tat and TAR in HIV-1 and HIV-2, it has become
increasingly clear that activation of both HIVs by Tat proteins
is also dependent on human cellular factors that interact with
it and the nucleic acid components of the HIV promoter (re-
viewed in references 14 and 33). In addition to the DNA-
protein and protein-protein interactions in this system, the
TAR RNA in the nascent transcript of HIV is able to recruit
cellular RNA binding proteins that may interact with the Tat
protein, the RNA polymerase II holoenzyme complex, or other
cellular factors that are recruited to the vicinity of TAR.

Several human cellular factors have been described which
bind to specific regions of TAR-1, although in most cases their
effect on Tat function is unclear. Due to the requirement of the
loop region for Tat-mediated transactivation to occur, much
effort has been devoted to the identification of loop binding
factors, such as the 185-kDa TRP-1 protein (48, 51), and ac-
cessory proteins for loop binding factors such as elongation
factor 1a, polypyrimidine tract binding protein, and the stim-
ulator of RNA-binding proteins, which stimulate binding of
TRP-185 and the RNA polymerase machinery to TAR-1 (52).
The lupus-associated autoantigen Ku has also been shown to
bind to the loop (21). Whether all of these factors bind the
loop simultaneously, cooperatively, or competitively is not
known.

Other factors bind to non-loop regions of TAR-1 RNA, such
as the bulge binding factors TRP-2 (48) and TARBP-b (38)
and the 38-kDa bulge binding protein, which also requires
sequences in the upper stem (2). A 140-kDa T-cell protein
binds specifically to the 59 arm of the stem, and binding is
increased when T cells are activated with mitogen (43, 44). The
stem of TAR-1 is also the site of specific binding for the TAR
RNA binding protein (TRBP), which has binding preference
for G1C-rich double-stranded RNAs (13). The integrity of the
stem structure is important for the binding of the 68-kDa
interferon-induced protein (45) and the human autoantigen
La, the binding of which is also partially dependent on the A-U
richness of the lower stem (5). Of the TAR-1 binding proteins,
only TRP-185 has been shown to bind to TAR-2 and this
interaction is mediated by the loop sequences (12).

Few of the TAR-1 binding proteins have been proven to be
functionally important. TARBP-b appears to function in stim-
ulation of HIV-1 by both Tat and Rev. The loop binding factor
TRP-1 has been shown to increase basal and Tat-1-mediated
HIV-1 long terminal repeat promoter activities (48, 51) and
has recently been shown to enhance RNA polymerase II elon-
gational efficiency in in vitro transcription assays (12). Tat-SF1,
another functionally important protein with an apparent mo-
lecular mass of 140 kDa, was recently identified by Zhou and
Sharp and shown to interact with TAR-1 RNA and a cellular
kinase, which phosphorylates Tat-SF1. This protein and its

FIG. 1. TAR region of HIV-2. (A) The first 86 nucleotides of the 59 untrans-
lated region of HIV-2rod RNA encoding the first two stem-loop structures of the
TAR region are shown. (B) Sequence of the first stem-loop region, in which 12
nucleotides (in boldface and lowercase) are altered to form the Dstem mutation.
A PvuI site (CGATCG) is found between nucleotides 147 and 152. (C) Se-
quence of the first stem-loop region, showing the compensatory mutation
(Comp1) between 118 and 131 which restores the base pairing of the stem and
includes the UU pyrimidine bulge sequence, which is thought to be important in
Tat-TAR interaction. To include the PvuI site between nucleotides 118 and
123, which was needed for identification during site-directed mutagenesis, it was
necessary to remove the C at position 123. (D) Comp2 mutation, retaining the
base pairing of the stem but containing none of the bulges present in the first
stem of the wild-type TAR-2. The original numbering system was retained in the
labeling of these diagrams.
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associated kinase may be necessary for transactivation by Tat-1
(55). Also, the gene which codes for TAR binding 2 protein
maps to human chromosome 12 (23), which suggests that it is
functionally important because human chromosome 12 is
needed for optimal Tat transactivation in rodent cells (re-
viewed in reference 14). The autoantigens La and Ku have also
been shown to be functionally important. The loop-binding Ku
autoantigen has been shown to affect initiation and elongation
of RNA polymerase II (21), and the stem-binding factor La has
been shown to increase the level of translation of TAR-con-
taining transcripts (49).

