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ABSTRACT: Transcriptional regulation in human immunodeficiency virus type 1 (HIV-1) requires specific
interactions of Tat protein with the transactivation responsive region (TAR) RNA, a 59-baselstgm
structure located at thé-Bnd of all mMRNAs. We have used a site-specific cross-linking method based
on 4-thiouracil (4-thioU) photochemistry to determine the conformation of TAR RNA and its interaction
with Tat protein under physiological conditions. Three different TAR RNA constructs with a single
4-thioU residue at position 23, 38, or 40 were synthesized. Upon UV irradiation, 4-thioU at all three
positions formed interstrand covalent cross-links in TAR RNA. Determination of cross-link sites by RNA
sequencing revealed that 4-thioU at position 23 makes a direct contact with U40, while a 4-thioU at
position 40 cross-links to C24 and C25, and at position 38, 4-thioU contacts G26 in TAR RNA. The
addition of arginine did not alter the yield or the site of RNRNA cross-links. However, in the presence

of Tat(38-72), UV irradiation of RNA modified with 4-thioU at position 23 or 38 resulted in RNA
protein cross-links, but no RNARNA cross-links were observed. 4-thioU at position 40 formed both
RNA—RNA and RNA—protein cross-links in the presence of Tat{3®). An intriguing finding of our
studies was that a cross-linked TAR RNA with 4-thioU at position 40 retained specific Tat-binding activity.
Our results establish four important conclusions about-T#&R structure. (1) U23 of free TAR RNA

is in close contact with U40. (2) U40 is in close proximity to C24 and C25 both in free TAR RNA and
in a complex with Tat. (3) Tat protein directly contacts U23, U38, and U40 in the major groove of TAR
RNA. (4) Tat protein can recognize a TAR RNA structure containing an interrupted bulge which is
formed by a covalent link between U40 and two bulge residues, C24 and C25. These structural studies
provide new insights into tertiary folding of TAR RNA and its interaction with Tat protein.

RNA molecules can fold into extensive structures contain- protein containing 86 amino acids and comprised of three
ing regions of double-stranded duplex, hairpins, internal important functional regions: core (328), basic (49-60),
loops, bulged bases, and pseudoknotted structures (Tinocaind Gin (61-72). HIV-1 Tat protein acts by binding to the
et al, 1990; Wyattet al, 1989). Due to the complexity of  TAR (transactivation responsive) RNA element, a 59-base
RNA structure, the rules governing sequence-specific RNA - gtem-loop structure located at the-8nds of all nascent
protein recognition are not well-understood. RNpgrotein HIV-1 transcripts (Berkhouet al., 1989). Upon binding to
interactions are vital for many regulatory processes, €SP he TAR RNA sequence, Tat c’auses a substantial increase
cially in gene regulation where proteins specifically interact in transcript levels (Cul’len 1086: Laspiet al, 1989;

with binding sites found within RNA transcripts. One . i . e
example of such interactions is the mechanism of transac-Muesinget al, 1987; Peterliret al,, 1986; Rice & Mathews,

tivation in the human immunodeficiency virus type 1 (HIV- 1988). The increased efficiency in transcription may result
1). The promoter of the HIV-1, located in the U3 region of from preventing premature termination of the transcriptional
the viral long terminal repeat (LTR), is an inducible promoter €longation complex (Churchet al, 1995; Graebleet al,
which can be stimulated by the transactivator protein, Tat 1993; Kaoet al., 1987; Marciniak & Sharp, 1991; Zhou &
(Jones & Peterlin, 1994). As in other lentiviruses, Tat protein Sharp, 1995). TAR RNA was originally localized to
is essential for transactivation of viral gene expression nucleotidest1 to 480 within the viral long terminal repeat
(Cullen, 1992; Daytoret al, 1986; Fisheret al, 1986;  (LTR) (Roseretal, 1985). Subsequent deletion studies have
Gaynor, 1992; Jeanet al, 1993). In the absence of Tat, established that the region from19 to +42 incorporates
most of the viral transcripts terminate prematurely, producing the minimal domain that is both necessary and sufficient for

short RNA molecules ranging in size from 60 t0 80 5 regponsivenesn vivo (Garciaet al, 1989; Jakobovits
nucleotides. The Tat protein is a small, cysteine rich nuclear et al, 1988; Selbyet al, 1989). TAR RNA contains a six-

— . " v the National Inst Healih nucleotide loop and a three-nucleotide pyrimidine bulge
is work was supported in part by the National Institutes of Healt ; ; ;
Grant Al 34785 and by the State of New Jersey Commission on CancerWhICh separates two helical stem regions (Berkhetal

Research. 1989; Jakobovitgt al, 1988; Muesinget al, 1987; Roseret
* Author to whom correspondence should be addressed. Phone:g| 1985). The trinucleotide bulge is essential for high
Egggéﬁ?&fﬁéegﬁ?_ 8) 235-4590. Fax:(908) 235-4073. E-mail affinity and specific binding of the Tat protein (Dingwai
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Ficure 1: (A) The secondary structure of the designed duplex TAR
RNA used in this study contains the minimal sequence required
for in vitro Tat binding (Hamyet al, 1993). Duplex RNA contains
the nucleotides C18C29 and G36-G44 from the wild-type TAR

Wang and Rana

RNA—protein cross-links, but no RNARNA cross-links
were observed. 4-thioU at position 40 formed both RNA
RNA and RNA—protein cross-links in the presence of Tat-
(38—72); however, the yields of RNARNA cross-links
were decreased. Our results provide the first physical
evidence for a TatTAR structure where U40 is located in
the vicinity of the trinucleotide bulge of TAR RNA.

