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ABSTRACT. The Human Immunodeficiency Virus type 1 Tat protein interacts specifically with a U-rich
bulge within an RNA stemtloop known as thérans-activation responsive region (TAR) that occurs in

all viral transcripts. We have photochemically cross-linked to Tat peptide {3y, a model TAR duplex
substituted at bk in the bulge by 4-thioU. We have identified the cross-linked amino acid a% Arghe

basic region of the Tat peptide by use of a combination of proteolytic digestions and MALDF mass
spectrometric analysis. The identification also required use of a synthetic Tat peptide containing a site-
specific, uniformly3C and*®N isotopically labeled arginine. We also describe a new chemical procedure
for obtaining site-specific cross-links to Tat via the use 'gf-&lanyl U-substituted TAR and the amino-
specific reagent dithiobis(succinimidyl propionate) 32 -functionalized TAR was shown to cross-link
uniquely to Ly$! in the basic region of Tat, whereas other sites in the upper and lower stems of TAR
(Uss, Usg, and Uip) showed cross-linking only to the N-terminus of Tat peptide<32). Uy cross-
linked to both Ly8' and the N-terminus of the peptide. The results help to establish a preliminary model
of the binding of Tat peptide to the major groove of TAR RNA.

How proteins recognize RNAs is still poorly understood Ll . W aN gV o, oW
(for reviews see refs 1 and 2). One important class of RNA N [ovs | come |masc]| an | exonz |
protein interaction is that which occurs between highly basic
domains of proteins and RNA duplexes containing bulged Tatpopde 3772 SFITKALGISYGAKKARQRRRPPGGSGTHQVSLOK
residues, as exemplified by the interaction of the Human
Immunodeficiency Virus type 1 (HIV-1)transactivator 2
protein Tat with its RNA recognition sequence, tinens ‘AG CCAG-A'U UG AGCAGC
activation responsive region TARThis interaction triggers LJCGGUCU ——CUCGUCE
a trans-activation process involving host cellular factors

lower stem upper stem

which results in alteration of the e!ongatlon properties of Ficure 1: (a) Regions of the HIV-1 Tat protein and sequence of

the nascent RNA polymerase transcription complex. Whereasie T4t peptide (3772). (b) Structure of the HIV-1 TAR synthetic

in the absence of Tat HIV transcripts are prematurely model duplex containing the U-rich bulge. Filled circles denote

terminated, they become full length when Tat levels tBe ( phosphates in TAR which are seen to be protected in ethylation
The RNA recogriion sequence TAR s  69esidue RNA Nelerece s ire sbstur b et eplosponat

stem-loop which is found at thé-Bnd of all HIV ranscripts.  gio'crcial to Tat recogn%ionle, 20 and which is substituted by

Tat binds to TAR in vitro with high affinity 4—7). HIV-1 4-thioU (36 and this work

Tat is an 86-102 amino acid protein with varying C-terminus

depending on the type of isolate. Only the first 72 residues (I), a cysteine-rich region (ll), a sequence-conserved hydro-

are required for biological activity, and these can be sub- phobic core (lll), a highly basic region that also contains a

divided into five regions (Figure 1a): an N-terminal section nuclear localization signal (IV), and a glutamine-rich se-

guence (V). The three-dimensional structure of HIV-1 Tat
* To whom correspondence should be addressed. Email: mgait@ is not known, but preliminary NMR8), molecular modeling

mrc-Imb.cam.ac.uk. (9), and spectroscopic studies0f have suggested that the

* Medical Research Council. . . .
s Ribozyme Pharmaceuticals Inc. basic region has a flexible extended structure whereas the

1 Abbreviations: EEDQ2, ethoxy-1-ethoxycarbonyl-1,2-dinydro- flanking core and glutamine-rich regions may form more
quinoline; Fmoc, 9-fluorenylmethoxycarbonyl; HOBt, hydroxybenzo- pronounced structural domains that influence the overall
triazole; HPLC, high-performance liquid chromatography; MAEDI folding of Tat
TOF, matrix-assisted laser desorption ionization/time-of-flight; PAGE, - L . .
polyacrylamide gel electophoresis; TARans-activation responsive Because of difficulties in obtaining Tat in properly folded
element; TEA, triethylamine. form, most in vitro studies have centered on Tat peptides.
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Peptides spanning the basic region of Tht,(12, or the the direction from lower TAR stem to upper TAR stem and
basic and glutamine-rich region$3-15), bind TAR with loop.
high affinity. However, to obtain the full specificity of the A complementary and potentially more powerful approach
Tat—TAR interaction, a larger region of Tat is required that is to introduce a specific modification on the TAR RNA and
includes the hydrophobic core. For example, Tat peptide to cross-link to an unmodified Tat peptide. Advances in
(37—72) includes most of the core and glutamine-rich regions RNA chemistry are now such that it is possible for a range
in addition to the basic region (Figure 1a) and mimics in of RNA positions to be functionalized and cross-linkable
competition binding experiments more closely the ability of groups attached to see which RNA modifications are
Tat protein to distinguish mutant TARs from wild-type than tolerated by the peptide without significant loss of RNA
those peptides containing the basic region aldie (7). binding. Recently, we developed a new procedure for the
The region of TAR recognized by Tat is near the apex incorporation of trisubstituted pyrophosphate (tsp) analogues
and contains a three-residue U-rich bul§e . Mutation to replace individual phosphate residues in TAR RNA model
of Uz in the bulge, or either of the two base pairs above the duplexes and showed that such substitution did not interfere
bulge, leads to a drastic reduction in Tat binding affinity significantly with Tat-TAR recognition 80). Only phos-
(17, 18. Since the apical loop is not required for Tat phatesin TAR expected to be in close proximity to Tat were
binding, it can be dispensed with in TAR model$( 20. sites where tsps reacted readily with Tat peptide«32).
Such model TAR duplexes (e.g. Figure 1b) containing singly We found that TAR containing a tsp at site P3® in the
modified base residues have been used by us and others topper stem reacted covalently with the epsilon amino group
identify a number of base functional groups essential to Tat of a lysine residue in the basic region of Tat and identified
binding. These are the™™ositions of Gg and Ay in the this residue as Ly$ by MALDI —TOF mass spectrometry
two base pairs above the bulge and the @nd N—H- and enzymatic digestion methods. This was the first example
positions of Yz in the bulge 19, 20. In addition, ethylation of identification of a cross-linked amino acid in Tat to a TAR
interference 20, 21 and methylphosphonate substitution analogue.
analysis 22) have led to the identification of a number of A better known RNA-protein cross-linking strategy
phosphate residues important to Tat binding, two on one involves the introduction of 4-thioU and other thiolated bases
strand (P2%+22 and P22-23) and five on the other strand into RNA (31). Such bases may be photochemically cross-
(P36-37 to P40-41) (Figure 1b). Some of these phosphates linked to other RNA sites (for example within ribozymes
are likely candidates for direct interactions with Tat, possibly (32, 33) or to proteins 84, 35. In the case of the Tat
with basic residues such as arginine or lysine, which might TAR interaction, a TAR duplex containing 4-thioU at
account for the large electrostatic contribution to binding position Uz has been photochemically cross-linked to Tat
energy 23). peptide (38-72) (36). The authors were unable to identify
The major groove of TAR in the region of the U-rich bulge the precise position of cross-linking on the peptide by
is much wider than for normal A-type RNA helixes, as conventional peptide sequencing techniques, although there
shown by recent NMR studies of free TAR4). In the were indications that the cross-link might be localized to the
presence of Tat peptide (372) there is a dramatic con- basic domain of Tat.
formational change resulting in considerable narrowing of ~ We now report that we have been able to identify a unique
the major groove 25, 2. The base and phosphate amino acid (Ar§® in the basic region of Tat that is cross-
functional groups on TAR identified by chemical substitution linked to TAR substituted at 4J by 4-thioU. The identifica-
experiments to be important to Tat binding become clusteredtion was made by use of a combination of proteolytic
close to the surface of the duplex on the major groove side digestions and MALD+TOF mass spectrometric analysis
and are available for interaction with Tat. However, the lack of a cross-linked Tat peptide as well as of a Tat peptide
of a defined structural element in free Tat peptide<32) containing a uniformly**C and >N isotopically labeled
and a number of other difficulties have meant that it has not arginine. In addition, we have developed a new chemical
been possible so far to produce an unequivocal structuralprocedure for obtaining site-specific cross-links to Tat via
model of the complex from the NMR data alone, even with the use of 24-alanyl U-substituted TAR and the amine-
the use of isotopic labeling of RNA and peptide (Aboul-ela specific reagent dithiobis(succinimidyl propionate),s2'-
and Varani, personal communication). functionalized TAR was shown to cross-link uniquely to
To obtain information about the proximities of specific Lys® in the basic region of Tat, whereas other sitegs(U
amino acids in Tat to particular RNA residues in TAR, there Usg, and U;) showed cross-linking only to the N-terminus
have been a number of recent reports where Tat peptidesof Tat peptide (3772). Uy cross-linked to both Lyd and
modified at unique positions have been cross-linked to TAR the N-terminus of the peptide. The results help to establish
and the locations of cross-linking on the RNA determined. a preliminary model of the binding of Tat peptide to the
An N-terminal psoralen conjugate of Tat peptide-42 was major groove of TAR.
found to bind specifically to TAR and the psoralen photo-
chemically cross-linked to 4 in the lower stem Z7). MATERIALS AND METHODS

