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ABSTRACT: The bovine immunodeficiency virus (BIV) Tat protein binds with high affinity to its TAR
RNA site through a large set of specific RNA-protein contacts whereas human immunodeficiency virus
(HIV) Tat makes relatively few contacts to HIV TAR and requires the assistance of a cellular protein to
bind with high affinity. The two TAR sites are structurally very similar, but BIV Tat appears unable to
make the same set of high-affinity contacts to HIV TAR. To determine the basis of this discrimination,
we examined BIV Tat binding to a series of hybrid TARs both in vivo and in vitro. We expected that
differences in the architectures of the bulges might account for the binding specificity; however, the results
show that flanking base pairs provide the key determinants. Based on these data, we designed a novel
TAR that is recognized by both BIV Tat and HIV Tat. This RNA may be viewed as a primordial TAR
from which two distinct recognition strategies can be evolved.

Studies of small RNA-peptide model systems have
revealed a variety of structural solutions to the problem of
RNA-protein recognition. Arginine-rich peptides from
human immunodeficiency virus (HIV) Rev and bacterio-
phageλ N proteins recognize internal and terminal RNA
loops usingR-helical conformations, a bovine immunode-
ficiency virus (BIV) Tat peptide recognizes an RNA bulge
using aâ-hairpin conformation, and an HIV Tat peptide
recognizes an RNA bulge using an apparently extended con-
formation (1-8). The BIV and HIV Tat-TAR complexes
provide particularly interesting examples of how two closely
related RNA sites can be recognized using very different
binding strategies. Besides differences in peptide conforma-
tion, these two complexes are composed of markedly differ-
ent RNA-protein contacts, and HIV Tat binding is assisted
by an additional cellular protein. Both Tat proteins are essen-
tial for viral replication and activate transcription by binding
to the TAR sites located at the 5′ ends of the viral transcripts;
thus, it is interesting to consider how such different RNA-
binding strategies evolved in the two closely related systems.

In HIV Tat, a single arginine residue within the arginine-
rich domain is largely responsible for recognition of TAR,
with surrounding basic amino acids helping to raise the RNA-
binding affinity and specificity (9, 10). An NMR model of
a TAR-argininamide complex, which mimics the RNA-
peptide interaction, suggests that the critical arginine residue
hydrogen bonds to G26 and contacts two important phos-
phates (11). TAR undergoes a large conformational change
upon binding in which U23 of the bulge forms a base triple
with the A:U base pair just above G26, helping to correctly
position the phosphates and stabilize the complex. In
contrast to the relatively well-ordered TAR structure, it is
less clear whether the Tat peptide adopts a defined confor-

mation either upon RNA binding or in the context of the
full-length protein (2, 3, 12). Transcriptional activation by
HIV Tat appears to require an accessory protein, most likely
cyclin T, that binds to the TAR loop and increases the affinity
and/or stability of the Tat-TAR complex in vivo (13-15).
The existence of the protein has been inferred from the loop
sequence requirements, which are not important for Tat
binding, and from the observation that weak activity in
murine cells can be strengthened in a loop-dependent manner
by supplying human chromosome 12, which appears to
encode the factor. The spacings between the TAR bulge
and loop, and between the Tat arginine-rich and activation
domains, must be maintained for high activity (10, 16, 17),
consistent with a model in which the loop-binding protein
contacts both the TAR loop and the Tat activation domain,
thereby increasing the affinity of the complex. RNA binding
by the accessory protein does not appear to be required for
Tat activation because replacing TAR and the Tat arginine-
rich domain with other RNA-protein interactions, such as
the R17 coat protein-RNA interaction, supports efficient
Tat function both in human and in murine cells (18, 19).
Nevertheless, the cellular protein still may be recruited into
the transcription complex in the absence of TAR through
interactions with Tat.

In contrast to the HIV case, the arginine-rich domain of
BIV Tat binds with high affinity to BIV TAR and does not
require the assistance of a host protein. Biochemical
experiments have shown that eight amino acids in the
arginine-rich domain (three arginines, three glycines, one
threonine, and one isoleucine) and two G:C base pairs, an
additional G nucleotide, and one bulge nucleotide in BIV
TAR are essential for binding (20, 21). NMR experiments
have shown that the BIV peptide adopts aâ-hairpin
conformation and binds deeply within the TAR major groove,
and a base triple analogous to that in HIV TAR is formed
(4, 5). Contacts between all essential amino acids and bases

† Supported by NIH Grant AI29135 and by an ACS postdoctoral
fellowship (C.A.S.).

