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ABSTRACT. Transactivation of human immunodeficiency virus (HIV) gene expression depends upon the
interaction of the viral regulatory protein Tat with the transactivation responsive region (TAR) RNA, a
59-base stemloop structure located at thé-&nd of all mMRNAs. We have used a site-directed RNA-
cleaving strategy to determine the neighborhood of the core domain of a Tat fragment in-tieARat
complex. We synthesized a 35-amino acid fragment containing arginine-rich RNA-binding domain of
Tat(38-72) and attached an EDTA analog to its amino terminus. A derivativeg-ai{inobenzyl)-

EDTA tetratert-butyl ester was synthesized and attached to the amino terminus of the Tat peptide by
standard peptide coupling methods. Cleavage from the resin and deprotection of the peptide were carried
out in trifluoroacetic acid which also generated unprotected metal binding EDTA moieties. We used this
EDTA—Tat conjugate to form a specific complex with TAR RNA. This sequence-specific RNA-binding
peptide was converted into a sequence-specific RNA-cleaving peptide by the addition of Fe(ll) salt,
ascorbate, and4@,. Hydroxyl radicals generated from the tethered Fe(ll) cleaved the TAR RNA backbone
in two localized regions. Site-specific cleavage of TAR RNA was observed at the bulge residues (U23,
C24, and U25), in the loop region (G34 and A35), and at the strand opposite the bulge (U40 and C41).
These results demonstrate that, in the three-dimensional structure of thEARtcomplex, the Phe38 of
Tat(38-72) is located in the proximity of the bulge region and two nucleotides from the loop sequence.

The promoter of the human immunodeficiency virus type six-nucleotide loop and a three-nucleotide pyrimidine bulge
1 (HIV-1),! located in the U3 region of the viral long terminal ~ which separates two helical stem regios 10, 18, 19%.
repeat (LTR), is an inducible promoter which can be The trinucleotide bulge is essential for high-affinity and
stimulated by the transactivator protein, Tt (As in other specific binding of the Tat proteir22, 23. The loop region
lentiviruses, Tat protein is essential for transactivation of viral is required forin vivo transactivation but is not involved in
gene expressior2{-6). In the absence of Tat, most of the Tat binding 3—27).

viral transcripts terminate prematurely, producing short RNA - pnA molecules can fold into extensive structures contain-
molecules ranging in size from 60 to 80 nucleotides. The jng regions of double-stranded duplex, hairpins, internal
Tat protein is a small, cysteine-rich nuclear protein containing loops, bulged bases, and pseudoknotted struct@g:<20.

86 amino acids and an arginine-rich RNA-binding domain pe 1o the complexity of RNA structure, the rules governing
(amino acids 4957) located in the carboxyl-terminal half  gequence-specific RNAprotein recognition are not well

of the molecule 1, 6). HIV-1 Tat protein acts by binding  nderstood. RNAprotein interactions are vital for many

to the TAR (transactivation responsive) RNA element, a 59- regulatory processes, especially, in gene regulation where
base stemloop structure located at the-8nd of all nascent  o1eing specifically interact with binding sites found within

HIV-1 transcripts 7). Upon binding to the TAR RNA  pNA ranscripts. Understanding the principles of TaAR

sequence, Tat causes a substantial increase in transcript levelgyo 5 ctions is a crucial step for drug design. Although high-
(8—12). The increased efficiency in transcription may result resolution NMR information is limited to the TAR RNA

from preventing premature termination of the transcriptional component, a structure of the RNAvrotein complex is stil

;—:-Ionlgatic(j)n com;ilex%j(3—17). TAR R.NhA Wﬁs qriglir;ally missing. Therefore, new methods are needed to determine
ocalized to nucleotl est1 to +80 within the viral long the topology of RNA-protein complexes under physiological
termlngl repeat (LTR)](S)'. Subsequent deIet|c_)n studies have ., qitions. We have used an affinity cleaving method to
estab!lghed that the region from19 to +42 Incorporates map the proximity of the core domain of a Tat fragment in
the minimal domain that is both necessary and sufficient for . "+ o+ TAR complex.