EXPERIMENTAL PROCEDURES

Buffers

All buffer pH values refer to measurements at room
temperature: TK buffer, 50 mM Tris-HCI (pH 7.4), 20 mM
KCI, and 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 buffer, 9 M urea, 1 mM
EDTA, and 0.1% bromophenol blue in 1X TBE buffer;
binding buffer, 25 mM Tris-HCI (pH 7.5), 100 mM Nacl,
1 mM MgCl,, and 0.1% Triton X-100; hydrolysis buffer,
50 mM NgCO;—NaHCQ; (pH 9.2); elution buffer, 1X TBE
and 20% sodium acetate (3 M) (pH 5.5); and digestion buffer,
100 mM Tris-HCI (pH 7.8) and 10 mM Cagl

RNA sequence and extra flanking base pairs to enhance hybridiza-Oligonucleotide Synthesis

tion of two RNA strands. Sequences containing the trinucleotide

bulge and the complementary sequence are labeled as strand 1 and DNAs. All DNAs were synthesized on an Applied

strand 2, respectively. Uridine 23 was substituted with 4-thiouridine
during T7 polymerase transcription reactions. Incorporation of
4-thioU at position 38 or 40 was accomplished by chemical
synthesis of RNA (Shaht al, 1994). Numbering of nucleotides in
the duplex TAR RNA corresponds to their positions in wild-type
TAR RNA. (B) The 36-residue peptide, amino acids—-32,
contains the RNA-binding domain of Tat. The arginine rich region
of Tat, corresponding to the Tat 487 peptide, is highlighted.

transactivation but is not involved in Tat binding (Cordingley
et al, 1990; Dingwallet al, 1990; Feng & Holland, 1988;
Sumner-Smittet al,, 1991). Since Tat can bind duplex TAR
RNA (without the loop residues) with approximately half
the affinity for wild-type TAR RNA, chemically synthesized
duplex TAR RNAs without loop residues have been used to
study the role of various functional groups in Tat recognition
(Hamyet al., 1993; Pritcharet al,, 1994; Sumner-Smitht

al, 1991).

We synthesized three different duplex TAR RNA con-
structs (Figure 1) with a single 4-thiouridine (4-thioU) residue
at position 23, 38, or 40. Upon UV irradiation, these
4-thioU-labeled RNAs formed interstrand covalent cross-
links in TAR RNA. Cross-link sites were determined by
RNA sequencing, which revealed that 4-thioU at position
23 makes direct contact with U40 whereas at position 40
4-thioU cross-linked to both C24 and C25 residues in the
bulge region. 4-thioU at position 38 photo-cross-linked to
G26 in TAR RNA. To study the effect of free Arg and a
Tat peptide on TAR RNA conformation, photo-cross-linking
reactions were carried out in the presence-6fg and ADP-

1, a Tat fragment which binds TAR RNA with high

Biosystems ABI 392 DNA/RNA synthesizer. The template
strand encodes the sequence for the duplex TAR RNA
(Figure 1). The top strand is a short piece of DNA
complementary to the'&nd of all template DNAs having
the sequence’BAATACGACTCACTATAG3'. DNA was
deprotected in NEDH at 55°C for 8 h and then dried in a
Savant speedvac. The samples were resuspended in sample
loading buffer and were purified on 20% acrylamicM

urea denaturing gels (50 cm 0.8 mm). Gels were run for

3 h at 30 W until xylene cyanol tracking dye was 5 cm from
the bottom of the gel. DNAs were visualized by UV
shadowing, excised from the gel, and eluted in 50 mM Tris,
16 mM boric acid, 1 mM EDTA, and 0.6 M sodium acetate.
DNAs were ethanol precipitated and resuspended in DEPC
(diethyl pyrocarbonate)-treated water. Concentrations of
DNAs were determined by measuring absorbance at 260 nm
in a Shimadzu UV spectrophotometer.

RNAs. All RNAs were prepared bin vitro transcription
(Milligan et al, 1987). The template strand of DNA was
annealed to an equimolar amount of top strand DNA, and
transcriptions were carried out in transcription buffer and
4.0 mM NTPs at 37C for 2—4 h. For reaction mixtures
(20 uL) containing 8.0 pmol of template DNA, 4860 units
of T7 polymerase (Promega) was used. For the synthesis
of 4-thioU-labeled RNA, UTP was replaced with 4-thioUTP
(4 mM, final concentration) in the transcription buffer.
4-thio-UTP was synthesized according to the method of Stade
et al.(1989). Transcription reactions were stopped by adding
an equal volume of sample loading buffer. RNA was

specificity and includes the basic region and part of the core purified on 20% acrylamide8 M urea denaturing gels

region of Tat (Churcheet al, 1993). To avoid oxidation

as described above. RNAs were stored in DEPC water at

problems, we deleted the N-terminal cysteine residue from —20 °C.
the ADP-1 sequence. Our results showed that the sites of RNAs were 5-dephosphorylated by incubation with calf

cross-linking were unchanged in the presenceL-@rg.
However, in the presence of Tat(382), UV irradiation of
RNA modified with 4-thioU at position 23 or 38 resulted in

intestinal alkaline phosphatase (Promega) for 30 min at 37
°C in 50 mM Tris-HCI (pH 9.0), 1 mM MgGl 0.1 mM
ZnCly, and 1 mM spermidine. The RNAs were purified by
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multiple extractions with Tris-saturated phenol and one visualized by UV and purified from the gel as described
extraction with 24:1 chloroform: isoamyl alcohol followed above. The sample was desalted onia €@lumn, dried,
by ethanol precipitation. The RNAs wereénd-labeled with and submitted for peptide sequencing.

0.5uM [y-32P]ATP (6000 Ci/mmol) (ICN) per 100 pmol of .