10808 Biochemistry1998,37, 10808-10814

S0006-2960(98)00382-1 CCC: $15.00 © 1998 American Chemical Society
Published on Web 07/09/1998



are observed, though the role of one arginine is unclear.
Notably, Arg73 binds to G11 in an arrangement strikingly
similar to that of the HIV TAR-arginine interaction.

Despite the different binding strategies, the secondary and
tertiary structures of the HIV and BIV TAR sites are highly
related, and it was expected that the BIV peptide would be
capable of binding HIV TAR with high affinity and in the
same manner as to its own site. However, the BIV peptide
binds HIV TAR only weakly in vitro, and a fusion protein
between the BIV Tat arginine-rich domain and the HIV Tat
activation domain poorly activates an HIV TAR reporter (20).
The fusion was not expected to function using the loop-
dependent HIV strategy because the BIV RNA-binding
domain lacks necessary basic residues flanking the arginine
analogous to that in HIV Tat (10). To explore why BIV
Tat discriminates against HIV TAR despite its similarity to
BIV TAR, we analyzed BIV Tat activities in vitro and in
vivo using a series of hybrid and mutant TARs. The results
indicate that a base pair adjacent to the loop, and base pairs
in the lower stem, account for the binding difference. Based
on these results, we constructed a TAR variant that is highly
activated by both HIV and BIV Tat, suggesting a simple
path for the evolution of TAR sites with distinct HIV and
BIV recognition strategies.

MATERIALS AND METHODS

Comparison of NMR Models.Average NMR models of
the BIV TAR-peptide complex (4) and TAR-argininamide
complex (11) were superimposed using InsightII software
(Biosym Technologies) to maximize the overlap (based on
rms deviation) of the following bases: BIV G11 and HIV
G26; BIV A13 and HIV A27; BIV G14 and HIV G28; BIV
G22 and HIV G36; BIV C23 and HIV C37; BIV U24 and
HIV U38; BIV C25 and HIV C39.

Peptide Synthesis, Purification, and Analysis.BIV Tat65-81

peptide was synthesized on an Applied Biosystems Model
432A peptide synthesizer using Fmoc chemistry and standard
resin (25 µmol) and protecting groups, as previously
described (20). The N-terminus was acetylated using acetic
acid (75µmol) with HBTU activation. Following cleavage
and deprotection in the presence of reagent R, peptides were
purified on a C4 reverse-phase HPLC column (Vydac) using
an acetonitrile gradient of 0.2%/min in 0.1% trifluoroacetic
acid. Purity and concentration were determined by electro-
spray mass spectroscopy and amino acid analysis (University
of Michigan Protein and Carbohydrate Structure Facility).

RNA Synthesis and Purification.Wild-type and mutant
TAR RNAs were transcribed by T7 RNA polymerase using
synthetic oligonucleotide templates (22). All RNAs con-
tained GG at the 5′ end, which increases the efficiency of
transcription, and CC at the 3′ end to base pair with the Gs.
For randomly labeled RNAs, [R-32P]CTP (3000 Ci/mmol)
was included in the transcription reaction. RNAs were
purified on 20% polyacrylamide/8 M urea gels, eluted from
the gels in 0.6 M NaOAc, pH 6.0, 1 mM EDTA, and 0.01%
SDS, and ethanol precipitated twice. Purified RNAs were
resuspended in sterile deionized water. The concentrations
of radiolabeled RNAs were determined from the specific
activity of [32P]CTP incorporated into the transcripts. RNAs
were renatured by incubating in renaturation buffer (10 mM
Tris-HCl, pH 7.5, and 70 mM NaCl) for 2 min at 85°C

followed by slow-cooling to room temperature and incubating
overnight at-80 °C.