As noted above, several laboratories have characterized bio-
chemical and sometimes functional interactions between cel-
lular factors and HIV-1 TAR. However, very little is known
about the interaction of cellular proteins with HIV-2 TAR or
that of the closely related simian immunodeficiency virus (11).
Therefore, we undertook studies aimed at understanding the
interaction between TAR-2 and cellular proteins which might
act as cofactors in the HIV-2 Tat-TAR system. We looked first
for cellular factors binding to TAR-2 by using methodology not
previously used to examine these interactions. By using exten-
sion inhibition analysis, a technique which can screen the en-
tire TAR-2 region for protein-RNA binding, and RNA elec-
trophoretic mobility shift assays (EMSAs), we have defined a
region of the 39 arm of the proximal stem-loop structure which
binds a cellular factor(s). Mutational analysis of this region
reveals that both the sequence and structure of the stem are
important for transactivation by Tat-2, but only the structure is
crucial for transactivation by Tat-1. Primer extension and
RNase protection assays show that the TAR-2–Tat-2–host fac-
tor interaction functions to increase expression at the RNA
level.

Survey of cellular TAR-2 binding proteins by toeprinting. As
a first step in investigating the functionally significant regions
of TAR-2 and interaction of host factors with the TAR-2
region, we employed the extension inhibition assay (toeprint-
ing). Extension inhibition analysis was originally utilized to
examine ribosomal protein binding to prokaryotic RNA (18).
This technique can delineate the 39 boundary of the protein-
RNA complex by measuring the inhibition of reverse transcrip-
tase (RT) extension by the protein-RNA complex along a
template RNA and has the advantage of monitoring the entire
TAR structure for multiple potential sites of interaction. Toe-
printing was performed as described by Hartz et al. (18). RNA
was synthesized from the PTZ18R expression vector encoding
TAR-2, linearized with HindIII, by using the Riboprobe kit
(Promega). The technique is performed in three stages: (i) a
59-end 32P-labeled oligodeoxyribonucleotide complementary
to positions 1158 to 1136 of the HIV-2 long terminal repeat
promoter is annealed to a purified TAR-2 transcript, (ii) the
RNA-DNA hybrid is incubated with Jurkat T-cell nuclear ex-
tract, and (iii) the mixture is analyzed by primer extension by
using RT. Protein binding to the RNA results in termination of
cDNA synthesis at the 39 end of the site of protein-RNA
interaction, and the termination site can be noted on polyac-
rylamide-urea denaturing gels by observing a strong stop. As
shown in Fig. 2, Jurkat T-cell nuclear extracts were found to
inhibit RT extension immediately downstream of the promot-
er-proximal stem-loop structure in the TAR-2 region. In this
particular assay, inhibition of RT extension (a strong stop) is
visualized as a band of intermediate size compared to the
full-length cDNA. RT is often unable to read through certain
RNA sequences, presumably due to RNA secondary structure.
Therefore, to ensure that a strong stop is not a result of the
RNA structure, a buffer control, in which only the buffer of the
nuclear extract is added to the RNA, was included in the

extension analysis. The multiple corresponding light bands in
both lanes are presumably due to the RNA structure. The only
strong stop visible in the Jurkat nuclear extract lane and not in
the control lane, and hence likely due to RNA-protein inter-
actions, is visible at the base of the 39 end of the first stem-loop
(marked with an arrow in Fig. 2). The strong stop indicated by
the arrow was consistently observed in five independent exper-
iments. The RT strong stop suggested that a Jurkat nuclear
factor(s) was binding to the 39 end of the proximal hairpin, but
this technique does not allow us to locate the 59 end of the
binding site.