Another psoralen conjugate of Tat (382) to a unique Cy$ Anhydrous solvents and reagents were from Aldrich unless
residue, introduced synthetically to replace &rgcross- otherwise stated and were used without purification. NMR
linked to the TAR apical loop at position3J(28). In spectra were acquired on a Varian Gemini-400 spectrometer

addition, Liu et al. showed that T4frin the core region of  equipped with a Varian 5 mm multinuclear prob# NMR
Tat peptide 4272 could be specifically UV-cross-linked to  spectra were referenced to the internal CH&ignal in the
G2 (29). These types of experiment have suggested thatsamplesé = 7.24 ppm. 3P NMR chemical shifts were
the orientation of the basic region of Tat lies from N to C in referenced to an external 85%MP0, standardy = 0 ppm.
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Synthesis of Tat Peptide (372). The peptide sequence
SFTTKALGISYGRKKRRQRRRPPQSGTHQVSLSKQ
(Cys*” was replaced by Ser to avoid problems with disulfide
formation) was prepared by continuous-flow Fmoc-poly-
amide solid-phase synthesis usikg2-hydroxy-4-methoxy-
benzyl) (Hmb) backbone protection for the addition of Gly
(37—-39).

Synthesis of Fmoc 8C6, U'>N4 Arginine H-L-U*C6
(98%) USN4 (97%) arginineHCl (Cambridge Isotope
Laboratories; 249 mg, 1.13 mmol) was dissolved with stirring

in 10% aqueous (w/v) sodium carbonate solution (4.8 mL)

and dioxane (2.4 mL). After cooling on ice, 9-fluorenyl-
methylchloroformate (310 mg, 1.2 mmol) dissolved in
dioxane (5 mL) was added in portions over 30 min. The
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Flash silica gel chromatography of the residue in 2%
methanol in dichloromethane afforded 1.73 g (74%) of
compound3. *H NMR (DMSO-dg): ¢ 11.40 (d, 1H, N3-
H), 8.01 (d, 1H, 2N—H, J»_ny 8.3), 6.96-7.97 (m, Fmoc,
DMT, NHFmoc), 7.71 (d, 1H, 6-HJss = 8.12), 5.96 (d,
1H, 2-H, Jy»> = 7.8), 5.76 (bs, 1H, '30H), 5.49 (dd,
1H, 5-H, Js—nn 2.08, Js5 = 8.12), 4.69 (m, 1H, 2H),
4.26-4.36 (m, 3H, 3H, CH, from Fmoc), 4.10 (m, 1H,
4'-H), 3.81 (s, 6H, 20Ch), 3.25-3.41 (m, 4H, 5CH,,
CH;NHFmaoc), 2.43 (m, 2H, CKCO).
5'-(O-Dimethoxytrityl)-2deoxy-2-(N-Fmocg-alanyl)ami-
nouridine 3-O-(2-Cyanoethyl-N,N,-diisopropyl)phosphor-
amidite (3-AlaU amidite) (Compound). Compound3 (1.4
g, 1.67 mmol) was dissolved in dry dichloromethane under

mixture was stirred at room temperature for 2 h. Water (20 dry argon. The solution was ice-cooled aNgN-diisopro-

mL) was added dropwise and the mixture cooled t&C4
overnight. The precipitated product was isolated by filtration

pylethylamine (0.63 mL, 3.62 mmol) and 2-cyanoetiyN-
diisopropylchlorophosphoroamidite (0.61 mL, 2.02 mmol)

and washing with cold water until the washings had a pH of were simultaneously added dropwise to a stirred reaction

5—6. The product was dried over potassium hydroxide

solution. Stirring was continuedf® h atroom temperature.

pellets. Yield: 302 mg (65.8%). Reversed phase HPLC The reaction mixture was again ice-cooled and quenched with
analysis (Aquapore 300 C8, monitoring at 215 nm, gradient dry methanol (12 mL). After 5 min of stirring, the mixture

of 10-90% buffer B, 25 min: buffer A is 0.1% TFA
solution; buffer B is 0.1% TFA/acetonitrile (1:9)) showed
approximately 80% in the main peak.

Synthesis of UC6, U'N4-Labeled Aréf Tat Peptide (37

was concentrated in vacuo (4Q) and the product purified

by flash chromatography on silica gel using hexaaeetone

(3:2) with 1% triethylamine mixture as an eluent.
Appropriate fractions were collected and evaporated in

72). This was prepared as for the unlabeled Tat peptide vacuo to give 1.2 g (69%) of phosphoramidit® 4s a white

except that Aréf was coupled off column for 16 h using a
5-fold excess of Fmoc BC6, U™N4 arginine as its hy-
droxybenzotriazolyl (HOBt) ester generated in situ by
reaction with equimolar amounts of PyBOP and diisopro-
pylethylamine and 2 equiv of HOBt iN,N-dimethylforma-
mide (DMF). All subsequent couplings were carried out for

foam. 3P NMR (CDCE): 6 151.80, 150.23.

