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ABSTRACT:: HIV-1 RNA dimerization is a complex process that involves a series of RNA refolding events. 
Thee monomelic RNA can adopt two alternative conformations that largely determine the efficiency of 
dimerization.. The dimeric RNA also exists in two different conformations, an initial kissing-loop complex 
andd a stable dimer with extended intermolecular base pairing. We describe an ordered RNA folding pathway 
thatt incorporates this multitude of HIV-1 RNA conformers. Analysis of mutant transcripts designed to 
blockk distinct steps of the refolding cascade supports this model. The folding properties of the wild-type 
RNAA and the defects caused by the mutations can be fully understood in terms of the fn.. energy changes 
associatedd with secondary structure rearrangements. 

Unsplicedd retroviral transcripts fulfil l a dual role as mRNA 
andd viral genome. Important regulatory RNA motifs for each 
off  these functions are clustered within the untranslated leader 
RNA.. The HIV-1 l leader has a length of 335 nucleotides 
andd contains RNA motifs involved in the regulation of 
transcriptionall  activation, splicing, polyadenylation, and 
translationn but also RNA dimerization. genome packaging, 
andd reverse transcription (Figure 1 A) (/, 2). In virus particles 
thee retroviral genome is present as an RNA dimer that is 
noncovalentlyy linked near the 5' end (J, 4). The RNA genome 
servess as a template for reverse transcription, and the dimeric 
statee is thought to help bypass nicks or breaks during reverse 
transcriptionn (5, 6), It has also been suggested that the RNA 
dimerr is preferentially packaged into virus particles (7, 8). 

Wee have recently demonstrated that the monomeric HIV-1 
leaderr RNA can adopt alternative conformations (9, 10). The 
thermodynamicallyy favored conformation is an elongated fold 
inn which remote domains of the leader are base paired 
throughh a long -distance interaction (LDI) (Figure IB). In the 
alternativee conformation, the LDI is disrupted to allow 
foldingg of the branched multiple Ziairpin structure {BMH) . 
Thee BMH conformer contains the dimer initiation .site (DIS) 
hairpin,, which is also referred to as .stem loop 1 (SL1) or 
thee jtissing-/oop domain (KLD). The DIS hairpin initiates 
RNAA dimerization in vitro (/, 11-16). The DIS hairpin is 
nott present in the LDI structure, and this may provide the 
viruss with a means to regulate RNA dimerization through a 
conformationall  switch between the LDI and BMH forms (9). 

DIS-mediatedd RNA dimerization has been studied exten-
sivelyy using a variety of approaches, including NMR analyses 
(17—20).(17—20). crystallography (21, 22), and biochemical studies 
(23—26).(23—26). Dimerization is initiated by base pairing of two 

**  This work was supported by The Netherlands Organization for 
Scientificc Research (NWO-CW). 

gg author: tel. (31-20) S66 4K22; fax. (31-20) 691 
6531:: e-mail, b.berkhout@amc.Liva.nl. 

'Abbreviations:: HIV-1, human immunodeficiency virus type 1;NC, 
nucleocapsidd protein: DIS, dimer initiation signal. LDI. long-distance 
interaction:: BMH. branched multiple hairpin; KL, kissing-loop complex: 
ED,, extended dimer: INT, intermediate. 

loop-exposedd palindromes, a structure referred to as the 
kissing-loopp complex (KL, Figure IB). After KL complex 
formation,, the two DIS hairpin stems rearrange such that 
thee intermolecular duplex is extended. This extended duplex 
dimerr (ED, Figure IB) is of higher thermal stability than 
thee KL complex (12, 16, 27). 

Whenn taking into account the alternative monomeric RNA 
conformationss (LDI and BMH) and the two different dimeric 
formss (KL and ED), dimerization becomes a complex process 
thatt requires multiple conformational rearrangements. We 
havee constructed a hypothetical pathway to describe the steps 
requiredd to convert LDI monomers into ED dimers (Figure 
IB).. This pathway includes the LDI and BMH monomeric 
conformations,, the KL and ED dimers, and two putative 
foldingg intermediates, IntA and IntB. We tested the validity 
off  this multistep RNA folding pathway with mutant tran-
scripts.. This model accurately predicts the dimerization 
propertiess of the wild-type transcript and the folding delicts 
off  mutant transcripts. 

