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CHAPTERR 3 

Mutationss in the TAR hairpin affect the equilibrium between 
alternativee conformations of the HIV-1 leader RNA 

H.. Huthoffand B. Berkhout. 2001. 
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ABSTRAC T T 

Thee HIV-1 untranslate d leader RNA can adop t two 
mutuall yy  exclusiv e conformation s tha t represen t 
alternativ ee secondar y structures . This leader RNA 
cann fol d eithe r an extende d duple x throug h long -
distanc ee base pairin g or a branche d conformatio n in 
whic hh the RNA locall y fold s int o hairpi n structures . 
Bot hh leader RNA conformation s have the TAR 
hairpi nn in common , whic h form s the extrem e 5' end 
off  all HIV-1 transcripts . We repor t tha t truncatio n of 
thee TAR hairpi n shift s the equilibriu m betwee n the 
twoo RNA conformation s away fro m the thermo -
dynamicall yy  favore d long-distanc e interaction . 
However ,, the equilibriu m is partiall y restore d in 
respons ee to the cation s Na+ and Mg2+. The transcript s 
wit hh mutan t TAR structure s allowe d us to investigat e 
condition ss affectin g the competitio n betwee n the 
alternativ ee conformation s of the HIV-1 leader RNA. 
Wee also demonstrat e tha t the chang e in conforma -
tio nn of the leader RNA due to TAR truncation s 
severel yy  affect s formatio n of the HIV-1 RNA dimer . 

INTRODUCTION N 

Thee untranslated leader ol the HIV-1 genome encodes several 
regulatoryy RNA motifs involved in both early replication steps 
(transcription,, splicing and translation),, as well as late replica-
lionn functions (RNA d i m e n s i o n , packaging and reverse tran-
scription)) 11). A well-known example of such a regulatory' 
RNAA motif is the I AR hairpin. This hairpin structure is located 
att the extreme ?' end of HIV-1 transcripts and represents one of 
thee be si-documented regulatory viral RNA motifs, '['he struc-
turee o l 'TAR is supported by biochemical studies, crystallog-
raphy,, phylogenetie analyses and viral evolution experiments 
(2-7).. The rule o l 'TAK in 1 at-mediated /m/i.v-activation of the 
HIV-11 U K promoter is well established (8-111. Mutation of 
TARR has also been suggested to cause additional defects at 
otherr stages of the viral replication cycle, such as packaging of 
thee viral R.NA into virions and reverse transcription (12-17). 

Recently,, we have reported that the H IV - l leader RNA can 
adopii alternating conformations and could potentially act as a 
molecularr switch during the viral replication cycle (IS). A 

novell conformation ol (he HIV-1 leader RNA was lirsl identi-
fiedd as an unusually fast-migrating band on non-denaturing 
gelss (Is1), formation of (his last-mi grating conformer was 
subsequentlyy shown to depend on a long-distance interaction 
(1,1)1}} between sequences ol the puly(A) and dimer initiaiion 
signall (IMS) domains, which are located downstream of TAR 
inn the H IV - l leader KNA ( f i g l A i . The LD1 base pairing is 
incompatiblee with the folding of local hairpin structures of the 
poly(A)) and IMS domains, which are present in the alternative 
hranchedd structure containing multiple hairpins (BMH. 
f i g ,, IB). The I.D1 duplex is an extension of the stem formed 
byy the primer binding site (PBS) domain ( l i g . IC), and repre-
sentss the thennodynamically favored conformation of the 
H I V - ll leader RNA. ÏTiis is supported by experimental 
evidencee and computer-assisted structure prediction (IK, 19). 

HIV-11 RNA dimerization proceeds through a kissing-loop 
mechanismm by base pairing of the loop-exposed GCtiCGC 
palindromess ol two identical IMS hairpins (20-2? >. An impor-
tantt feature of the 1.1)1 conformation is the trapping of the IMS 
sequences,, such that the diinerization signal is not exposed 
( l i g .. IC). We demonstrated lhai formation ol the MM indeed 
blockss dhneri/aiion. and mutants that prefer the B M H confor-
mationn readily dimen/.c(18). In order to form the RNA dimer. 
thee wild-type HIV- t leader RNA must undergo the 1.1)1 to 
B M HH structural rearrangement to expose the DIS hairpin 
l l i g .. IB) This structural rearrangement is facilitated by the 
C.iag-derivedd nucleoeapsid ( N O protein, which possesses 
nucleicc acid chaperone activity (18). 