Tat responsiveness vivo (19—21). TAR RNA contains a ) . . .
Interaction of transition metal complexes with nucleic acids

and proteins makes them a useful tool in molecular biology.
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Ficure 1: (A) Secondary structures of wild-type and mutant TAR RNAs used in this study. Wild-type TAR RNA spans the minimal
sequences that are required for Tat responsiveimesso (19) and forin witro binding of Tat-derived peptide6). Wild-type TAR
contains two non-wild-type base pairs to increase transcription by T7 RNA polymerase. Mutant TAR RNA contains a wild-type trinucleotide
bulge, and the loop sequence is substituted with Wat§itk base pairs. The numbering of nucleotides in the RNA corresponds to their
positions in wild-type TAR RNA. (B) The Tat peptide, amino acids-3, contains the RNA-binding domain of Tat. The arginine-rich
region of Tat, corresponding to the Tat(487) peptide, is highlighted.

hydroxyl radicals which are responsible for DNA scission EXPERIMENTAL PROCEDURES
(33). Cleavage of DNA and RNA by metal chelates is an
important new approach for characterizing specific structural
features of nucleic acids and their complexes in solutions
(34—36). The metal chelate attachment converts sequence-
specific DNA-binding protein or oligonucleotide to sequence-
specific DNA-cleaving molecules that function under physi-
ological pH, temperature, and salt conditio®3-¢41). In

a recent report, DNA cleavage mediated pybfomoaceta-
midobenzyl)-EDTA-Fe has been used to demonstrate the
arrangement and contacts @fsubunits ofEscherichia coli
RNA polymerase on the upstream element DNAR)(
Recently, RNA-protein proximities have been probed by
hydroxyl radicals generated by Fe(HEDTA attached to a
protein in a ribonucleoprotein comple&3—45).

Buffers. All buffer pH values refer to measurements at
room temperature: TK buffer, 50 mM Tris-HCI (pH 7.4),
20 mM KClI, 0.1% Triton X-100; Transcription buffer, 40
mM Tris-HCI (pH 8.1), 1 mM spermidine, 0.01% Triton
X-100, and 5 mM DTT; TBE buffer, 45 mM Tris-borate
(pH 8.0) and 1 mM EDTA,; sample loading buff& M urea,

1 mM EDTA, and 0.1% bromophenol blue inx1TBE
buffer; binding buffer, 25 mM Tris-HCI (pH 7.5), 100 mM
NaCl, 1 mM MgC}, and 0.1% Triton X-100; hydrolysis
buffer, 50 mM NaCOy/NaHCGQ; (pH 9.2); elution buffer,
1x TBE and 10% sodium acetate (3 M, pH 5.5).

Oligonucleotide Synthesis(a) DNAs. All DNAs were
synthesized on an Applied Biosystems ABI 392 DNA/RNA
synthesizer. The template strand encodes the sequence for

In this report, we have used the affinity cleaving method the duplex TAR RNA (Figure 1). The top strand is a short
to study Tat-TAR interactions in solution. It has been piece of DNA complementary to thé-8nd of all template
shown by a number of groups that Tat-derived peptides DNAs having the sequencé TAATACGACTCACTAT-
which contain the basic arginine-rich region of Tat are able AG3'. DNA was deprotected in N¥DH at 55°C for 8 h

to form in vitro complexes with TAR RNA 26, 27, 46-
51). To achieve specific RNA binding by a Tat fragment,
we synthesized a Tat peptide (amino acids-38) which

and then dried in a Savant speedvac. The samples were
resuspended in sample loading buffer and were purified on
20% acrylamide/8 M urea denaturing gels (50 ¢m0.8

contained an RNA-binding domain and part of the core mm). Gels were run fo3 h at 30 Wuntil the xylene cyanol
domain of the Tat protein (Figure 1). This sequence-specific tracking dye was 5 cm from the bottom of the gel. DNAs
RNA-binding peptide was converted into a sequence-specific were visualized by UV shadowing, excised from the gel, and

RNA-cleaving peptide by covalent attachment of an EDTA
analog. Fe(ll)>EDTA-modified Tat peptide cleaved TAR
RNA at specific positions upon addition of Fe(ll) salt,
ascorbate, and #,. Sites of RNA cleavage were mapped
by sequencing reactions, revealing the proximity of the,NH
terminus of the peptide when bound to RNA.

eluted in 50 mM Tris, 16 mM boric acid, 1 mM EDTA, and
0.5 M sodium acetate. DNAs were ethanol precipitated and
resuspended in DEPC (diethyl pyrocarbonate), treated
water. Concentrations of DNAs were determined by mea-
suring absorbance at 260 nm in a Shimadzu UV spectro-
photometer.
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FiIGURe 2: (A) Synthesis of a bifunctional chelating agent, compo2n@) Schematic representation for site-specific chemical modification
ofa Tatﬁf\ragment with an EDTA analog, compouhdrhe distance between the EDTA molecule and the amino terminus of the Tat peptide
is ~15 A.