MATERIAL SS AND METHODS 

InIn Vitro Transcription. RNA was transcribed from PCR-
generatedd templates with a T7 promoter directly upstream 
off  the transcriptional start site (position +1) of the HIV-1 
LAÏÏ  isolate. PCR was performed on the pBluescript 5'LTR 
plasmidd (28) with a sense primer encoding the T7 promoter 
sequencee and an antisense primer up to position 270 or 290. 
Mutantt 270 + 4 was generated by introduction of four 
additionall  nucleotides in the antisense PCR primer. Con-
structionn of mutant GC1 has been described previously (29). 
PCRR fragments were precipitated with ethanol and washed 
beforee use in transcription reactions. Transcription was 
performedd with the Ambion megashortscript T7 transcription 
kitt according to the manufacturer's instructions. Radiolabeled 
transcriptss were synthesized in the presence of [a-3;P]UTP. 
Transcriptss were excised from a 4% denaturing polyacryla-
midee gel (visualized by autoradiography) and eluteo from 
thee gel fragment by overnight incubation at room temperature 
inn 0.3 M sodium acetate buffer (pH 5.2). The RNA was 
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FIGUREE I: Structure and organization of the HIV-1 untranslated leader RNA. (A) Linear representation of the untranslated leader RNA. 
highlightingg important regulatory motifs: TAR (trans-activation response element) in green. poly(A) (polyadenylation domain containing 
thee AAUAA A sequence) in orange. PBS (primer binding site) in blue. DIS (dimerization initiation site) in pink'.SD (major splice donor), 
VV (core packaging signal), and AUG (the Gag start codon). (B) Schematic representation of the secondary structure conformations of the 
HIV-II  leader RNA. The thermodynamically most stable conformation ol' monomelic transcripts is an elongated rodlike fold, which is 
establishedd through a long-distance interaction (LDI) between the poly(A) and DIS domains. After the poly(A) and DIS domains are 
dissociatedd (IntA), the HIV-I leader RNA rearranges into an alternative monomeric conformation: a branched structure containing multiple 
hairpinss (BMH). Monomers in the BMH conformation can form dimcrs through intermolecular base pairing of the palindromic sequence 
thatt is exposed in the loop of the DIS hairpins: the kissing-loop complex (KL). The KL complex will remain associated through the 
palindromicc sequence as the DIS stems dissociate (lntB) to give rise to a more stable extended duplex dimer (ED). 

precipitatedd and dissolved in water. Purified transcripts in 
waterr were heated at 85 °C and allowed to slowly cool to 
roomm temperature. Stock solutions of RNA were stored at 
—200 °C, and aliquots were taken for subsequent analysis. 
Quantificationn of the RNA was done by scintillation counting 
off  radiolabeled transcripts. 

InIn Vino RNA Dimerization and Nondenaturing Electro-
phoresis.phoresis. For the analysis of dimer formation approximately 
0.55 «g of RNA was diluted to a final volume of 10 //L of 
incubationn buffer. Buffers used were Tris buffer (10 mM 
Tris-HCl.. pH 7.5). TEN buffer (100 mM NaCl. 1 mM 
FDTA.. 10 mM Tris-HCl. pH 7.5). and dimerization buffer 
(400 mM NaCl, 0.1 mM MgCl2. 10 mM Tris-HCi. pH 7.5). 
Thee RNA was heated to 60 °C and slowly cooled to room 
temperature.. The heating temperature was varied in experi-
mentss addressing the temperature requirement for dimer 
formation.. For determination of the thermal stability of 
dimers,, a single bulk sample (100 «L) was incubated at 60 
°CC and split into 10 «L aliquots. which were subsequently 
dilutedd with 10 nL of water and heated for 10 min at the 
indicatedd temperatures. For RNA titration experiments an 
increasingg amount of unlabeled RNA was added to the 
reactionn mixture. After incubation, the samples were chilled 
onn ice and diluted with 5 uL of loading buffer (30% glycerol 
withh BFB dye). Heat denaturation of control samples was 
performedd in formamide loading buffer (Ambion) by heating 
att 85 °C. Samples were analyzed on a 4% polyacrylamide 
gell  either in 0.25 x TBE (22.5 mM boric acid. 0.625 mM 
EDTA.. 22.5 mM Tris-HCl. pH 8.0) or in 0.25 x TBM (22.5 
mMM boric acid. 0.1 mM MgCl2. 22.5 mM Tris-HCl. pH 8.0). 
Nativee gels were run at room temperature for approximately 
33 h at 150 V. Gels were dried and visualized by autorad-
iography.. RNA bands were quantitatcd on a Storm 860 
phosphorii  mager. 