Althoughh the V TAR hairpin takes no direct part in 1.1)1 base 
pairing,, transcripts wiih mutant TAR structures form this 
conformationn wiih reduced efficiency (18) In this study, wo 
investigatedd the influence ot the HIV-1 TAR structure on the 
1.1)11 :BMH equilibrium. We show that reduced 1.1)1 folding due 
too mutations in TAR does result in increased RNA diineriza-
tion.. which is in accordance wi ih a preference for the B M H 
conformation.. However, the I J ) I folding delect of transcripts 
withh mutant TAR structures can be overcome by adjustment of 
(hee buffer composition and the renamration procedure. In 
particular,, the cations Na* and Mg ; * influence the equilibrium 
betweenn the M ) I and BMH conformations of ihe HIV-1 leader 
RNA. . 
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Figuree I. Structure ami organization of the HIV-1 leader RNA. (A) Linear rep-
resentationresentation of the HIV-1 leader. Regions corresponding to previously proposed 
secondaryy structures are boxed and identified by abbreviations: the TAR hair-
pin.. the poly; A) hairpin containing the AAUAA A hexamer. the US-leader stem 
containingg the PBS, the DIS. the splice donor site (SDj. the major packaging 
signall  i.v/1 and the Gag start region (AUG). The positions of the R and US 
regionss and the Gag open reading frame are indicated by lines. (B) Alternative 
secondaryy structures of the HIV-1 lender RNA. Several structure and sequence 
elementss are highlighted: the TAR bulge and loop (green), the AAUAA A poly-
adenylationn signal (orange), the PBS (blue) and the DIS palindrome (pink). 
Thee ground scale conformation contains an extended R-l '5 leader stem, which 
iss the result of a LDI between the polyiAland DIS domains. The alternate con-
formationn exposes the poly(A) and DIS hairpins and lakes the form of a HMH. 
Hi ee HM11 monomer allows the formation of RNA dimers through base pairing 
^l^l the palindromes of two D1S lexips. The structural rearrangement from I.DI 
too BM11 is facilitated by the N(' protein, which is indicated by red ovals on the 
HMHH structure. (Cl Detailed secondary structure model of the 1.1)1 conforma-
tion,, color markings as in Oil Start sites of truncated transcripts are indicated 
att positions It). 17. 2') and 58. The structure of the PBS region is according to 
(37)) and Beerens.N.. Groot.F. and Berkhout.li. (submitted for publication), 

MATERIALSS AND METHODS 

InIn vitro transcription 

RNAss were /'/; vitro transcribed from PCR generated templates 
containingg a 17 promoter directly upstream of the natural 
HIV-11 LAI +1 transcriptional start siic or the indicated start 
positions.. PCR was performed on the pBluescripl 5' LTR 
piasmid.. The 17 promoter sequence was present in the sense 
primers,, thus introducing the 17 promoter at desired positions. 
PCRR fragments were precipitated with ethanol and washed 
beforee use in transcription reactions. Transcription was carried 

outt with the Ambion megashortscript T7 transcription kii 
accordingg to the manufacturer's instructions. Radiolabeled 
transcriptss were synthesized in ihe presence of [a-32P]UTP. 
Transcriptss were subsequently excised from a 4$ denaturing 
polyacrylamidee gel (visualized by UV-shadowing or autoradi-
ography)) and eluied from the gel fragment by overnight incu-
bationn in 0.3 M Na acetate buffer (pH 5.2) ai room 
lemperature.. The RNA was then precipitated and dissolved in 
water.. Purified transcripts in water were heated to 85°C and 
allowedd to slowly cool to room temperature. The slock solu-
tionss of RNA were stored at -20°C and aliquois were taken for 
subsequentt analysis. Quantification of Ihe RNA was done by 
UV-absorbancee measurements and scintillation counting in 
casee of radiolabeled transcripts. 

