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ABSTRACT The trans-activation response element
(TAR) found near the 5' end of the viral RNA of the human
immunodeficiency virus contains a 3-nt bulge that is recog-
nized by the virally encoded trans-activator protein (Tat), an
important mediator of transcriptional activation. Insertion of
the TAR bulge into double-stranded RNA is known to result
in reduced electrophoretic mobility, suggestive of a bulge-
induced bend. Furthermore, NMR studies indicate that Arg
causes a change in the structure of the TAR bulge, possibly
reducing the bulge angle. However, neither of these effects has
been quantified, nor have they been compared with the effects
of the TAR-Tat interaction. Recently, an approach for the
quantification of bulge-induced bends has been described in
which hydrodynamic measurements, employing the method of
transient electric birefringence, have yielded precise estimates
for the angles of a series of RNA bulges, with the angles
ranging from 70 to 93°. In the current study, transient electric
birefringence measurements indicate that the TAR bulge
introduces a bend of 500 + 50 in the absence ofMg2+. Addition
of Arg leads to essentially complete straightening of the helix
(to < 100) with a transition midpoint in the 1 mM range. This
transition demonstrates specificity for the TAR bulge: no
comparable transition was observed for U3 or A3 (control)
bulges with differing flanking sequences. An essentially iden-
tical structural transition is observed for the Tat-derived
peptide, although the transition midpoint for the latter is near
1 ,iM. Finally, low concentrations of Mg2" alone reduce the
bend angle by "50%, consistent with the effects of Mg2+ on
other pyrimidine bulges. This last observation is important in
view of the fact that most previous structural/binding studies
were performed in the absence of Mg2+.

Trans-activation of the viral mRNA of the human immuno-
deficiency virus by the virally encoded trans-activator protein
(Tat) requires a short stretch of RNA, designated the trans-
activator response element (TAR), located near the 5' end of
the viral RNA (1-3). The Tat-TAR interaction is essential for
activation of transcription, prevention of premature transcrip-
tion termination, and viral replication (3-6). A combination of
mutational (3-14), chemical protection (14, 15), and NMR (16,
17) studies have defined the TAR element as a helical stem
interrupted by a 3-base bulge and capped by a 6-base loop. The
bulge and flanking base pairs are essential for Tat binding (3),
whereas the loop region is important for trans-activation but
not for Tat binding (9, 11, 18). Peptides containing the basic
Arg-rich region of Tat are able to bind specifically and with
high affinity to the TAR bulge region (11, 12, 19-21); replace-
ment of all but one Arg within the binding domain still
facilitates specific binding and a functional Tat protein (22).
Finally, Arg is able to bind specifically, albeit with low affinity,
to the TAR bulge (16, 23, 24). These observations, in aggre-
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gate, suggest that Arg constitutes an element of specificity for
the Tat-TAR interaction. However, since Tat (or Tat-derived
peptides) bind to the TAR bulge several orders of magnitude
more tightly than does Arg, it is unclear whether additional
specific contacts are made between the peptide and the TAR
bulge.
One approach for evaluating the participation of Arg in the

specificity of the Tat-TAR interaction is to ask whether the
global conformational changes in TAR are similar for the
Arg-TAR and Tat-peptide-TAR interactions. The presence
of the TAR bulge in otherwise double-stranded (ds)RNA
results in reduced electrophoretic mobility of the bulge-
containing molecules (25), indicative of a bulge-induced bend.
Moreover,NMR studies of the freeTAR bulge and its complex
with Arg suggest that the bulge undergoes a conformational
shift upon Arg binding that corresponds to a looping out of the
bulge nucleotides and straightening of the flanking helices (16,
17). Alternative models have been proposed in which Tat
facilitates a widening of the major groove near the bulge to
accommodate the bulge bases (14, 26). However, it is not
known whether changes in the bulge-induced bend are similar
for Arg and Tat peptide.
To examine this issue, we have employed a combination of

gel electrophoretic and transient electric birefringence (TEB)
measurements to first quantify the bend angle introduced
between flanking helices by the TAR bulge, followed by an
examination of the influence of Arg (and Arg derivatives) and
various Tat-derived peptides on this angle. These measure-
ments indicate that the angle introduced by the TAR bulge is
substantial (500 ± 50) and that both Arg and Tat-derived
peptide lead to essentially complete straightening of the helix
in a manner that displays both sequence specificity for the
bulge nucleotides and Arg specificity.

