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CHAPTERR 9 

Thee apical loop of the HIV-1 TAR RNA hairpin is stabilized 
byy a cross-loop base pair 
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Thee Apical Loop of the HIV-1 TAR RNA Hairpin Is Stabil ized by a 
Cross-loopp Base Pair* 
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Th ee TA R ha i rp i n of th e HIV- 1 RNA g e n o me i s ind is-
pensab lee for  t rans-act iva t ion of th e v i ra l p romo ter  and 
v i ru ss rep l i ca t ion . Th e TA R s t ruc tu r e has been s t u d i ed 
ex tens ive ly,, but m o st a t t e n t i on has b e en d i rec ted at th e 
th ree-nuc leo t idee bu lge that cons t i t u tes th e b ind in g s i te 
off  th e v i ra l Tat pro te in . I n contrast, th e con fo rmat ional 
p roper t i e ss of th e apical loop have rema ined e l us i ve. We 
per fo rmedd b iochemical s tud ies and mo lecu lar  d y n a m i cs 
s imu la t i ons,, w h i ch ind ica t e that th e TA R loop i s st ruc-
tu re dd and s tab i l ized by a cross- loop base pa ir  b e t w e en 
res i duess C 3 0 and G34. Muta t iona l d i s rup t io n of t h e cross-
loopp base pa ir  resu l ts in reduced Tat r e s p o n se of t h e 
LT RR promoter , w h i ch can be rescued by c o m p e n s a t o ry 
m u t a t i o n ss that res tore th e base pair . Thus, Tat -medi-
a tedd t ranscr ip t iona l ac t i va t ion d e p e n ds on th e s t ruc-
tu r ee of t h e TA R apical loop. Th e C ^ - G 3 4 c ross- loop b a se 
pa i rr  c l asses TA R i n a g r o w i n g fami l y of ha i rp in s w i t h a 
s t ruc tu re dd loop that w as recen t ly ident i f ie d i n r iboso-
mall  R N A t R N A and several v i ra l and ce l lu lar  mRNAs. 

Thee HIV-1 1 lif e cycle depends on specific RNA-protein inter-
actions.. The 5'-end of all HIV- 1 t ranscr ipts contains a 59-
nucleotidee stem-loop structure termed the trans-act ivat ion re-
sponsee element (TAR). Understanding of the TAR RNA 
structure,, its dynamics and interaction with proteins is of 
importancee for the design of potential therapeut ic ant iv i ral 
strategiess (11. TAR RNA is indispensable for HIV- 1 transcr ip-
t ionall  regulation of the long-terminal repeat (LTR) promoter, 
Spll  driven basal transcript ion at the LTR allows the produc-
tionn of a low level of HIV- 1 transcr ipts needed for the synthesis 
off  the viral t rans activator protein. Tat (2-4). The TAR hairpin 
servess as a binding site for Tat and the interaction between the 
proteinn and RNA strongly st imulates the activity of the LTR 
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promoterr (5-11). Several cellular proteins that st imulate the 
expressionn of TAR-eon tain ing t ranscr ipts have been identified 
(12-21).. Currently, the best studied cellular component of the 
Tat-aetivatedd phase of LTR transcr ipt ion is the positive t ran-
scriptionall  elongation factor (pTEFb). The pTEFb complex as-
sociatess with TAR through its cyclin T l subunit in a Tat-de-
pendentt manner. Binding of Tat to a three-nucleotide bulge in 
TARR facilitates the interaction of cyclin T l with the TAR apical 
loopp 113, 22, 23). The kinase component of P-TEFb, CDK9, can 
thenn phosphorylate the C-terminal domain of RNA polymerase 
II ,, which enhances the processivity of the elongating 
polymerasee (24-26). 

Thee binding of Tat to the TAR bulge has been studied exten-
sively.. Numerous studies have addressed the s t ruc ture of both 
thee free TAR RNA (27-29) and TAR bound to substrates such 
ass argininamide (27), Tat-related pept ides (29, 30), small in-
hibitorr molecules (31) and cations (32, 33). In addit ion, molec-
ularr dynamics simulat ions of TAR have been reported (34, 35). 
Fromm these studies it is apparent t hat the conformation of the 
bulgee differs significantly in the absence and presence of the 
Tatt protein. The bulge residues are part ial ly stacked in the free 
TARR RNA. Upon binding of Tat, the bulge is extruded from the 
TARR helix and a base triple is formed that involves the first 
bulgee residue U23 and the A a T-U 3 8 base pair. The binding of 
Tatt to TAR thus coincides with a dramat ic change in the 
tert iaryy structure of TAR, which may occur by an induced fit or 
conformationall  capture mechanism (36). 

Inn contrast, littl e is known about the structural properties of 
thee six-nucleotide apical loop of the TAR hairpin. NMR studies 
demonstratedd considerable conformational flexibilit y in the 
loopp with a tendency to form a compact loop st ructure (30, 37, 
38).. It appears that the most st ructured regions are at either 
endd of the loop, consistent with stacking of loop residues on the 
stem-closingg base pair (30, 37, 391. Analysis of chemical shifts 
observedd for l ; ,C-adenosine enriched TAR residues (38) and 
relaxationn experiments suggested that A ! 5 has an unusual 
locall  environment and is extruded from the apical loop (40). A 
feww investigators have proposed distinct s t ructural features of 
thee apical TAR loop. The possibility of a protonated non-canon-
icall  C'10-A'1SH base pair, yielding a tetraloop st ructure for 
TARR has been suggested (39). Alternatively, a cross-loop base 
pairr involving residue C i 0 and the penul t imate loop residue ( l f 4 

hass been proposed (41). This interaction has been observed 
transient lyy in molecular dynamics simulat ions (34, 35), and it 
wass recently suggested that the C3 , ,-G34 cross-loop base pair is 
requiredd for binding of cyclin Tl (42). 

Inn this study, we specifically address the st ructure of the 
TARR loop and its involvement in the HIV- 1 LTR promoter 
activity.. We present evidence that the TAR apical loop can 
indeedd form the C^'-G^'*  base pair. Biochemical studies and 
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molecularr dynamics with a model TAR hairpin, and modified 
analoguess thereof, indicate that residue G34 is oriented inside 
thee loop. G34 can form relatively stable hydrogen bonds with 
C30.. The C30-G34 base pair stacks on the C29-G36 closing base 
pairr of the stem. Subsequent analysis of mutant TAR con-
structss in LTR-luciferase assays confirmed the importance of 
thee cross-loop base pair in Tat-mediated transcriptional 
activation. . 