InIn vitro RNA studies and non-denaturing electrophoresis 

Forr electrophoretic analysis. -10 ng of radiolabeled RNA was 
incubatedd in a final volume of 10 ul buffer. Buffers used: Tris 
(100 mM Tris-HCl pll 1.5). TEN buffer (KM) mM NaCl. 10 niM 
'Iri ss HCI. EDTA pH 7.5) and IN buffer (100 mM NaCl. 
100 mM Tris-HCl pH 7.5) supplemented with 0.1 or 1.0 mM 
MaCL.. Initially, transcripts were incubated in TEN buffer at 
37°CC for 30 min (Fig. 2). bul in subsequent experiments the 
RNAA was heated to 60°C in ihe buffer and slowly cooled to 
roomm lemperature. Annealing of aniisense DNA was done in 
TENN buffer by healing to 60°C and subsequent cooling to room 
lemperature.. We used 100 ng of the aniisense oligo CNI (5'-
GGTCTGAGGGATCTCTAGTTACCAGAGTC-3').. which is 
complementaryy to nucleotides 123-151 of the HIV-I leader 
RNAA and was selected from a set of aniisense oligonucleotides 
thatt effectively denature the LDI conformert 19). Dimerization 
assayss were carried out in a final volume of 10 ul dimerization 
bufferr (40 mM NaCl. 0.1 mM MaCL and 10 m.M Tris-HCl pH 
7.5).. RNA concentration was varied as indicated for each 
samplee (see Fig. 5). Dimerization samples were incubated at 
60°CC for 30 min and subsequently allowed to cool to room 
lemperature. . 

Afterr incubation, the samples were chilled on ice and diluted 
withh 5 ul loading buffer (30$ glycerol with BIB dye). Heal 
denaturationn of control samples was carried out in formamide 
loadingg buffer by healing at 85°C. Samples were analyzed on a 
A'7,A'7, polyacrylamide gel in 0.25 x TBI- (22.5 mM 'Iris. 
22.55 mM boric acid, 0.625 mM EDTA) or 0.25 x IBM 
(22.55 mM Tris. 22.5 mM boric acid. 0.1 m.M MaCL). Native-
gelss were am al 150 V ai room temperature. Some samples 
weree also analyzed on n'/i sequencing gels containing urea. 

RNAA secondare structure prediction 

Computer-assistedd RNA secondary structure prediction was 
donee using the Mlbld v3.0 algorithm (24-26) offered by the 
MBC'MRR Mlbld server (http://mfold.burnet.edu.au/). Sellings 
weree standard for all folding jobs, corresponding to conditions 
att 37°C and 1.0 M NaCl. using a 5*3? suboptimality range. The 
sequencee of ihe HIV-I B LAI isolate was downloaded from the 
HIVV daiabase (http://hiv-web.lanl.gov/). All truncated RNA 
speciess used in this study were analyzed by Mlbld. 

RNAA ahsorhance nul I inn curves 

RNAA thermal denaturation was monitored by measuring the 
absorbancee of UV light at 260 nm in a quartz cuvette with a 
standardd I cm path length. Absorbance was measured over a 
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Figuree 2. Non-denaturing gel electrophoresis of HIV-1 transcripts with 
increasingg 5' end truncations. 5' and 3' extremities of the transcripts are indi-
catedd at the top of the lanes, with numbering in relation to the transcriptional 
startt site (+1). As a control, transcripts were annealed to ilic antisensc oligo 
CN11 (lanes 5-10). which disrupt the 1.1)1 conformation of the IIIV- 1 leader 
RNA.. Fast-migrating RNA species that adopt ilic LDI conformation arc indi-
catedd by asterisks. 

continuouss temperature range from 10 to 95°C on a tempera-
turee controlled Perkin Elmer Lambda 2 spectrophotometer. 
Temperaturee was increased ai a rate of 0.5°C/min with 
samplingg ai each 0.1°C. Samples contained -3.0 Ug of RNA 
dissolvedd in 141) ul of 50 mM Na cacodylale buffer (pH 7.2). 
supplementedd with 0,0.1 or 1.0 mM MgCk Prior to the meas-
urement,, the RNA was renatured by incubation in ihe 
cacodylalee buffer ai 37°C lor 30 min, after which MgCl. was 
added.. Electrophoretic analysis of the samples prior to Ihe 
analysiss confirmed the monomelic stale of the RNA (not 
shown).. No significant degradation of the transcripts was 
apparentt after the measurement, as judged by gel analysis (not 
shown), , 

