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Higherr order structure of the HIV-1 leader RNA: 

AA case for RNA switches that regulate virus replication 

Hendrikk Huthoff 



Stellingen n 

behorendee bij het proefschrift "Higher order structure of the HIV-1 leader RNA: A case for 
RNAA switches that regulate virus replication". 

1.. De structuur van het onvertaalde HIV leader RNA kan worden beschreven als een 
evenwichtt tussen twee alternatieve secundaire vouwingen. Dit evenwicht kan fungeren als 
moleculairee schakelaar in de virale replicatie cyclus. 

Ditt proefschrift. 

2.. In tegenstelling tot de bevindingen van Jossinet en medewerkers is de dimerisatie van het 
HIV-22 leader RNA wel afhankelijk van een DIS haarspeld. De inactiviteit van het door 
Jossinett gemaakte HIV-2 DIS element kan worden verklaard door het gebruik van een 
PCR-primerr die slechts gedeeltelijk overeenkomt met de sequentie van het HIV-2 
genoom. . 

Jossinett F, Lodmell JS, Ehresmann C, Ehresmann B, Marquet R. 2001. J. Biol. Chem. 
276(8):5598-604. . 

3.. De afwezigheid van HIV-1/2 recombinante virussen in supergeïnfecteerde patiënten is in 
overeenstemmingg met het onvermogen om heterodimeren te vormen van de twee RNA 
genomen. genomen. 

Ditt proefschrift. 

4.. Ten onrechte beweren Ennifar en medewerkers dat HIV-1 RNA dimerisatie via een 
autocatalytischh mechanisme plaatsvindt. 

Ennifarr E, Walter P, Ehresmann B, Ehresmann C, Dumas P. 2001. Nat. Struct. Biol. 
8(12):: 1064-8 

5.. Er is vooralsnog geen directe aanwijzing dat een interactie tussen het humane tRNAys 

anticodonn en een A-rijke sequentie in het HIV genoom een rol speelt bij de initiatie van 
reversee transcriptie. 

Ditt proefschrift. 

6.. Dat RNA structuurvoorspellende algoritmen meerdere alternatieve oplossingen genereren 
voorr een enkele sequentie is niet noodzakelijkerwijs een tekortkoming van deze 
algoritmen,, maar weerspiegelt wellicht het dynamische karakter van RNA. 

7.. Een gestructureerde conformatie van de HIV-1 TAR lus is van belang bij Tat-afhankelijke 
activatiee van de virale promoter. 

Ditt proefschrift. 

8.. Het HIV-1 TAR element kan twee alternatieve tertiaire structuren aannemen die elk 
gestabiliseerdd worden door unieke base triplet interacties. 

Ditt proefschrift. 

9.. Eiwitten bevorderen de kwaliteit van leven. 

10.. Some things need not be translated to make sense. 

Hendrikk Huthoff. december 2003 
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INTRODUCTION ::  Structure and Function of the HIV- 1 leader  RNA 

Thee retroviru s HIV- 1 

Thee causative agent of acquired immunodeficiency syndrome (AIDS) was first identified in 

1983,, when a novel retrovirus was isolated from a patient with lymphadenopathy (1). This 

retroviruss is now known as human immunodeficiency virus type 1 (HIV-1) and in 1986 a 

relatedd virus was isolated from AIDS patients in West-Africa, now known as HIV-2 (2). HIV-

11 and HIV-2 belong to the lentivirus genus, a subfamily of the Retroviridae. Retroviruses 

characteristicallyy carry a diploid positive stranded RNA genome, which is copied into double 

strandedd proviral DNA by the viral reverse transcriptase enzyme (RT). Upon infection of a 

hostt cell, the proviral DNA is integrated into one of the host chromosomes. 

Organizationn of the HIV- 1 genome and structure of the virus particle 

Thee HIV-1 proviral genome is approximately 9.5 kb in length and contains nine genes, 

includingg the Gag, Pol and Env open reading frames that are common to all retroviruses 

(Figuree 1A). The Gag open reading frame encodes the structural proteins matrix (MA), capsid 

(CA)) and nucleocapsid (NC), which are derived from the precursor Gag polyprotein by 

proteolyticc processing by the viral protease (PR) during particle assembly. In the mature virus 

particle,, MA lines the inside of the viral membrane, CA forms a cone-shaped core that 

surroundss the RNA genome and NC is directly associated with the viral RNA (Figure IB). 