Synthesis of Oligoribonucleotideligoribonucleotides
were synthesized on auimol scale using a controlled glass
support (CPG) by standard phosphoramidite synthesis with
a PE Applied Biosystems 394 DNA/RNA Synthesizer- 5
O-dimethoxytrityl-2-O-(tert-butyldimethylsilyl)nucleoside'3

1 h using a 20-fold excess of Fmoc amino acid Pfp ester O-(2-cyanoethylN,N,-diisopropyl)phosphoramidites of U,

(Novabiochem) in the presence of 2 equiv of HOBt in DMF
except Gly* which was coupled fo3 h using a 20-fold
excess of bisFmoc(Hmb)Gly OPfp (Novabiochem) and 2
equiv of HOBt in DMF and Let#, which was double coupled
for 2 h using a 20-fold excess of Fmoc Le@Pfp and 2
equiv of HOBt in DMF.
2'-Deoxy-2-(N—Fmoc;$-alanyl)aminouridine (Compound
2). EEDQ (4.2 g, 17 mmol) was added to a solution of
2'-amino-2-deoxyuridine (Dalton Chemical Laboratories,
Inc.; 4 g, 16.45 mmol) antl-Fmoc;-alanine (5.1 g, 16.45
mmol) in methanol, and the reaction mixture was boiled for

Né-phenoxyacetyl (PAC) AN%-isopropylPAC G, and\*
benzoyl C (Glen Research via Cambio) were used in the
coupling reactions. Site-specifically modified oligoribo-
nucleotides were prepared using aFpmp protected
4-thiouridine phosphoramidite obtained from Cruachem or
the g-AlaU amidite described above. Deprotection and
workup of oligoribonucleotides were essentially as described
(30, 40 except for those containing 4-thiouridine, which were
treated with 0.3 M 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
in acetonitrile fo 1 h prior to ammonia deprotection,
similarly to the method previously described5). Then,

2 h. Subsequent flash chromatography on silica using afollowing silyl deprotection using TEAHF-DMF (3:1)

linear gradient of methanol (510%) in dichloromethane
afforded 6 g (77%) of compoun@. 'H NMR (CDCl—
DMSO-dg): 6 10.40 (s, 1H, N3-H), 6.98-7.63 (m, 6-H,
Fmoc), 6.16 (t, 1H, NHFmoc), 5.73 (d, 1H-#, Jy » =
8.4), 5.34 (d, 1H, 5-H), 4.22 (m, 1H,-#1), 3.98 (dd, 2H,
CH, from Fmoc), 3.88 (m, 1H,'3H), 3.77 (br s, 1H, 4H),
3.43 (m, 2H, 5CH,), 3.1 (m, 2H, CHNHFmoc), 2.07 (t,
2H, CH,CO).
5'-O-Dimethoxytrityl-2deoxy-2-(N-Fmocg-alanyl)ami-
nouridine (Compoun@). To a solution of compound (1.5

(40—42), oligoribonucleotides were precipitated with butan-
1-ol and the single '20-Fpmp group removed by addition
of TEA-3HF—water (1:9 (v/v)) fa 1 h (42). Integrities and
purities of oligoribonucleotides were confirmed by both base
composition analysis and MALBDITOF mass spectroscopy
(42).

Preparation of 3?P-Labeled TAR RNA Duplex Ap-
proximately 500 pmol of the oligoribonucleotide TAR strand
containing the modification for cross-linking was%3pP end-
labeled by reaction witly-2P-ATP and T4 polynucleotide

g, 2.8 mmol) in anhydrous pyridine was added dimethoxy- kinase as previously described3]. The reaction mixture

trityl chloride (1.23 g, 3.6 mmol), and the reaction mixture

was then heated to 9UC for 2 min, and a 1.2-fold molar

was stirred overnight at room temperature. Pyridine was excess of the second (unmodified) TAR RNA strand was
removed in vacuo, and the residue was dissolved in dichlo- added. The solution was allowed to cool t¢@ over 30
romethane and washed with saturated aqueous sodiunmin, and the remaining nucleotides were removed by gel
bicarbonate solution and then brine. The organic layer wasfiltration through a Sephadex NAP 10 column (Pharmacia)
dried over sodium sulfate, filtered, and evaporated to dryness.preequilibrated with ice-cold water.
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Filter Binding Assays Binding reactions42) (250 ulL) the radiolabeled RNA was collected, potassium chloride was
contained 2 nM?P-labeled TAR RNA duplex, 0.4g mL™ added to a final concentration of 20 mM and the RNA
tRNA, 1 ug mL*calf thymus DNA in 1x TK buffer (50 annealed to a 1.2 molar excess of the second (unmodified)
mM Tris—HCI, pH 7.4, 20 mM KCI), and 65000 nM Tat TAR strand by incubating at room temperature for 10 min.
peptide (3772). Reactions were incubated on ice for 60 The solution was then cooled on ice for 5 min and HEPES
min in individual wells of a prewetted 96 well Multiscreen (pH 7.5) added to a final concentration of 50 mM; 20
HA mixed cellulose ester plate (Millipore) and filtered aliquots of the solution were taken and Tat peptide{(32)
simultaneously using a vacuum manifold (Millipore). Each added to a final concentration of 320 nM. The cross-linking
filter well was washed with 208L of ice-cold 1x TK buffer reaction was allowed to proceed for 10 min before the
and dried and the filter punched into scintillation vials with addition of 10uL of loading buffer (7 M urea in x TBE).
the amount of radioactivity retained on each filter being The solution was then applied to a thin (0.5 mm) 20%
determined by liquid scintillation counting. denaturing polyacrylamide (19:1 acrylamidaisacrylamide)

Gel Mobility Shift Assays.Varying concentrations (0 gel and electrophoresis carried out for 1.5 h at 18 mA. The
160 nM) of Tat peptide (3772) were incubated with TAR  gel was dried down under vacuum and the bands visualized
RNA duplex (8 nM) in 20uL of 1 x TK, 0.01% Trition by autoradiography. Quantification of the bands was by
X-100. The solution was incubated on ice for 30 min prior phosphorimager (Molecular Dynamics).