RESULTS S 

Mutationss in TAR ail eel the conformation of Ihe IIIV- 1 
leaderr RNA 

Ass pan of an extensive mutational analysis to identi IV the domains 
involvedd in formation of ihe 1.1)1 we analyzed HIV-1 transcripts 
withh mutations in the 5' TAR hairpin. A nesled set of tran-
scriptss with variable 5' ends was analyzed on a non-denaturing 

polyacrylamidee gel d ig. 2). This 5' truncated sei contains 
transcriptss stalling ai nucleotide positions 10, 17. 29 and 58, as 
indicatedd in Figure IC'. and causes Ihe stepwise disruption and 
eventuall  removal of the TAR hairpin. All transcripts share a 
commonn 3' end. position 290. which extends beyond the 
minimall  3' domain required for LDI formation (IX). The wild-
typee 1/290 transcript forms the LDI and exhibits the character-
isticc fast electrophoretic mobility dig. 2. lane I). which is lost 
alterr annealing of the antisense oligonucleotide CN1 (Fig. 2. 
lanee 6). ÏTüs antisense DNA binds to the U5 region of the HIV-1 
leaderr RNA and effectively disrupts the 1.1)1 conformation 
(19).. Transcripts starting at position 10, 17 and 29 produce a 
slow-migratingg RNA (Fig. 2. lanes 2-4) thai shows no signifi-
cantt change in mobility after annealing of the CNI oligo 
(Fig.. 2. lanes 7-9). Thus, it appears lhal ihese TAR-muiated 
transcriptss are unable to form the LDI and instead adopt Ihe 
BMHH conformation. However, a faint band of last mobility 
wass observed for the 58/290 transcript lacking Ihe complete 
TARR hairpin d ig. 2. lane 5). This band is absent upon 
annealingg of the CNI oligo dig. 2. lane 10), and was nol 
observedd on denaturing gels (dala nol shown), suggesting thai 
LDII  formation is not completely dependent on the presence of 
thee TAR hairpin. 

HIV-11 transcripts with mutant TAR structures can he 
inducedd to adopt the LDI conformation 

Wee tested a variety of renaturation protocols to assess LDI 
formationn of transcripts with a mutant TAR structure. We 
foundd that slow rates of cooling during transcript renaturation 
significantlyy increased ihe fraction of transcripts thai adopt Ihe 
1.1)11 (data not shown). The cationic constituents of the renatur-
ationn buffer also influence LDI formation. This is shown in 
figuree 3A, where transcripts 58/290. 17/290 and 1/290 were 
slowlyy cooled in a buffer lacking counlerions and buffers 
containingg 100 mM Na' with 0,0.1 or 1.0 mM Mg : \ The wild-
typee transcript adopts ihe LDI ai -70% efficiency in the buffer 
lackingg counlerions (lig. 3A, lane 12). In the presence of Na*. 
alll  of ihe wild-type transcripts form the 1.1)1 conformation 
(Fig.. 3A. lane 13). and addition of MgN has no further effect 
(Fig.. 3A. lanes 14 and 15). Analysis of ihe mutanl transcripts 
58/2900 and 17/290 yielded some interesting differences with 
thee wild-type RNA. Both mutanl transcripts do not form ihe 
1.1)11 in the absence of counlerions (Fis. 3A, lanes 2 and 7). 

TBE E 
S3'Z9<)) 1//290 1/SSO 

Sljj  V , 

FF T '« j i  i F T Nl . i i F T ".a 

TBM M 
58.9900 17«90 1/290 

F T » - j r i F T « i n . F T i i 

M i l l l 
BMH*--

nn - « « 
 * -- ' H i 

Figuree 3. The effect of metal ions on Ihe two conformations of the HIV-1 leader RNA. Transcripts were denatured in formamidc (F), dissolved in Tris buffer ('I I 
orrenaturedinlhee presence 100 mM Na' (lanes 3. 8 and 13) with increasing amounls of Mg:*  (0.1 mM. lanes 4.9 and 14; 1.0 mM. lanes 5. I o and 15). Sample-
weree spin and analyzed on a TBE gel (A) and TBM gel(B). 'I he LDI. BMH and dimeric(D) conformations of the RNA arc indicated by arrows. 
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Uponn addition of Na*, increased 1.1)1 formation is apparent for 
bothh transcripts (lig. 3A, lanes 3 and 8). This effect is most 
prominentt for the 58/290 transcript, which produces -25% 
1.1)11 in the presence of Na*. The 1.1)1 fraction of this transcript 
iss further increased to -45% by the addition of 0.1 ni.M Mg2* 
(Fig.. 3A. lane 4). I or transcript 17/290, no further stimulation 
off  11)1 folding is observed upon addition of 0.1 m.Vl Mg2" 
(Fig.. 3A. lane 9). Intriguingly. raising of the Mg2*  concentra-
tionn to 1.0 inM results in a reduction of the 1.1)1 fraction for 
bothh mutant transcripts (Fig. 3A. lanes 5 and 10). We thus 
observee that both stimulation and inhibition of 1.1)1 formation 
occurss in a Mg-"-dependent manner. 