SecondarySecondary Structure Prediction and Free Energy 
Calculations.Calculations. Calculation of the free energy values of 
HIV-11 RNA structures was performed with the Mfold 3.0 
algorithmm offered by the MBCMR Mfold server (http:// 
mfold.burnet.edu.au/)) (30-32). Standard settings were used, 
correspondingg to 1 M NaCl at 37 °C, with a 5% subopti-
malityy range. A single Mfold calculation produces a set of 
structuress with the corresponding free energy values, thus 
yieldingg the data for the alternative LDI and BMH confor-
mationss of monomeric HIV-1 RNA. Free energy values for 
thee intermediate structures with unpaired regions were 
obtainedd from the base pairing constraints of the Mfold 
program.. The free energy of the kissing-loop interaction was 
sett at —15 kcal/mol. which corresponds to a helix of six 
G-CC base pairs (24). The kissing-loop energy for mutant GO 
iss - 5 kcal/mol. The energy value for the ED dimer was 
approximatedd by Mfold analysis of a model transcript w ith 
aa duplicated DIS sequence, interrupted by a loop consisting 
off  five adenosines. The energy penalty for this loop was 
subtractedd from the calculated free energy value. This ED 
freee energy was added to the free energy of the remainder 
off  the transcript. Energy values of monomeric conformations 
weree multiplied by two for comparison with dimeric 
structures. . 

RESULTS S 

HIV-1HIV-1 RNA Mutants That Affect Distinct Steps of the LDI-
BMH-KI.-EDBMH-KI.-ED Pathway. To critically test the proposed 
pathwayy of Structural rearrangements in HIV-I RNA (Figure 
1).. we made mutant transcripts (Figure 2A) that were 
designedd to block a specific step in the pathway. We 
performedd computer-assisted secondary RNA structure analy-
siss (see Materials and Methods) with the wild-type and 
mutantt sequences to provide a first approximation of the 
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FIGUREE 2: Wild-type and mutant DIS elements used in this study. (A) Mutant GO represents a deletion in the DIS palindromic sequence 
suchh that the wild-type GCGCGC sequence is reduced to GC. The DIS hairpin in transcripts 1/270 and I/270 + 4 is also shown. The 270 
++ 4 mutant contains a ^'-terminal extension of four nucleotides at position 270 (highlighted in yellow), such that the DIS stem contains 
fourr additional base pairs. (B and C) Calculated free energy changes during HIV-I RNA dimerization. Free energy values were calculated 
forr all structures during the folding cascade as shown in Figure IB. These conformations are indicated by abbreviations (see the text). We 
comparedd the GCl mutant (B) and the 1/270 + 4 mutant (C) with the control wild-type sequence. 

structurall  effects. The calculated free energy values (AC in 
kilocaloriess per mole) of the different RNA conformations 
weree plotted for the wild-type and the mutant RNA (Figure 
2B.C).. The free energy plot of the wild-type transcript 
illustratess that the LDI is slightly more stable than the BMH. 
Ann energy barrier corresponding to the putative folding 
intermediatee lntA separates these two conformations. Part of 
thee extended LDI stem is opened in IntA to facilitate 
subsequentt folding of the poly(A) and DIS hairpins in the 
BMHH conformation. KL dimer formation reduces the free 
energyy of the BMH molecule through the formation of six 
intermolecularr G-C base pairs. Subsequent KL—ED isomer-
izationn generates the most stable leader RNA conformation. 
Wee included an unfavorable folding intermediate. IntB. in 
whichh the DIS stems are melted to allow extension of the 
intermolecularr base pairing interaction. In fact, this inter-
mediatee has been observed by NMR (20). 