to the addition of SuL of 40% sucrose, 0.1% bromophenol Large-Scale Cross-Linking Reactions fAlaU-Contain-
blue. The mixtures were then applied to a preequilibrated ing TAR Duplexes.A 50 uL solution containing 15:g of
(4 °C) 8% native polyacrylamide gel. Electrophoresis was RNA in 0.1 M sodium phosphate (pH 8.0) was prepared.
for 1 hat4°Cin 0.5x TB (50 mM TrisHCI, 50 mM boric  To this 2.54L of DSP (10 mg/mL in DMF) was added and
acid, pH 8.3), 0.01% Triton X-100 at 25 mA. The gel was the reaction incubated at room temperature for 10 min.
dried down under vacuum and the bands visualized by Excess cross-linking reagent was removed by gel filtration
autoradiography. using a Sephadex NAP10 column preequilibrated with 2 mM
4-Thiouridine Cross-Linking Reactiong\ 100uL aliquot  sodium citrate (pH 5.5). A 50@L fraction was collected
of a solution containing 1ag of 17-mer RNA containing  and concentrated using a centrifugal concentrator (Nanosep,
4-thiouridine at position 23*fU,3) was annealed to a 1.2-  Pall Filtron). The functionalized RNA strand was annealed
fold molar excess of 14-mer RNA by heating to 70 for with a 1.2-fold molar excess of the second (unmodified) TAR
2 min in 1 x TK and allowed to cool slowly to room  RNA strand for 10 min at room temperature in 20 mM KCI.
temperature. The solution was then chilled on ice prior to The solution was then cooled to°€ and HEPES (pH 7.5)
the addition of a 2-fold molar excess of Tat peptide{37  added to a final concentration of 50 mM. A 1@ sample
72). The solution was incubated for a further 20 min before of Tat peptide (3772) was added and the solution incubated
being transferred to a microtiter plate (on ice) and irradiated for a further 10 min. Trifluroacetic acid (TFA) was added
for 5 min at 366 nm using a hand held UV lamp. The to a final concentration of 1% (v/v), and the cross-linked
product was transferred to a microfuge tube, trifluroacetic species was immediately loaded onto a reversed phase HPLC
acid (TFA) added to 1% and injected onto an HPLC column column. Elution and workup were identical to those
(Brownlee SPHERI-5 RP 8 220 4.6 mm) which was eluted  described above for 4-thioU cross-linking.

with a linear gradient of 2650% B over 45 min where Enzyme Digestions of Cross-Linked Produc@hymo-
buffer A was 0.06% (v/v) TFA in water and buffer B was  rypsin, trypsin, endoproteinase LysC (sequencing grades),
0.04% (v/v) TFA in acetonitrile/water (9:1 (v/v)). Theflow 454 pronase were obtained from Boehringer Mannheim.
rate was 0.7 mL min'. Detection of peaks was by means  pjgestions were carried out in 0.1 M ammonium hydrogen
of a dual wavelength detector (Gilson) at 218 and 260 Nnm. ¢arhonate for between 0 and 18 h. Pronase was used at a

Products were collected and evaporated immediately usingfing| concentration of 0.1 mg mtZ, and other proteases were
a SpeedVac (Savant) and the dried material redissolved in;sed at a final concentration of 0.02 mg ML

0.1 M ammonium hydrogen carbonate solution prior to

enzymatic digestion or mass spectral analysis.
4-Thiouridine Cross-Linking Reactions to Amino Acids.

A 2.5 ug sample of*U,3 RNA duplex was prepared in 10

uL of 0.5 x TK buffer. Lysine, glutamine, or argininamide

was added to a final concentration of 5 mM and the solution

incubated for 20 min at 4C. The solution was transferred

to a microtiter plate (on ice) and irradiated for 10 min prior

to desalting by drop dialysis and mass spectral analysis.
Small-Scale Cross-Linking Reactions fBAlaU-Contain-

ing TAR DuplexesA 50 pmol (25uL) amount off?P-labeled

oligoribonucleotide containing-alaU was added to 25L

of 0.2 M sodium phosphate solution (pH 8.0). A b

aliquot of a freshly prepared solution of dithiobis(succinim-

idyl propionate) (DSP, Pierce, approximately 10 mgthL

in N,N-dimethylformamide) was added and the reaction ResyLTS

incubated at room temperature for 10 min. The reaction was

applied directly to a Sephadex NAP10 column preequili-  Synthesis of 4-thioU-Containing TAR Analogues and

brated with ice-cold water. A 258L fraction containing Cross-Linking to Tat Peptide (3772). Wang and Rana were

MALDI-TOF Mass SpectrometrySamples were pre-
pared 1:1 with a solution of 3-hydroxypicolinic acid (50 mg
mL~1) in 60:40 acetonitrile-water containing diammonium
hydrogen citrate (8 mg mtt). We have found these matrix
conditions to be particularly suitable for oligonucleotides and
oligonucleotide-peptide fragments, but in many cases free
peptides released by degrading enzymes are not seen. Where
necessary, samples were desalted by drop dialysis against
water using Millipore VS 0.02am filters. Calibration was
by means of either an internal RNA standard or external
peptide standards (PerSeptive Biosystems). Spectra were
recorded using a Voyager DE mass spectrometer (PerSeptive
Biosystems) in positive ion mode using an accelerating
voltage of 25 000 V and a pulse delay time of 450 ns.
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able to incorporate 4-thioU into a TAR model duple36),
where 4-thioU-containing oligoribonucleotides were prepared
either by transcription techniques or by chemical synthesis
using a convertible nucleoside approad#)( They showed
that a TAR model duplex containing 4-thioU at position 23
became cross-linked togwhen irradiated at 360 nm in
the absence of Tat, but in the presence of Tat peptide (38
72) there were only RNApeptide cross-links and no RNA
RNA cross-links. Although there were indications of
localization to the basic domain, the precise site(s) of cross-
linking on Tat could not be identified, however. Since
position 23 in TAR is crucial to Tat recognitiorl{, 18

and since methylation at eithe?L9) or O* (20) drastically
interferes with Tat binding, we thought that identification
of the site(s) in Tat to which the 4-thigklanalogue cross-
linked would be particularly revealing from a structural
standpoint. We therefore decided to investigate alternative
techniques for such identification.

We first prepared a TAR duplex containing 4-thioU at
position 23 of TAR (Figure 1b). The sequence of the TAR
duplex is identical to that previously used by us for functional
group substitution analysiQ) and for our previous RNA
protein cross-linking studies3(). Our procedure for syn-
thesis of 17-mer oligoribonucleotide containing 4-thioU
differs only slightly from previously published metho®2(

35) in that we have used a commercially availabld-gmp-
protected 4-thioU amidite together with standaresidyl-
protected phosphoramidites for the oligoribonucleotide as-
sembly @2), which we found to result in good yields and
reliable incorporation of the 4-thioU residue.