Thee viral protease (PR), reverse transcriptase (RT) and integrase (IN) enzymes are encoded 

byy the Pol open reading frame. These proteins are produced from Gag-Pol precursors that are 

processedd by the protease during particle maturation, which ensures the incorporation of all 

virall  enzymes into the virus particle (Fig IB). The Env open reading frame codes for the 

envelopee glycoprotein that is present on the surface of the virus particle and that mediates 

attachmentt to specific cell receptors and fusion of the viral membrane with the cell 

membrane.. The Env protein is expressed as a gpl60 precursor protein that is subsequently 

cleavedd into a gpl20 surface domain and a gp41 trans-membrane domain. The gpl20 and 

gp411 subunits remain associated through non-covalent interactions. The gpl20 subunit 

mediatess the interaction with the cellular CD4 receptor and a chemokine co-receptor, whereas 

gp411 is most important for fusion of the viral membrane with the host cell membrane. 

Inn addition, the HIV-1 genome encodes the accessory viral proteins Vif, Vpr, Vpu and 

Nef.. These proteins are not strictly required for virus viability but support virus replication in 

certainn cell-types, including primary cells. An in-depth account of all the proposed functions 
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Figuree 1. Organization of the HIV-1 genome and viral particles. The proviral HIV-1 genome showing 

thee open reading frames for the viral proteins Gag. Pol, Env, Tat. Rev, Nef. Vif . Vpr and Vpu. The 

codingg region is Hanked by Long Terminal Repeats (LTR) that contain regulatory DNA and RNA 

elementss that are required for viral replication (top panel). The 5' LTR (left) acts as a promoter for the 

synthesiss of viral RNA. Structure of the HIV-1 virus particle (bottom panel). The virus particle is 

envelopedd by a lipid membrane that contains the viral Env protein, which consists of the gp4l and 

gpl200 subunits. The Gag-encoded matrix proteins (MA) line the inside of the envelope and the capsid 

proteinss (CA) form the cone-shaped virion capsid. The viral nucleocapsid protein (NC) is associated 

withh the RNA genome (vRNA) that is present as a dimer in the capsid structure. The Pol-encoded 

proteinss Integrase (IN), Reverse Transcriptase (RT) and Protease (PR) are also incorporated into the 

virionn capsid. 

off  the accessory proteins is nol feasible here, and I refer the reader to a number of reviews on 

thiss subject (3-5). Of note, recent findings indicate that Vpr may play a role in HIV- 1 induced 

pathogenesiss (6) and Vi f can suppress hypermutat ion induced by the cellular APOBF.C3G 

protein,, a homologue of a cytosine deaminat ing component in RNA editing, dur ing reverse 

transcriptionn (7:8). 
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Thee HIV-1 genome also contains open reading frames for two essential regulatory 

proteins.. Tat and Rev (Figure 1A). The viral transactivator protein Tat is required for the 

activationn of HIV-1 transcription (9). Rev is required for the nuclear export of unspliced and 

singlyy spliced HIV-1 transcripts (10-14). Apart from the open reading frames, the HIV-1 

genomee contains important non-coding domains. The Long Terminal Repeat (LTR), present 

att the 5' and 3' end of the proviral DNA genome, contains the viral promoter and untranslated 

leaderr and trailer sequences of the HIV-1 mRNAs. The LTR is subdivided in the U3 (unique 

3'' terminus). R (repeat) and U5 (unique 5' terminus) domains (Figure 1 A). The first residue in 

thee R region marks the transcriptional start site, and thus the 5' end of all HIV-1 mRNAs. At 

thee 3' end, a polyA tail is fused to the last residue of the R region. 

Figuree 2. The HIV-1 viral life eycle. See the text for details. (Illustration by Ebbe Andersen) 

Thee retrovira l replication cycle 

HIV- 11 replicates in CD4-positive cells, including T lymphocytes, monocytes and 

macrophages.. A schematic representation of the HIV-1 replication cycle is shown in figure 2. 

Thee HIV-1 virion attaches to the host cell via its envelope gpl20 protein, which binds to the 

CD44 receptor and the cell-specific CXCR4 or CCR5 co-receptor. These interactions trigger 

fusionn of the viral and cellular membranes, which allows the release of the virion core into the 

cytoplasm.. Within the virion core, the viral RNA genome is copied into the DNA provirus by 

thee viral RT enzyme. The core is targeted to the cell nucleus where the completed proviral 

DNAA is inserted into the host genome by the viral IN enzyme. The integrated proviral DNA 
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servess as a template for the production of the viral mRNA. Initially, spliced mRNAs for the 

regulatoryy Tat and Rev proteins are produced. Accumulation of the Rev protein triggers a 

shiftt towards synthesis of unspliced and singly spliced messengers for the Gag, Env and Pol 

proteins.. These proteins, together with two identical unspliced viral RNA strands, assemble at 

thee cell membrane to form the progeny virions, which are released from the cell by budding. 