RNA by incubating with 16 units of T4 polynucleotide kinase RNA Sequencing

(New England Biolabs) in 70 mM Tris-HCI (pH 7.5), 10 Alkaline hydrolysis of RNAs was carried out in hydrolysis
mM MgCl, and 5 mM DTT (Kuchino & Nishimura, 1989).  pffer for 8-12 min at 85°C. RNAs were incubated with
RNAs were gel purified on a denaturing gel, visualized by 1 nit of RNAse fromBacillus cereus(Pharmacia) per
autoradiography, and recovered from gels as described abovepicomole of RNA for 4 min at 55C in 16 mM sodium
Site-specific incorporation of 4-thioU at position 38 or 40 ijtrate (pH 5.0), 0.8 mM EDTA, and 0.5 mg/mL yeast tRNA
in strand 2 was carried out by chemical synthesis of RNA (Gibco-BRL). This enzyme yields U- and C-specific cleav-
using triazolouridine phosphoramidite as a precursor of age of RNA. Sequencing products were resolved on 20%

4-thioU (Shalet al, 1994). Synthesis of RNA, deprotection, denaturing gels and visualized by phosphor image analysis.
characterization, and purification were performed as de-

scribed earlier (Shaht al, 1994). Competition Assay

Site-Specific Photo-Cross-Linking Reactions RNA—RNA cross-link formed by 4-thioU at position 40
was purified by denaturing gels. Competition experiments
Before the photochemical reactions, RNA duplex was were performed in 1@L volumes and contained 5 pmol of
prepared by hybridizing two strands. Typically, 5 pmol of the end-labeled cross-linked RNA, 5 pmol of Tat(3®),
strand 1 or 2 RNA (5end labeled witt#%P) was mixed with  and increasing amounts of wild-type TAR or a mutant TAR
7.5 pmol of the complementary RNA strand in 40 of TK duplex. Binding experiments were carried out in TK buffer.
buffer, and the mixture was heated at @ for 1 min and After addition of 10uL of 30% glycerol, RNA-protein
allowed to cool slowly to room temperature. Under these complexes were resolved on a nondenaturing 8% acrylamide
conditions, more than 95% duplex was formed as confirmed gel.
by nondenaturing polyacrylamide gels (data not shown). For
RNA—RNA cross-linking reactions, 1L of 0.5 uM Peptide Synthesis
preformed duplexes was UV irradiated (360 nm) for 5 min
on ice in a Rayonet Photochemical Reactor (RPR-100). To
study the effect of Arg on RNA structure, RNARNA cross-
linking reactions were performed in the presence of 1 mM
L-Arg or L-argininamide. For RNA-peptide cross-linking
reactions, 5 pmol of preformed duplex was mixed with 6
pmol of Tat(38-72) and the mixture incubated at room
temperature for 10 min and irradiated for 5 min as described
above. After irradiation, 2L of yeast tRNA (20ug/uL)
and 12ul of sample loading buffer were added to each

All Fmoc amino acids, piperidine, 4-(dimethylamino)-
pyridine, dichloromethandy,N-dimethylformamide, 1-hy-
droxybenzotriazole (HOBT), 2-H-benzotriazo-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), diiso-
propylethylamine, and HMP-linked polystyrene resin were
obtained from Applied Biosystems Division, Perkin-Elmer.
Trifluoroacetic acid, 1,2-ethanedithiol, phenol, and thioanisol
were from Sigma. Tat-derived peptide (from amino acid 38
to 72) was synthesized on an Applied Biosystems 431A
; peptide synthesizer using standard FastMoc protocols. Cleav-
sa[)nple, and t_he mixture was electrophoresed on 8 Mrurea age and deprotection of the peptide was carried out in 2 mL
20% agrqumlde 9?'5- of reagent K for 6 h at room temperature. Reagent K

For kinetic experiments, 14L of preformed duplex RNA g ntained 1.75 mL of TFA, 10@L of thioanisole, 10QuL
(0.5 uM) was irradiated for different time intervals as ot yater, and 5QuL of ethanedithiol (Kinget al., 1990).
indicated in Figure 7. After irradiation, samples were ager cleavage from the resin, peptide was purified by HPLC
analyzed on 8 M urea gels and quantified as described abovey, 5 7orbax 300 SB-Ccolumn. The masses of fully
deprotected and purified peptides were confirmed by FAB
mass spectrometry; the calculated mass for Tat{@B
(C178H200N64043) = 4082.7, and the found mass 4083.7

Preparative scale duplex RNAs were formed by mixing 2 (M + H).
nmol of strand 1 RNA and 3 nmol of strand 2 RNA in 1 mL
of TK buffer, and annealed as described above. RNA RESULTS
protein complex formation was accomplished by the addition
of 2.4 nmol of Tat(38-72). The RNA-protein complex was
incubated at room temperature for 10 min and irradiated as The goal of our study was to investigate the folding of
described for analytical scale. The photoproducts of the TAR RNA and its interactions with Tat at the protein binding
reaction were ethanol precipitated and separated from freesite. We planned to site-specifically label TAR RNA with
RNA on a 20% denaturing polyacrylamide gel. The band a photoactive analog (4-thioU) at three critical residues, U23,
corresponding to the cross-linked product was excised from U38, and U40. Photoactive analogs have been previously
the gel, eluted into 2 mL of elution buffer, and desalted on incorporated into DNA and RNA sequences to study nucleic
a Cg column. The purified cross-link was dissolved in 20 acid structure and their interactions with proteins (Blatter
uL of digestion buffer, and &g of chymotrypsin (sequencing al., 1992; Gottet al,, 1991; Hanna, 1989; Hanna & Meares,
grade, Boehringer Mannheim Biochemica) was added to the1983; Harriset al.,, 1994; Liuet al., 1994; Musier-Forsyth
mixture and incubated for 4 h at 2&. The reaction was & Schimmel, 1994; Williset al., 1993; Wyattet al., 1992;
stopped by adding 2@L of sample loading buffer and  Yang & Nash, 1994). 4-thioU is a very useful photoacti-
analyzed on a denaturing gel. The digestion product wasvatable probe which has been widely used to study RNA

Large Scale Preparation and Enzymatic Digestion of the
RNA-Peptide Cross-Link

Experimental Design
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Sontheimer & Steitz, 1993; Wollenzien al., 1991). 4-thioU

can be photoactivated at wavelength800 nm to form

covalent cross-links to both RNA and proteins by a free s
radical mechanism (Brimacomlet al., 1988; Dos Santos Tat@ers - - -
et al, 1993). Chemical synthesis of long oligoribonucle- R A
otides, such as 29-base TAR RNA, is still not very efficient. 1 2 34 5