A T-cell nuclear factor binds specifically to the TAR-2 first
stem-loop. To further examine the host factor interaction with
the proximal hairpin, we performed RNA EMSA reactions
using a modification of the procedure described by Sheline et
al. (48). The probe, containing the first stem-loop structure of
TAR-2 (nucleotides 11 to 153), was prepared from a Bfa1-
linearized pTZ18R-TAR-2 vector by using the Promega Ribo-
Probe kit and [a-32P]GTP. Unlabeled competitor RNA was
generated by this method by using unlabeled nucleotide
triphosphates. As shown in Fig. 3, nuclear factor binding to the

FIG. 2. Extension inhibition analysis of the TAR-2 region revealing binding
of a T-cell factor(s) to the first stem-loop. An RNA transcript encoding the first
159 nucleotides of the 59 untranslated region of HIV-2 was subjected to exten-
sion inhibition analysis with 15 mg of nuclear extract prepared from Jurkat T cells
or with buffer alone. The strong stop, or toeprint, associated with protein factor
binding is marked with an arrow. For orientation, an RNA sequence ladder was
run and used to generate a schematic of the TAR-2 RNA, which is shown on the
right with the strong stop marked by an arrow. The schematic depicts the first two
stem-loop structures of TAR-2, the first (59) of which spans nucleotide positions
117 to 152 relative to the start of transcription and the second of which (39)
occurs between nucleotides 154 and 185. The strong stop occurs around posi-
tion 152 relative to the start of transcription, suggesting that extension was
stopped at the base of the 39 arm of the first stem-loop of HIV-2. The loop, which
is the binding site of the only previously known TAR-2 binding cellular protein
(TRP-185), is marked with a circle on the diagram. Similar results were obtained
in more than five separate experiments using different Jurkat T-cell extracts.
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first stem-loop structure was evident (lane 1). The binding was
specific, as an RNA competitor containing the intact proximal
stem-loop virtually eliminated protein binding to the labeled
probe (lanes 2 to 4) while an RNA competitor containing a
mutation in the promoter-distal arm of the first hairpin
(Dstem; Fig. 1 shows the sequence) did not compete efficiently
with binding of the wild-type probe (lanes 5 to 7). A band
similar in mobility and specificity was observed when nuclear
extracts prepared from peripheral blood T cells were used
(data not shown).

The structure and sequence of the 3* arm of the first TAR-2
stem-loop are required for efficient Tat-2 transactivation,
while the structure is needed for Tat-1 transactivation but the
sequence is less important. The protein-RNA binding data
indicated that a cellular factor(s) can bind to the 39 stem
portion of the proximal hairpin of TAR-2, implying that this
element might be important in mediating transactivation by
Tat-2. To examine the functional role of this element in HIV-2
transactivation, we synthesized Dstem, Comp2, and Comp1

HIV-2rod/CAT, which contain mutations in the first stem-loop
of the HIV-2 TAR region (Fig. 1), by site-directed mutagenesis
using the oligonucleotide-directed gap heteroduplex technique
(32). The HIV-2rod/CAT and HIV-1/CAT constructs are the
same as those used in our previous study (27). The Dstem
mutation in the 39 arm of the stem-loop altered bases in the
first stem, thereby disrupting the sequence and the hairpin
structure. The Comp2 compensatory mutant should restore
the stem structure, albeit with a different sequence and without

the UU dinucleotide pyrimidine bulge thought to be important
in Tat-2–TAR-2 binding. The Comp1 mutant also should re-
store the stem structure but include the dinucleotide element.
We tested these mutants in transient transfection assays of
Jurkat T cells by using the chloramphenicol acetyltransferase
(CAT) gene as a reporter. Cells were cotransfected with 5 to 10
mg of a promoter-CAT plasmid and 1 to 2 mg of a Tat-1 or
Tat-2 plasmid or a control plasmid by the DEAE-dextran
method (35). At 20 h after transfection, certain cells were
treated with 16 nM phorbol 12-myristate 13-acetate (PMA) for
an additional 16 to 20 h. The cultures were harvested, and
CAT activity was measured (15). The transfection experiments
were normalized for protein content by using the Bio-Rad
reagent.