MATERIALS AND METHODS
Preparation of RNA Expression Plasmids. Two synthetic

dsDNA oligomers, Ti (5'-AGCTGCCAGAGAGCTC/5'-
AGCTGAGCTCTCTGGC) and T2 (5'-AGCTGAGCTCA-
GATCTGGC/5'-AGCTGCCAGATCTGAGCTC) with 5'-
AGCT (HindIII compatible) overhangs, were inserted into the
HindIII sites of the RNA expression plasmids pGJ122A and
pGJ122B (27, 28). The resulting plasmids were used to trans-
form Escherichia coli DH5a cells (Promega). Plasmids con-
taining inserts were sequenced by using a DNA primer,
5'-GACGATCCCGGGAGAT, that binds upstream of the T7
promoter, thus allowing the entire region between the T7
promoter and the Sma I site (defining the 3' terminus of the

Abbreviations: TAR, trans-activation response element; TEB, tran-
sient electric birefringence; ArgN, argininamide; Gdn, guanidine; ds,
double stranded.
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template) to be sequenced. The plasmid constructs were
designated pGJ122A-TAR containing insert T2, pGJ122A-0
containing insert Ti, and pGJ122B-0 containing insert Ti in
the opposite orientation.

Preparation of Duplex and Heteroduplex RNA Molecules.
RNA transcripts were produced from Sma I-linearized plas-
mids and were annealed and purified as described (27,28). The
RNA transcript produced from pGJ122B-0 is complementary
to the transcript from pGJ122A-0 and complementary to the
transcript from pGJ122A-TAR except for the centrally located
UCU sequence. Annealing equimolar quantities of single-
stranded RNA from pGJ122A-0 and pGJ122B-0 thus produces
a 152-bp dsRNA molecule (control), whereas annealing the
products of pGJ122A-TAR and pGJ122B-0 yields an RNA
heteroduplex with the TAR bulge located exactly at its center.
All other bulge-containing RNA molecules were prepared and
characterized as described (27). The sequence surrounding the
TAR bulge is displayed in Fig. 1.
Arg and Tat-Peptide Binding to the TAR Bulge. Arg,

argininamide (ArgN), and guanidine (Gdn) were obtained as
the HCl salts from Sigma and were used without further
purification. The three nonapeptides used for binding studies,
I (Tat-derived peptide; RKKRRQRRR), II (KKKRKKKKK),
and III (KKKKKKKKK), were synthesized and purified by
Macromolecular Resources, Fort Collins, CO; they were
>90% pure as used. Peptides I and II have been shown to bind
specifically to the TAR bulge; and peptide II can replace the
RNA binding domain in Tat, resulting in a functional Tat
protein in vivo (22). The gel binding studies with Arg or its
derivatives were performed by adding the ligand to the gel
running buffer and gel prior to electrophoresis. Electrophore-
sis buffer (0.09 M Tris borate, pH 8.0/0.5 mM EDTA) was
recirculated during gel runs. Gel binding studies involving
nonapeptides were performed by preequilibrating the RNA
molecules with peptide at specified peptide concentrations
prior to loading. RNA and peptide concentrations are speci-
fied in the text. Polyacrylamide gels [12%; 29:1 (wt/wt)
monomer/N,N'-methylenebisacrylamide] were run at 4°C.
TEB Measurements. TEB measurements were performed as