To circumvent this problem, two short oligoribonucleotides @ -RPXL

were synthesized and annealed together to form a duplex - w ~R-RXL

RNA that contained the trinucleotide bulge to create a

structure similar to the Tat binding site in TAR RNA (Hamy

et al, 1993; Pritcharet al, 1994; Sumner-Smitat al, 1991). aeeee— -~

The duplex TAR sequence contained wild-type residues from Ficure 2: Cross-linking reactions of TAR RNA duplex labeled
C17 to C31. Flanking residues were added to achieve with 4-thioU at position 23. Strand 1 was labeled Wit at the
efficient annealing (Figure 1). Because U25 can be replacedggg“g;na”g%agse?irﬁ%? C?OrgE'Cetg‘\e,\:‘;rse”%”s%hz/ég“gnug/ %(?/gigﬁdl ;‘t
with C or a propyl linker without t_he Tat binding being mide—8 M urea gel an?j visualized by autoradiography: Ianeyl,
affected (Churcheet al, 1993; Dellinget al, 1992), we  duplex RNA without irradiation; lane 2, duplex RNA with
substituted U25 with C in our duplex TAR RNA constructs. irradiation; lane 3, duplex RNA with 1 mM-Arg and no
Therefore, strand 1 in our model duplex contained only one irradiation; lane 4: duplex RNA irradiated with 1mMArg; lane

Pyn ; ; 5, duplex RNA with Tat(38-72) and no irradiation; and lane 6,
uridine, U23, in the RNA sequence. Three different duplex duplex irradiated in the presence of Tat3R). The RNA-RNA

TAR. RNA constructs with a sing[e 4-thioU '_'eSidue at cross-link and RNA-Peptide cross-link are indicated byR XL
positions 23, 38, or 40 were synthesized. Labeling of strand and R-P XL, respectively.

1 with 4-thioU at position 23 was accomplished during the

transcription reaction in the presence of 4-thioUTP. Site- of L-arginine did not significantly change the RNA confor-
specific incorporation of 4-thioU at position 38 or 40 in mation.

strand 2 was carried out by chemical synthesis of RNA using

triazolouridine phosphoramidite as a precursor of 4-thioU Duplex TAR RNA Labeled with 4-thioU at U23 Forms a
(Shahet al, 1994). Chemical syntheses of RNA, deprotec- Cross-Link with a Tat Fragment

tion, characterization, and purification were performed as

structure (Doing et al, 1994; Dos Santogt al., 1993; %’

+

o+ +

described earlier (Shat al, 1994). After formation of a The concentrations of TAR RNA and the Tat peptide
duplex TAR structure, UV irradiation (360 nm) was used employed for cross-linking reactions were 0.5 and £\
for short periods of time to create interstrand RNRNA respectively. Under these conditions, electrophoretic mobil-

and RNA—protein cross-links. RNARNA cross-links were  ity-shift assays revealed (data not shown) only one slow-
purified by 8 M urea-20% acrylamide gel electrophoresis, migrating RNA—peptide complex, indicating the absence of
and cross-link sites were mapped by RNA sequencing. other nonspecific RNApeptide complex formation (Church-
eret al, 1993; Wang & Rana, 1995). Strand 1 of the duplex
Duplex TAR RNA Labeled with 4-thioU at U23 Forms an TAR RNA labeled at its 5end with32P was incubated with
Interstrand RNA-RNA Cross-Link upon UV Irradiation the Tat peptide for 15 min in 25 mM Tris (pH 7.4) and 100
mM NaCl and UV irradiated with 360 nm light (see
The strand 1 of duplex TAR RNA was labeled atits 5  Experimental Procedures). Products of the photoreaction
end with3?P and annealed to its complementary strand as were analyzed by denaturing 8 M urea PAGE (Figure 2).
described in Experimental Procedures. The concentrationsjrradiation of the RNA-peptide complex yields a new band
of strand 1 and strand 2 were 0.5 and QuR&, respectively.  with electrophoretic mobility less than that of strand 1 and
Duplex formation was confirmed by nondenaturing gel the RNA-RNA cross-link (Figure 2, lane 6). Both the
electrophoresis showing a slow-migrating band, indicating peptide and UV irradiation are required for the formation of
that a complete duplex was formed under these conditionsthis cross-linked RNA-protein complex. This is shown by
(data not shown). Duplex RNA was UV irradiated with 360  the fact that this cross-linked product is observed only when
nm light and electrophoresed on denaturing 8 M urea gels RNA s irradiated in the presence of Tat peptide (lane 6),
(Figure 2). Irradiation of duplex TAR RNA yields an and no cross-link is formed with peptide in dark without
interstrand RNA cross-link with electrophoretic mobility less v irradiation (lane 5). The formal possibility that the new
than that of strand 1 RNA (Figure 2, lane 2). The efficiencies mobility is due to an alternative RNARNA cross-link is
of the photo-cross-linking reactions were very higi#5%. ruled out by experiments presented below (Figure 3). The
It has been suggested by competition, chemical interfer- products of irradiation were also analyzed on a denaturing
ence, and NMR experiments that free arginine interacts with sodium dodecyl sulfate (SDS)15% polyacrylamide gel.
TAR RNA in a manner similar to that of arginine in the Again, a photoproduct with electrophoretic mobility less than
context of short Tat peptides (Aboul-edaal., 1995; Puglisi that of TAR RNA was observed which was dependent on
et al, 1992, 1993; Tan & Frankel, 1992; Tao & Frankel, the presence of RNA and peptide (data not shown). The
1992). To determine the effect af-arginine on the photoproduct yield is¢90% as determined by a phosphor
conformation of RNA, we carried out the photo-cross-linking image analysis. Since the cross-linked RNA-peptide com-
reaction in the presence of 1 mMarginine (Figure 2, lanes  plex is stable to alkaline pH (9.5), high temperature {83,
3 and 4). The electrophoretic mobilities and the yields of and denaturing conditions (8 M urea, 2% SDS), we conclude
the cross-link products were unchanged in the presence orthat a covalent bond is formed between TAR RNA and the
absence of arginine. These results show that the additionpeptide during the cross-linking reaction.
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Ficure 3: Determining the effect of Tat peptide on the RNA
RNA cross-linking reaction of TAR RNA duplex containing 4-thioU
at position 23. Photoreactions of the duplex containirgfB-end-
labeled strand 2 (lanes—4): lane 1, duplex RNA without
irradiation; lane 2, duplex RNA with irradiation; lane 3, duplex
RNA with Tat(38-72) and no irradiation; and lane 4, duplex RNA
irradiated in the presence of Tat(382). Photoreactions of the
duplex containing 5%2P-end-labeled strand 1 (lanes 8): lane 5,
duplex RNA without irradiation; lane 6, duplex RNA with
irradiation; lane 7, duplex RNA irradiated in the presence of Tat-
(38—72); and lane 8, duplex RNA irradiated in the presence of
Tat(38-72) and the sample treated with proteinase K for 15 min
at 55°C. RNA—RNA and RNA—protein cross-links are indicated
as XL.