EXPERIMENTALL PROCEDURES 

OligoribonucleotideOligoribonucleotide Synthesis—The synthesis of 29-mer HIV-1 TAR 
RNAA and its 2-aminopurine riboside modified analogues AP34 and 
AP355 was performed using solid-support aided phoehoramidite chem-
istryy and applying the 2'-0-tBDMSi protection (43). After 1 fimol of 
scalee synthesis and deprotection with fluoride ion, the RNA was puri-
fiedfied by preparative 19% polyacrylamide gel electrophoresis under de-
naturingg conditions, followed by electroelution with a Biotrap BT 1000 
andd desalting on NAP columns. The sequence of the oligomers was 
confirmedd by RNA sequencing with ribonuclease Tl . 

UVUV Melting and Thermadynamics-UV melting of the chemically 
synthesizedd oligomers was measured on a temperature controlled Beck-
mann DU70 spectrophotometer in the temperature range from 10 to 
988 °C (heating rate of 1.0 °C min "', sampling at each 0.3 °C). The buffer 
forr thermodynamic studies was ] M NaCl, 10 mil phosphate (pH 7.0). 
Thee RNA concentrations, varied over 50-fold range, were calculated 
fromm the absorbance at 260 nm measured at 80 "C using single-strand 
extinctionn coefficients approximated by a nearest-neighbor model. Uni-
molecularr hairpin formation was checked by oligomer concentration 
dependencee of the UV melting profiles. Prior to the measurement, the 
RNAA was renatured by incubation at 85 "C for 3 min, followed by slow 
coolingg to room temperature, Absorbance versus temperature profiles 
weree fit to two-state transition model with sloping baselines by using 
thee nonlinear least-squares program MeltWin. The experiments were 
repeatedd 3-5 times. 

Thermall  denaturation of in vitro synthesized 1/466 HIV-1 RNA was 
measuredd on a PerkinElmer Life Sciences Lambda 2 spectrophotometer 
att a heating rate of 0.5 °C min * with sampling at each 0.1 "C Samples 
containedd —3.0 fig of RNA dissolved in 140 fi\ of 50 mM sodium Caco-
dylatee buffer (pH 7.2). Prior to the measurement, the RNA was rena-
turedd by incubation at 37 °C for 30 min. Electrophoretic analysis of the 
sampless prior to the analysis confirmed the monomelic state of the 
RNA.. No significant degradation of the transcripts was apparent after 
thee measurement as judged by analysis of the RNA on a sequencing gel. 

Pb'~-inducedPb'~-induced UNA Phospkodiester Bond Cleavage-^e oligoribo -
nucleotidess were 5'-end-labeled using T4 polynucleotide kinase, gel 
purifiedd and quantitated on a Beckmann LS5000TA scintillation coun-
ter.. The RNA was refolded by heating at 80 °C for 30 s, followed by slow 
coolingg to room temperature in a buffer containing 10 mM Tris-HCl, pH 
7,2,, 40 mM NaCl, 10 mM MgCl ,̂ and 8 nM carrier tRNA. Freshly 
preparedd Pb(OAc);, was added to final concentrations of 0.5, 1, and 2 
mM,, This reaction mixture was incubated for 15 min at room tempera-
ture.. At least three independent experiments were performed with 
eachh oligomer. 

RNAA cleavage ladders were generated by boiling the RNA in form-
amidee for 40 min, G-specific sequencing ladders were generated by 
incubationn with 0.2 units/fil RNaseTl in 50 mM sodium citrate IpH 4.51 
andd 7 M urea for 10 min at 55 "C. All reactions were quenched by the 
additionn of the equal volume of gel loading buffer (8 M urea, 20 mM 
EDTA,, tracking dyesl and transferred to dry ice. Reaction products 
weree separated by 19% PAGE (8M ureal. Cleavages were visualized and 
quantitativelyy analyzed using a Typhoon 8600 apparatus with Image-
Quantt software. The images were not edited and linear relationship 
betweenn signal and image intensity was retained. 

ModelingModeling and Molecular Dynamics Simulations-Zfhe 29-mer RNA 
modelss of the wild-type sequence and mutants AP34 and AP35 were 
builtt using the Amber 4.1 (44) suite of programs and the initial coordi-
natess according to model #17 of TAR from the 1ANR PDB file (30). The 
forcee field parameters for 2-aminopurine riboside were developed using 
thee Gaussian 94 (45! and Resp (46) programs. Na~ counterions were 
addedd and solvated in a rectangular periodic boundary conditions box. 
ann 8.5 A thick water layer was maintained in all dimensions around the 
RNAA molecules. The simulations were carried out with the Sander 
modulee using the Amber force field (44) on a Cray J916 computer. The 
protocoll  for the simulations consisted of an equilibration procedure 
followedd by up to 1.6 ns of unrestrained molecular dynamics in 300 K 
withh the long-range electrostatic interactions treated using the particle-

meshh Ewald summation method (PME) (47). Frames wrere collected 
everyy 1 ps. Conformational analysis was based on the last 50 non-
minimizedd frames. 

Modelss of the 14-merTAR RNA mini-hairpin (fragment 26-39) were 
builtt using the INSIGHT11 program. Coordinates for the backbone of an 
initiall  structure were taken from the NMR structure of the adenosine-
richh hexaloop RNA hairpin (PDB code lbyjt (48). The HIV-1 TAR 
sequencee was modeled onto the structure by appropriate base substi-
tutions,, while keeping the original orientation of the replaced bases. 
Thee structure was subsequently minimized and remodeled. The result-
ingg models of the hairpin were solvated in a water box containing TIP3P 
water.. 13 Na ' ions were added to neutralize system. The whole system 
wass first minimized with harmonic constraints applied to the RNA and 
finally,, without any constraints. Molecular dynamics simulations were 
performedd using the CHARMM version 27 program, and force field 
parameterss Charmm27 (40) on a Pentium III multiprocessor cluster. 
MDD simulations of each model started with heating the whole system 
fromm 50 to 300 K, 320 K, or 340 K in 6 ps followed by 4 ps of equilibra-
tion.. MD simulations where run in the NVE ensemble, using periodic 
boundaryy condition, time step 0.002 ps and the SHAKE algorithm. 
Framess were collected every 2 ps. The trajectories collected at given 
temperaturess were searched for the regions showing low RMSD, dis-
playingg locally stable conformations of the apical loop structure. 