described (27, 28). All measurements were performed at 3.5°C
by using an 80-,ul temperature-jacketed birefringence cell. The
pulse width was 1 ,us at a field strength of 10 kV/cm and a
repetition rate of 1 Hz. Extensive control studies have dem-
onstrated that the decay times of the heteroduplex RNA
molecules are independent of the field at these field strengths
(27-31). Annealed purified RNA molecules were resuspended
from ethanol precipitates in TEB buffer (5 mM sodium
phosphate/0.125 mM Na2EDTA, pH 7.2), followed by buffer
exchange using Sephadex G-50 (Pharmacia) spin columns that
had been preequilibrated with the appropriate buffer for TEB
measurements. RNA concentrations ranged from 5 to 15 ,ug
per 80 pl. Either 128 or 256 individual decay curves were
averaged for each measurement and were corrected for water
birefringence by baseline subtraction. Decay curves were
analyzed as double-exponential functions by using the Leven-
berg-Marquardt method (27, 32). The terminal (slower) decay
times of the heteroduplex molecules were compared to the
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FIG. 1. Sequences of the
bulge and flanking base pairs for
the TAR bulge (A) and for het-
erologous U,, or A,, bulges (B)
employed in the current investi-
gation. The bulges were posi-
tioned at the center of a dsRNA
molecule of 152 bp (TAR bulge)
or 148 bp (N,, bulges).

corresponding time of the linear control determined under
identical solution conditions. The apparent bend angle of the
TAR bulge was determined by comparing the experimental
ratio, Thulge/'Tlinear, to computed -ratio-vs.-O plots generated by
using the program DIFFROT (27-31, 33), DIFFROT uses the
"equilibrium ensemble" approach for computing average ro-
tational decay times for wormlike chains (27, 33). The helix
parameters used in the current study are as follows: helix rise,
2.8 A per base pair; hydrodynamic radius, 13 A; persistence
length, 700 A (29,34). Gel electrophoretic analysis of the RNA
after TEB measurements demonstrates the absence of RNA
degradation during the experiments.

RESULTS
The Electrophoretic Behavior of the TAR-Bulge Heterodu-

plex RNA (TAR RNA) Indicates That Arg and the Tat Peptide
Reduce the Bulge Angle. The electrophoretic mobilities of the
TAR RNA were determined in the absence and in the
presence of 5 mM Arg (Fig. 2A). In the absence of Arg, the
TAR bulge produces a reduction in gel mobility that is
comparable to that produced by a U3 bulge, as observed (25).
The mobilities of both bulges are substantially lower than the
mobility of the linear control molecule. However, in the
presence of 5 mM Arg in the running buffer, the TAR RNA
(but not the U3 RNA) displayed near-normal electrophoretic
mobility (Fig. 2A). The same effect was observed with Gdn or
ArgN present in the running buffer (data not shown); however,
the addition of Lys to the running buffer did not lead to a
mobility shift. There was no Arg dependence of the electro-
phoretic mobilities of either U5 or U6 RNAs (with different
flanking sequences than that of TAR RNA; Fig. 1), although
U3 and U4 RNAs demonstrated a slight increase in relative
mobility in the presence of Arg.

Preequilibration (prior to gel loading) of the TAR RNA
with a range (0.1-2 ,M) of concentrations of either peptides
I (Tat-derived peptide) or II (K3RK5) yielded RNA-peptide
complexes with mobilities that were nearly equal to that of the
linear control (Fig. 2B), indicative of a substantially reduced
bend angle. The peptide concentration range used for these
experiments corresponds to molar peptide/bulge ratios of 1:1
to 20:1. It should be noted at this point that since the primary
focus of the current study was to identify conformational
changes in the TAR RNA upon peptide binding to -0.1 ,uM
RNA, we did not seek to redetermine the known (nanomolar)
peptide binding constants.

Peptide concentrations greater than -5 AM (peptide/RNA
molar ratio >50:1) in the binding reactions resulted in signif-
icant reductions in RNA mobility (Fig. 2B). This latter effect
appears to be a nonspecific RNA-peptide interaction, since
comparable shifts are observed for both linear and bulged
RNAs (including U3 and A3 RNAs; data not shown) and for
all three peptides, including the pure Lys peptide III. As will
be discussed below, this last observation, which might be
misinterpreted in terms of a conformational change of the
RNA species, is likely to be due to nonspecific partial charge
neutralization of the RNA-peptide complex.
The much more normal mobility of the TAR RNA in the

presence of Arg, ArgN, or Gdn or after preequilibration with
peptides I and II indicates a conformational transition in the
TAR bulge that leads to a smaller bend between the flanking
helices (i.e., more nearly linear arrangement). However, since
electrophoretic mobility is also sensitive to changes in charge,
a quantitative comparison of the effects of Arg and peptide
binding cannot be made from the gel studies alone.
TEB Measurements Provide a Quantitative Measure of the