- +~ XL

<+ Strand 1 RNA
+ Strand 2 RNA

Formation of an RNARNA Cross-Link by 4-thioU at
U23 Ocecurs in the Absence of Tat

To confirm that TAR RNA changes its conformation in
the presence of Tat fragment and that there are no RNA
RNA cross-link products formed, we prepared two duplex
TAR RNAs containing labeled strand 1 or strand 2 of the
duplex at the 5end with 3P and UV irradiated in the
presence and absence of Tat(32). Results of these
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Ficure 4: Cross-linking reactions of TAR RNA duplex modified
with 4-thioU at position 38 (A) or position 40 (B). 4-thioU
containing strand 2 was labeled wit#P at the 5end, annealed to

its complement strand 1, and UV irradiated at 360 nm. Cross-linked
products were resolved on a 20% acrylami@eM urea gel and
visualized by autoradiography: lane 1, duplex RNA without
irradiation; lane 2: duplex RNA with irradiation; lane 3, duplex
RNA irradiated with 1 mML-Arg; lane 4: duplex RNA with Tat-
(38—72) and no irradiation; lane 5: duplex irradiated in the presence
of Tat(38-72); lane 6, duplex RNA irradiated in the presence of
Tat(38-72) and the sample treated with proteinase K for 15 min
at 55°C. RNA—RNA and RNA—protein cross-links are indicated
by XL.

than that of strand 2 RNA were observed when these duplex
RNAs were irradiated (Figure 4). The efficiencies of the
photo-cross-linking reactions were very high50%) when
4-thioU was placed at U40 as compared to when it was
placed at U38 which cross-linked with lower efficiencies.
The effect ofi.-Arg on TAR RNA folding was determined

by performing UV cross-linking reactions in the presence
of 1 mM L-Arg or L-argininamide. Apparent electrophoretic
mobilities and the yields of the cross-link products were

experiments are shown in Figure 3. When strand 2 of the Unaffected by the presence of arginine (lane 3, Figure 4A,B).

duplex was labeled, an RNARNA cross-linked product was

These results show that the additionwsérginine did not

formed in the absence of Tat peptide (lane 2). There was Significantly change the RNA conformation.

no RNA—RNA cross-link product observed after the addition

RNA—protein cross-links were observed when these two

of the Tat peptide to the duplex (lane 4). When strand 1 of duplex RNAs were irradiated in the presence of a Tat peptide

the duplex was labeled, both the RNRNA and RNA-

(38—72). Strand 2 of the duplex TAR RNA labeled at the

protein cross-links were observed, as expected (lanes 6 and -eNd With **® was incubated with the Tat peptide for 15

7). Proteinase K digestion of the RN#rotein cross-link

min in 25 mM Tris (pH 7.4) and 100 mM NaCl and UV

resulted in a new band on the gel migrating slower than the irradiated with 360 nm light (see Experimental Procedures).

free RNA and faster than the RNARNA and RNA—protein

Products of the photoreaction were analyzed by denaturing

cross-links (lane 8). From these results, we conclude that8M urea PAGE (Figure 4). Irradiation of the RN/peptide
RNA—RNA cross-link formation occurs in the absence of complex yields a new band with electrophoretic mobility less

Tat protein, the protein forms a cross-link with strand 1 (4-
thioU containing RNA), and an RNAprotein cross-link is
the only photoproduct in the presence of Tat protein.

TAR RNA Labeled with a Single 4-thioU at either U38 or
U40 Forms RNARNA and RNAprotein Cross-Links

4-thioU at position U38 or U40 was incorporated into

strand 2 of the duplex during chemical syntheses of RNA A,B).

as described earlier (Sha# al, 1994). The strand 2 of
duplex TAR RNA was labeled at theé-Bnd with 3?P and

annealed to its complementary strand as described inobserved on the gel.

than that of strand 2 and the RNARNA cross-link (Figure

4 A,B, lane 5). Both the peptide and UV irradiation are
required for the formation of this cross-linked RNArotein
complex since no cross-link is formed with peptide in the
dark without UV irradiation (lane 4, Figure 4 A,B). Pro-
teinase K digestion of the RNAprotein cross-link resulted

in a loss of RNA-protein cross-link and a gain in free RNA
as observed by band intensities on the gel (lane 6, Figure 4
As shown in Figure 4A (lane 6), proteinase K
digestion of the RNA-protein cross-link with 4-thioU at U38
was complete and no remaining RNArotein complex was
On the other hand, proteinase K