(b) RNAs. All RNAs were prepared bin vitro transcrip- aqueous NaHC§(20 mL). The organic solvent was then
tion (52, 53. The template strand of DNA was annealed to washed with water (15 mL) and brine (20 mL). After drying
an equimolar amount of top strand DNA, and transcriptions over NaSQ,, the solvent was evaporated, and the product
were carried out in transcription buffer and 4.0 mM NTPs was obtained (100 mg, 0.138 mmol, 95% yield). MS {M
at 37°C for 2—4 h. For reaction mixtures (2€L) containing H = 722.3).

8.0 pmol of template DNA, 4060 units of T7 polymerase 'H NMR in CDCl;: 6 7.44 (2H, d,J = 8.42 Hz), 7.11
(Promega) was used. Transcription reactions were stopped2H, d,J = 8.42 Hz), 3.48 (4H, s), 3.43 (4H, s), 3.03 (1H,
by adding an equal volume of sample loading buffer. RNA m), 2.81 (2H, m), 2.71 (4H, s), 2.55 (2H, m), 1.43 (18H, s),
was purified on 20% acrylamide/8 M urea denaturing gels 1.40 (18H, s).

as described above. RNAs were stored in DEPC water at C NMR: ¢ 176.42, 171.88, 171.26, 171.16, 171.07,

—20°C. 169.52, 130.54, 129.98, 120.94, 68.96, 65.27, 56.69, 55.35,
RNAs were 5-dephosphorylated by incubation with calf 53.92, 53.83, 35.69, 32.56, 30.79, 28.57.
intestinal alkaline phophatase (Promega)id at 37°C in Peptide Synthesis All Fmoc-amino acids, piperidine,

50 mM Tris-HCI (pH 9.0), 1 mM MgdJ, 0.1 mM ZnC}, 4-(dimethylamino)pyridine, dichloromethani®,N-dimeth-
and 1 mM spermidine. The RNAs were purified by multiple ylformamide, 1-hydroxybenzotriazole (HOBT), 2Hben-
extractions with Tris-saturated phenol and one extraction with zotriazo-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
24:1 chloroform/isoamyl alcohol followed by ethanol pre- phate (HBTU), diisopropylethylamine, and HMP-linked
cipitation. The RNAs were 'send-labeled with 0.5uM polystyrene resin were obtained from the Applied Biosystems
[y-*2P]JATP (6000 Ci/mmol) (ICN) per 100 pmol of RNA  Division of Perkin-Elmer. Trifluoroacetic acid, 1,2-ethane-
by incubating with 16 units of T4 polynucleotide kinase dithiol, phenol, and thioanisole were from Sigma. Tat-
(New England Biolabs) in 70 mM Tris-HCI (pH 7.5), 10 derived peptide (from amino acids 38 to 72) was synthesized
mM MgCl,, and 5 mM DTT 63, 59. RNAs were gel on an Applied Biosystems 431A peptide synthesizer using
purified on a denaturing gel, visualized by autoradiography, standard FastMoc protocols. Conjugation of tipeai-

and recovered from gels as described above. nobenzyl)-EDTA to the amino terminus of the Tat(3&2)
RNA Sequencing.Alkaline hydrolysis of RNAs was  peptide was also accomplished on the automated synthesizer.
carried out in hydrolysis buffer for-812 min at 85°C. All The Tat peptide (0.01 mmol) was placed in the reaction