Mutantt GCI carries a four-nucleotide deletion in the DIS 
palindromee and was designed to block KL formation (Figure 
2A).. The free energy plot of this mutant indicates that the 
monomelicc leader RNA conformations are affected only 
marginallyy by the deletion (Figure 2B). As expected, a 
significantt drop in the stability of the KL is apparent, and 
thiss base pairing defect is maintained in the subsequent dimer 
structuress (Int" and ED). On the basis of this theoretical 

analysis,, a selective RNA dimerization defect is expected 
forr this mutant GCl. 

Mutantt 270 + 4 stabilizes the DIS hairpin by means of 
fourr additional bases that extend the stem with a perfect 
duplexx downstream of position 270. The free energy calcula-
tionss for this mutant are compared to the transcript terminat-
ingg at position 270. which folds a truncated DIS hairpin that 
lackss the internal loop and lower stem (Figure 2A). The 270 
++ 4 mutation shifts the LDI-BM H equilibrium in favor of 
thee BMH structure, which may increase dimerization through 
constitutivee exposure of the DIS hairpin (Figure 2C). 
Stabilizationn of the DIS hairpin exerts additional effects; it 
increasess the energy barrier for the KL- Int B -ED transition 
becausee four additional base pairs need to be melted in each 
DISS hairpin. Thus, mutant 270 + 4 is predicted to form ED 
dimerss poorly, but these ED dimers will be significantly more 
stablee than the wild-type counterpart because of the eight 
additionall  intermolecular base pairs. 

MutationMutation of the DIS Palindrome Exclusively Affects KL 
DimerDimer Formation. We first investigated the effect of disrupt-
ingg the DIS palindromic sequence on the different conforma-
tionss of the HIV- l leader RNA. The LDI-BM H equilibrium 
andd RNA dimerization were analyzed with the wild-type and 
mutantt GCl transcripts on a nondenaturing gel without Mg: ' 
(Figuree 3). The transcripts were renatured in a buffer without 
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FIGUREE 3: Dimerization assay with the wild-iype and mutant GCI 
transcriptss at various ionic conditions. Conditions tested correspond 
too heat denaturation in formamide (F), 10 mM Tris-HCI buffer, 
pii  I 7.5 (T). 100 inM Na4 (Na), and 40 mM Na' and 0.1 mM Mg 
: '' (Mg). Bands corresponding to the LDI. BMH. and dimer (D) 
conformationss are indicated by arrows. 

counterionss (lane 2). a buffer with Na" (lane 3), and a buffer 
withh Na' and Mg2" (lane 4). As a control, formamide-treated 
sampless have been included (lane 1). Both the wild-type and 
GCII  transcript adopt the fast-migrating LDI conformation 
onn this nondenaturing gel. In the absence of counterions, the 
LDII  and BMH conformations are in equilibrium for both 
transcriptss (lane 2). Furthermore, both transcripts adopt the 
LDII  conformation in the presence of cations (lanes 3 and 
4).. Thus, the LDI —BMH equilibrium is not detectably shifted 
inn mutant GCI. which is in agreement with the predicted 
freee energy (Figure 2B). 