We then confirmed by mobility shift analysis th&P-
labeled 4-thiols-containing TAR duplex bound Tat peptide
(37—72) equally as well as unmodified TAR duplex did (data
not shown). This result was expected following the previous
report of unaltered binding characteristics for an almost
identical 4-thioU-containing TAR duplex to Tat peptide {38
72) (36). Upon UV irradiation at 366 nm, an RNAprotein
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cross-linked
product

Absorbance (260 nm)

Absorbance (218 nm)

0.0 25

Time (min)
FiGUrRe 2: Reversed phase HPLC chromatogram recorded at 218
nm (inset: 260 nm) showing the purification of Tat peptide{37

72) cross-linked to TAR RNA substituted at positionslby
4-thioU.

cross-linked and HPLC-purified 4-thioU TARTat peptide
(37—72) to digestion with trypsin, which was expected to
cleave after lysine and arginine residues, and analyzed the
products by mass spectrometry after various time intervals
of digestion. In addition to the unmodified 14-mer TAR
strand (which was used for this and subsequent analyses as
an internal mass standard), two major peaks were found
(Figure 3b and Table 1). The peak @iz 6303.7 was
unequivocally assigned as the 4-thioU 17-mer linked to Tat
peptide 56-55 (KKRRQR). The second peakrmatz 6047.7
corresponds to 4-thioU 17-mer linked to peptide—ab
(RRQR), 53-56 (RQRR), or 5457 (QRRR). There was

no significant alteration in the pattern following more
prolonged trypsin digestion. When Pronase, which can
potentially cleave after any residue, was added to the trypsin
digestion, both peaks at 6303.7 and 6047.7 were lost and
there was a new peak at'z 5889.2 (Table 1). This could

cross-linked species was found as a single delayed radioactivecorrespond to any or all of the fragments of 4-thioU 17-mer

band by denaturing polyacrylamide gel electophoresis (PAGE)
in >95% yield (data not shown), again very similarly to that
reported by Wang and Ranag). Since our experience with
other Tat/TAR cross-linking methods had shown that cross-
linked peptides were poorly resolved from free Tat peptide
by denaturing PAGE3J0), we used reversed-phase HPLC
to purify the cross-linked TAR duplex, which was well-
resolved from free Tatpeptide (3772) and un-cross-linked
TAR RNA duplex (Figure 2). We characterized the cross-
linked product by MALDTOF mass spectrometry using
an external mass standard (Figure 3a). Of the two major
peaks, one corresponded to an unmodified 14-mer TAR
strand (Wz found, 4376.4; calculated, 4376.8); the second

linked to 51-53 (KRR), 52-54 (RRQ), 53-55 (RQR), or
54—56 (QRR) which could be derived from the two larger
mass peaks found by trypsin digestion alone. Digestion of
the cross-linked product with Pronase alone produced a
pronounced peak at 6176.0 which could be unequivocally
assigned as 4-thioU 17-mer linked to Tat peptide-5%
(KRRQR) (Table 1). Other peaks were seemét 5764.7
(4-thioU 17-mer linked to 5556 or 52-53 (RR)) and 5734.9
(4-thioU 17-mer linked to 5455 (QR) or 53-54 (RQ) or
51-52 (KR)).

Because of the identical theoretical molecular masses of
several of these proteolytic digestion fragments, it was clear
that additional information would be needed to locate

had a molecular mass of 9600.1 compared to a calculatedprecisely the cross-linked amino acid within fragment-51

value of 9636.3 for the sum of the molecular masses of Tat
peptide (3772) and the 4-thioU-containing 17-mer TAR
RNA strand. It was thus assumed that during photochemical
cross-linking approximately 36 mass units had been lost in
the reaction.

Identification of Site of Cross-Linking on Tat Peptide {37
72). We were previously able to identify a site of Tat peptide
cross-linking to a tsp-substituted TAR duplex using pro-
teolytic digestion of the product of cross-linking followed
by mass spectral analysi8Q). We therefore subjected the

55 (KRRQR). We therefore chemically synthesized a Tat
peptide (3772) where one of the arginine residues (&jg

was uniformly?3C and'*N isotopically labeled. Apart from

an otherwise standard Fmoc solid-phase peptide synthesis
involving 2-hydroxymethylbenzoyl backbone protection of
Gly** (37—39), the coupling of UC6, U'*N4 Arg>? was
carried out by preparation of labeled Fmoc Arg and coupling
where the side chain was protonated but otherwise unpro-
tected 45, 49. Cross-linking to the 4-thiokd-containing
TAR duplex and HPLC purification of the cross-linked
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Ficure 3: MALDI —TOF mass spectra: (a) HPLC-purified Tat peptide<{32) cross-linked to TAR RNA substituted agdwith 4-thioU;
(b) trypsin digestion product of cross-linked species.

product was carried out as before. MALBTOF mass Addition of Pronase to the trypsin digestion led to loss of
spectometry showed a peakraiz 9609.4 corresponding to  both fragments at 6312.8 and 6047.2, and a third peak at
4-thioU 17-mer cross-linked to the labeled Tat peptide (Table m'z5890.0 was assignable to either fragments involving 53
1) and was approximately 9 mass units greater than the55 (RQR) or 54-56 (QRR) (Table 1). Pronase digestion
unlabeled cross-linked product, within experimental error the alone gave rise to 4-thioU 17-mer-linked fragmentsrét
same as expected (10 units). The mass spectrum of the5182.5 (5155, K*RRQR), 5762.0 (RR unlabeled, assign-
tryptic digestion of the cross-linked product showed three able to residues 5556 only), and 5733.3 (QR unlabeled,
peaks. The peak at 6312.8 was assigned as 4-thioU 17-megssignable to residues 585 only). These results can only
linked to labeled peptide 5665 (9-10 mass units heavier ~ be rationalized if the cross-link is to residue Atg

than the corresponding unlabeled fragment). The second To confirm cross-linking reactivity of amino acid side
peak at 6047.2 was unchanged in mass from the correspondehains, we subjected the 4-thioU TAR to UV irradiation at
ing unlabeled digestion and therefore could only involve 366 nm in the presence of 5 mM glutamine, 5 mM lysine,
fragment 53-56 (RQRR) or 5457(QRRR). Coupled with or 5 mM argininamide. There was no cross-linked product
previous information, these results localized the cross-link with either glutamine or lysine. By contrast argininamide
to residue, R, Q> or RS, formed two products witlm/z 5642.6 and 5605.5 (data not
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Table 1: Mass Values for 4-thioU TAR Oligonucleotides Cross-Linked to Tat Peptide7@7or *R52 Tat Peptide (3772) and Their

Proteolytic Digestion Products

Tat peptide (3772) *R52 Tat peptide (3772)
mass assignment mass assignment
undigested 9600.7 3772 9609.4 3772
Trypsin 6303.7 5655 KKRRQR 6312.8 5655
(6301.9% (6311.9) KK*RRQR
6047.7 5356, RQRR 6047.2
(6045.6) (52-55, RRQR; 54-57, QRRRY (6045.6) 53-56, RQRR (5457, QRRR)
Trypsin followed 5889.2 5355, RQR 5890.0 5355, RQR
by Pronase (5889.4) (5353, KRR; 52-54, RRQ; 54-56, QRR) (5889.4) (5456, QRR)
Pronase alone 6176.0 555, KRRQR 6182.5 5155, K*RRQR
(6173.7) (6183.7)
5764.7 55-56, RR 5762.0 5556, RR
(5761.2) (52-53, RR) (5761.2)
5734.9 5455, QR 5733.3 5455, QR
(5733.2) (53-54, RQ; 5152, KR) (5733.2)

2 The expected mass is given in parentheses. The calculation is based upon internally catitzrat&600.7 being the mass for the Tat peptide
(37—72) cross-linked to 4-thioU 17-mer RNA, being 36 units less than the sum of the components before crosstikgsignments in parentheses
are formal possibilities which become eliminated as a result of subsequent digestion data.

shown). The first peak is consistent with an adduct of derivative. In the case of the TaTAR interaction it has

argininamide with 4-thioU TAR 17-mernfz 5639.7),

been shown that replacement of an individual ribose unit

whereas the second peak is 37 mass units lighter. Since thisvithin the bulge region of TAR by a'aleoxy residue in
value is within experimental error the same as that found chemical substitution experiments results in little or no

for loss of mass on cross-linking of Tat peptide {32) to
4-thioU TAR (36 units), it is very likely that the same
photochemical cross-linking reaction took place with the
side chain of Aré® in Tat peptide (3%72) as with argini-
namide.