ribonucleases were purchased from Pharmacia. RNAs werevessel, and 0.05 mmol of compourd(Figure 2A) was
incubated with 0.1 unit of RNase froBacillus cereugper transferred to an amino acid cartridge for coupling reaction.
picomole of RNA for 4 min at 55°C in 16 mM sodium Standard FastMoc protocols were used to couple compound
citrate (pH 5.0), 0.8 mM EDTA, and 0.5 mg/mL yeasttRNA 2 to the Tat peptide. Cleavage and deprotection of the
(Gibco-BRL). This enzyme yields U- and C-specific cleav- peptide were carried out in 2 mL of Reagent K ®h at
age of RNA. For RNase T1 digestion, RNAs were incubated room temperature. Reagent K contained 1.75 mL of TFA,
with 0.05 unit of RNase per picomole of RNA for 10 minat 100 uL of thioanisole, 100uL of water, and 50uL of
37 °C in 40 mM Tris-HCI (pH 8.0), 1 mM EDTA, and 40 ethanedithiol §5). After cleavage from the resin, peptide
ug of yeast tRNA. T1 cuts RNA at G nucleotides. was purified by HPLC on a Zorbax 300 SBr-Clumn. The
Sequencing products were resolved on 20% denaturing gelsnasses of fully deprotected and purified peptides were
and visualized by phosphor image analysis. confirmed by FAB mass spectrometry: mass for Tat{38
Synthesis of an EDTA Analog (Compou®d (p-Ami- 72) = 4083.7 (M + H); mass for EDTA-Tat(38-72)=
nobenzyl)-EDTA tetraert-butyl ester (compound) (100 4563.3 (M+ H).
mg, 0.16 mmol) was dissolved in THF (15 mL), and succinic  Site-Specific Clezage of RNA. A typical cleavage reac-
anhydride (200 mg, 2 mmol) was added followed by tion mixture (10uL) contained 5end-labeled TAR RNA
triethylamine (3 mL). The mixture was stirredrf@ h at (0.04uM) and 0.2uM EDTA—Tat(38-72) or unmodified
room temperature. After evaporation of the solvent, the Tat(38-72) in a buffer containing 50 mM Tris-HCI (pH 7.4)
residue was balanced between dichloromethane (30 mL) andand 20 mM KCI. After the RNA-protein complexes were
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incubated at room temperature for 1 h, the cleavage reaction

was initiated by the addition of 2L of 100 uM Fe(NH,).- A Tat
(SO»),+6H,0 followed by 1uL of 20 mM sodium ascorbate ——e———]
and 1ulL of 0.6% HO,. The reaction was allowed to M1 2 3 4 5
proceed for 5 min, quenched by the addition of A0 of '

2x sample loading buffer, and electrophoresedao7 M RP — - ‘.-

urea/20% polyacrylamide gel. Cleavage products were

visualized by a Phosphor Image analysis (Molecular Dynam-
ics). RNA — . - e

RESULTS

B
Synthesis of an Iron-EDTA-Labeled Tat(38). The _— EDTA T?.t..:
experimental strategy for site-specific chelate conjugation M 1 2 3 4 5§
of Tat(38-72) is outlined in Figure 2. A protected EDTA
analog, p-aminobenzyl)-EDTA tetrdert-butyl ester (com-
poundl), was synthesized as described by Song and Rana RP

(56). Reagent2 [succinamide derivative of gert-butyl- il ”“ I

protected (aminobenzyl)-EDTA] was prepared by treating

compoundl with succinic anhydride in THF and triethyl- ' &« &

amine. Reagen? contains only one free carboxylic acid RNA — i ‘ .

group which can be attached to biomolecules. A Tat-derived

peptide (from amino acids 38 to 72) was synthesized by usingFicure 3: Binding of TAR RNA to the Tat(3872) peptide (A)
standard HOBT/HBTU FastMoc protocol$7). EDTA or the Fe(ll)>EDTA—Tat conjugate (B). Binding reaction mixtures

attachment to the N terminus of the Tat(3®) peptide was ~ contained 0.04M 5'-32P-end-labeled TAR RNA and 0.1, 0.2, 0.3,

. : : : 0.6, and 0. %M Tat(38-72) or Fe(ll)-EDTA—Tat conjugate (lanes
achieved by using compouiztand standard peptide coupling 1-5), respectively. Lane M was a control lane without the peptide.