Thee progeny virions mature by processing of the Gag and Gag-Pol precursor proteins to 

generatee infectious particles that can infect a new host cell. A detailed account of HIV-1 

replicationn is given in ref. (15). 

Molecularr  biology of the HIV- 1 leader  RNA 

Thiss thesis specifically addresses the structure and function of the HIV-1 untranslated leader 

RNA.. mRNAs commonly carry untranslated sequences at the 5' and 3' ends of the transcript, 

whichh are respectively referred to as leader and trailer sequences. The HIV-1 leader RNA is 

off  particular interest because it represents an extremely conserved domain of the viral genome 

andd several key steps in the virus replication cycle involve this untranslated RNA domain. In 

genee expression, a portion of the leader acts as an enhancer of transcription and regulatory 

motifss for mRNA processing and translation also reside within the leader. In addition, late 

stepss in the virus replication cycle such as packaging of the RNA genome and subsequent 

reversee transcription are critically dependent on sequence and structure elements within the 

leaderr RNA. Figure 3 (bottom) shows a schematic model of the untranslated leader RNA that 

highlightss several regulatory elements. 

Transcription n 

Thee LTR in the provirus contains an RNA polymerase II promoter, which spans the U3 and R 

regionn and contains binding sites for cellular transcription factors. Transcription from the LTR 

promoterr is strongly stimulated by the viral Tat protein. This Tat-dependent trans-activation 

requiress an RNA hairpin located at the immediate 5' end of the untranslated leader RNA, the 

Transs Activation Response (TAR) element (Figure 3). The regulation of HIV-i transcription 

hass been studied extensively and requires remodeling of the chromatin and the binding of 

cellularr transcription factors to the LTR. I refer the reader to a number of comprehensive 

reviewss on these subjects (9; 16-19). The following section will bypass the majority of DNA-

proteinn and protein-protein interactions involved in trans-activation of the LTR promoter and 

wil ll  solely address the mechanism of TAR-Tat mediated stimulation of transcription. 

[4 4 



Earlyy studies on HIV-1 gene expression quickly identified TAR directly downstream 

off  the transcriptional start site as an important element for viral gene expression (20). Initially, 

itt was unclear whether TAR acted as a regulatory DNA or RNA element, but the 

demonstrationn that proper folding of the RNA hairpin on the nascent transcript is required for 

Tat-dependentt transcription provided the first evidence that TAR acts as an RNA enhancer 

elementt (21). TAR forms a 59 nt hairpin and interacts directly with the basic domain of the 

Tatt protein, which binds to a three-nucleotide bulge in TAR. This interaction facilitates 

bindingg of the cellular protein cyclin Tl to the apical loop of TAR (22-24). Cyclin Tl is a 

componentt of the positive Transcription Elongation Factor complex (pTEFb), which includes 

aa kinase, CDK-9, that phosphorylates the C-terminal domain of RNA polymerase II. This 

phosphorylationn increases the processivity of the elongating polymerase (25-27). It thus 

appearss that the TAR hairpin serves as a scaffold on which the viral Tat protein and the 

cellularr proteins assemble to enhance viral transcription. 

Sincee the LTR is present at both the 5' and 3' ends of the proviral DNA, initiation of 

transcriptionn could occur at either LTR. TAR, being part of the R region, is also present at 

bothh ends of viral transcripts. Several studies have demonstrated activity of the 3' LTR, but its 

activityy is most notable upon inactivation of the 5' LTR (28-32). It has been suggested that 

elongatingg polymerases derived from the 5' LTR prevent the assembly of initiation complexes 

att the 3' LTR, a mechanism termed transcriptional interference or promoter occlusion 

(31;33;34). . 

Capping g 

Eukaryoticc RNA polymerase II transcripts are covalently modified at the 5' triphosphate end 

byy enzymatic addition of a methylated guanosine monophosphate, which is called the cap. 

Cappingg occurs very soon after transcription initiation and is required for splicing, export of 

thee RNA from the nucleus, protection from exonuceolytic decay and initiation of translation 

(35). . 