As shown in Fig. 4A, in cotransfection experiments with a
Tat-2 expression vector, the Dstem mutation greatly reduced
Tat-2 transactivation compared to the wild-type TAR region,
with a 42-fold drop in transactivation. The transactivation by
Tat-2 was only partially restored by the compensatory mutants,
regardless of the presence of the dinucleotide bulge, signifying
that both the structure and the sequence of the 39 portion of
the stem are important for transactivation by Tat-2. To inves-
tigate whether the mutants disrupted promoter function in
general or were Tat specific, the transfectants were stimulated
with PMA, which acts upon upstream promoter elements. Sig-
nificantly, the mutants retained PMA responsiveness (Fig. 4A),
demonstrating that the 39 arm of the proximal stem-loop is
specifically necessary for Tat-2 activation and not for promoter
function in general.

Tat-1 has been shown to be effective at transactivating the
HIV-2 wild-type promoter, whereas Tat-2 has generally been
reported to much more efficiently transactivate its own pro-
moter than that of HIV-1. Therefore, we examined whether
the Tat-1 protein was able to efficiently transactivate the
TAR-2 mutant structures. Although Tat-1-mediated transacti-
vation of the Dstem construct was considerably lower than that
of the wild-type HIV-2 promoter, Dstem was clearly more
responsive to Tat-1 than to Tat-2 (Fig. 4B). Interestingly, Tat-1
was able to transactivate both the Comp2 and Comp1 mutants
almost as efficiently as it was able to stimulate wild-type TAR-2
(Fig. 4B). This suggests that whereas both the structure and
sequence of the proximal stem-loop of TAR-2 are important in
the Tat-2 response, only the structure is necessary for Tat-1
responsiveness.

The ability of the mutant RNA structures to bind to the
HIV-2 Tat protein was tested in RNA EMSAs by using a
full-length TAR-2 probe as previously described (12) and
Tat-2 recombinant protein generously provided by Richard
Gaynor and Leon Garcia-Martinez. There was no apparent
difference in Tat-2 binding ability between wild-type and the
compensatory mutant RNAs, while the Dstem RNA gave re-
sults that were somewhat variable, but in general indicated a
slightly lower affinity for Tat-2 (data not shown). These data
suggest that, while the inability of the Dstem mutant to respond
to Tat-2 may be partially due to decreased affinity for Tat-2,
the markedly diminished response to Tat-2 still seen in the
compensatory mutants is not due to decreased Tat-2 binding.

Mutation of the 3* arm of the promoter-proximal stem-loop
affects gene expression at the RNA level. The RNA-protein
binding experiments suggest that the 39 arm of the stem of the
promoter-proximal hairpin is an important site of interaction
for cellular factors. Further, our data indicate that a mutation
in this portion of the stem-loop greatly diminishes Tat-2 trans-
activation. This loss in reporter gene expression could be due
to either a decrease in the level of RNA transcripts or a
difference in processing and translation of the mutation-con-

FIG. 3. RNA EMSA showing binding of a Jurkat nuclear factor(s) to TAR-2
that is dependent on the 39 arm of the first stem-loop. An RNA probe corre-
sponding to the first stem-loop of the TAR-2 region (bases 11 to 155) was
incubated with 4 mg of Jurkat T-cell nuclear extract to determine protein-RNA
binding (lane 1). Unlabeled TAR-2 RNA (lanes 2 to 4) and unlabeled Dstem
RNA (lanes 5 to 7) were included in the reaction mixtures at the indicated
amounts to assess specificity of binding. The arrow marks the specific protein-
RNA complex. No shift was noted with the probe in the absence of extract (data
not shown). The spot in the upper portion of lane 1 is a gel-drying artifact.
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taining transcripts. If the lack of transactivation by Tat in the
Dstem mutants is a result of impaired transcriptional activa-
tion, little reporter RNA would be produced in the Jurkat cells
cotransfected with Tat-2 and the Dstem mutants compared to
the wild-type HIV-2 promoter. To examine this possibility, the
reporter RNA levels in the cotransfectants were determined by
primer extension analysis (29). While cotransfection of Tat-2

with HIV-2 CAT generated a large boost in detectable RNA
over basal levels, only a slight boost was detected in the Dstem
construct (data not shown), indicating that Tat-2-stimulated
activity is clearly diminished at the RNA level in the Dstem
mutant. Tat has been purported to function by increasing tran-
scriptional initiation and/or by increasing the efficiency of
RNA polymerase II elongation in different studies (55, re-
viewed in reference 14), and therefore the Dstem mutant could
affect either of these possible functions of Tat.