Thee wild-type transcript produces a low amount of RNA 
dimerss in the presence of Na- . and inclusion of Mg:" 
stronglyy stimulates dimer formation (Figure 3A. lanes 3 and 
4).. Dimers of the GCI mutant are not detectable, indicating 
thatt the DIS palindrome is important for KL dimer formation. 
Analysiss of these RNA samples on a gel with Mg2" . which 
stabilizess KL-type dimers. confirmed that the GCI mutant 
iss dimerization-impaired (results not shown). Nevertheless, 
thiss same mutant was previously shown to form RNA dimers 
inn vivo {29). We therefore sought to identify conditions that 
supportt dimerization of the GCI mutant. First, wc made GCI 
transcriptss with a 5'-truncation of the TAR hairpin (17/290). 
whichh triggers BMH folding and a concomitant increase of 
thee dimerization efficiency (10). Second, we generated 
conditionss that favor formation of' the KL dimer. such as 
highh RNA concentration and high ionic strength (20. 33). 
Att low ionic strength, dimerization of the GCI transcripts 
1/2900 and 17/290 is undetectable at all RNA concentrations 
(Figuree 4A. lanes 2 -5 and 7—10). A wild-type transcript 
wass included as a positive control (lane I). demonstrating 
increasedd RNA dimerization upon truncation of TAR (lane 
6).. Most importantly. GCI dimers are made by the 17/290 
transcriptt at high ionic strength (Figure 4A. lanes 17—20). 
GCII  RNA dimerization is dependent on the RNA concentra-
tion,, and 14% dimer is made at micromolar RNA concentra-
tionn i Figure 4A. lane 20). In contrast, the wild-type transcript 
yieldss 85% dimers at nanomolar RNA concentrations. Thus, 
dimerizationn of the GCI mutant is facilitated by simulta-
neouslyy favoring the BMH fold and KL dimer formation. 
Noo difference in GCI dimer levels was apparent on TBM 
versuss TBE gels (results not shown), indicating the GCI 
dimerss are of (he FT) type. These combined results indicate 

thatt the GCI RNA is restricted at the level of KL formation, 
butt a low level of ED dimerization can occur. 

StabilizationStabilization of the DIS Stem Blocks Formation of the ED 
Dimer.Dimer. The 1/270 + 4 monomer is predicted to adopt (he 
BMHH structure because the DIS hairpin is stabilized (Figure 
2B).. This may favor KL dimer formation, but the energy 
plott also predicts a severe defect in FD dimer formation. 
KLL to ED isomerization can be induced by heat treatment 
{12.{12. 16. 27. 34). and we therefore investigated the effect of 
temperaturee on dimerization of mutant 270 + 4. We analyzed 
thee RNA on two gel types to distinguish between KL and 
EDD dimers (12. 27. 35). TBM electrophoresis with Mg2- in 
thee gel and running buffer preserves the relatively instable 
KLL complex. KL dimers dissociate on a TBE gel because 
EDTAA sequesters the Mg2" that is important for maintenance 
off  the loop-loop interaction, and ED dimers will be detected 
exclusively.. On the TBM gel. the 270 + 4 transcript 
producedd more RNA dimers than the wild-type control 
(Figuree 5A. lanes 2 and 9). Strikingly, the situation is 
reversedd on the TBE gel. where the mutant RNA produces 
lesss dimers than the wild-type transcript (Figure 5B. lanes 2 
andd 9). The RNA signals were quantitated to calculate the 
dimerizationn efficiencies (Figure 5C for the TBM gel and 
Figuree 5D for the TBE gel). The 270 — 4 mutant forms 
predominantlyy KL dimers and very littl e ED dimers. which 
iss consistent with the free energy prediction (Figure 2B) and 
aa previous in vitro analysis of a similar mutant (26). 
Furthermore,, inspection of the monomeric RNA on the TBE 
gell  confirms that this mutant prefers the BMH fold (Figure 
5B). . 

Wee tested whether ED dimer formation of mutant 270 + 
44 can be rescued by increasing temperature in the 20—70 
°CC range, which may facilitate melting of the stabilized DIS 
stem.. Dimerization of the wild-type RNA is observed at 20 
°CC and reaches a maximum at 55 °C (Figure 5B). because 
thee dimer melts at higher temperatures. Interestingly, the 
mutantt RNA requires temperatures above 50 °C for the 
formationn of ED dimers (Figure 5B.D). This is consistent 
withh (he predicted increase in the energy barrier correspond-
ingg to the Inl14 intermediate. In addition, this mutant is 
predictedd to form excessively stable ED dimers due to the 
eightt additional intermolecular base pairs. Indeed, the mutant 
dimerss show no significant dissociation at high temperatures 
(Figuree 5B). We formally assessed the thermal stability of 
thee ED dimers in a melting experiment. A large RNA dimer 
samplee was prepared, and aliquots were taken, diluted, and 
heatedd at varying (emperatures (Figure 6). The wild-type ED 
dimerss melt at 55 °C. which is consistent with previous 
resultss {12. 16. 27. 34). The mutant ED dimers do resist 
temperaturess up to 60 X . which is in agreemenl with the 
predictedd increase in stability caused by the additional 
intermolecularr base pairs. Analysis of these samples on TBM 
gelss indicated that (he thermal stability of the KL dimer was 
nott affected by the 270 + 4 mutation (results not shown). 