RNA-Binding Gel Shift Assays.Peptide and RNA were
incubated together for 30 min on ice in 10µL binding
reaction mixtures containing 10 mM HEPES-KOH, pH 7.5,
100 mM KCl, 1 mM MgCl2, 0.5 mM EDTA, 1 mM
dithiothreitol, 50µg/mL E. coli tRNA, and 10% glycerol.
To determine relative binding affinities, 0.2 nM radiolabeled
TAR RNA was titrated with increasing peptide concentra-
tions, typically 1-128 nM for high-affinity TARs and 64-
8192 nM for low-affinity TARs. RNA-peptide complexes
were resolved on 10% polyacrylamide/0.5× TBE (45 mM
Tris, pH 8.0, 45 mM boric acid, 1 mM EDTA) gels prerun
for 1 h and allowed to cool to 4°C. Gels were electro-
phoresed at 200 V for 2.5 h at 4°C, dried, and autoradio-
graphed or exposed to a phosphorimaging screen. For each
TAR, the peptide concentration at which 50% of the total
RNA was shifted into the complex, as determined visually
from autoradiograms or phosphorimaging data, was used to
estimate the apparentKd (20). None of the RNAs examined
showed unusual gel mobilities or binding behavior, suggest-
ing that the 50% point provides a reasonable estimate of the
apparentKd. All values are expressed as affinities relative
to wild-type BIV TAR [100 × Kd(wt)/Kd(mut)].

Construction of Plasmids andâ-Galactosidase Assays.
TAR reporter plasmids were constructed by cloning synthetic
oligonucleotide cassettes into an HIV LTR-LacZ reporter
plasmid. The parent plasmid is derived from pcDNA3
(Invitrogen) and contains a modified HIV LTR in which
restriction sites were placed on both sides of the TAR site
for cloning of TAR mutants. The LacZ gene was cloned
downstream of the HIV LTR using an EMC IRES-LacZ
cassette (23). HIV Tat (residues 1-72) was expressed using
pSV2tat72 (24), and Tat-BIV65-81, which contains the HIV
activation domain (residues 1-48) fused to the BIV arginine-
rich domain (BIV Tat residues 65-81), has been described
(20). Reporter plasmids and Tat-BIV65-81 or Tat1-72 plas-
mids were transfected into HeLa (human) or NIH 3T3
(murine) cells, andâ-galactosidase activity was assayed after
44 h. For HeLa cell transfections, 1µg of reporter plasmid,
1 µg of Tat plasmid, and 5µL of Lipofectin were incubated
with cells in 3.8 cm2 wells for 4 h using the recommended
conditions (Life Technologies). Similar results were ob-
tained using lower plasmid amounts (100 ng of reporter
plasmid and 50 ng of Tat plasmid) along with pUC19 carrier
DNA. For NIH 3T3 transfections, 500 ng of reporter
plasmid, 500 ng of Tat plasmid, and 4µL of Lipofectamine
were incubated with cells for 5 h. Cell extracts were assayed
for â-galactosidase activity using ONPG for 0.1-2 h (25),
and activities were normalized to the wild-type BIV TAR
reporter.

RESULTS

HIV and BIV TAR Structures Are Similar.Given that HIV
TAR has all the known sequence determinants for recognition
by BIV Tat (Figure 1), we first asked whether the known
NMR structures revealed any obvious differences in the
arrangement of the required bases. We superimposed the
bases in the BIV Tat binding site common to the two
structures (Figure 2), and found that the position and
orientation of each was well conserved, except for the bulge
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uracil (U10 in BIV and the equivalent U23 in HIV). A bulge
at this position is critical for BIV Tat recognition, and U10
has been proposed to participate in a base triple interaction
analogous to that in HIV TAR (5); however, the positioning
of U10 (or U23 in HIV) may be somewhat dynamic (3-5,
26), and mutagenesis data indicate that disrupting the putative
base triple interaction has little effect on BIV peptide binding
(20). The structural comparison (Figure 2) provided no
obvious reason BIV Tat should not recognize HIV TAR,

though it did indicate that the bulge region, rather than the
flanking base pairs which are recognized by BIV Tat, seemed
most different between the two structures. The secondary
structures (Figure 1) also show clear differences in the bulge
regions, as well as sequence differences in the loop and lower
stem. Thus, determinants in the bulge, loop, and/or lower
stem must be responsible for the inability of BIV Tat to
recognize HIV TAR.