Experimental Procedures. The concentrations of strand 1digestion of RNA-protein cross-link with 4-thioU at U40

and strand 2 were 0.75 and QuM, respectively. Duplex

left a remaining band corresponding to an RNRNA cross-

formation was confirmed as described above. Duplex RNAs linked complex (Figure 4B, lane 6). Further confirmation
were UV irradiated with 360 nm light and electrophoresed that this remaining band is indeed an RNRNA cross-

on denaturing 8 M urea gels (Figure 4). Interstrand RNA
RNA cross-link species with electrophoretic mobility less

link in the presence of Tat is demonstrated by experiments
presented below (Figure 5B).
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Ficure 5: Determining the effect of a Tat fragment on the RNA
RNA cross-linking reaction of TAR RNA duplex labeled with
4-thioU at position 38 (A) or position 40 (B). Strand 1 of the duplex
was 3-end-labeled witt#2P in these experiments: lane 1, duplex
RNA without irradiation; lane 2, duplex RNA with irradiation; lane
3, duplex RNA with Tat(38-72) and no irradiation; and lane 4,
duplex RNA irradiated in the presence of Tat{38). RNA—RNA
cross-links are indicated by XL.

Effect of Tat on RNARNA Cross-Link Formation

To further elucidate the effect of a Tat fragment on TAR
RNA folding, we prepared two duplex TAR RNAs contain-
ing a single 4-thioU at either position 38 or 40, labeled strand
1 of the duplex at the'send with32P, and UV irradiated the
sample in the presence and absence of Tat{@. Since
strand 1 is end-labeled in these experiments, only RNA

Wang and Rana
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Ficure 6: Mapping of the cross-linked base in the RNRNA
cross-linked complexes by alkaline hydrolysis. (A) Analysis of the
RNA—RNA cross-link containing 'send-labeled strand 2 in the
duplex modified with 4-thioU at position 23B. cereudadder of
strand 2 RNA (lane 1), hydrolysis ladder of strand 2 RNA (lane
2), hydrolysis ladder of the RNARNA cross-link (lane 3), and
hydrolysis ladder of the RNARNA cross-link in the presence of
L-Arg (lane 4). The sequence of the strand 2 of the duplex TAR
from U34 to U40 is labeled, and a gap in the sequence is obvious
after the C39 residue, indicating that U40 is the cross-linked base.
(B) Sequencing of the RNARNA cross-link containing 'send-
labeled strand 1 in the duplex modified with 4-thioU at position

RNA cross-link products can be seen on the gel. Results of38: B. cereudadder of strand 1 RNA (lane 1), hydrolysis ladder
these experiments are shown in Figure 5. When strand 1 ofof strand 1 RNA (lane 2), and hydrolysis ladder of the RNA

the duplex containing 4-thioU at position 38 in TAR RNA
was labeled, an RNARNA cross-link product was formed

RNA cross-link (lane 3). The sequence of the strand 1 of the duplex
TAR from C16 to C25 is labeled, and a gap in the sequence is
obvious after the C25 residue, indicating that G26 is the cross-

in the absence of Tat peptide (Figure 5A, lane 2). There |inked base. (C) Sequencing of the RNRNA cross-link contain-

was no RNA-RNA cross-link product observed after the
addition of the Tat peptide to the duplex (Figure 5A, lane
4). When strand 1 of the duplex containing 4-thioU at
position 40 in TAR RNA was labeled, RNARNA cross-

ing 5-end-labeled strand 1 in the duplex modified with 4-thioU at
position 40: hydrolysis ladder of strand 1 RNA (lane 1), hydrolysis
ladder of the RNA-RNA cross-link (lane 2), hydrolysis ladder of
the RNA-RNA cross-link in the presence af-Arg (lane 3),
hydrolysis ladder of the RNARNA cross-link in the presence of

links were observed in the presence and absence of Tathe Tat fragment (lane 4), arl cereusadder of strand 1 RNA

peptide (Figure 5B, lanes 2 and 4). However, the yields of (lane 5). The sequence of the strand 1 of the duplex TAR from
the RNA—RNA cross-link were reduced by the addition of gf%gtaggf’;ﬁéage'zd- ﬁ‘] %ﬁ‘ér?sisi'e”ntchee igaggJigtL?:SE;%lelf t%%"'ggi
Tat, as expected _(Flgure 5B, Ian_e 4). _From these reSUItS'residue, ihdicatinggthpat C24 ang C25 were the cross-link sites.
we conclude that (i) for a duplex with 4-thioU at U38, RNA  quantitation of band intensities in the hydrolysis ladder revealed
RNA cross-link formation occurs only in the absence of Tat that~70% of the cross-linking reaction occurs at C24.
protein and (ii) for a duplex with 4-thioU at U40 RNA
RNA cross-linking takes place in the presence and absencen the presence of arginine was purified and sequenced as
of Tat protein. described above. This cross-link also showed a specific gap
in the hydrolysis ladder after C39, indicating that the cross-
link site was U40 (Figure 6A, lane 4). Thus, we conclude
(i) 4-thioU at U23 Cross-Links to U40.To locate the that 4-thio-U23 forms an interstrand cross-link with U40 in
cross-link site in this RNA-RNA cross-link, we labeled the  the TAR RNA duplex in the presence and absence of
strand 2 (complementary to the 4-thioU-containing strand) L-arginine.

of the duplex with3?P at the 5end, UV irradiated, and i . . .
e it o el (i) 4-thioU at U38 Cross-Links to G26.To determine
purified the cross-link by denaturing gels. The cross-link the cross-link site in this RNARNA cross-link, we labeled

site was mapped by partial RNAse digestion and alkaline k o
PP y P g the strand 1 (complementary to the 4-thioU-containing

hydrolysis of the gel-purified cross-link. As shown in Figure o g !