Bend Angle Produced by the TAR Bulge. TEB represents a
sensitive tool for determining the angle between flanking helix
segments that is created by a centrally located nonhelical
element (e.g., bulge, loop, junction, etc.; refs. 27-31). In each
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FIG. 2. (A) Gel electrophoresis of bulge-containing RNA molecules in the absence or presence of 5 mM Arg in the gel running buffer. Lanes:
a, linear (152 bp) dsRNA; b, TAR bulge-containing RNA (TAR RNA); c, U3 RNA; d, U4 RNA; e, U5 RNA; f, U6 RNA. (B) Gel electrophoresis
of dsRNA or TAR RNA after preincubation of the RNAs with peptide I (Tat-derived peptide), II (K3RK5), or III (Kg), at the indicated peptide
concentrations (in ,uM). All four parts ofB are from contiguous sections on a single gel, without vertical repositioning; the photograph has been
sectioned to emphasize individual peptide-RNA combinations.

instance, the bend-containing molecule rotates more rapidly
than does its linear counterpart, and the bend angle is ex-
tracted from the ratio of the rotational decay times of the linear
and bent species. In the current instance, the birefringence
decay curve for the TAR RNA is substantially different from
that of the linear control RNA (Fig. 3A). In particular, whereas
the terminal decay component of the linear species dominates
the decay process ('90%), characteristic of nonbent dsRNA
150-180 bp long, the terminal (slower) phase represents only
-50% of the decay process for the TAR RNA, characteristic
of interhelix bends of 40-60° (27). Indeed, direct analysis of
the ratio of the terminal decay times (0.82 ± 0.03) yields a bend
angle for the TAR bulge of 50° ± 5° in the absence of Arg or
peptide (and also Mg2+; see below). This is comparable to the
value of 550 obtained previously for a U3 bulge (27).
The Bend Created by the TAR Bulge Is Essentially Elimi-

nated by Arg or the Tat Peptide. Upon addition of Arg or Gdn
(- 1 mM) to TAR RNA, a conformational transition is ob-
served in which the birefringence decay behavior of the
bulge-containing heteroduplex becomes indistinguishable
from that of the linear control (Fig. 3B). In particular, the
terminal decay component now dominates, and the terminal
decay time is characteristic of fully dsRNA. Thus, within the
limits of uncertainty of the TEB method, any residual bulge
angle would be quite small (< 10°), and the bulge region would
be relatively rigid. The same effect is observed for ArgN, albeit
at much lower concentrations ("0.02 mM). The observation
(Fig. 2A) that the gel mobility of TAR RNA in the presence
of Arg is still slightly lower than that of the linear species could
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be indicative of a residual fixed distortion or of a bulge region
that is more easily distortable than the surrounding helix.
Finally, addition of the Arg-containing peptides (I or II)
effected the same change as observed for Arg, namely, the
conversion of TAR RNA to a form that is indistinguishable
from the linear species (residual angle < 10°; Fig. 3C). Thus,
within the limits of the current methods, Arg and Arg-
containing basic peptides induce the same structural transition
with respect to the relative positioning of the helix segments
that flank the bulge.
The Conformational Transition Demonstrates Specificity

for Bulge Sequence and Arg. Since both the terminal decay
times and fractional amplitudes are distinctly different for the
two bulge conformations, both can be used to monitor the
conformational transition in TAR RNA as a function of ligand
concentration. In Fig. 4, a series of binding isotherms are
displayed for the conformational transition in TAR RNA
induced by various ligands. The transition midpoints of these
curves were used to estimate the (equilibrium) dissociation
constants (Kd) for Arg and Gdn, both -1 mM. ArgN binds
more tightly (Kd 0.02 mM; TAR RNA concentration 1

,tM). These effects are not simply a consequence of charge,
since neither Lys nor ammonium ion induced any conforma-
tional change at concentrations up to 10 mM.
A corresponding set of titrations for the basic peptides is also

displayed in Fig. 4. For the Arg-containing peptides (I and II),
nearly identical transitions are observed, with midpoints near
1 ,tM. Since these binding studies require TAR RNA in the 1
,uM range for adequate precision, the Kd values for peptides I