The HIV Bulge ImproVes BIV Tat Binding.We suspected
that differences in the bulge would be a major factor in
determining binding specificity because the three-nucleotide
HIV bulge is expected to destabilize coaxial stacking of the
stems more than the two single-nucleotide BIV bulges (27).
Indeed, NMR experiments show that the HIV stems are
unstacked in the absence of peptide and become stacked upon
binding (3, 11), whereas the BIV stems are stacked prior to
binding (4, 5). It seemed reasonable that the BIV peptide
might require a stable, preformed binding site in order to
adopt itsâ-hairpin conformation. Thus, we expected that
changing the bulge in BIV TAR to the three-nucleotide HIV
bulge would decrease BIV peptide-binding affinity whereas
changing the bulge in HIV TAR to the BIV configuration
would increase affinity. In fact, the opposite result was
obtained.

For all experiments described in this paper, we monitored
RNA binding both in vivo and in vitro. For in vivo
measurements, we constructed a series of HIV LTR reporters
containing appropriate mutant RNAs in place of HIV TAR
and measured transcriptional activation by Tat-BIV65-81 (the
HIV Tat activation domain fused to the BIV Tat RNA-
binding domain) using a downstream LacZ reporter.â-Ga-
lactosidase activity is proportional to the relative RNA-
binding affinity for each TAR variant. Because several TAR
mutants have AUG sequences that might act as translational
initiation sites upstream of LacZ, an encephalomyocarditis
(EMC) virus internal ribosome entry site (IRES) was placed
upstream of LacZ (23). For in vitro measurements, binding
constants were determined using gel shift assays. Secondary
structures of all RNAs were examined by computer folding
(28) and no alternative forms were predicted.

Activation of the wild-type HIV TAR reporter by Tat-
BIV65-81 was∼7% that of BIV TAR (Figure 3), similar to
that previously reported (20). Surprisingly, placing the HIV
bulge into BIV TAR (B1) increased activity to∼70%.
Conversely, placing the BIV bulge into HIV TAR (B2)
decreased activity. To further probe the effect of the bulge,
we tested BIV TARs containing bulges with one (B3) or
two (B4) uridines. The single-nucleotide bulge decreased
activity whereas the two-nucleotide bulge showed even
greater activity than wild-type BIV TAR (Figure 3). Thus,
BIV Tat does not appear to discriminate against HIV TAR
based on the bulge, and indeed may even prefer an HIV
configuration.

To ensure that the activities measured in vivo accurately
reflect RNA-binding affinities, we performed gel shift
experiments with a synthetic BIV Tat peptide (BIV Tat65-81).
The in vitro and in vivo results qualitatively agree quite well
(Figure 3). In vitro, the BIV peptide binds with∼128-fold
higher affinity to BIV TAR than to HIV TAR, and in vivo,
an∼14-fold difference is observed. The intermediate binders
show proportional affinity differences. It seems plausible
that the difference in relative magnitudes reflects differences

FIGURE 1: Comparison of HIV and BIV TAR RNAs and Tat
arginine-rich RNA-binding domains. Nucleotides in each TAR
important for binding by the cognate protein (20, 34) are high-
lighted, and sequence identity in the upper stems is indicated by
dashed lines. The arginine-rich domains of the Tat proteins are
shown, with amino acids important for RNA binding (9, 21)
indicated in boldface type.

FIGURE 2: Superimposition of the two TAR structures. NMR
models of the RNA components of the HIV-1 TAR-argininamide
(11) and BIV Tat peptide-TAR complexes (4) were aligned using
all bases known to be important for binding as well as the central
A:U base pair (see Figure 1), but excluding the bulged uridine which
is poorly fixed by the NMR data. Numbering refers to nucleotides
in HIV TAR or BIV TAR (parentheses); the putative base triple is
formed by U23 and the A27:U38 base pair in HIV TAR, and G26
is contacted by the arginine guaninidium group. The structure shown
is the average calculated model of BIV TAR, with important bases
highlighted in light gray and the corresponding bases of HIV TAR
in dark gray.
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in binding conditions (i.e., 4°C versus 37°C, the binding
of other proteins, etc.). As in vivo, BIV TAR containing a
two-nucleotide bulge (B4) bound most tightly, with∼3-fold
higher affinity than wild-type BIV TAR. Thus, rather than
destabilizing the binding site as we had suspected, a larger
bulge actually appears to aid binding, perhaps by creating a
less constrained TAR conformation or increasing major
groove accessibility.