reagents. After cleavage from the resin and deprotection, complex formation was performed in the TK buffer and incubation
peptide was purified by reverse phase high-performanceat room temperature for 1 h. Complexes were separated from
liquid chromatography. Since peptide cleavage and depro-unbound RNA by electrophoresis in nondenaturing 8% polyacryl-
tection were carried out in trifluoroacetic acitbrt-butyl ?cﬁ?,ﬂea?eé%go&‘t%?'ggho'%:@ tg}g{;v)é';?r?- %}?'5 were r““n'(;‘gcor:g
protecting groups of compour_’mlwere also cleaved and the oA \vere determined by phosphor ?r‘:]a;n%_ S;;eptidgu
free EDTA moiety was obtained. The mass of the fully complexes are shown as RP.

deprotected and HPLC pure EDFeptide conjugate was
confirmed by fast atom bombardment (FAB) mass spec- 4. The cleavage sites in TAR RNA were assigned by
trometry. comparison with 5end-labeled products of alkaline hy-
Determination of Dissociation ConstantsTo further drolysis, random FeEDTA cleavage ladder of the RNA,
characterize and evaluate the binding capabilities of the and ribonucleasB. cereusand T1 reactions. As shown in
EDTA—peptide conjugate, we determined the dissociation Figure 4, cleavage by FEEDTA—Tat was not random and
constants for EDTA-peptide and compared them with those few specific sites were cleaved. Specific cleavage of TAR
of the wild-type peptide [Tat (3872)]. Equilibrium dis- RNA was observed at the bulge residues (U23, C24, and
sociation constants of the Tat(382)—-TAR complexes were  U25), in the loop region (G34 and A35), and at the strand
measured using direct and competition electrophoretic mobil- opposite the bulge (U40 and C41). Intensities of the cleavage
ity assays 22, 23, 51, 58 For direct mobility shift assays, product bands on the gel showed that U23 and C24 were
the fractional saturation of 50 nM'52P-end-labeled TAR  cleaved most efficiently while A35 and C41 were cleaved
RNA was measured as a function of wild-type and EDTA- with the lowest yields. The overall order of the cleavage
modified Tat(38-72). A typical gel of these experiments efficiency was U23 and C24 C25, G34, and U406~ A35
is shown in Figure 3. Dissociation constants were calculatedand C41.

from multiple sets of experiments which showed that Tat-  Figure 4 shows that no detectable cleavage of TAR RNA
(38—72) and Fe-EDTA—Tat bind TAR RNA with aKq of was observed when the RNA was subjected to cleavage
0.14 and 0.18M, respectively. A relative dissociation reaction conditions in the presence of 20 Fe—EDTA
constantKe) can be determined by measuring the ratios of complex without the addition of EDTATat conjugate (lane
wild-type Tat peptide to the FEEDTA—Tat dissociation  3). Lane 2 shows that TAR RNA was stable during
constantsiq) for TAR RNA. Our results demonstrate that  experimental procedures and no background RNA degrada-
the calculated value foKr was 0.77, indicating that the  tion was detected. Control experiments showed that ascor-
metal chelate attachment did not significantly alter the TAR pate and hydrogen peroxide were necessary for the cleavage

binding affinities of the Tat peptide. reaction because the EDFATat conjugate could not cleave
Site-Specific Cleage of TAR RNAEDTA-modified Tat- RNA without the cleavage buffer (lane 4). Further control
(38—72) peptide was used to form a complex with®%°- experiments established that unmodified Tat(32) did not

end-labeled TAR RNA at room temperature in TK buffer, cleave TAR RNA under standard cleavage conditions (data
and metal-catalyzed cleavage reactions were performed asiot shown). The specificities of the cleavage reactions were
described in Experimental Procedures. Cleavage productsdetermined by competition experiments. Addition of unla-
were separated by denaturing polyacrylamide gel electro-beled wild-type TAR RNA abolished the cleavage, while
phoresis. Results of these experiment are shown in Figurethe addition of unlabeled mutant (G2€39 to C26-G39)
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Ficure 5: Cleavage of Bend-labeled mutant TAR RNA by the