6 8 10 0 2 4 6 8 10

Tile. .As

FIG. 3. TEB decay curves of the TAR RNA molecule in the absence of ligand (A), in the presence of 5 mM Arg (B), or in the presence of 2
,uM (Tat-derived) peptide I (C). Upper dashed curve, position of the decay curve for the linear control RNA; lower dashed curve, position of the
decay curve for the U3 RNA; solid lines, best-fit curves to the data points for TAR RNA. In A, the solid and lower dashed lines are essentially
superimposed. Note that the presence of Arg or peptide I results in a slight reduction in the bulge angle for the U3 RNA (B and C), consistent
with the gel results. n(t) is the sample birefringence at time t, and n(O) is the birefringence at t = 0.
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and II could be much smaller than 1 ,uM. In fact, it has been
demonstrated by gel-shift methods that the Kd values for those
peptides are in the nanomolar range 922). Thus, for peptides
I and II, the transition midpoints represent a strict upper
bound for Kd. For peptide III (Lys9), straightening of the TAR
RNA is also observed, albeit at 10-20 ALM peptide. This latter
effect is nonspecific, since it occurs for U3 and A3 bulges in
different sequence contexts (Fig. 1) at the same peptide
concentration and at approximately the same concentration
range in which peptides I and II induce a conformational shift
in the U3 and A3 bulges (Fig. 4). Thus, under the relatively low
salt conditions used for the TEB measurements, the guani-
dinium moiety appears to decrease Kd by at least 10- to 15-fold
over nonspecific ammonium ion (charge) effects, whether or
not it is in the peptide.

Finally, it should be noted that none of the peptides has any
significant influence on the structure of the linear control. This
observation demonstrates that the substantial reduction in
mobility of all of the RNA species in the presence of 10 ,uM
peptide is, in effect, an artifact of the gel system (one that is
expected to be quite general), most likely due to partial charge
neutralization of the RNA-peptide complexes. This observa-
tion underscores the need to exercise care when interpreting
gel shifts for protein-nucleic acid complexes in terms of
induced structural transitions in the RNA.
The Influence of Mg2+ on the Conformation of the TAR

Bulge. In a recent investigation of a series of U, and A,, bulges
using TEB (27), it was observed that Mg2+ induced a partial
straightening of the RNAs possessing U,, (but not A,,) bulges.
A similar effect is observed for the TAR bulge (Fig. 5), where
Mg2+ shifts the terminal amplitude from -45% to -65%.
Although we have not observed complete straightening of the
TAR RNA for Mg2+ up to -2 mM (0 = 36° + 5° at 1 mM
Mg2+), additional straightening at higher Mg2+ concentrations
cannot be ruled out. It is apparent from Fig. 5B that although
Mg2+ does reduce the bend angle, the transition midpoint for
Arg binding is not shifted significantly. Although we have not
investigated this effect in detail, one would expect that the
presence of Mg2+ would reduce the net (electrostatic) attrac-
tion between Arg and RNA. However, since Mg2+ also par-
tially straightens TAR RNA, this effect may represent a
compensatory (favorable) contribution to Arg binding.

DISCUSSION
The current study has demonstrated that the TAR bulge
induces a bend in the helix axis of "50° in the absence of Mg2+.

Proc. Natl. Acad. Sci. USA 92 (1995) 6055

FIG. 4. Birefringence decay data for the
linear and TAR RNA species as a function
of the logarithm of the ligand or peptide
concentration (M). (A and C) Fractional
amplitudes of the terminal decay compo-
nent (as,.). (B andD) Corresponding decay
times (ps). (A and B) *, Linear RNA +
Arg; *, TAR RNA + Arg; 0, TAR RNA +
ArgN; A, TAR RNA + Gdn. (C and D) *,

D Linear RNA + peptide I; *, TAR RNA +
I_ L ___ _ peptide I; *, TAR RNA + peptide II; *,

8 -7 -6 -5 -4 TAR RNA + peptide III; O, U3 RNA +

log1(Lpeptidel peptide I; [11, U3 RNA + peptide III; A, A3RNA + peptide I.