The HIV Stem Reduces BIV Tat Binding.Given that the
bulge did not account for the inability of BIV Tat to
recognize HIV TAR, we next examined the effect of
nucleotide replacements in the lower stem. Previous bio-
chemical studies showed that mutating the G9:C26 base pair
immediately below the bulge, or the lower three base pairs,
decreased binding affinity by<3-fold (20), suggesting that
the lower stem did not contribute substantially to binding.
However, the NMR experiments of Ye et al. (7) showed an
NOE between Arg77, an essential amino acid, and G9,
suggesting a possible contact that would be unlikely to occur
with the A:U pair of HIV TAR.

When the BIV TAR lower stem was replaced with the
HIV stem (S1), activation was reduced to∼14% of wild-
type BIV TAR (Figure 4). Conversely, when the lower stem
of HIV TAR was replaced with the BIV stem (S2), activation

increased 2-3-fold relative to HIV TAR. Thus, the lower
stem of HIV TAR appears to significantly weaken BIV Tat
binding. Mutating the G9:C26 base pair alone to C:G (S3)
reduced activity to∼9% (a somewhat greater effect than
observed previously; ref20), mutating the base pair to G:U
(S4) reduced activity to∼16%, and mutating the base pair
to A:U (S5) reduced activity to∼5%. In vitro binding
affinities correlated well with the in vivo results, except that
the G9:U26 mutant (S4) bound even more weakly than HIV
TAR (Figure 4). These results suggest that the nature of
the terminal base pair is important, either because it provides
a contact to the peptide, clamps the lower helix shut, changes
the major groove width, and/or provides important stacking
interactions with the bulge and upper stem. Additional base
pairs below the clamping pair may further modulate the
interaction; for example, S5 differs from S1 only in the three
base pairs below G9:C26, but binding of S5 is∼3-fold
weaker.

The Loop Region Is Important for BIV Tat Binding.
Previous experiments have shown that the sequence of the
BIV TAR loop is not important for peptide binding (20).
Nevertheless, the BIV TAR loop region does not simply
differ in sequence from HIV but rather contains a four-
nucleotide loop and a U16:A21 base pair in place of a six-
nucleotide loop (Figure 1). It has been reported that the HIV
loop may adopt an unusual structure (29-31), and it seemed
plausible that such a structure might block access to the
binding site or that the additional base pair might be
important for BIV Tat recognition. Replacing the entire six-
nucleotide BIV TAR loop region (the loop and top base pair)
with the six-nucleotide HIV loop (L1) decreased activity to
∼10% (Figure 5). Conversely, replacing the HIV loop with
the BIV loop region (L2) slightly increased activity relative
to HIV TAR. Thus, the HIV TAR loop appears to
significantly inhibit binding of BIV Tat.

Replacing the four-nucleotide loop of BIV TAR with the
equivalent four nucleotides from HIV TAR (L3) had little

FIGURE 3: Activation of bulge hybrids by Tat-BIV65-81 in vivo
and RNA-binding affinities of BIV Tat65-81 in vitro. BIV sequences
are shown in boldface type and HIV sequences in plain text.
Activation is plotted as a percentage of wild-type BIV TAR activity
(upper graph), and RNA-binding affinity (determined from the
representative gel shift data shown) is plotted as a percentage of
wild-type BIV TAR binding affinity (lower graph).