InIn Vitro Tran3cription-&CH products to be used as DNA templates 
forr in vitro transcription were generated as described previously (50). 
Too produce transcript in which the sequence of the TAR loop (GGG, nt 
32—34)) was changed to AAA, the PCR was performed with an antisense 
primerr termed TAR T7 AAA: (5'-AAT TCT AAT ACG ACT CAC TAT 
AGGG GTC TCT CTG GTT AGA CCA GAT TTG AGC CUA AAA GCT 
CTCC TGG-3'). The 466-nt HIV-1 transcripts were synthesized from PCR 
templatess with the Ambion T7 megashortscript transcription kit fol-
lowingg the manufacturer's instructions. The RNA was excised from a 
4%4% denaturing polyacrylamide gel, using UV shadowing for visualiza-
tion.. The RNA was eiuted from the gel slice by overnight incubation in 
l xx Tris/borate EDTA buffer at 4 °C and continuous shaking. After 
precipitationn and ethanol washing the RNA was dissolved in deminer-
alizedd water, heated at 80 °C and coaled slowly to room temperature. 
Aliquotss were stored at -20 *C. 

RNARNA Structure Probing-¥<ir chemical structure probing, 2 fig of in 
vitrovitro synthesized RNA corresponding to the first 80 nucleotides of 
HIV-11 transcripts (1-80) was dissolved in water and heated to 80 'C. 
Tubess were then placed in a 60 °C water bath, salt was added and the 
solutionn was allowed to slowly cool to 37 °C. Final solutions contained 
500 mM Na Cacodylate buffer (pH 7.2) and 1.0 mM MgCl2 in a total 
volumee of 100 pd. A volume of 1.0 /A of DMS or kethoxal was added and 
allowedd to react for 5 and 15 min, respectively. Reactions were stopped 
byy adding 5 ftl of 10 fig/^1 total Escherichia coli tRNA and subsequent 
precipitationn with ammonium acetate. The precipitated RNA was dis-
solvedd in 10 JAI of water, of which 1 \A was used for primer extension 
reactions.. The primer used anneals to nucleotides 61-80 of the tran-
script,, primer R80/61. Reverse transcription with the AMV reverse 
transcriptasee was performed as described previously (50) Samples 
weree precipitated and loaded on a lO'fr denaturing polyacrylamide gel. 
Thee intensity of reverse transcriptase stops caused by base modification 
wass analyzed on a Storm 860 phosphorimager. 

PlasmidPlasmid Construc/s-¥he pBlue3'LTR-luc plasmid contains an XTioT-
HindlWHindlW fragment from the HIV-1 LAI proviral DNA, encoding the 
completee U3 region, the transcription start site ( * 1) and R sequences 
upp to position + 82, coupled to the Firefly luciferase reporter gene (51). 
Forr mutation of the TAR hairpin, a PCR was performed with the primer 
LAIS'XX (5'-CAT TCT AGA TGG AAG GGC TAA TTC ACT CCC-3') and 
onee of the following a mutagenic primers (substituted nucleotides un-
derlined):: TAR(U30G34>: 5'-AGG CTT AAG CAG TGG GTT CCC TAG 
TTAA GCC AGA GAG CTC CCA AGC TCA A-3'; TARIC30A34) 5'-GAG 
GCTT TAA GCA GTG GGT TCC CTA GTT AGC CAG AGA GCT TCC 
AGG-3';; TAR(U30A34) 5'-GAG GCT TAA GCA GTG GGT TCC CTA 
GTTT AGC CAG AGA GCT TCC AAG CTC AA-3'; TARIG30G34): 5'-
AGGG CTT AAG CAG TGG GTT CCC TAG TTA GCC AGA GAG CTC 
CCAA CGC TCA A-3'; TAR(C30C34) 5'-GAG GCT TAA GCA GTG GGT 
TCCC CTA GTT AGC CAG AGA GCT GCC AGG-3 ; TAR(G30C34> 5'-
GAGG GCT TAA GCA GTG GGT TCC CTA GTT AGC CAG AGA GCT 
GCCC ACG CTC AA-3'. The PCR fragments were digested with Bfrl and 
Drallll  and cloned in the corresponding sites of pBlue3'LTR-luc. All 
mutationss were verified by sequence analysis. The pRL-CMV plasmid 
containss the Remlta luciferase reporter gene and the CMV promoter 
elementss and is used as an internal control reporter plasmid in trans-
fectionn assays. pcDNA3-Tat expresses the HIV-1 I JU Tat gene under 
controll  of the CMV promoter (52). 
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FlG.. 1. Thermal denaturation of 466 nt HIV- 1 t ranscr ipts with the wild-type or AAA mutant TAR sequence. A, secondary- structure 
modelss of the wild-type and mutant TAR elements. Bold letters indicate mutant residues in the TAR apical loop. B, thermal denaturation profiles 
off  the wild-type and AAA mutant HIV-1 RNA. shown as the first order derivative. The 7"„, of the various melting points is indicated above the 
correspondingg transition. Spectra were recorded at 260 nm in 50 m.M sodium cacodylate buffer with pH 7. 

CellsCells anil Trans/ec/ioo-Transfection of C33A was performed the 
calciumm phosphate method as previously described (53). SupTl T cells 
weree grown in RPMI 1640 medium containing 10% fetal calf serum at 
377 °C and 5<4 CO,. Cells were transfected by electroporation. 5 X 10B 

cellss were washed in RPMI 1640 with 20'< fetal calf serum, mixed with 
DNAA in 0.4-cm cuvettes and electroporated at 250 volts and 960 nF. and 
thenn resuspended in RPMI 1640 with 10% fetal calf serum. The tran-
scriptionall  activity of the wild-type and TAR-mutated HIV-1 LTRs was 
determinedd by transfection of SupTl T cells with 5 ng of wild-type or 
TARR mutated pBlue3'LTR-luc. 0.5 ixg of pRL-CMV. with or without 0.5 
Hgg of pcDNA3-Tat. At 2 days after transfection. cells were isolated by 
centrifugationn at 260 g for 10 min. The Dual-Luciferase Reporter assay 
systemm was used to determine the firefly and Renilla lucifcrase levels. 