To further ensure that the loss of transactivation is shown at
the RNA level and to examine whether this decrease was due
to a decrease in RNA production or a decrease in processivity
of the RNA polymerase II holoenzyme complex on the Dstem
template, we performed an RNase protection analysis on RNA
isolated from Tat-TAR cotransfectants. RNase protection as-
says, which can be used to detect prematurely terminated tran-
scripts, were carried out by previously described methods (4,
46, 53). The probes were prepared from wild-type and mutant
HIV-2 fragments cloned into pSP64 (Promega). The PvuII-
linearized templates were used to generate 356-nucleotide-
long riboprobes, of which 159 nucleotides were complementary
to the 59 end of the reporter RNA, which contains the entire
TAR-2 region. In the absence of Tat-2 stimulation, neither the
wild type nor the Dstem construct generated significant full-
length transcripts (Fig. 5, lanes 1 and 3). In neither case were

FIG. 4. Site-specific mutational analysis of the 39 end of the proximal stem-
loop structure of the TAR-2 region. (A) Cotransfection of plasmid constructs
containing the intact or mutated TAR sequences, which are illustrated in Fig. 1,
positioned upstream of the CAT gene, into Jurkat T cells with an expression
vector containing the Tat-2 gene or a control plasmid. The phorbol ester PMA
was added to certain samples at a final concentration of 16 nM as a positive
control for promoter function. The results shown are averages of two experi-
ments and are representative of at least four separate experiments. The value
above each bar is the fold activation representing the percent conversion of
PMA-treated (stippled bars) or Tat-2-treated (striped bars) cells divided by the
percent conversion of the respective untreated samples (dark bars). (B) Cotrans-
fection of the wild-type and mutant CAT reporter constructs with expression
vectors for either Tat-1, Tat-2, or a control plasmid. Unstimulated (basal) activity
is represented by the open bars, Tat-1-stimulated activity is represented by the
solid bars, and Tat-2-stimulated activity is represented by the striped bars. The
value above each bar is the fold activation of the Tat-stimulated sample over the
respective basal level. These results are averages of two experiments and are
representative of four separate experiments.

FIG. 5. RNase protection analysis of RNA derived from Jurkat T cells trans-
fected with HIV-2/CAT constructs. RNase protection analysis was used to ex-
amine RNA isolated from Jurkat T cells transfected with HIV-2/CAT (wild-type
TAR-2 region) (lane 1), HIV-2/CAT plus RSV–Tat-2 (lane 2), Dstem/CAT (lane
3), or Dstem/CAT plus RSV–Tat-2 (lane 4). The upper arrow marks the location
of the undigested probe, and the lower arrow marks the band corresponding to
the full-length transcripts. The bracket marks the region from approximately
position 140 to position 180 (Fig. 1), where transcripts terminating at the site of
the Dstem mutation would be expected to migrate. These results are represen-
tative of four separate experiments.
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the short transcripts predicted by the elongation model de-
tected. When the Tat-2 expression vector was cotransfected
with the wild-type promoter construct, there was a marked
increase in detectable full-length transcripts (Fig. 5, lane 2). In
agreement with the CAT assay and primer extension data, the
Dstem construct produced far fewer full-length transcripts than
did the wild type following stimulation with Tat-2. This could
be due to either a decrease in the ability of the Dstem element
to mediate Tat-2 transactivation of transcriptional initiation or
an increase in the rate of stalling and disengagement of the
RNA polymerase holoenzyme complex at the mutant TAR
region (31), which would cause short transcripts to occur. Such
prematurely terminating transcripts have been detected by
RNase protection assays by using similar or longer probes in
the HIV-1 (24, 26) and c-myc systems (54). However, no short
mRNA species were detected in the RNA derived from the
Dstem transfectants in the absence or the presence of Tat-2
stimulation (Fig. 5, lanes 3 and 4) or in the unstimulated
wild-type promoter (Fig. 5, lane 1), even after long-term ex-
posures of the gels. It is possible that the riboprobe preferen-
tially annealed to the longer RNA transcripts. However, results
from the HIV-1 system suggest that although shorter ribo-
probes allow better resolution of prematurely terminated tran-
scripts, these transcripts are still visible in RNase protection
assays with longer probes (26). While we cannot exclude the
possibility that smaller transcripts or Dstem-containing RNAs
are less stable, and therefore preferentially degraded prior to
or during RNA harvesting, these data suggest that under these
conditions Tat-2 does not appear to function primarily by elon-
gation of nascent transcripts from the HIV-2 promoter. The
absence of TAR-2-mediated short RNA transcripts is further
supported by experiments using an inducer of short transcripts
construct (discussed below).