Fe(I)-EDTA—Tat conjugate: lane 1, RNA without peptide or

cleavage reaction; lane 2, alkaline hydrolysis of RNA, lane 3, RNA

subjected to the cleavage reaction in the absence of FEDITA—

Tat conjugate; lane 4, RNA and Fe(HEDTA—Tat conjugate

. incubated together without the addition of ascorbate nd
EIG(TI§E éb_?'Aea_‘lfa?e of_5entd-lalbele(i Wllllc(i-tlyper;l' AdR IRNA t:‘thlr:JeA lane 5 RNAgand Fe(IEDTA-Tat conjugate subje?:it?é)_?o the
e(l)— —Tat conjugate: lane 1, alkaline hydrolysis o ; ’ : 2

lane 2, RNA without peptide or cleavage reaction; lane 3, RNA cleavage reaction. Major sites of cleavage are marked.
subjected tolthe cliavagﬁ re%cc}ion in ]Ehe %esence o2 GFe— cleavage reactions were performed as described above.
EDTA complex without the addition of Fe(H)EDTA—Tat con-  Fijgyre 5 shows the results of this experiment. Specific
jugate; lane 4, RNA and Fe(HEDTA—Tat conjugate incubated
together witout the addition of ascorbate angOhl and lane 5, cleavage_of mutant TAR RNA was observed only at th_e
RNA and Fe(ll)-EDTA—Tat conjugate subjected to the cleavage Pulge region (U23, C24, and U25) and at the strand opposite
reaction. Major sites of cleavage are marked. the bulge (U40 and C41). There was no cleavage observed
TAR RNA had no effect on the cleavage reaction (data not &t nucleotide position 34 or 35 in mutant TAR RNA (lane

shown). These results demonstrate that the-EBTA 5). Similar to the results shown in Figure 4, control
chelate attached to the aminoterminus of Tat{38) lies in experiments showed that FEDTA-Tat, ascorbate, and

close proximity to the bulge region and two nucleotides (G34 hydrogen peroxide were necessary for the cleavage reaction
and A35) from the loop sequence also come in contact with (Ianes 3-5). This result indicates that the loop sequence of
the iron chelate. wild-type TAR RNA is involved in the observed cleavage
Cleavage in the loop sequence at G34 and A35 is & G34 and A35 residues.
intriguing and posed the question of whether this cleavage
was due to the bend structure of TAR RNA or the result of DISCUSSION
a flexible loop structure which could bring specific residues  We have used a site-directed RNA-cleaving strategy to
into the vicinity of the iron chelate. To answer this question, determine the neighborhood of the core domain of a Tat
we synthesized a mutant TAR RNA without the loop fragment in the TatTAR complex. The results of our
structure but with a wild-type bulge sequence (Figure 1). affinity cleaving experiments demonstrate that, in solution,
Nucleotides above the bulge region were base-paired inaniron—-EDTA attached at the N terminus of the core domain
mutant RNA. EDTA-modified Tat(3872) peptide was used  of Tat(38-72) is located in the proximity of the bulge region
to form a complex with 53?P-end-labeled mutant TAR RNA  and two nucleotides from the loop sequence also come in
at room temperature in TK buffer, and metal-catalyzed close contact with the iron chelate.
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Ficure 6: Proposed model for Tat peptid@ AR interactions showing the protein orientation and the proximity of the amino terminus to

the peptide in the RNAprotein complex. (Left) A view of the TAR RNA structure in the presence-afgininamide §3) displaying
nucleotides cleaved by Fe(HEDTA—Tat conjugate: trinucleotide bulge residues (white), U40 and C41 (magenta), and G34 and A35
(green). The ribbon structure of TAR RNA is shown in yellow lines, and nucleotides as shown in red. (Right) TAR RNA in the presence
of Tat peptide showing that the RNA is wrapped around the peptide and the loop is located in the proximity of the bulge. The ribbon
structure of the Tat peptide (in lines) and the amino-terminal Phe38 are shown in cyan. The ribbon structure of the Tat peptide is drawn
from the Tat protein structuré&®). The orientation of the Tat peptide is based on previous photo-cross-linking results indicating that Lys41
and Arg57 are close to U42 and U31, respectivély, (79. Structures of RNA and protein were visualized using Insight 1l software on an

IRIS workstation.