ComparativeComparative Sequence Ana/ysis-Sequences of different HIV-1 iso-
latess were obtained from the HIV data base at Los Alamos (//-web. 
lanl.gov/).. Only isolates with a complete TAR sequence were considered 
inn the analysis, yielding a total of 654 sequences from most of the 
prevailingg HIV-1 subtypes. 

RESULTS S 
ThermalThermal Denaturation ofHTV-l RNA with a Mutated TAR 

Loop-^ikiLoop-^iki test if the TAR loop is st ructured, we performed a 
UV-meltingg experiment with t ranscr ipts corresponding to the 
5'-terminall  466 nucleotides of the wild-type HIV-1 RNA and a 
mutantt in which the apical loop residues 32-34 were changed 
fromm GGG to AAA (Fig. 1). Three discrete t ransi t ions are ap-
parentt for both t ranscr ipts, which we termed 7"ml, Tm2, and 
TTm3m3.. The high-temperature transi t ion Tmj has previously been 
shownn to correspond to the TAR hairpin, and the intense Tm.2 

transit ionn reflects melt ing of the extended LDI stem in the 
downstreamm leader domain '50). Tml is a ra ther diffuse tran-
sitionn that occurs at low temperature, which may suggest melt-
ingg of a ter t iary s t ruc ture motif in the HIV- 1 RNA. The melting 
temperaturess of Tml and 7"m2 a re similar for the wild-type RNA 
andd the AAA mutant, but we consistently observed a difference 
off  1.6 "C for the TAR melt ing transi t ion TmS. This difference is 
significantlyy higher than the experimental variation that we 
measuredd for duplicate samples ' < 0 .5 °C>. Thus, the sequence 
changee in the loop has destabilized the TAR hairpin, which 

indicatess t hat the loop is st ructured and contributes to the 
stabil i tyy of the TAR hairpin. 

ElectrophoreticElectrophoretic and Thermodynamic Properties of 2-Amino-
purine-substitutedpurine-substituted TAR Hairpins-3k) study the structure of 
thee TAR loop in more detai l, we synthesized 29-mer TAR hair-
pinss with the wild-type sequence and 2-aminopurine subst i tu-
tionss at position 34 or 35 (Fig. 2A). When these oligoribonucle-
otidess were checked for their puri ty in denatur ing PAGE, all 
threee fragments demonstrated the same electrophoretic mobil-
ityy (results not shown). However, under non-denatur ing PAGE 
conditions,, the modified hairpin AP34 exhibits significantly 
increasedd mobility compared with the wild-type hairpin (Fig. 
2S).. In contrast, the AP35 hairpin shows practically the same 
mobilityy as the wild-type hairpin. This effect was independent 
off  different incubation procedures used for refolding of the RNA 
priorr to non-denatur ing PAGE (results not shown). Thus, the 
differentt electrophoretic mobility of hairpin AP34 indicates a 
substantiall  change in the structural properties of its apical loop 
inn comparison with the wild-type and AP35 hairpins. 

Next,, we performed melt ing experiments with the 29-mer 
hairpinss and derived the thermodynamic parameters by nu-
mericall  analysis iTable I). Each hairpin melts in a single t ran-
sitionn and melt ing temperatures (7",n) were independent on the 
RNAA concentration in the range from 0.3 to 15 fiM, which 
indicatess the absence of dimeric or higher order RNA com-
plexes.. Both AP34 and AP35 are less stable than the wild-type 
TARR hairpin, as reflected in a decrease of the melting temper-
atures.. The difference of melt ing temperature Tm between the 
wild-typee TAR and AP35 is small (0.6 °C>, but the AG°37 of 
AP355 is -0 .81 kcal/mol higher than that of the wild-type RNA. 
Thermodynamicc parameters of AP34 are more evidently differ-
ent.. The Tm of AP34 is 3.2 °C lower and AC°37 is 1.0 kcal/mol 
higherr than that of wild-type TAR. Thus, the replacement of 
G'G'11 by a AP leads to a significant destabil ization of TAR hair-
pinn that is more severe than the same substitut ion at position 
35.. These results indicate that residue G " is more important 
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Fin.. 2. Non-denaturing gel electrophoresis of 29-mer TAR RNA with the wild-type sequence or 2-aminopurine subst i tut ions at 
positionss 34 or 35. A. secondary structures of the wild-type, AP34. and AP35 hairpins. 2-aminopurine substitutions are indicated by AP. B. 
non-denaturingg gel demonstrating differential mobility of the AP34 hairpin [lane 2> compared with the wild-type (lane 11 and AP35 hairpins (lane 3). 

TABLEE 1 

ThermodynamicThermodynamic parameters for the wild-type, AP34, anti AP35 TAJl hairpins 
Valuess are averages of four independent experiments and were obtained by fitting experimental curves to a two-state model with sloping 

baseliness through the use of a nonlinear least squares program MeltWin. 
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t hann A 36 in maintaining a structured apical loop. 
Lead-inducedLead-induced Cleavage of 2-Aminopurine-substituted TAR 

Hairpins-Meld)Hairpins-Meld) ion promoted RNA cleavage can be used to 
mapp single stranded regions and metal coordination si tes in an 
RNAA structure (54). We previously used this approach to dem-
onst ratee that the TAR bulge binds metal ions in solution (33). 
Here,, we used Pb -induced cleavage to probe for changes in 
thee TAR loop imposed by the 2-aminopurine subst i tut ions. 
Overall,, the cleavage pattern in the loop is qui te s imi lar for the 
wild-typee and AP35 hairpins (Fig. 3). At the 5'-side of the loop, 
reactivityy of' the phosphodiester bond between C3 0-U 31 and 
rj3i_Q322 dominates the cleavage pat tern. Cleavage is weaker at 
positionn C2 9, reflecting less conformational freedom of this base 
pairedd residue. Toward the 3'-side of the loop, there are weak 
cleavagess at G32, G33, and G: ' \ but backbone scission is more 
pronouncedd at residue G34. The 2-aminopurine subst i tut ion in 
thee AP34 hairpin strongly enhances the cleavage at position 34. 
Indeed,, residue 34 is most prone to cleavage in the loop of the 
AP344 hairpin. This result indicates that the AP34 substi tut ion 
resultss in an increased conformational flexibilit y of the TAR 
loop.. In contrast, the intensity of cleavage at position 35 in 
AP355 is moderately decreased, indicating that the integrity of 
thee apical loop is less sensitive to modification of residue 35. 
Thesee results confirm that the loop st ructure is highly depend-
entt on the nature of residue 34. 