FIGURE 4: Activation of lower stem hybrids by Tat-BIV65-81 in
vivo and RNA-binding affinities of BIV Tat65-81 in vitro. BIV
sequences are shown in boldface type and HIV or mutant sequences
in plain text. Activation is plotted as a percentage of wild-type BIV
TAR activity (upper graph), and RNA-binding affinity is plotted
as a percentage of wild-type BIV TAR binding affinity (lower
graph).
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effect on activation, whereas mutating the U16:A21 base pair
to the C:A mismatch of HIV (L4) strongly decreased
activation (Figure 5). Replacing the four-nucleotide loop
with the entire six-nucleotide HIV loop, but preserving the
U16:A21 pair (L5), resulted in a TAR more active than wild-
type BIV TAR. In the context of HIV TAR, a U:A pair in
place of C:A (L6), or with an additional U:A pair (L7),
increased activity from∼7% to ∼20-60%. The precise
nature of the top base pair affects activity; mutating U16:
A21 of BIV TAR to A:U (L8) gave∼62% activity whereas
mutating to C:G (L9) gave∼21% activity. The results
clearly suggest that the absence of a clamping base pair
between the peptide-binding site and the HIV TAR loop
accounts for much of the RNA-binding discrimination.

In vitro binding affinities of loop variants revealed a
similar pattern (Figure 5), with two interesting exceptions.
In both the BIV and HIV TAR contexts, a closing U:A base
pair together with the entire six-nucleotide HIV loop (L5
and L7) supported strong activation, but both TARs showed
poor binding in vitro. The reason for the discrepancy is
unclear, but it seems plausible that the HIV loop structure
is stable at 4°C and thereby interferes with binding in vitro
whereas the structure may be unstable at 37°C in vivo.

The Loop Binding Factor Does Not Interfere with BIV Tat
Binding. In a current model of HIV Tat-mediated activation,
the arginine-rich domain of Tat binds to the TAR bulge and
a host protein interacts with the TAR loop, and presumably
with Tat, to stabilize the complex. To examine whether the
loop factor might interfere with, or possibly assist, the
binding of BIV Tat, we measured activities of HIV TAR
reporters in a murine cell line (NIH 3T3) believed to lack
the factor (13-15). In general, there is excellent agreement
between the results in human and murine cells (Figure 6),
though the activity of an HIV TAR containing a U:A pair
inserted below the loop (L7) is much higher in human than
in mouse cells. The behavior of L7 may indicate that the
loop factor assists binding in this case, and may account for

the difference between the in vivo and in vitro results
described above. In general, the results suggest that the loop
factor does not inhibit BIV Tat binding, but rather may assist
binding to some HIV loop variants.

Bifunctional TARs. In exploring the specificity of BIV
Tat binding, it appeared that the structural requirements for
activation by HIV or BIV Tat could be met simultaneously
in the same TAR molecule. We tested some likely bifunc-
tional reporters for activation by both proteins (Figure 7),
and, indeed, found that adding an HIV loop to BIV TAR
(L1, L5), or a U:A base pair to HIV TAR (L6, L7), increased
activation by the noncognate Tat. The results from other
mutants described above indicate that BIV Tat prefers a BIV
TAR stem, a two-nucleotide bulge, and a U16:A21 base pair,
and it is known that HIV Tat requires a six-nucleotide HIV
TAR loop and a bulge of at least two nucleotides. Because

FIGURE 5: Activation of loop hybrids by Tat-BIV65-81 in vivo and
RNA-binding affinities of BIV Tat65-81 in vitro. BIV sequences
are shown in boldface type and HIV or mutant sequences in plain
text. Activation is plotted as a percentage of wild-type BIV TAR
activity (upper graph), and RNA-binding affinity is plotted as a
percentage of wild-type BIV TAR binding affinity (lower graph).

FIGURE 6: Activation of loop hybrids by Tat-BIV65-81 in human
(upper graph) and mouse (lower graph) cells. BIV sequences are
shown in boldface type and HIV or mutant sequences in plain text.
Activation is plotted as a percentage of wild-type BIV TAR activity.

FIGURE 7: Activation of bifunctional TARs in vivo. BIV sequences
are shown in boldface type and HIV sequences in plain text.
Activation is plotted as a percentage of activity of Tat-BIV65-81
on wild-type BIV TAR (upper graph) or HIV Tat on wild-type
HIV TAR (lower graph).
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each Tat can tolerate the optimal requirements for the other,
we constructed a hybrid containing all essential features for
both proteins and measured activation. Indeed, the hybrid
reporter (B4/L5) was strongly activated by both HIV and
BIV Tat, suggesting that a single TAR can efficiently adopt
both HIV and BIV Tat binding strategies.