6A, base hydrolysis of the cross-link produces an RNA ladder Strand) of the duplex witf?P at the Send, UV irradiated,
in which all fragments up to C39 are resolved. There is an Purified, and sequenced as described above. As shown in
obvious gap in the hydrolysis ladder after C39, indicating Figure 6B, base hydrolysis of the cross-link produces an
that U40 is the cross-linked base on strand 2 of the TAR RNA ladder in which all fragments up to C25 are resolved.
RNA duplex (Figure 6A, lane 3). Base hydrolysis of non- There is an obvious gap in the hydrolysis ladder after C25,
irradiated RNA duplex showed no gaps in these positions, indicating that G26 is the cross-linked base on strand 1 of

Mapping the RNARNA Cross-Links

including U40 in the sequence (Figure 6A, lane 2).

To determine the effect of-arginine on TAR RNA
folding, we carried out the cross-linking reaction in the
presence of 1 mM-arginine. The RNA-RNA cross-link

the TAR RNA duplex (Figure 6B, lane 3). Base hydrolysis
of nonirradiated RNA duplex showed no gaps in these
positions, including G26 in the sequence (Figure 6B,
lane 2).
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Ficure 7: RNA—RNA cross-linking of the TAR duplex modified

with 4-thioU at U23 (A) or U40 (B). RNA duplexes were irradiated

for the indicated times and separated on a denaturing gel. Single-

stranded and the cross-linked RNA are shown as RNA and XL, ©
respectively.

(i) 4-thioU at U40 Cross-Links to C24 and C25[o map
the cross-link site in this RNARNA cross-link, we labeled
the strand 1 (complementary to the 4-thioU-containing
strand) of the duplex witR?P at the 5end, UV irradiated,
purified, and sequenced as described above. These experi-
ments showed that there was one major and one minor cross-
link site. As shown in Figure 6C, the major stop in the

hydrolysis ladder was after U23, indicating that C24 is the i . .

. . . Ficure 8: Specificity of Tat binding to an RNARNA cross-link
cross-linked base.. A_complete gap |n_the hydrolysis Igdder formed by 4-thioU at position 40 determined by competition assays.
occurs after C24, indicating that C25 is also'a cross-linked competition experiments were performed in AID volumes and
base on strand 1 of the TAR RNA duplex (Figure 6C, lane contained 0.5M end-labeled cross-link RNA, 0.6M Tat(38-

2). Quantitation of band intensities in the hydrolysis ladder 72), and increasing amounts of wild-type TAR (A) or a mutant

0 _linki ; i TAR duplex (B). Concentrations of the competitor RNA in lanes
E?;/Ealed thatz70% of the cross-linking reactions invlove 1-6 were 0, 0.5, 1.0, 1.5, 2.0, and 281, respectively. Binding

. experiments were carried out in TK buffer. After addition of 10
To determine the effect of Tat andArg on RNA—RNA uL of 30% glycerol, RNA-protein complexes were resolved on a
cross-linking, we carried out the cross-linking reaction in nondenaturing 8% acrylamide gel. (C) Quantitative analysis of

the presence of 1 mibarginine on-argininamide. RNA-  Sonpeltin, sOuimens, The fecion o Mo e Suhepuce
sequencing results ShF’.Wed that the cross-linked §|tes Werey, E)?perimental Proceduregfl wilg-type TA?R RNA?/competitor
unchanged by the addition of Tat fragment.earg (Figure and Q) bulgeless mutant TAR RNA.

6C, lanes 3 and 4). Thus, we conclude that C24 is the major

cross-link site which is unchanged by the addition of Tat or trinucleotide bulge) does not compete as efficiently. There-

% RNA-protein complex

Competitor RNA (uM)

L-Arg. fore, we conclude that the cross-linked TAR RNA with
4-thioU at U40 forms a specific RNAprotein complex with
Kinetics of RNA-RNA Cross-Link Formation Tat(38-72). Remarkably, Tat protein can recognize a TAR

: . . RNA structure containing an interrupted bulge which is
t.TO ;‘urtth(;ar ghclslracter[ze the fgldtmg 9f -l(—jAtﬁ RtNA "; the formed by a covalent link between U40 and two bulge
rinucleotide bulge region, we determined the time depen- o405 ‘Cc24 and C25.

dence of two cross-linking reactions of RNA containing a
single 4-thioU at position 23 or 40. Results of these Bi
experiments are shown in Figure 7. Photo-cross-linking
reactions between two strands of TAR RNA were dependent
on time of irradiation. The yields of cross-linked RNA
species were increased with an increase in time of irradiation
(Figure 7). After 20 min, there was no further increase in
the cross-link yields. The rate of cross-linking reaction for
a duplex containing 4-thioU at position 40 was approximately
2 times faster than for a duplex with 4-thioU at position 23.

Cross-Linking Occurs at Amino Acid(s) in the Basic RNA-
nding Region of Tat
To identify the amino acid(s) of Tat which is involved in
specific cross-linking with TAR RNA, a cross-linked RNA
peptide complex with RNA labeled at U23 with 4-thioU was
prepared in preparative scale (see Experimental Procedure)
purified from non-cross-linked TAR RNA by denaturing gels,
and digested with trypsin and chymotrypsin. The digestion
products were purified by 8 M ure&20% acrylamide gels
and visualized by autoradiography. We carried out chymot-
Cross-Linked TAR RNA with 4-thioU at Position 40 ryptic dbige(sjtiont?]n thel Rl_\tlr;?cplrottein (;]rosstjlink V\t/)hl'?h gl'a\;]etl

; . Rindi o a new band on the gel with electrophoretic mobility slightly
Retains Specific Tat-Binding Actly faster than that of the cross-link but slower than that of the