MolecularMolecular Dynamics Simulations of the TAR Apical Loop 
Structure-^Structure-^ evaluate the structural t rends within the apical 
loopp we have undertaken molecular dynamics (MDi simula-
tions.. We used two different approaches in preparing the initial 
modell  for Ml ) simulat ions, thereby extending the conforma-
tionall  space searched for possible loop structures. In the first 
approachh we have selected 1 out of 20 available NMR struc-
turess of the TAR RNA (34). We modeled the AP34 and AP35 

subst i tut ionss onto the TAR st ructure to evaluate their effect on 

thee loop conformation. In the second approach, we built models 
off  a 14-mer TAR mini-hairpin (position 26-39) in which we 
imposedd base pair ing between C30 and G34, followed by running 
thee Ml ) simulation without any constraints to investigate the 
stabilityy of a C3 0-G34 base pair. 

Thee 29-mer wild-type TAR, AP34, and AP35 hairp ins were 
builtt based on the coordinates of model No. 17 in PDB fil e 
lAN'RR (30). The in aqua MD simulation for the wild-type hair-
pinn was conducted for 1.6, and 1.0 ns simulat ions were per-
formedd for the AP34 and AP35 hairp ins at 300 K. These sim-
ulationss revealed considerable dynamics of the bulge and 
apicall  loop in all three hairpins. The C'i'-endo sugar puckering 
wass maintained largely in the residues of the double stranded 
slem.. In the apical loop, sugar r ings were considerably unsta-
ble.. Frequent switches to the C2'-endo pucker and subsequent 
stabilizationn of this conformation was observed. Interestingly, 
loopp residue 34 uniquely shows a stable CZ'-endo pucker for all 
threee hairpins. In all three cases, residue 35 retains its looped-
outt orientation. In the wild-type and AP35 simulations, residue 
344 has a tendency to interact with the upper part of the double 
strandedd region by stacking on the stem closing C2 9-G36 base 
pair,, but this stacking is much less pronounced for the AP34 
hairpinn (Fig. 4A). This may explain the contribution of residue 
344 to the hairpin stabil i ty. Only few of the potential hydrogen-
bondingg contacts within the loop a re stably observed, and these 
mainlyy involve residue G " in the wild-type and AP35 hairpins. 
G344 can form a relatively stable hydrogen bond involving its O 
(6)) and the N(4)H2 of C:i" . In paral lel, the exo-NH2 group of G " 
interactss with the sugar moiety of C'!". In the AP35 hairpin, 
t ransientt stacking interactions of C30 with U , and G'1' with 
G33,, were observed despite considerable flexibility . In the final 
stagess of the simulation with the AP34 hairpin, the 2-aminopu-
rinee at position 34 s tar ts to interact more strongly with the 
loopedd out residue A 1 ' . In general terms, the AP34 hairpin 
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Fio.. 3. Lead-induced cleavage of 
thee wild-type, AP34, and AP35 RNA. 
A.A. autoradiograms of Lead-cleavage reac-
tionss performed at 0 ifa/ie 11, 0.5 (fane 2), 
1.00 i fane 3), and 2.0 m.\i (lane 4)Pb(OAc)2. 
Partiall  hydrolosis (OH,lane5) and RNase 
Tll  sequencing reactions (Tl. lane 6) were 
includedd for the identification of hands. 
Bandss corresponding to positions I " ' . 
('' '. 1' . and A' :' are indicated by arrows. 
B.B. phosphorimager traces through fane 2 
(0.55 ni.\i Pb2" i of the gels shown in A. 
highlightingg cleavages in the loop region 
off  the wild-type. AP34. and AP35 RNA. 
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showss the least tendency toward a structured loop conforma-
tionn dur ing the simulation, which is consistent with the results 
fromm our experimental analyses. 

Too further investigate the possible interactions between C 
andd G3 4, we modeled the C" ' -G " base pair in a 14-mer TAR 
hairpinn and then performed extensive MD simulat ions at dif-
ferentt temperatures <Fig. 4, B and C). The initial models were 
builtt based by fitting the TAK sequence on the NMK structure 
off  the HIV-1 A-rich hexaloop (PDB code lbvj) (48). We selected 
thiss s t ructure as a template for our modeling because of its well 
definedd structural motif characterized by 3'-stacking of four 
adenosiness in this hexaloop. The result ing structure was re-
modeledd by imposing constraints for the C3 0-G34 interaction, 
followedd by running a short MD. This provided a set of initial 
s t ructuress for further MI ) investigations. Al l constraints were 
thenn removed and full MD trajectories were collected running 
simulat ionss for 2 up to 8 ns, depending on the convergence of 
thee simulated structures, at three different temperatures: 300. 
320.. and 340 K. This yielded a range of conformational motifs 
characterizedd by different internal interactions and exhibit ing 
diversee stabil i ty and convergence within the MD trajectories in 
aa total of 36 ns of simulation t ime. 

Thee most stable MD trajectories were obtained with models 
thatt mainta in the interaction between C"' and G34 (Fig. 4C). 
Wee consistently observed that C'!" is repositioned slightly by 
stackingg on the upper stem toward the major groove, exposing 
it ss Watson-Crick face across the loop toward G34. Due to the 
locall  reorientat ion of the backbone around G34, this base is 
shiftedd with respect to A : ' and points across the loop toward 
C-i" .. In this orientation, all three Watson-Crick C—G hydrogen 

bondss across the loop were observed with high occupancy. As a 
consequencee of the interaction between C30 and G34, two sharp 
tu rnss in the phosphodiester backbone are observed: the first 
betweenn U " and G '2 and the second between G 'u and G " . We 
observedd a strong tendency toward stacking interact ions be-
tweenn G'i2 and G33. This tw-o-base stack is frequently oriented 
towardd the outside of the loop, forming a structural module of 
relativelyy high mobility, although there are numerous events 
thatt d isrupt this stacking in a reversible manner. These results 
indicatee that hydrogen bonds between C "' and G34 are highly 
favorablee and play a pivotal role in forming a s t ructured con-
formationn of the apical TAR loop. Additional interact ions may 
stabil izee this base pair. In particular, we observed addit ional 
hydrogenn bonds between C'"' and A 35 in conjunction with the 
C3 0-G344 base pair. 