Attachment of an Fe(IlrEDTA at the amino terminus of Due to the RNA conformation at the bulge region, the
Tat(38-72) localizes the production of hydroxyl radicals backbone near U23 and C24 is more exposed to the solvent
generated by the addition of ascorbate and hydrogenthan the other residues which results in more cleavage at
peroxide. Hydroxyl radical species are short-lived, and the U23 and C24. (3) Dynamics of TAR RNA structure play a
cleavage of nucleic acids is observed within a 10 A radius role in the observed difference of RNA cleavage efficiencies
from the site of production of these radicaBi(59. Since by bringing certain residues into the vicinity of the Fe(ll)
the linker between the amino terminus of Tat{3®) and EDTA complex for varying amounts of time. For example,
the EDTA moiety is about 15 A, the overall RNA probing the hairpin loop of TAR RNA has a flexible structure in
radius would bex25 A from the amino terminus of the Tat  solution, and there is no compelling evidence that shows the
peptide which is approximately 10 nucleotides in an A-form loop is closed by any non-Watserick pairs, such as
double helix. If the cleavage is nonspecific or the RNA has C-AH* or G-U base pairs@0). This dynamic nature of the
no structure, most of the nucleotides in TAR RNA should loop may form structured regions transiently, removing G34
be cleaved. Our results show that the cleavage reaction isand A35 from the proximity of the bulge region and therefore
specific and affinity cleaving can be used to probe RNA  resulting in a decreased cleavage at these two nucleotides.
protein interactions in small ribonucleoprotein complexes Alternatively, loop residues may come in close proximity
with well-defined structures. Cleavage in the bulge region to the metal chelate for a short period of time. Similarly,
of TAR RNA indicates that these nucleotides are within the breathing of the RNA structure at the bulge region may
reach of Fe(I-EDTA tethered to the amino terminus of translate into a reduced cleavage at U40 and C41 nucleotides.
the Tat fragment. Hydroxyl radicals are readily diffusible, Site-specific photo-cross-linking experiments support the
nonspecific species and can attack virtually any region of notion that the TAR RNA structure at the bulge region is
the RNA backbone; therefore, the intensity of the cleavage dynamic and U40 is not base-paired with A22 all the time
products may indicate the extent of proximity. We observed (53).
the strongest cleavage at U23 and C24, while cleavage Our results also demonstrate that, in aTBAR compex,
reactions at A35 and C41 were the least efficient. Cleavagetwo nucleotides (G34 and A35) of the TAR RNA loop
at other nucleotides (U25, G34, and U40) resulted in the sequence are located in close proximity to the trinucleotide
production of medium-intensity bands. Three possible bulge region. Since there is a small amount of free Fe(ll)
explanations can be advanced to interpret this result. (1)in the reaction medium which does not cleave unbound TAR
U23 and C24 in the bulge region are located in the nearestRNA (Figure 4, lane 3), it could be argued that Tat binding
neighborhood of the amino terminus of Tat{3B). (2) causes structural changes in TAR RNA and makes the loop
RNA cleavage is not uniform at all the cleaved nucleotides. sequence hypersensitive to cleavage by hydroxyl radicals
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produced by unchelated Fe(ll). To test this possibility, we derivative which can react with thiol groups was synthesized
used an unmodified Tat(3872) peptide to form a TatTAR and used for specific chemical modification of Cys5l7at-
complex and subjected it to standard cleavage conditions(38—72). We used this psoraleiTat conjugate [psoralen
containing unchelated Fe(ll) concentrations used in Figure Cys57Tat(38-72)] to form a specific complex with TAR

4. There was no detectable RNA cleavage observed (dataRNA. Photo-cross-linking and RNA sequencing results
not shown). Cleavage in the loop sequence by Fe(ll) revealed that Cys57 of Tat(3§2) is close to U31 of TAR
EDTA—Tat is an interesting result and raises two possibilities RNA (76).