DISCUSSION

We have shown that the BIV Tat arginine-rich domain
effectively discriminates between BIV and HIV TAR sites
through subtle differences in the regions flanking the peptide-
binding site. The larger bulge of HIV TAR does not interfere
with recognition, but rather the lack of a clamping base pair
above the binding site and sequence differences in the lower
stem account for poor binding to HIV TAR. We also have
shown that the putative HIV TAR loop binding protein
neither significantly assists nor inhibits BIV Tat activation
of HIV TAR in vivo. Based on these results, we designed
a hybrid TAR that is activated efficiently by both BIV Tat
and HIV Tat.

We initially suspected that the HIV bulge would be
responsible for poor recognition by BIV Tat. Larger bulges,
such as the three-nucleotide bulge in HIV TAR, are expected
to disrupt coaxial stacking of the stems (27), and because
BIV peptide folding is coupled to binding, it seemed
plausible that a preformed binding site might be required
for high-affinity binding. Contrary to our expectation, the
HIV bulge was well tolerated in vivo and in fact increased
BIV peptide affinity in vitro. A BIV TAR containing a
variant HIV two-nucleotide bulge displayed even tighter
binding than wild-type BIV TAR, suggesting that the larger
bulge provides a more favorable conformation, perhaps by
widening the major groove or allowing more flexibility to
the site. A two-nucleotide bulge also is preferred in HIV
TAR (32).

Features of both the upper and lower stems account for
the specificity of BIV Tat binding. The presence of a base
pair above the binding site is critical for binding and likely
acts as a clamp to prevent fraying of the site. The marked
preference for U:A or A:U pairs suggests a subtle role of
RNA structure, perhaps related to RNA stability or stacking
of the loop on the upper stem. In the lower stem, the HIV
sequence is poorly tolerated, in part because the clamping
pair below the binding site is a less stable A:U pair; indeed,
a G:C pair at this position in HIV TAR is known to improve
HIV Tat binding (33). It also has been proposed that G9
may directly contact Arg77 based on NMR (5) and foot-
printing (20) data, though previous mutagenesis experiments
suggested relatively few sequence requirements in the lower
stem (20). The results presented here indicate a distinct
preference for the wild-type BIV stem over others tested and
also indicate that the HIV stem is particularly poor. Again,
a relatively subtle feature of the stem sequence, perhaps
related to stacking of the stem against the lower part of the
binding site or stability of the structure, probably accounts
for the specificity and may influence a possible contact to
Arg77. Alternatively, the HIV sequence, or other sequences,
might contain antideterminants to binding.

The HIV loop was found to significantly decrease BIV
Tat binding affinity in vitro but not in vivo, perhaps because
a stable loop structure can form and block binding at 4°C

but not at 37°C. Evidence for loop structure comes from
footprinting experiments at low temperature (29, 30); sub-
sequent NMR studies at room temperature indicate a
relatively flexible loop with modest structure (3, 31). In this
study, we focused on why BIV Tat does not recognize HIV
TAR in the same manner as it recognizes BIV TAR even
though all nucleotide determinants appear to be present. In
principle, it was possible that BIV Tat would use the HIV
loop binding protein to increase affinity for HIV TAR in
vivo, perhaps also utilizing BIV-like interactions with the
RNA. In general, this does not seem to be the case, however,
because strong activation is observed in mouse cells lacking
the factor. One variant with a suboptimal lower stem (L7)
displays higher activity in human than in mouse cells,
suggesting that the loop factor may help stabilize the Tat-
TAR complex in this case.

The similarities in structure between HIV and BIV TAR
raise the question of whether these RNAs might have evolved
from a common viral ancestor capable of using both the BIV-
and HIV-binding modes. We have shown that it is possible
to create bifunctional TARs that can be activated efficiently
by both HIV and BIV Tat, providing one possible route to
evolve distinct specificities from a primordial RNA. In
essence, specificity can arise passively through selection of
TAR mutants able to bind one Tat protein while simulta-
neously losing affinity for others. It seems quite remarkable
that such high discrimination can be achieved by short
peptides, even for distinctly similar RNA structures, yet it
is becoming increasingly apparent that many recognition
strategies are possible even for such small complexes.
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