Upon binding of Arg or Arg-containing basic peptides, the
TAR bulge undergoes a conformational transition in which the
bend angle is reduced to near zero (<10°). These observations
are consistent with an NMR-derived model (16, 17) in which
Arg induces a straightening of the TAR bulge via looping out
of the unpaired bases. In the bound form, the TAR-bulge RNA
displays hydrodynamic behavior that is indistinguishable from
that of a fully duplex RNA, suggesting that not only is the bend

-3 -2 -1 0 1

l10o(,, Arg conccntlrdtion (mn1M)

FIG. 5. Plots of a,,0, (A) as a function of the logarithm of Arg
concentration (mM) as an indicator of Arg binding, for the following
MgCl2 concentrations: *, 0.0 mM; A, 0.075 mM; 0, 0.15 mM; v, 0.30
mM; *, 0.90 mM. (B) Normalized fractional change in a,io0 for the
curves in A: Aa,j0. = {asj0,([Arg]) - asli0(10 mM)}/{asjow(O) -
aslow(10 mM)}.
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angle largely eliminated but also the complexed TAR bulge is
not substantially more flexible than the surrounding helix. It
should be noted that while we cannot exclude an increase in
flexibility as a component of the apparent bulge-induced
angle, the strong dependence of the mobility of RNA mole-
cules possessing the TAR bulge and a second bulge on the
phasing between the bulges (25) indicates that the TAR bulge
is relatively rigid.
The electrophoretic mobility of TAR RNA is increased

(toward the value of the linear control) in the presence of Arg
(or its derivatives) or Arg-containing peptides (I or II). The
effect is specific for the TAR bulge at peptide concentrations
up to 2 ,tM. For higher peptide concentrations, the influence
of peptide binding on mobility becomes nonspecific and of
opposite sign: linear and bulge-containing RNAs are all re-
tarded, and peptides containing or lacking Arg are equally
effective in reducing mobility. This latter effect is, therefore,
likely due to partial charge neutralization of the RNA by the
bound basic peptide. In this regard, it should be noted that in
previous gel studies of the binding of Tat-derived peptides to
RNA, complex formation was always associated with reduc-
tions in mobility (10-12, 20-23). Since the previous studies
employed much smaller RNA molecules ('30 nt), it is likely
that the partial charge neutralization upon peptide binding was
the dominant factor in the mobility shift, even for specific
binding. In contrast, the current investigation has employed
much larger RNAs ('300 nt), where the conformational shift
would be expected to outweigh the charge-neutralization
effect of the single specifically bound peptide. Only at higher
peptide concentrations, where nonspecific (multiple) binding
is occurring, is the charge effect apparent. This result illus-
trates the difficulties inherent in the interpretation of direction
or magnitude of a mobility shift in a gel electrophoresis
experiment, where changes in both net charge and conforma-
tion are important. In contrast, since the rotational decay times
are largely independent of the changes in net charge under
conditions of approximately constant bulk ion concentration
(e.g., Fig. 4 C and D; linear RNA), the TEB approach can be
used to characterize the conformational change, per se.
The current study has provided additional evidence that Arg

represents a significant element of specificity in the interaction
between Tat and TAR. The fact that the Kd of Arg for TAR
is in the millimolar range, whereas Tat (and Tat-derived
peptides) are in the nanomolar range, may reflect (in part) the
additional nonspecific (electrostatic) attraction of the basic
peptide for RNA. Thus, Arg could be thought of as contrib-
uting at least 1 or 2 kcal (1 cal = 4.184 J) of free energy toward
the specificity of interaction. Of course, the current observa-
tions do not address the possibility of other specific interac-
tions in the Tat-TAR interaction; extensive mutational and
chemical modification/interference studies have identified
additional specific contacts between Tat and TAR (8-15).
However, it is clear that the global conformational transition
(helix repositioning) induced by Tat-derived peptide is nearly
identical to the transition induced by Arg alone or by Arg in
a Lys8 context. Thus, Arg could be a principal participant in the
repositioning of the TAR hairpin, perhaps as an antecedent to
Tat-mediated trans-activation.
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