DISCUSSION N 

Wee postulated an ordered pathway of RNA structure 
rearrangementss to describe (he complex mechanism of HIV-1 
RNAA dimerization. This RNA folding pathway includes the 
LDII  and BMH conformations of the monomeric RNA. the 
KLL and ED RNA dimers. and two folding intermediates 
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FIGUREE 4: Dimerization of the wild-type and GCI mutant RNA. (A) TBM gel showing a titration of the CJCI mutant in dimerizaiion 
assays.. Two different transcripts were used. 1/290 and 17/290. as indicated at the top of the lanes. Different ionic strengths were compared 
ass indicated at the top of the gel. The GCI RNA concentration was increased in the order 500 n.M. 3.0 «M. 5.0 uM. and 10.0 «M. Wild-
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(Figuree IB) . On the basis of this mechanism we predicted 
thee free energy changes that occur during dimerization of 
HIV- 11 RNA. We made mutant transcripts that are selectively 
blockedd at a distinct step of this folding cascade. 

Studiess with the GCI mutant showed that deletion of the 
DI SS pal indrome selectively affected dimerizat ion. This 
mutantt maintains a normal L D I - B M H equilibrium and folds 
aa structure very similar to the wild-type LDI . The four-
nuclcotidee deletion results in the loss of only two base pairs 
inn the LDI stem because the wild-type LDI stem contains 
mismatchedd nucleotides (Figure 7). We recently demon-
stratedd that the extended LDI stem can resist mutational 
attackk (36). However, the same deletion has a relatively large 
effectt on the stability, or the existence, of KL dimers because 
fourr of the six intermolecular base pairs arc lost. Indeed, 
thee free energy plot of the GC1 mutant first deviates from 
thee wil d type at the step of KL formation, and this 
dimerizat ionn defect was confirmed experimental ly. Dimer-
izationn of mutant GCI could be partially rescued by creating 
condit ionss that favor the formation of KL dimers. such as 
foldingg of the B.V1H structure and raising the RNA concen-
trationn and the ionic strength. It is also possible that these 
condit ionss induce ED dimerization from the BMH monomer 
viaa a monomel ic [ntB-lik e structure to bypass the instable 
K LL d imer of the GCI mutant. 

Thee results with the 270 — 4 mutant can also be explained 
byy the predicted RNA secondary structure changes during 
dimerizat ion.. This mutant contains a stabilized DIS hairpin. 

whichh results in a preference for the BM H monomer. KL 
dimerss are readily formed because dimerizat ion is no longer 
restrictedd by the compet ing LDI structure. Indeed. KL 
dimerizai ionn of the 270 + 4 RNA exceeds the levels 
measuredd for the wild-type RNA that does adopt the LDI 
structure.. How ever, the abundant pool of 270 ! 4 KL dimers 
doess not give rise to a corresponding amount of ED dimers. 
Thiss can be explained by the increased energy that is required 
forr melting of additional base pairs in the folding intermedi-
atee Int". The extreme thermal stability of ED dimers derived 
fromm the 270 + 4 RNA demonstrates that these additional 
basee pairs participate in the intermolecular duplex. 