As shown in Figure 5B, a duplex with 4-thioU at U40 free RNA (data not shown). We recoveree200 pmol

forms an RNA-RNA cross-link in the presence of Tat quantities of a chymotryptic fragment of the cross-link, and
fragment. To determine whether this cross-linked RNA is subjected it to N-terminal sequencing. The amino acid-
representative of the native conformation, we measured thesequencing data showed that it had a sequence of Gly-Arg-
specific binding affinities of the cross-linked TAR RNA for  Lys-Lys-Arg-Arg-Gin-Arg-Arg-Arg-Pro-Pro-GIn. This se-
Tat(38-72). The RNA-RNA cross-link was gel purified, = quence matches residues—40 of Tat protein. Protein
renatured, and incubated with Tat(382) fragment. The  sequence analyses did not identify a nonstandard amino acid
specificity of the protein binding to the cross-linked RNA cycle which might be obtained from a covalently modified
was established by competition experiments. Competition residue. This is not an unexpected result due to the length
by wild-type and a mutant TAR RNA with the cross-linked of the fragment and relatively harsh conditions of peptide
RNA-peptide complex is illustrated in Figure 8. The wild- sequencing which could result in the destruction of the cross-
type TAR RNA competes efficiently for binding with the link between the peptide and RNA (Musier-Forsyth &
radiolabeled probe, while a mutant TAR RNA (lacking the Schimmel, 1994).
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Ficure 9: Proposed model for TAR RNA folding in the absence
and presence of Tat. U23 of free TAR RNA is in close contact
with U40. U40 is in close proximity to C24 and C25 both in free
TAR RNA and in a complex with Tat. This does not imply that
bases are hydrogen-bonded. In the prot&iNA complex, U23 is
closer to G26 than in free RNA (Aboul-e& al, 1995; Puglisiet

Wang and Rana

notion that the A22J40 base pair does not exist in free TAR
RNA (Aboul-elaet al, 1995; Colvin & Garcia-Blanco, 1992).
However, it has been suggested that the AR base pair

is stabilized in the presence of Tat (Aboul-ghal, 1995;
Colvin & Garcia-Blanco, 1992). Our cross-linking experi-
ments using 4-thioU modification at U40 showed that, in
free TAR—RNA and the Tat TAR complex, U40 interacts
with C24 and C25 in the bulge region. Our data further
show that the creation of an interrupted bulge by a cross-
link formation between U40 and C24/C25 does not perturb
the RNA structure recognized by Tat. These results strongly
suggest that a stable A2240 base pair is not necessary in
a Tat-TAR complex. We propose that, in free TARNA

and Tat-TAR complex, U40 is positioned in the trinucle-
otide bulge region and not base-paired with A22.

We do not see any RNARNA cross-link in the presence
of Tat when TAR RNA was labeled with 4-thioU at position
23. The most logical conclusion is that an amino acid from
the Tat sequence contacts U23 in the major groove of RNA
and photoreacts with very high efficiencies. Another possible
explanation is that the guanidinium group of an arginine from
the Tat peptide interacts with G26 and draws U23 upward
(Aboul-elaet al, 1995; Puglisiet al, 1992). Therefore, the
inhibition of the RNA-RNA cross-link in the presence of
Tat could be the result of both U23 displacement and efficient
photoreaction between U23 and the interacting amino acid.

Between the trinucleotide bulge and the loop region

al, 1992). Relative placement of C24 and C25 is derived from our (residues G26C29), TAR RNA has an A-form double helix
cross-linking data. Residues shown in black are the cross-linked (Apoul-elaet al, 1995; Puglisiet al, 1992, 1993). In free

bases. Hydrogen bonds between base pairs are drawn as solid line

two for A-U and three for GC.

Trypsin digestion was used to infer the site of the cross-
link in the Tat protein. Trypsin cleaves after Arg and Lys
residues in a polypeptide chain. One or two amino acids
covalently attached to RNA would have a negligible effect
on the mobility of RNA. Treatment of the RNAprotein
cross-link with trypsin resulted in a digestion product with
electrophoretic mobility similar to that of free RNA (data
not shown). If cross-linking reaction involves one of these
amino acids in the arginine rich RNA-binding domain {49
57), trypsin cleavage would yield an RNA linked to one or
two amino acids. This product would migrate with electro-
phoretic mobility similar to that of free RNA. This provides
direct evidence that ©of U23 in the major groove of TAR
RNA contacts the basic RNA-binding region of Tat protein.

DISCUSSION

We have used a site-specific cross-linking strategy to
determine free TAR RNA conformation in solution and
during its interactions with Tat protein. Our results establish
four important conclusions about FatAR structure. (1)
U23 of free TAR RNA is in close contact with U40. (2)
U40 is in close proximity to C24 and C25 both in free TAR
RNA and in a complex with Tat. (3) Tat protein directly
contacts U23, U38, and U40 in the major groove of TAR
RNA. (4) Tat protein can recognize a TAR RNA structure
containing an interrupted bulge which is formed by a covalent
link between U40 and two bulge residues, C24 and C25. In
light of our results, we suggest a model for TAR RNA
(Figure 9). In free TAR RNA, U23 clearly interacts with
U40. This precludes interaction of U40 with its comple-

TAR RNA, 4-thioU at U38 photoreacts with G26, although

U38 is base-paired with A27. These data show that the
cross-linking reaction depends upon the orientation and the
efficiency of photoreaction between two bases in close
proximity. In this case, the photoreaction between 4-thioU
at U38 and functional groups of G26 is more efficient than
those of A27. This finding could be explained by the
inherently lower photoreactivity of adenosine. The addition
of Tat completely abolished this RNARNA cross-link
formation, and only RNA-protein cross-link was observed.
The latter is likely due to efficient photoreaction between
U38 and the interacting amino acid, as observed in U23-
modified RNA.

The sites of the RNARNA cross-link and yields were
not significantly affected by addition of-Arg or L-
argininamide. The finding that a single Arg at very high
concentrations was unable to abolish RNRNA cross-link
formation is probably due to weak binding of Arg to TAR
RNA (K4 ~10°2 M) and a fast exchange rate in the TAR
Arg complex.

Our findings presented here provide new insights into
tertiary folding of TAR RNA and its interaction with Tat
under physiological conditions. These studies are crucial
for understanding the mechanism of gene regulation in HIV-1
and designing new drugs to inhibit FatAR complex
formation.
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