Too further investigate this effect, we analyzed the same 
sampless on a non-denaturing gel containing 0.1 inM Mg2* 
(TBMM gel, Fig. 3B). Gels containing magnesium are 
commonlyy used in the study of HIV-1 RNA dimeri/ation. as 
thee kissing-loop RNA dimerdoes not resist electrophoresis in 
EDTAA (2I.27.2S). On the IBM gel. the mutant transcripts 
producee both monomelic and dimeric RNA. In contrast with 
thee results on the TBE gel (Fig. 3A), monomers of the mutant 
transcriptss migrate as a single band on the IBM gel. The elec-
trophorelicc mobility of these monomers precisely follows the 
patientt of the LDI bands on the TBE gel. In particular, the 17/ 
2900 monomers have the same mobility as the wild-type 1/290 
transcriptss on the 'IBM gel. This suggests that the monomers 
observedd on the 'IBM gel represent transcripts in the 1.1)1 
conformation.. This preference for the 1.1)1 structure on the 
1MBB gel is reminiscent of the stimulatory effect of 0.1 inM 
Mg2-- on 1.1)1 formation observed on the TBF. gel (Fig. 3A). 

RNAA dimcrs are observed on the TBM gel. but only for the 
TAR-mutatedd transcripts that preferentially adopt the BMH 
conformationn on the 'FBI: gel. As Mg2*  stimulates dimeri/ation 
off  HIV-1 RNA (20,28,29), this may explain the observed 
reductionn in the LDI fraction of transcripts 58/290 and 17/290 
att 1.0 mM Mg2- on the TBE gel (Fig. 3A). Indeed, dimeri/a-
tionn of the mutant transcripts 17/290 and 58/290 is nearly 
completee at 1.0 mM Mg?*  (Fig. 3B. lanes 5 and 10). Thus, the 
reductionn in 1.1)1 formation observed on TBF. gels at 1.0 m.M 
Mg2**  (Fig. 3A) coincides with increased dimeri/ation of these 
transcriptss (Fig. 3B). The kissing-loop dimcrs formed in the 
presencee of Mg2*  do not resist electrophoresis on the TBE gel. 
andd apparently dissociate into BMH monomers, leading to the 
observedd reduction of the 1,1)1 conformers. 

Analysiss of the transcripts on the TBM gel demonstrates a 
markedd difference in dimeri/ation efficiency of the wild-type 
andd mutant transcripts (lig. 3B). Dimers are apparent for the 
mutantt transcripts 17/290 and 58/290. but not for the wild-type 
1/2900 transcript. Transcript 17/290 forms dimers up to nearly 
100%% efficiency in 1.0 mM Mg2*  (Fig. 3B, lane 10), and a low 
amountt of dimers is formed without Mg2*(F'ig. 3B. lane 8). 
Dimeri/ationn is less efficient for transcript 58/290, reaching a 
maximumm of 80',; dimers at 1.0 mM Mg2". This mutant 
displayss a more stringent Mg2*  requirement for dimeri/ation at 
alll  conditions tested. In general, an inverse correlation between 
LDII  formation and RNA dimeri/ation is apparent. Efficient 
LDII  formation follows the order l/29O>58/290> 17/290(1 ig. 3A. 
TBEE gel), and efficient dimer formation is observed in the 
orderr 17/290 > 58/290 > 1/290 (Fig. 3B. IBM gel). These 
resultss indicate that the 1.1)1 and RNA dimers represent 
mutuallyy exclusive structures, which is consistent with the 
proposedd base pairing schemes (Fig IB). 
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Figuree 4. Thermal denaluralion of the HIV I 1/290 transcript at increasing 
M«;'' concentrations, as monitored by UV absorption 0~ = 260 mn |. Curves for 
thee first order derivative löA/ÖTi arc shown to allow for the accurate identifi-
cationn of melting transitions, ï\ and 7V (A) Melting curves were obtained in 
thee presence of SO mM Na cacodylate (pM 7.5) with 0.0.1 and 1.0 mM MgCI2. 
(1))) Values of 7"| and T- at increasing Mg-*  concentration, with corresponding 
-SA/8TT value» at peak maximum. 