Thee results of both mutants and the wild-type RNA support 
thee notion that HIV- 1 RNA dimerization can be understood 
inn terms of the RNA secondary structure, that is. the melting 
andd formation of base pairs. Nonetheless, a different RNA 
dimerizationn mechanism was recently proposed. On the basis 
off  the KL crystal structure of the DIS hairpin. Ennifar et al. 
suggestedd that the KL to ED transition proceeds through 
autocatalysiss (22). It was argued that the nucleotides directly 
Hankingg the DIS pal indrome are favorably oriented for 
symmetricall  cleavage and subsequent cross-religation to yield 
thee ED dimer. However, if the nucleotides flanking the DIS 
pal indromee form the catalytic core of a r ibozyme. KL to ED 
isomerizationn should be insensitive to stabilization of the DIS 
stem.. Our observation that the 270 + 4 mutant forms ED 
dimerss poorly from an abundant pool of KL dimers chal-
lengess this autocatalytic mechanism. Furthermore, one would 
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correspondd to 20 °C (lanes 2 and 9). 37 °C (lanes 3 and 10), 50 °C (lanes 4 and I I ) . 55 °C (lanes 5 and 12). 60 °C (lanes 6 and 13), and 
700 °C (lanes 7 and 14). Bands corresponding to the LDI , BMH, and dirtier (D) conformations are indicated by arrows. The 1/270 transcript 
iss able to adopt the LDI conformation, and mutant 270 + 4 primarily produces the slow-migrating BMH conformation. (C and D) Quantified 
daiaa from (A) and (B), respectively. 
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FIGUREE 6: Thermal stability of the wild-type I/270 and mutant 
1/2700 + 4 LD dimers. (A) Analysis of heat-treated dimers on a 
TBF.. gel. The RNA was incubated at 20 °C (lanes 1 and 7). 37 °C 
(laness 2 and 8). 50 °C (lanes 3 and 9). 55 °C (lanes 4 and 10), 60 
CC (lanes 5 and I I). and 70 C (lanes 6 and 12). Only the dimeric 

bandss are shown because the detection of the dimers from the 
mutantt transcript required severe overexposure of the gel. (B) 
Quantifiedd data from (A). 

expectt a cleavage—religation mechanism to produce reaction 
intermediatess in vitro, but we did not detect such RNA 
species. . 

Itt has been difficul t to reconcile the results of in vitro RNA 
dimerizationn assays with virus replication studies, suggesting 
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FIGUREE 7: Predicted LDI structure of the GCI mutant and the wild-
lyy pe HIV-1 leader RNA. The DIS palindrome is highlighted in pink. 

thatt in vivo dimerization may differ in several aspects. For 
instance,, the DIS pal indrome mutant GCI has a severe 
dimerizationn defect in vitro (this study), but the corresponding 
virionss package a normal RNA dimer (29). Note, however. 

~4 4 



thatt milder mutations in the DIS palindrome have been 
shownn to substantially inhibit genome dimerization in 
isolatedd viruses {37). We demonstrated here that the in vitro 
dimeri2ationn defect of the GC1 mutant can be rescued with 
transcriptss that prefer the BMH fold under conditions that 
favorr dimerization (high RNA concentration and high ionic 
strength).. It is possible that these conditions mimic the 
situationn during virion assembly. In particular, there may be 
aa high local RNA concentration in the virion. Furthermore, 
thee viral nucleocapsid protein, NC. is abundantly present in 
virionss and acts as a cofactor for RNA dimerization (38). 

NCC has been shown to mediate the LDI to BMH switch (9) 
andd the KL to ED rearrangement (34). In addition, the NC 
domainn of Gag is important for selective recognition and 
packagingg of the RNA genome. Several groups have reported 
thatt mutations that disrupt dimerization in vitro yield viruses 
withh a packaging defect {39—41). In particular, the GC1 
RNAA is packaged with reduced efficiency (29). Likewise, 
mutantss that stabilize the DIS stem similar to our 270 + 4 
mutantt exhibit RNA packaging defects (40) as well as 
dimerizationn defects in vivo (42). In contrast, recent studies 
demonstratedd that duplication of the leader RNA at an ectopic 
positionn results in packaging of monomelic genomes without 
affectingg the packaging efficiency (43, 44). The interplay 
betweenn genome dimerization and packaging thus remains 
ann intriguing issue for future investigations. 

Wee have shown that the HIV-1 leader RNA adopts a 
multitudee of secondary structures during the process of 
genomee dimerization in vitro. This dynamic model of the 
HIV-11 leader RNA may help to better understand the 
biologicall  roles of this multifunctional RNA. The recent 
observationn that the HIV-2 untranslated leader RNA also 
adoptss alternative structures that modulate dimerization 
suggestss mat this may be a common feature in the replication 
strategiess of the immune deficiency viruses and perhaps all 
retroviridaee (45). RNA switches are of critical importance 
inn other biological systems such as the regulation of mRNA 
translationtranslation (46—50) and the replication mechanism of viruses 
thatt exploit RNA intermediates (51-53). 
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