Conclusions. While a number of studies have examined in-
teractions between cellular factors and the HIV-1 TAR se-
quences, the interactions of cellular proteins with the HIV-2
TAR sequence have not been well defined. The present work
provides evidence that a cellular factor(s) binds to the 39 arm
of the proximal stem-loop structure of TAR-2 RNA and that
this element is crucial to the Tat-2 response. Extension inhi-
bition analysis revealed binding at the 39 stem portion of the
proximal hairpin but did not detect any binding to the distal
stem-loop (Fig. 2). This is consistent with the finding of others
(9, 40) that in the setting of wild-type TAR-2, the second
stem-loop structure does not appear to play a significant role in
transactivation. Our finding that the second stem-loop is un-
able to compensate for the mutation in the 39 stem portion of
the proximal stem-loop structure (Dstem), at first glance, ap-
pears to contradict earlier findings (9, 40). However, in the
Dstem mutation, the base pairing which leads to the first stem-
loop structure is gone and this likely leads to the location of the
second stem-loop at a greater linear distance from the 59 end
of the nascent transcript. This could render the second stem-
loop unable to efficiently compensate for the loss of the prox-
imal stem-loop. Our finding would thus be compatible with
that of Fenrick et al. that the distance of a given stem-loop in
TAR-2 from the start site influences its function (9).

The extension inhibition assay has previously been used pri-
marily to study RNA-protein interactions in prokaryotes (18).
Here, we have used this method to survey the entire TAR-2
region for sites of RNA-protein interaction. These studies
demonstrate interaction of the 39 arm of the first stem-loop
structure with a T-cell nuclear factor(s). RNA EMSAs also
suggest that the interaction of the cellular factor involves the 39
arm of the stem-loop. While our extension inhibition results
cannot rule out the possibility that the strong stop seen in the

stem is caused by distortion of the TAR structure following
binding of a cellular factor to the loop, the EMSA and func-
tional data obtained with compensatory mutants which restore
the stem suggest that sequences present in the 39 stem of the
proximal stem-loop structure interact with a cellular factor(s)
and mediate Tat-2 function. Our transfection data suggest that
both the specific RNA stem sequence and the integrity of the
stem-loop structure are important mediators of Tat-2 function.
This is similar to findings obtained with RNA stem-loop struc-
tures in bacteriophage systems (6). However, while the se-
quence and structure of the cellular factor binding site are
required for optimal transactivation by Tat-2, Tat-1 was able to
cause an almost wild-type boost in the reporter gene activity of
the compensatory mutants. Thus, it appears that Tat-1 requires
only the intact structure of TAR-2 to function. Tat-1 may
either provide the function of the cellular factor that binds to
the base of the hairpin or have an intrinsic affinity for this
factor, and the recruitment of it by the sequence component of
the RNA element is therefore unnecessary. The fact that Tat-1
is able to efficiently transactivate the compensatory mutants
argues that these mutations do not disrupt the integrity of the
TAR-2 superstructure and supports our EMSA finding that
the Tat-2 protein is able to bind to the mutant constructs. The
results of the experiments comparing Tat-1 and Tat-2 also
support prior observations that Tat-2 is unable to effectively
transactivate the HIV-1 promoter (39), an effect that has been
questioned in the literature (50).