Thee results described above support the notion thai the BMH 
structuree is the conformation of the monomelic RNA that 
allowss formation of the RNA dimer. In particular, 'FAR 
mutantss favor ihe BMH over the 1.1)1 structure, and therefore 
displayy a marked increase in RNA dimeri/ation. We found that 
Mg2**  can stimulate both LDI and dimer formation of tran-
scriptss containing mutant TAR structures. Wild-type tran-
scriptss form the LDI conformation at all conditions tested, 
whichh explains the apparent inability of this RNA todimeri/e 
readily.. In summary, two important results derive from the 
experimentss described above: (i) mutations in FAR lead to a 
preferencee for the BMH over the 1.1)1 structure (Fig. 3A. FBI-
gels),, and thus favor RNA dimeri/ation (lig. 3B, IBM gels) 
and.. (ii ) the I.DFBMH equilibrium can be modulated by 
cations. . 

Thee effect of magnesium on the stability of the LDI 
conformation n 

Whereass wild-type HIV-1 transcripts do not require Mg2' for 
LDII  folding, the results with the FAR mutated transcripts 
suggestt that Mg2*  increases the stability of this RNA confor-
mation.. To test this, we performed UV-absorbance melting 
experimentss with the wild-type transcript in the absence and 
presencee of Mg2*  (Fig. 4). The melting profile of the wild-type 
1/2900 transcript (Fig. 4A) is characterized by two major transi-
tionss in the absence of Mg2": a high intensity transition wilh Tm 

== 50°C (7"|) and a second transition of lower intensity ai Tm = 
67°CC (7\). We previously demonstrated that these transitions 
correspondd to the LDI and the 'FAR hairpin, respectively (18). 

Additionn ol increasing amounts ol Mg2*  gradually shifts both 
peakss to higher temperatures (Fig. 4). demonstrating that Mg2+ 

Stabilizess both the extended LDI duplex and the 'FAR hairpin. 
Wee did observe some broadening of transition 7", at 1.0 mM 
Mg2*.. which is the result of melting over a wider temperature 
range.. Broadening of this transition coincides with a decrease 
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inn peak intensity, which is reflected in a decrease of the numer-
icall  value of 8A/8T (lig. 4B). This effect is nol observed for 
transitionn 7\. suggesting that specific broadening of the 1.1)1-
associatedd melting transition 7", at 1.0 m.M Mg2+ is due to 
increasedd flexibilit y of this RNA domain. Thus, even though 
thee 1.1)1 duplex may be stabilized by Mg-'\ the energy banier 
betweenn alternate conformations could be reduced. These 
resultsresults are consistent with the observation that both LDI 
formationn and RNA dimerization benefit from Mg:" d ig. 3). 

Thee I.DI conformation of H1V-1 transcripts restricts RNA 
dimerization n 

Thee structure of monomelic HIV-1 leader transcripts is best 
describedd by an equilibrium between two alternate conforma-
tionall  stales, the 1.1)1 and BMH structures (Fig. IB). For wild-
typee transcripts, the 1.1)1 conformation is strongly favored. 
Mutationss in TAR result in a shift towards the BMH structure, 
ann effect thai varies with the buffer composition d ig. 3). This 
equilibriumm between two alternate HIV-1 leader UNA confor-
mationss is further complicated by the observation that the 
BMHH conformation allows subsequent formation of the RNA 
dimer.. To further dissect this complex three state equilibrium 
off  HIV-1 RNA structures, we performed dimerization assays at 
varyingg RNA concentrations, the reasoning being thai RNA 
dimerizationn is sensitive to the RNA concentration because it 
representss an iniermolecular base pairing interaction. We 
choosee to compare the wild-type 1/290 transcript with the 
mutantt 17/29(1 transcript, which has the most severe impact on 
thee LDI:BMH equilibrium. 

Ann increasing amount of unlabeled RNA was added to a 
55 nM solution of radiolabeled RNA. Samples were allowed to 
dimerizee and analyzed on a TBM gel (Fig. 5A). Hands were 
quantitatcdd to determine the dimerization efficiency (Fig. 5B). 
Ass expected, both transcripts showed an increased dimeriza-
tionn efficiency in response to an increasing RNA concentra-
tion.. However, the wild-type 1/290 transcript forms dimers 
muchh less efficiently than transcript 17/290, consistent with 
thee results in Figure 3. At the lowest RNA concentration tested 
(55 nM). the wild-type 1/290 transcript forms monomers exclu-
sively,, whereas transcript 17/29(1 produces \6'7c dimers. Al 
500 nM RNA. dimerization yields remain <2C'<  forthe wild-type 
transcript,, whereas (he 17/290 transcript exceeds 50% dimers. 
Finally,, transcript 17/290 yields almost exclusively dimers at 
RNAA concentrations >250 nM, but the wild-type transcript 
yieldss at most 40'/}  dimers at 2.0 u.M. 