about TAR RNA structure in a TafTAR complex. (a) The On the basis of the above studies, we propose a model
trinucleotide bulge sequence causes a bend in TAR RNA for Tat—TAR recognition in which Tat makes initial contacts
structure and brings the loop region near the bulge. Previouswith TAR RNA in the widened major groove and causes a
experiments using gel electrophoresis suggest that thestructural change in RNA where the amino terminus of the
pyrimidine bulge of TAR RNA causes a local bending of Tat peptide lies in close proximity to the bulge and loop
the helical axis §1). Zacharias and Hagermab2j per- nucleotides (Figure 6). To fit together our FetEDTA—
formed transient electric birefringence measurements whichTat cleavage results with previous psoralen photo-cross-
showed that TAR RNA bulge introduces a bend of & linking findings, TAR RNA structure must adopt a confor-
the absence of Mg, which is straightened by the addition mation such that TAR RNA is folded around the Tat peptide.
of Arg and Tat-derived peptides. (b) Itis the loop sequence This model is consistent with recent NMR studies which
which is located in close proximity to the bulge in a tertiary suggest that RNA in TAR RNApeptide complexes has a
RNA—protein structure, and bending of the helix does not rigid structure which is folded around the basic region of
cause cleavage at G34 and A35 residues. Recent NMRTat (63, 69. Although someo-helical tendency appears
models suggested close proximity between the UCU bulge within the basic region of an HMEIAV tat hybrid peptide
and the apical loop of TAR RNA across the RNA major (67), the basic region of Tat has an extended and disordered
groove 63). To test this hypothesis, we synthesized a mutant chain in solution §8). It is possible that the basic region of
TAR RNA containing a wild-type bulge sequence and Tat initiates contacts with TAR RNA in the major groove,
without a loop structure (Figure 1). We reasoned that, if causing RNA to undergo a structural change which narrows
the loop structure is responsible for the observed cleavagethe major groove making it appear as if the RNA is wrapped
at G34 and A35, replacing the loop sequence with a duplex around the peptide. During this RNAprotein interaction,
structure should abolish cleavage at G34 and A35. On thethe basic region folds into an ordered structure. Short basic
other hand, if helix bending due to the bulge sequence is peptides which are unfolded in solution show structural
responsible for cleavage at G34 and A35, we should still changes after binding to TAR RNALT, 63. For illustration
observe cleavage in the region of these two nucleotides. Thepurposes, the ribbon structure of Tat{3B) peptide is based
results depicted in Figure 5 (lane 5) indicate that cleavage on the Tat protein structure. However, it remains to be
occurred only at the bulge region. Thus, our results establishestablished whether Tat peptide models recognize TAR RNA

that, in a Tat TAR complex, the TAR RNA loop sequence
is positioned in the neighborhood of the UCU bulge region.
How does Tat interact with TAR RNA? Previous studies
suggest that Tat protein contacts TAR RNA in a widened
major groove %4, 64. In a recent study from our laboratory,
we used a rhodium complex, Rh(phgit)i*™, to probe the
effect of bulge bases on the major groove width in TAR
RNA (54). Our studies establish two important factors
involved in Tat-TAR recognition. (i) There is a correlation
between major groove opening and Tat binding. A bulge
of at least two bases is required for major groove widening
and other conformational changes to facilitate Tat binding.

in a fashion similar to that of Tat protein or not.

Mutational analyses have shown that sequences in the loop
of TAR RNA are required for transactivatio@4, 25, and
not for Tat binding 26, 27, 69. The loop may provide the
binding site for cellular factor(s) involved in transactivation
(70—73). Recently, it has been shown that the cellular factor
TRP-185 regulates RNA polymerase Il binding to HIV-1
TAR RNA (74). A group of cellular cofactors that stimulate
the binding of RNA polymerase Il and TRP-185 to TAR
RNA has also been identified7%). Tat could also be
involved in rearranging the loop structure that can be
recognized by cellular factors. Our results show that, in a

This cannot be accomplished by a single-base bulge. (ii) A Tat—TAR complex, the loop is arranged to position G34

Tat fragment (4272) occupies the major groove of TAR
RNA and abolishes access of the rhodium complex.

and A35 in the neighborhood of the bulge region. Informa-
tion about the tertiary structure of loop nucleotides when

We devised a new method based on psoralen photochem-TAR is bound to Tat is very important in defining the role

istry to determine the relative orientation of the nucleic acid
and protein in the TatTAR complex 65). We synthesized

a 30-amino acid fragment containing the arginine-rich RNA-
binding domain of Tat(4272) and chemically attached a
psoralen at the amino terminus. Upon near-ultraviolet
irradiation (360 nm), this synthetic psoratepeptide cross-
linked to a single site in the TAR RNA sequence. The
RNA—protein complex was purified, and the cross-link site
on TAR RNA was determined by chemical and primer

of cellular factors that bind to TAR RNA. These studies
are crucial in understanding the mechanism of gene regula-
tion in HIV-1 and designing new drugs to inhibit HIV-1 gene
expression.
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