There has been much debate concerning whether Tat func-
tions by increasing transcriptional initiation or the elongation
of nascent transcripts. Most of the studies thus far published
address this issue with HIV-1. At least three groups have seen
evidence for a role of Tat-2 as an elongator of transcripts (12,
20, 54). These latter studies involved the use of in vitro tran-
scription or frog oocyte systems. In contrast, our RNase pro-
tection studies show no evidence of short transcripts which
decrease in the presence of Tat-2 (Fig. 5). Other transfection
studies employing an HIV-2 construct (gift of M. Sheldon and
N. Hernandez) similar to that used to demonstrate the pres-
ence of an inducer of short transcripts in HIV-1 (37, 47) also
showed no evidence of directing the formation of short tran-
scripts which decrease in the presence of Tat-2 (data not
shown). While short transcripts may be preferentially degraded
in transfection assays as opposed to in vitro transcription or
frog oocyte microinjection assays, our transfection data ob-
tained by using the wild-type promoter construct and one spe-
cifically designed to show short transcripts have not demon-
strated any short transcripts or elongation effect of Tat-2.
Therefore, our studies support the role of Tat-2 more as a
transcription stimulatory factor than as an elongator of nascent
transcripts, although further studies are clearly needed to ad-
dress the mode of action of Tat-2 and contrast it to that of
Tat-1 (also, see discussion below).

In our functional studies, we were surprised to find that the
presence or absence of the pyrimidine bulge in the first stem-
loop structure did not seem to have an effect on Tat function.
This could be due to some inadvertent alteration in TAR
structure in the compensatory mutants. However, there are
suggestions in the literature that Tat binding to TAR-2 and
activation of transcription mediated by TAR-2 are not as de-
pendent on the presence of a pyrimidine bulge as in the HIV-1
system. For example, Tat-1 can bind to a TAR-2 construct in
which the pyrimidine bulge has been deleted from both stem-
loop structures and this mutant TAR can mediate Tat-1 trans-
activation (41). However, this study did not find the bulges to
be dispensable for Tat-2 transactivation. Recent in vitro tran-
scription studies suggest that the pyrimidine bulge of the first
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stem-loop of TAR-2 contributes to Tat-2 activation, but its loss
still allows substantial response to Tat-2 (12). The lack of
difference in reporter activity between the compensatory mu-
tant containing the bulge (Comp1) and the mutant without the
bulge (Comp2) in the present studies gives further support to
these in vitro findings that the pyrimidine bulge may not be
essential for mediation of Tat-2 transactivation. Our data also
show that not only the pyrimidine bulge but also the cellular
factor binding sequence in the 39 arm of the proximal stem-
loop is largely unnecessary for Tat-1-mediated transactivation
of TAR-2. How the Tat proteins interact with the TAR struc-
tures in the absence of the putative Tat-binding site is unclear.
Taken together, the findings from several laboratories suggest
that TAR-2 interactions with Tat-2 and cellular factors are
more complex than those of the HIV-1 system and that further
study is needed to understand how Tat-2 docks with TAR-2
and interacts with the cellular factors that have been impli-
cated in the Tat response.

This report, the first to specifically examine the interactions
of novel cellular factors with the TAR region of HIV-2, dem-
onstrates that the 39 arm of the proximal stem-loop of TAR-2
is essential to the Tat-2 response and binds a cellular factor(s).
Both specific sequences in the 39 arm and the stem structure
itself are important to the Tat-2 response. We know of no
other reports implicating specific sequences in the 39 stem of
the promoter-proximal stem-loop of HIV-2 TAR in Tat-2
function. These data suggest that the 39 arm of the first stem-
loop of TAR-2 is important, not just for structural integrity,
but also because it is necessary for the binding of a T-cell
nuclear factor(s) which may cooperate with Tat. Northwestern
blotting of Jurkat nuclear extracts with a TAR-2 first-stem-
loop riboprobe have demonstrated a band of approximately 50
kDa that binds even under the stringent conditions of 1 M urea
and 150 mM KCl with 500 mg of yeast tRNA per ml. However,
we have been unable to confirm the specificity of this interac-
tion (data not shown). Further characterization of this factor,
which appears to be necessary for Tat-2, but not necessarily for
Tat-1 to transactivate through TAR-2, should yield insight into
the differences between the mechanisms of action of Tat-1 and
Tat-2 and into how the crucial Tat transactivators function in
general. In view of recent reports that HIV-2 inhibits HIV-1
expression (50a), an effect perhaps mediated by TAR (36), an
understanding of TAR-2-mediated transactivation may suggest
therapeutic modalities for HIV-1, as well as for HIV-2.
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