Thee wild-type 1/290 transcript demonstrates reduced dimer-
izationn compared with the mulani 17/290 transcript at all RNA 
concentrationss tested. Because the DIS sequence is identical in 
bothh transcripts, this result suggests that the differential dimer-
izationn capacities relate to the difference in conformation of 
thesee transcripts. The wild-type 1/290 preferentially adopis the 
I.DII  conformation and dimerization of this transcript necessi-
tatess the rearrangement into the BMH (o expose the DIS hairpin. 
Thus,, dimerization of the wild-type transcript follows a two-step 
mechanism:: (i) an intramolecular structural rearrangemenl and 
(ii )) the subsequent intermolecular interaction of two monomer 
BMHH summits. Transcript 17/290 preferentially adopts the 
BMHH and dimerization of this transcript therefore does nol 
requiree the I.DI to BMH structural rearrangemenl. For (his 
transcript,, dimerization is essentially a one-step mechanism of 
associationn of two BMH conformers through DIS loop-kissing. 
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Figuree 5. The effect of RNA conceniraiion on formation of ihe HIV- ] RNA 
dimcr.. (AI Transcripts 1/290 and 17/290 were analyzed on a TBM gel. Increas-
ingg amounts of the corresponding unlabeled RNA were added to a solution ol 
55 nM radiolabeled transcripts. Final RNA concentrations: 5, 10, 50. 200 and 
5000 nM. I and 2 jiM . Control samples were denatured in formamide as indi-
catedd by F. (B) Quantified data from (he gel shown in (A). 

DISCUSSION N 

Wee have studied the ability of wild-type and TAR-iruncaicd 
HIV-11 leader transcripts to adopt two mutually exclusive 
conformations:: the ihermodynamieally favored I.DI between 
thee poly(A) and DIS domains and the alternative BMH struc-
ture.. Disruption of the TAR hairpin negatively influences 
formationn of the I.DI. thus resulting in a preference for the 
alternativee BMH structure. In addition, we observed a strict 
inversee correlation between the effect of TAR mutations on 
1.1)11 formation and RNA dimerization. Consistent with 
previouss results with other HIV-1 RNA mutants thai do not 
formm the LDI (18). folding of the alternative BMH structure 
correlatess wiih increased dimerization, which is known to 
proceedd through the exposed DIS hairpin (20-22). 

Deletionn of TAR does not completely block I.DI formation, 
andd partial recovery of the I.DI is achieved by adjusting buffer 
conditions.. Specifically. I.DI folding was significantly 
restoredd by addition of Na* and Mg2+ to the renaturaiion buffer, 
whichh is reminiscent of metal ion rescue of tertiary RNA struc-
turess (30.31). These results indicate that TAR is not essential 
forr I.DI formation, which is consistent with the proposed 
secondaryy structure model (Fig. 11. We observed that the 
delectt in I.DI formation is less severe for transcripts in which 
thee complete TAR hairpin has been deleted than for transcripts 
withh partial TAR deletions. The reduced 1.1)1 formation of the 
latterr transcripts may be due to misfolding. Deletions in 
thee 5' side of Ihe base paired TAR stem wil l render the 3' 
complementt single-stranded, and thus available for alternative 
basee pairing, for instance. TAR nucleotides 51-57 share a 
highh complementarity with nucleotides 105-111 just down-
streamm of the poly(A) domain. Mlold analysis predicts this 
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basee pairing scheme tor transcripts containing truncated '1 AR 
structuress (data not shown). Base pairing olnucleotides 51/57-
105/1111 extends the poly(A) hairpin by 5 additional Watson-
Crickk haw pairs, and will therefore favor the HMH structure. 
Wee have previously demonstrated that stabilization of either 
thee poiy(A) or DIS hairpin inhibits formation of the MM. and 
consequentlyy results in increased dimeri/ation (IS). Removal 
off  the complete TAR haiipin eliminates this inisfolding possi-
bility ,, thus explaining the intermediate phenotype of the 5K/ 
290290 transcript. There is also some evidence that this misfolding 
trapp is avoided m vivo. Involution of HIV-1 viruses with a 
disruptedd TAR stem through substitution of nucleotides 3-16 
resultedd in rapid acquisition of substitutions at positions 51-
54.. thereby eliminating base pairing to nucleotides 11)5-1 11 
(7). . 