Site-c/ireetedSite-c/ireeted Mutagenesis and Structure Probing of the C'10-
G"G" Bane Pciir-Recause the previous analyses suggest the 
formationn of a base pair between residues C i 0 and G34 within 
thee TAR loop, we decided to directly test this possibility by-
generat ingg mutant TAR constructs in which this base pair is 
eitherr disrupted or replaced by another base pair. Six different 
mu tan tss were made, comprising two sets in which the base pair 
iss ei ther disrupted or restored i Fig. 5A). Mutants G30 and C34 
disruptt the proposed cross-loop base pair, which is potentially 
restoredd in the double mutant G30C34. Likewise, mutan ts U30 
andd A34 disrupt cross-loop pairing, but the double mutant 
C30A344 could form an alternat ive base pair. 

Wee performed RXA structure probing on the wild-type and 
mutantt TAR hairpins as 1-80 transcr ipts to evaluate the struc-
turall  effects of these mutat ions in the loop. For the wild-type. 
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FIG.. -1. Molecular dynamics simulation» of the TAR hairpin. A, apical loop structures for the wt, AP34 and AP35 '29-r 
residuee 'mgreen I. fi. structure of the wild-type TAK apical loop derived by molecular modeling and subsequent molecular dyn 
thee 1'1-mer RNA hairpin model. C'. stereo image of the model shown in B. 
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ourr da t a are in good agreement with the secondary s t ruc ture 
modell of TAR. The single nucleotide bulges C 5 and A ' ' are both 
identifiedd by DMS modification, as are U2 4 and U 2 5 in the 
three-nucleotidee bulge (Fig. 5A. lane 3K In addition, we ob-
servedd DMS reactivity a t A22 , which forms a distorted base pair 
withh U just below the bulge and its sensitivity to DMS and 
DEPCC has been documented repeatedly (10. 55). These features 
aree maintained in all the mu tan t TAR elements, demonstrat
ingg tha t the loop mutat ions do not result in gross rearrange
mentt of the TAR secondary s t ructure . Structure probing of the 
wild-typee TAR loop shows some characteristics of a structured 
loop.. The three guanine residues are differentially modified by 
kethoxal,, with reactivity being high at G '"'. intermediate at G " 
andd low at G " (Figs. 5A. lane 2 and 6B. wt). The same pa t te rn 
iss observed when the RNA is probed with RNase T l (results not 
shownn 1(11, 13. 371. and this observation was previously used to 
proposee that G " pairs with C 3 0 <41>. Indeed. C 3 0 is protected 
fromm modification by DMS (Fig. 5A. lane 3 and C, wt). U3 1 and 
A355 a re sensitive to DMS modification, which confirms the 
exposuree of the functional groups of these residues to 
thee solvent. 

Amongg the set of TAR loop mutan t s , significant changes in 
thee probing profile are observed. The most severe effect is 
observedd for mutan t s t ha t have a base change at position 30 
(G30,, G30C34, U30, and U30A34I, which results in the loss of 
thee characterist ic reactivity of the guanine residues (Fig. 5/i. 
laneslanes 8.11. 17. and 20). G" and G j : i a re no longer differentially 
modifiedd and G ; " is more reactive than in the wild-type context 
(Fig.. 5B). Furthermore, the pat tern of reverse t ranscriptase 
stopss is redistributed by a loss of the stop at position 31 and the 
emergencee of a novel stop at position 38 for all mutat ions at 

positionn 30 (Fig. 5A). These results indicate that C " is instru
mentall in maintaining a structured TAR loop. 

Mutat ionn of'position 34 has a less severe effect on the overall 
reactivitiess in the TAR loop, but it is apparent that both mu
t an t ss ('34 and A34 arc reactive at position 34. whereas the 
wild-typee G34 is not reactive (Fig. 5A. lanes 6 and 15. and Fig. 
6C'i.. In addition, both mutan t s exhibit increased reactivity of 
A35 ,, which indicates tha t mutation of residue 34 dis turbs the 
locall loop s t ructure . For mutant A34. there is an additional 
increasee in the reactivity of C3 0 , which is protected in the 
wild-typee and in mutant C34 (Fig. 5C, mu tan t A34). Thus , 
substi tutionn of G 3 4 with an A results in exposure of residue C3 0 , 
presumablyy by displacing C'"' from its stacked orientation on 
basee pair C 2 9 -G 3 6 . The absence of increased reactivity a t C 3 0 in 
mutan tt C34 could be due to the presence of a pyrimidine at 
positionn 34 in this mutant , which may be insufficiently large to 
displacee C 3 0 . 

S t ruc turee probing with the single mu tan t s G30. U30, C33. 
andd A34 demonstrates that the loop is significantly altered by 
thesee sequence changes and these results are compatible with 
thee disruption of a base pair involving residues C'"' and G' 4 . 
Thee double mu tan t s G30C34 and U30A34 can form an alter
nat ivee cross-loop base pair that may restore the loop s t ruc ture . 
Closee inspection of the base reactivities at positions 34 and 35 
providess evidence that this may indeed be the case. We already-
showedd that subst i tu t ing G34 with C or A results in a high 
reactivityy of the mutan t residue 34 and an increase in reactiv
ityy of A 3 5 (Fig. 5, D and E. respectively!. Fur thermore , substi
tu t ingg residue ("'"' with G or U reduces the reactivity of A' ' ' 
(Fig.. 5,1) and E). In the double mutan t s G30C34 and {.'30A34. 
thee reactivity of residue A 3 5 is restored to levels similar to that 
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FlG.. 5. Chemical s t ruc ture probing 
off wild-type and mutant HIV-1 RNA. 
Secondaryy structures for the apical loop 
aree shown at the top, mutant residues are 
boxed.boxed. A. gel showing the primer exten
sionn reactions on the untreated RNA ( 
laneslanes 1, 4. 7.10. 13. IS. and 7.9). kethoxal-
treatedd (K: 2.5.8. 11,14.17. and 20). and 
DMS-treatedd (D: 3. 6. 9. 12. 15. IS, and 
21).21). Arrows on the left mark positions 
wheree DMS reactivity was observed. B. C. 
I),I), and E, phosphorimager traces high
lightingg the loop residues were kethoxal 
(B)) and DMS (C, D. and E) reactivities 
weree observed. Chemically treated reac
tionss are shown as thin gray lines, anil 
thickthick black lines represent the untreated 
control.. The identity of the RNA (wild-
typee or mutant! is indicated in the upper 
rightright corner of each graph. Arrows indi
catee the nucleotide positions. 
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off the wild-type TAR. In addition, residue 34 is slightly pro
tectedd in the double mu tan t s compared with the single mu
tants .. Thus , the double mu tan t s restore the wild-type behavior 
off residue Anr' and possibly the base paring between residues 30 
andd 34. 