We also prepared TAR duplexes containing 4-thioU in
place of Ug or Uy and irradiated them at 366 nm in the
presence of Tat peptide (372). However, we found that
the yields of peptide RNA cross-linked product were rather
low and complicated by the presence of RNRNA cross-
links, as had been found previousl§6f. We have so far

detriment to Tat binding20, 22. Further it was shown
recently that an N3— P5 phosphoramidate DNA analogue
of a TAR duplex, expected to have an “RNA-like” confor-
mation, was able to bind a Tat peptide with high affinity
even though all 2hydroxyl groups were absent?).

We therefore chemically synthesized a newl@oxy-2-
B-alanylaminouridine g-alaU) phosphoramidite derivative
that has a flexible '2amino-containing arm and which is
suitable for use in standard solid-phase oligonucleotide
synthesis. Th@-alanyl functionality is N-protected by the
fluorenylmethoxycarbonyl (Fmoc) which is removed at the

been unable to isolate sufficient cross-linked material to be end of synthesis during ammonia deprotection. Briefly, the
able to identify the sites of cross-linking on the Tat peptide derivative was prepared in three steps frofra@ino-2-

in these cases.

deoxyuridine 48) by coupling with Fmoe-$-alanine in the

Synthesis and Tat Binding Studies of TAR Duplexes presence of EEDQ, similarly to the preparation of other 2

Containing 2--alaU Residues.Only certain types of base
analogues in RNA, particularly halo or thio derivatives of

amino acid functionalized uridine49), followed by 5-O-
dimethoxytritylation and '30-phosphitylation under standard

U or G, are amenable to high-wavelength photochemical conditions (Scheme 1).

cross-linking to proteins and peptides. Further, our experi-

We chemically synthesized oligoribonucleotides corre-

ence described above was that good cross-linking yields aresponding to the TAR RNA 14-mer and 17-mer (Figure 1b)
restricted to favorable cases where a conformationally andwhere individual position kb, Uss, Uss, Usq, Or Usz had been
chemically amenable amino acid residue is able to easily replaced by th@-alaU derivative. We then tested the ability
approach the modified base. We wished to establish a moreof such substituted TAR duplexes to bind Tat peptide<{37
general procedure for obtaining cross-links between Tat and72). In a filter binding assay (Figure 4a), where increasing

a variety of locations within TAR under mild, nonphoto-

concentrations of Tat peptide are added to TAR duplex in

chemical conditions. In addition, we wished to use a longer the presence of competitor tRNA and DNA, all of the TAR

and more flexible tether on the RNA to explore a wider
spatial interface between RNA and protein.

The 2-position of ribose moieties is a very suitable
location for such tethering. To date very few@sitions

duplexes containing th@-alaU analogue were bound by Tat
peptide with apparen€, within a 2-fold range of unmodified
TAR duplex. This result suggests thgf-alaU modification
does not affect Tat recognition significantly. In mobility shift

of RNAs have been found to be crucial for recognition by a analysis in the absence of competitors, all TAR analogues

protein. Moreover, in regular RNA duplexes, tHepdsitions

were able to shift the RNA duplex under the same conditions

of ribose units are found on the outside of the helix and as those of the umodified TAR duplex except for thg U
therefore it should be possible to use a tether of sufficient S-ala TAR derivative (Figure 4b). We speculate that perhaps

length to reach into both major or minor grooves from any
particular 2-position. Finally, proteirrRNA cross-linking

the dissociation rate of the complex is unusually high in this
case. This would not be evident in filter binding since the

via any residue in a synthetic RNA could be obtained through complex is rapidly immobilized on a filter at @, whereas

incorporation of an appropriately-functionalized nucleoside

with mobility shift analysis there is a much longer period
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during gel loading and during electrophoresis when the To characterize the cross-linked products, larger scale
complex might dissociate. cross-linking reactions were carried out and the products in

Chemical Cross-Linking of '#Functionalized TAR Du-  €ach case purified by reversed-phase HPLC. For positions
plexes to Tat Peptide (3772). Since there are several lysine 23, 35, 38, and 42, a single product peak was seen eluting
residues in Tat peptide (3772), two of which are within earlier than the th peptide alone (e.g.. position 42, Figure
the basic domain and one of which has already been cross62). By contrast, in the case of position 40, two product
linked to a tsp analogue of TARB(), we investigated a peaks were pbtalned (Figure 6b). The r_nolecular masses of
number of linear, amino-specific homobifunctional cross- €ach cross-linked product were determined by mass spec-
linking reagents. Of these we found that dithiobis(succin- trometry. In each case, in addition to the peak corresponding
imidyl propionate) (DSP)H0) gave the best results and has t0 the unmodified TAR RNA strand, a second peak was
the advantage that cross-linked products are cleavable byfound with m/z agreeing closely with either the expected
reduction with dithiothreitol. We obtained good cross- TAR 17-mer-/-ala-dipropionyl disulfide-Tat peptide (37
linking by use of DSP in a two-step process (Scheme 2). 72) (position 23) or TAR 14-mefj-ala-dipropionyl disul-
Thus, DSP reacted smoothly at pH 8 with ed&Prlabeled ~ fide—Tat peptide (3772) (positions 35, 38, 42, and 40,
B-AlaU-substituted 14-mer or 17-mer oligoribonucleotide P€aks 1and 2) (Table 2). Treatment of cross-linked products
analogue at positions 23, 35, 38, 40, and 42. After purifi- With DTT followed by mass spectrometry showed the
cation by gel filtration, each product was annealed to the €xpected 2deoxy-2-(2-thiopropionyl$-alanylamino)-U-
second unmodified TAR strand and incubated with a 10- containing TAR fragments (data not shown).
fold excess of Tat peptide (3772) at pH 7.5 at £C for 10 Each HPLC-purified cross-linked product was also sub-
min. Analysis of the products by denaturing PAGE (Figure jected to enzymatic degradation by endoproteinase Lys C,
5) showed that in each case a product with delayed mobility which is expected to cleave uniquely after lysine residues,
was formed (lanes 4, 6, 8, 10, and 12). There was no cross-and the products characterized by mass spectrometry. In the
linked product (e.g. RNARNA) formed in the absence of case of the cross-link to position 23, two peaks were obtained
Tat peptide (lanes 3, 5, 7, 9, and 11). There were also nocorresponding to TAR 17-mer linked to peptides44 and
cross-linked products formed in control reactions with 51—72, respectively (Table 2). These fragments can only
unmodified TAR treated with DSP in the presence or absencebe obtained if the cross-link is to position 15s The same
of Tat peptide (3#72) (lanes 1 and 2). Yields of cross- peptide fragments (but linked to TAR 14-mer) were obtained
linked products were about 50% in the case ofgh&laU,; for the endoproteinase Lys C digestion of thala-Uy peak
TAR derivative and about 10% in the other four cases. 1 product, confirming that the cross-link is also to Bys
When one-step cross-linking was attempted by addition of By contrast in the cases of the other cross-linked products
bifunctional cross-linker t-ala TAR duplex in the presence  (positions 35, 38, 42, and 40, peak 2), endoproteinase Lys
of Tat peptide (3772), very poor cross-linking yields were  C gave just one fragment corresponding to TAR 14-mer
obtained (data not shown). This may be due to rapid DSP linked to the N-terminal peptide 3741 (SFTTK). Since
reaction with lysines in Tat peptide as well as the modified there are two possible amino groups in this fragmentLys
TAR duplex preventing cross-linking from taking place. and the N-terminus, we subjected the HPLC-purified cross-
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bottom) autoradiograph of a polyacrylamide gel mobility shift assay U
showing complex formation gf-ala-modified TAR RNAs with :O:

increasing concentrations of Tat peptide {32).

linked products to chymotrypsin digestion, which is expected /
to cleave after aromatic residues, and products were char-

acterized by mass spectrometry. In each of these four cases, \0 DSP

a single peak was found corresponding to TAR 14-mer linked ] o ¥ Q

to the N-terminal dipeptide SF (Table 2). This indicates that i i

in each case cross-linking has occurred uniquely to the | VA R NN S
N-terminal amino group of the Tat peptide. /H

DISCUSSION

H,N—R

We have applied the techniques of proteolytic digestion R = lysine or N-terminus
and MALDI-TOF mass spectrometry to determine the
precise amino acid in a Tat peptide that had been cross-occurred uniquely at ARy within the basic region of Tat.
linked to TAR RNA containing a base madification (4-thioU) The chemical structure of the photochemical product of
and also a number of TAR RNAs containing a novel sugar 4-thioU cross-linking to arginine is not known, and its
modification $-alal). In the case of 4-thiojmodified determination is beyond the scope of the present investiga-
TAR, we have shown that photochemical cross-linking tion. However, it is probable that reaction occurred by attack
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Table 2: Mass Values fgs-alaU TAR Oligonucleotides Cross-Linked to Tat Peptide<{32) and Their Proteolytic Digestion Products

TAR 17-mer+ Tat peptide (3772)

TAR 14-mer+ Tat peptide (3772)

p-alalss p-alalss p-alaUsg p-alalso p-alals;
undigested 9867.7 8790.1 8789.3 P18788.9 8789.3
(9865.4% (8791.8) (8791.8) P28790.0 (8791.8)
(8791.8)
LysC 6786.3 5203.1 5204.0 P15713.0 5203.8
(6784.7) (5204.3) (5204.3) (5713.5) (5204.3)
42-51 3741 3741 42-51 3741
ALGISYGRKK SFTTK SFTTK ALGISYGRKK SFTTK
8351.9 P17281.1
(8354.2) (7280.4)
51-72 51-72
KRRQRRRPP KRRQRRRPP
QGSQTHQVS QGSQTHQVS
LSKQ LSKQ
P2 5203.1
(5204.3)
37-41
SFTTK
Chymotrypsin 4873.6 4873.2 P2 4873.5 4873.3
(4874.1) (4874.1) (4874.1) (4874.1)
37-38 37-38 37-38 37-38
SF SF SF SF

@ The expected mass is given in parentheses.

of a photochemically generated thio radical on the carbon
atom within the guanidinium group of arginine, followed by

be attached. We showed that introduction of fh&la group
into TAR RNA was not harmful to Tat peptide binding, thus

a rearrangement. The observed outcome is a product thatonfirming the suitability of 2functionalization.

has lost about 36 or 37 mass units. Although the photo-
chemistry of RNA-RNA cross-linking products involving
4-thiouracil and 4-thiothymine has been studied in dega, (

to our knowledge this is not the case with 4-thioU RNA
cross-linking to protein, even though the cross-linking
technique has been used for some yeats 84. Neverthe-

In principle it should be possible to attach to {halaU
residue a range of cross-linkers, such as a thiol-specific
reagent or a photochemically activated azidophenacy! group.
However, since there are two lysine residues within the
important basic domain of Tat and since one of these had
already been shown in our previous studies to be cross-

less, it may be possible to use peptide digestion and massjnkable to a trisubstituted pyrophosphate analogue of TAR
spectral analysis techniques to determine precise cross-linking3), we chose the amino-specific homobifunctional reagent
sites within larger RNA-protein complexes cross-linked psp to chemically cross-link thé-ala TAR to Tat. After

through 4-thioU photochemistry. In this respect we note that
contact sites between rRNA and ribosomal proteins within
E. coli 30S subunits in terms of iminothiolane/UV cross-
linked RNA—peptide fragments have recently been identified
by MALDI—-TOF mass spectral analysis of the oligoribo-
nucleotide part and N-terminal microsequencing of the
peptide part §1).
A limitation of 4-thioU cross-linking to Tat peptide we

reaction with DSP, the TAR duplex contains a reactive
succinimido group attached to a flexible linker which could
span a distance of up to 16 A when fully extended. Our
results showed that cross-linking took place nevertheless with
remarkable specificity within the bound Tat peptide complex.
Of the five potentially reactive amino groups on Tat only
two, Lys and the N-terminus, were found cross-linked in
each of the five TAR sites tested. Further, four of the five

found was that cross-linking yields were extremely dependent TAR sites cross-linked uniquely and in only one casg)U

on the site of introduction of 4-thio U into TAR RNA.
RNA—RNA cross-linking is also a complicating problem
(36). Low yields of RNA—protein cross-linking were also
reported recently for photochemical cross-linking of 6-thioG-
substituted RRE RNA to HIV-1 Rev proteirb?). Thus,

the ability to determine precise sites on peptides and proteins

were two cross-linked products obtained. The results show
that the presence of a long and flexible arm extending from
the 2-position of a sugar does not cause a significant loss
in cross-linking specificity as compared to armless cross-
linking via a base or phosphate residues.

Implications of Cross-Linking Specificity on FafAR

using such photochemical cross-linking techniques may be Recognition. The ability of a particular amino group in Tat

limited to favorable cases where sufficient cross-linked
material can be isolated.

Our new cross-linking strategy was aimed at obtaining a
more generally applicable method that would be suitable for

peptide to be cross-linked might be expected to be dependent
primarily on two factors. First, the cross-linking arm must
be able to reach to the amino group, and second, the amino
group must be able to flex sufficiently from its preferred

any RNA fragment accessible by chemical synthesis and thatposition in the bound structure. Presumably, each of these

would not be accompanied by significant RNRNA cross-
linking. We chose the'zposition of the RNA as a potentially
good anchoring point on the exterior of TAR duplex RNA
and ap-ala functionality to provide an accessible amino
group to which a variety of cross-linkers might in principle

processes must be able to take place under conditions that
do not disturb the bound state of the RNArotein complex
significantly. The high degree of specificity obtained
indicates that Ly8 and the N-terminus in Tat peptide (37

72) must meet these criteria, whereas none of the other three
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lysines apparently do so, at least for the five TAR sites
selected.