Deletionn of the entire TAR hairpin does not completely 
relieverelieve the preference for the ÜMH conformation, indicating 
thatt the structural integrity of TAR does affect the structure of 
thee downstream leader RNA. The TAR hairpin and the LD1 
duplexx are observed as independently structured domains in 
UVV melting experiments. L'V melting experiments suggest that 
thee structural flexibilit y of the I.I.)], but not of TAR, is 
increasedd by Mg2+. This was observed as peak-broadening of 
thee LDI-associated melting transition at high Mg-+ levels. By 
increasingg the number of conformational slates accessible to 
thiss RNA domain. Mg:+ could reduce the energy barrier of the 
I-Dll  to BMH structural rearrangement, and thus facilitate RNA 
dimeri/ation.. This idea is supported by the observation that the 
wild-typee HlV-1 transcript produces reduced levels of LDI 
confortnerss at Mg:*  concentrations >5X) niM (1S>), The effect 
off  Mg2, on the HlV-1 RNA conformation suggests that Mg'* 
bindss differentially to the LDI and BMH conformations, 
presumablyy through specific metal-coordination sites. Because 
Mg2++ concentrations may vary in different cellular compart-
mentss and in virion particles, this raises the interesting possi-
bilityy that the HIV-l leader RNA can adjust its structure in 
responseresponse to the chemical environment. 

Thee melting transition associated with the TAR hairpin is not 
subjectt to broadening upon addition of magnesium, indicating 
thatt the TAR haiipin is a relatively rigid structure. In fact, this 
rigidityrigidity  may be an important feature of the influence of TAR 
onn ihe folding of the downstream leader domain. TAR could 
actt as a scaflold for LDl-loldiug of the downstream RNA 
domain.. This could be accomplished through co-axial stacking 
oll  adjacent helical domains or the stabilization of poly-helical 
junctions.. Additional interactions may exist between CAR and 
thee downstream HIV-1 leader RNA. Lor instance, the TAR 
loopp is a potential candidate for additional base pairing interac-
tionss (32). However, in the course of these experiments we 
havee not observed any evidence tor such a tertiary interaction. 
Inn particular, the observation that the 58/291) transcript forms 
thee LDI more efficiently than other TAR-mutated transcripts 
arguess against the involvement of the TAR loop in a tertiary 
interaction.. 'ITiis was confirmed by elcctrophoretic and 
UV-meltingg analysis of transcripts in which the TAR loop 
sequencee was mutated from CL'CKKiA to CL'AAAA or 
UCAAAG.. which did not affect 1.1)1 folding and RNAdimer-
izationn (daia not shown). 

AA word of caution derives from the data presented in this 
study.. We have demonstrated that 5' TAR deletions have a 
considerablee influence on ihe LDLBMH equilibrium, and 

consequentlyy on RNA diinerizaiion. Studies on the dimeriza-
lionn of retroviral transcripts often make use of extensively 
truncatedd constructs. Our results demonstrate that the ability to 
performm the LDI to BMH structural transition is a key determi-
nantt in formation of the RNA dimer. The thermodynamically 
favoredd LDI conformation considerably inhibits the ability of 
HIV- ll  RNA to dimerize. Taking into account this competition 
betweenn two structural con formers of the HIV-l leader RNA 
mayy help resolve the discrepancy between the results from 
inin vitro and in vivo dimerization studies (12,33-36) further-
more,, tbe observation that mutations in HIV-l TAR affect the 
conformationn of the downstream leader RNA could account 
forr some of the HI Ww defects reported for TAR-mulaled virus 
constructs,, there is accumulating evidence that mutations in 
TARR affect virus replication mechanisms other than transcrip-
tionall  activation, lor instance, disruption of the TAR hairpin 
hass been observed to affect RNA packaging and reverse tran-
scriptionn by several groups (12-17), We have previously 
postulatedd that the eonlormaiional polymorphism of the HIV- l 
leaderr may act as a molecular switch in the viral replication 
cycle,, thus accommodating regulatory signals for both the gene 
expressionn and genome packaging pathways (l#). The data 
presentedd in this study demonstrate that mutations in the TAR 
hairpinn significantly alter the RNA equilibrium that constitutes 
thee regulatory switch. '1'hus. some of the virus replication 
defectss observed upon mutation ol'TAR may be attributable to 
itss influence on the structure of the downstream leader RNA. 
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