TranscriptionalTranscriptional Activity o/'LTR Promoters with a Wild-type 
oror Mutant TAR /.wip-We next assessed the effect of mutations 
inn the TAR loop on the activity of the l.TR promoter. C33A cells 
weree t ransient ly transfected with the wild-type and mutant 
LTR-luciferasee reporter plasmids with and without a Tat ex

pressionn plasmid. In the absence of Tat . the wild-type and 
mutantt TAR elements have similar LTR activity, indicating 
thatt basal transcription is not influenced by the s t ructure of 
thee TAK loop (Fig. 6A>. The wild-type LTR activity with Tat 
wass set a t 100' ' ' . corresponding to a 24-fold activation over the 
basall activity without Tat (Fig. 6. .4 and B\. Mutants C34 and 
A344 cause the most severe reduction in Tat-mediated t ran
scriptionall activation, with a modest 2-fold LTR activation. 
Mutantss G30 and U30 have a less severe effect, but the Ta t 
responsee is significantly reduced to 6-fold. The double mutant 
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FlG.. 6. LTR-luciferasc assays with wild-type and mutan t constructs. .4, LTR activity measured in C33A cells in the absence and presence 
off a Tat-expressing vector. B. fold promoter induction as measured in C33A cells. C, I.TR activity measured in SupTl cells in the absence and 
presencee of a Tat-expressing vector. D. fold promoter induction as measured in SupTl cells. 

G30C344 roaches a Ta t response of about 5-fold, a phenotype 
t h a tt is intermediate between that of the two individual mu
t an t ss G30 and C34. Thus , the double mutan t part ial ly compen
satess for the defect caused by the C 3 4 mutat ion. This compen
satoryy effect is more prominent for the double mutan t U30A34, 
whichh demonstrates a Ta t response tha t exceeds the level ob
servedd for the individual mutan t s L'30 and A34. These results 
indicatee tha t the base pair between residues 30 and 34 plays a 
rolee in Tat-mediated activation of the LTR promoter, but has no 
effectt on basal transcription. Similar results were obtained in 
thee SupT l T-cell line (Fig. 6, C and D), indicating tha t these 
effectss hold t rue in the cell type that is physiologically relevant 
too HIV-1 infection. 

DISCUSSION N 

Thee s t ruc ture of the HIV-1 TAR element has boon studied 
extensively,, but the conformation of the apical loop has re
mainedd elusive. Based on s t ructure probing and modeling, it 
hass been suggested tha t the TAR loop is s t ructured through a 
cross-loopp base pair involving nucleotides C1" and G34 141), but 
thiss model has received little at tention. Recently, hydrogen 
bondss involving G '4 have been implied in stabilizing the apical 
loopp (34) and the C 3 0 -G 3 4 base pair was observed t ransient ly in 
molecularr dynamics simulations (56). Fur thermore , binding of 
cyclinn T l to TAR appears to require this base pair (421. To date , 
itt has not been demonstrated whether a s tructured conforma
tionn of the TAR loop is required for t rans-act ivat ion of the 
LTRR promoter. 

Thee results we present in this s tudy further support the 
notionn that the TAR loop is stabilized by the C3 0-G : i 4 cross-loop 
basee pair. We observed destabilization of the TAR hairpin upon 
mutat ionn of the loop, indicating tha t the wild-type sequence 
contributess to the overall stability of the TAR hairpin. Studies 
withh model TAR hairpins containing 2-aminopurine riboside 
subst i tut ionss in the loop support this idea. Non-denaturing 
PAGEE analysis and lead-probing showed t h a t G34 plays a key 
rolee in maintaining a s tructured TAR loop. Introducing the 
modifiedd base at position 34 (AP34) al ters two putative 
Watson-Crickk hydrogen bonds because the acceptor-donor 
propert iess of the functional groups at the position 1 and 6 of the 
guanosinee are changed. The corresponding change in free en

ergyy that was measured for AP34 is within the range associ
atedd with the elimination of one or two hydrogen bonds (571. 

Thee molecular modeling and MI) s imulat ions demonstrate 
thatt the TAR loop has a tendency to adopt a stable s t ruc ture 
throughh internal hydrogen bonds. We observed a base-specific 
interactionn between C : i" and G'1'' involving the 0(6) of G'14 and 
thee N(4)H2 of C 3 0 in MD simulat ions of t he 29-mer TAR RNA. 
Fur therr MD simulat ions on the 14-mer TAR model hairpin 
indicatedd that all Watson-Crick hydrogen bonds between C " 
andd G34 can be formed. The geometry of these interactions may 
bee distorted, which could explain why the base pair was not 
readilyy detected in previous NMR studies. Close inspection of 
thesee NMR-derived s t ruc ture models provides further evidence 
thatt hydrogen bonds between residues C'"' and G34 are possible 
withinn the TAR apical loop. These TAR models show a strong 
tendencyy for an in-loop orientation of G by stacking on G"', 
andd this exposes the Watson-Crick side toward C (30). In
deed,, this is consistent with a NOE sequential contact between 
H8-G344 and H8-G™ (30). C™ efficiently stacks on C a 9 , bu t 
commonlyy adopts an orientation away from G . However, sev
erall s t ructure models in the ensemble allow for hydrogen bond
ingg between C 3 0 and G34 . Previously, it has proven difficult to 
assignn the imino proton resonances of G32. G , and G34 in 
NMRR studies of the HIV-1 TAR hairpin. In one study these 
remainedd unassigned 111.05, 10.86. and 10.62 ppm) (39), while 
inn another the ass ignment was nonspecific (11.58 (G32), 10.82 
(G33),, and 10.59 (G34) ppm) (29). Two of these resonances are 
withinn the range of unpaired guanines , but one consistently 
appearss off range above 11.00 ppm. The participation of G34 in 
aa pairing interaction with C 3" would be consistent with assign
ingg the off-range resonance to G34. 