In the case of 4-thio & cross-linking to Arg§% similar
principles must apply. However, since there is no long arm
on the RNA to search for a susceptible amino acid, we pro-
pose that here both the arginine side chain and the nucleoside
base itself must be able to move just enough to allow the
close contact required for photochemical reaction, again
without disturbing the bound state of the complex. Keeping
in mind these principles, it is possible to consider to what
extent the cross-linking data can be reconciled with models
of Tat—TAR recognition.

Comparison of the NMR structures of free HIV-1 TAR
and in the presence of Tat peptide {372) showed that a
major conformational change in TAR is triggered by Tat
binding in the region of the U-rich bulg@4, 26§. The major
groove is narrowed considerably and appears to be too
narrow to accommodate common protein structural elementsggure 7: Schematic model of the basic region (residues %8)
such as ano-helix or -sheet. Since a similarly large  of the HIV-1 Tat peptide bound to TAR RNA in the region of the
conformational change is obtained in the case of binding by (le-;iChT?]ulge, (\gvhli?h r_nostdr%adlily iPCOSWmOd_attesﬂt]he cross-linking

i ini i i inina- ata. € moael IS viewe Yy 100KINg down Into the major groove
;1?:1 (SeggdSB(?)Si;?i%)haasn g e?ar; ?):gg](l)gi ddtir:;\tﬁ:ii“:i?] g(lztiarglrgi?l?n e of the RNA from above. TAR RNA is shown in ribbon form except
. et i Al . . . for the G Csg base pair, which is almost in the plane of the paper,
residue in the basic region of Tat is key to the conformational and residue b which is perpendicular to this plane. The @nd
change in TAR25). TAR binding and CD studies of small  2-OH groups of Ys are shown as filled spheres. This view
basic peptides have indicated that the critical arginine in Tat emphasizes the extended nature of the peptide backbone, which is
which triggers the conformational change might be %rg shown as a thick line with the side chains distributed on both sides.

- - Arg®?is seen pointing in the direction of,& whereas Arf points
(54). However, other transactivation and TAR binding i5ard phosphate P22 (larger sphere). The proposed flexing

studies have shown the importance of bothAand Arg? of the side chain of Argf toward the @-position of Ws (S in
(12, 21, 23. Arginines in positions 55 and 56 were shown 4-thioU) is marked by a curved arrow. A second curved arrow

to be less important to TAR binding§). An early model delineates the relatively clear pathway toward the epsilon amino
of argininamide binding to HIV-1 TAR suggested insertion ggog\p of Ly$* which could be followed by a flexible arm of up to
into the major groove and recognition of Bind G positions '

of Gy (25). It has also been proposed that an arginine
recognizes two adjacent phosphates (P22 and P22-23)

in TAR (21, 25.

There have been two recent NMR structures of bovine
immunodeficiency virus (BIV) TAR complexed to a BIV
Tat peptide §5, 59 in which it was found that a single
arginine (position 73) carries out both roles of base and
phosphate recognition simultaneously. However, in contrast
to BIV, there are two adjacent arginines (Af@nd Arg®)

basic region of the Tat peptide has an extended structure
(Figure 7). The orientation of the basic region in the groove
is N-terminal toward the lower stem and C-terminal toward
the upper stem, which is consistent with cross-linking data
of Wang and Rana2({7, 2§. The side chain of A%f points

into the major groove toward the bases of @d A, while
Arg53is located close to the phosphates P22 and P22

23. Ly$tis directed toward the phosphate backbone on the

in HIV-1 Tat in the analogous location, and there is a strong opposite strand, consistent with the finding of cross-linking

possibility that here base and phosphate recognition is dividedto tsp 38-39 (30).
between two arginines. There are also other structural Of the six arginines in the basic region of Tat in the model,
differences between the BIV and HIV TAR NMR structures. the two closest to the €position of Ls (the site of cross-
For example, the proposed BIV TAR base-triple occurring linking in 4-thioU) are Arg? and Arg® (each about 6 A),
between WsA,7:Usgin the bound complexsg), has notbeen  but each have their guanidino groups pointing away from
evidenced so far in the case of the NMR data for the HIV-1 the base of b Arg®® is about 9 A, but this residue does
Tat peptide-TAR complex @6). This suggests that the not apparently form a close contact with the RNA. Exami-
folding of the HIV-1 Tat peptide within the TAR structure hation of the positioning of Arg (Figure 7) shows that
may be different from the BIV case where the peptide has a rotation and flexing of the side chain alone could bring it
fB-turn conformation. sufficiently close to the ®position of U for photochemical
NMR measurements on the HIV-1 Tat peptdBAR reaction. Since & is not base-paired, this nucleoside residue
complex have so far led to the identification of a number of also may be somewhat flexible. By contrast, movement of
intermolecular NOE resonances, for example between argin-either Arg? or Arg® side chains would result in breakage
ines and the bases of,5Gand Ws (59), but it has been  of strong interactions with the RNA which would presumably
difficult so far to assign these unambiguously and to obtain not be favored. Argf and Arg” are each pointing away from
an unegquivocal structure. We have examined preliminary residue Us in this model, and movement of the peptide
models of the basic region of the HIV-1 Tat peptide docked backbone would be necessary as well as the side chain in
within the major groove of the TAR RNA bulge region that order to get close to residue,dJ An alternative model,
are consistent with the NMR data. Our cross-linking results where Arg® makes contact with & and Arg? makes
are best accommodated by one of these models where thghosphate contacts, is less satisfactory becaus® isrigp a
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less favorable orientation and further away from the O-
position (data not shown).

thank Jonathan Karn, Gabriele Varani, and Andres Ramos
for encouragement and advice at various stages of this work.

In our model the 2hydroxyl group of Usis predicted to
be about 11 A from Ly® (Figure 7). A 16 A flexible
extension from s O2 (a -ala-propionyl disulfide linker)
would be able to pass easily over the top of the peptide
without significant hindrance. Although pointing toward the
phosphate backbone, Ysnust be able to flex its side chain
in order to react. By contrast L3%(14 A distant) is pointing
in the opposite direction. A cross-link to thé@osition of
U,3 would need to pass through the region of the peptide
itself as well as nucleosidesk) This is structurally unlikely
and explains why Ly® does not become cross-linked. A
similar situation arises when considering distances gf U
2'-OH to Lys"! (13 A), which is much closer than L§5(20
A) (not shown). Thus, the model nicely explains thes U
and Uy sugar cross-linking data.

As might be expected, cross-linking from thlegsitions
of Uss, Usg in the upper stem andlin the lower stem did
not find any lysine residue in the basic region of the Tat
peptide because these are too distant or presumably in an
unfavorable orientation. Interestingly cross-linking was seen
to the N-terminus in each case rather than to either of the
residues Ly¥ or Lys’t. We can rationalize this finding if
the N-terminal section of the peptide is highly flexible and

4.
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