RNAA s t ruc ture probing of the wild-type TAR RNA and mu
tantss with a disrupted or subst i tu ted base pair a t positions 30 
andd 34 showed base reactivity changes that are consistent with 
thee presence of a C'i"-G'i'1 base pair. Reactivity changes at 
positionss 34 and 35 in the double mutan t s compared with 
singlee mutan t s indicated that the double mutan t s may par
tiallyy restore an interaction between residues 30 and 34. In 
LTR-luciferasee assays, we observed a part ial rescue of the Tat 
responsee with the G30C34 double mutan t and t rue rescue with 
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FlG.. 7. Phylogenetic analysis and summary of previous mutagenesis s tudies of the HIV TAR loop. The phylogenetic survey is based 
onn 654 complete TAR sequences from the HIV-1 sequence data base. Trans-activation data are from Refs. 68 and 5. Cyclin T binding data are from 
Ref.. 42. In case of the mutational analyses, the wild-type activity was set at 100'7t, and arrows indicate the relative activity measured after 
mutationn of the corresponding nucleotide. 

thee U30A34 double mutan t as compared with constructs with 
thee individual mutat ions . This demonstrates that the cross-
loopp base pai r is required for Tat-mediated trans-activation of 
t hee HIV-1 promoter. The mutan t analysis also suggests t ha t 
thiss requires a 5'-pyrimidine and a 3'-purine in the cross-loop 
basee pair , since mu tan t G30C34 only partially rescues t ran
scriptionall activation. Because the U30A34 mutan t does not 
reachh wild-type levels of promoter activity in the presence of 
Tat ,, it is likely tha t the sequence as well as the s t ruc ture of the 
TARR loop contribute to t he optimal Tat response of the 
LTRR promoter. 

Recently,, two groups have independently recognized the fre
quentt occurrence of' RNA loops containing a cross-loop base 
pairr capped by a tri-loop in ribosomal RNA, and each proposed 
aa different nomencla ture for this motif, the T-loop or the lone 
pairr triloop (58, 59). There a r e several additional examples of 
analogouss six-nucleotide RNA loops in which the first and fifth 
residuee form a cross-loop base pair. This loop s t ructure has 
beenn identified in the T'I'C loop of the yeast phenylalanine 
tRNAA ((60) and references therein), the anticodon loop of the 
yeastt aspargine tRNA (61), the Iron Responsive Element (62, 
63),, the subgenomic promoter of the brome mosaic virus (64), 
thee encapsidation signal of the Hepati t is B virus (65) and the 
internall ribosomal ent ry site of the hepatit is C virus (66, 67). 
Thee vast majority of these loops constitute important protein 
bindingg sites, and in each case the first loop nucleotide is a 
pyrimidinee and the fifth is a purine. This loop architecture 
appearss to be strongly conserved, despite considerable se
quencee variation and differences in the hydrogen bonding of 
thee cross-loop base pair; deviations from canonical Watson-
Crickk pairing across the loop are common (59). Our results 
demonst ra tee that t he apical loop of the HIV-l TAR hairpin fits 
thee description of this T-loop or lone pair triloop motif. 

Inn this s tudy, we used a limited number of mutants to inves
t igatee the s t ruc ture of the TAR loop: a triple mutan t in which 
3 2GGG 3 44 is changed to AAA, two hairpins containing 2-amin-
opurinee subst i tut ions a t positions 34 and 35. and a set of six 
mu tan t ss with point muta t ions at positions 30 and 34. Thus , the 
contributionn of muta t ions a t positions 31, 32. and 33 was not 
tested.. However, comprehensive mutat ional analyses of the 
apicall loop have previously been performed (5, 42. 68). and we 
summarizedd these resul ts in Fig. 7. In addition, we performed 
aa comparative sequence analysis of natural HIV-1 isolates tha t 
highlightss the sequence variation within the loop. Residues 30. 
344 and 35 are strongly conserved, with substitutions in only 1 
(C30),, 3 (G34), and 4 (A35) out of 654 sequences. In transactiva-
tionn assays , muta t ions at residues C30 , G32, and G3'1 have the 
mostt dramat ic effect on the Ta t response of the LTR promoter 
(5,, 68). Binding of cyclin Tl is most sensitive to mutat ions at 
positionss G 3 2 and G34, and a small contribution of C : ,u to cyclin 
T ll binding was observed (42). Interestingly, the same study 

demonstratedd that the loss of protein binding due to mutat ion 
off residue 34 is partially rescued by a complementary sequence 
changee at position 30. Throughout these different analyses, C 3 0 

andd G consistently emerge as conserved and functionally 
importantt residues, which is compatible with the s t ruc tured 
conformationn of the TAR loop containing a C 3 0 -G 3 4 cross-loop 
basee pair. 

Wee observed that the s t ructure of the TAR apical loop affects 
thee Tat-dependent phase of transcription from the LTR pro
moterr and this suggests that the structured loop conformation 
mayy be involved in the interaction between TAR and cyclin T l . 
Indeed,, our results complement the study of Richtere / al. (42), 
whichh demonstrated that binding of cyclin T l to TAR is most 
efficientt when the cross-loop base pair can form. However, the 
extentt to which our mutan t U30A34 rescues Tat-dependent 
promoterr activity significantly exceeds the rescue of cyclin T l 
bindingg by the analogous mutan t in Richter's study. This sug
gestss t ha t the role of the TAR loop in Tat-dependent t ranscr ip
tionn may not be exclusively at t r ibutable to the TAR-cyclin Tl 
interaction.. Indeed, cyclin T l also affects transcription a t the 
LTRR promoter independently of its interaction with TAR (69). 
Inn addition, o ther cellular proteins that bind to the TAR loop 
havee been described (20. 70-72) and may require t he C : '"-G34 

cross-loopp base pair for recognition of TAR. 
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