Co-transcriptionall  capping of HIV-1 transcripts is strongly stimulated by the viral Tat 

protein,, which interacts directly with the mammalian capping enzyme Mcel (36;37). Nascent 

HIV-11 RNA of approximately 20 nucleotides in length is readily capped in the presence of 

Tatt and this is thought to correspond to the extrusion of the 5' end of the growing RNA chain 

fromm RNA polymerase II. Thus, the stimulatory effect of HIV-1 Tat precedes the formation of 

thee TAR hairpin and is independent of thee Tat-TAR interaction. It has been suggested that 
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Figuree 3. Different spliced forms of the HIV-1 mRNAs. On top. the proviral DNA genome is shown 

withh the nine open reading frames. In the early phase of infection, multiply spliced mRNAs for the 

Tat,, Rev and Nef proteins are produced. An example of a Tat messenger is shown. Late mRNAs are 

singlyy spliced and unspliced and contain the Rev Responsive element (RRE) that mediates nuclear 

exportt of the RNA upon binding of Rev. Underneath the unspliced transcript, the untranslated leader 

withh its regulatory elements is schematically depicted.' The Trans-Activation Response element (TAR. 

green),, the polyadenylation signal (polyA, orange), the Primer Binding Site (PBS, blue), the 

Dimerizationn Initiation Site (DIS. pink), the splice donor (SD), the core packaging signal ( ¥) and the 

Gagg startcodon (AUG). (Appendix I) 
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arrestt and restart of transcriptional elongation provides a temporal time window for Tat-

stimulatedd cap formation (37). 

Splicing g 

Thee HIV-1 genome encodes proteins that are expressed from the Gag, Pol, Env, Tat, Rev, 

Nef,, Vpu, Vif and Vpr open reading frames. The Gag and Pol proteins are translated form the 

unsplicedd transcript and the Env protein is derived from a singly spliced messenger. The 

remainingg proteins are expressed from multiply spliced mRNAs. The HIV-1 genome contains 

aa large number of competing splice donor and acceptor sites, which give rise to over forty 

differentiallyy spliced HIV-1 mRNAs (38). Early during infection, the HIV-1 RNA is 

differentiallyy spliced to produce more than 20 mRNAs that are constitutively exported to the 

cytoplasmm and translated to produce the Rev, Tat and Nef proteins (Figure 3). In the late 

phase,, unspliced and singly spliced mRNAs for the Gag, Pol and Env proteins are generated 

(reviewedd in (39)). These late mRNAs all contain the Rev Responsive element (RRE), a 

structuredd RNA element within the Env open reading frame to which the Rev protein binds. 

Oligomerizationn of the Rev protein on the RRE RNA promotes the nuclear export of 

unsplicedd and singly spliced transcripts (13;40;41). 

Despitee this multitude of differentially spliced mRNAs, each HIV-1 transcript shares a 

commonn untranslated leader sequence of 290 nucleotides, which is due to the obligatory use 

off  the major splice donor site, SD (38) (Figure 3). The composition of the remainder of the 

untranslatedd leader is dependent on the additional splice donor and acceptor sites used in the 

productionn of each messenger RNA and varies greatly among the differentially spliced 

transcripts.. The unspliced HIV-1 transcript uniquely contains the uninterrupted untranslated 

leaderr sequence of 335 nucleotides. This unspliced transcript is of particular interest since it 

servess both as the mRNA for the Gag and Gag-Pol proteins and as the viral genome that is 

packagedd in virions. Cis-acting RNA elements for both the gene expression and genome 

packagingg pathways are present in the untranslated leader of these unspliced transcripts (see 

below). . 

Polyadenylation n 

Mostt eukaryotic mRNAs are processed at their 3' end by polyadenylation, which endows the 

mRNAA with a tail of roughly 250 adenosine residues. This post-transcriptional modification 

requiress cleavage of the primary transcript and addition of the adenosine tail by the polyA 

polymerase.. The presence of this polyA tail increases the mRNA stability, nuclear export and 
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translatabilityy (42-46). The AAUAA A hexamic sequence in the mRNA serves as a near-

universall  polyadenylation signal in conjunction with a more variable GU- or U-rich sequence 

downstreamm of the hexamer (47;48). The AAUAA A hexamer binds the cleavage and 

polyadenylationn specificity factor (CPSF) and the downstream element interacts with the 

cleavagee stimulation factor (CstF) (49-53). The cleavage site is usually located in between the 

AAUAA AA hexamer and the U- or GU-rich sequence. An in depth account of the complex 

interplayy of nuclear proteins that mediate polyadenylation is beyond the scope of this thesis 

andd I refer the reader to comprehensive reviews on polyadenylation in general (35) and HIV-1 

specificallyy (54). 

HIV-11 and 2, as well as several other retroviruses, contain the AAUAA A hexamer 

sequencee in the R region that is present at both the 5' and 3' end of the viral transcript. This 

necessitatess a regulatory mechanism to bypass the 5' polyadenylation signal and to ensure 

efficientt polyadenylation at the 3' end. Several factors have been implicated in the regulation 

off  the 5' and 3' polyadenylation site usage. Initial studies demonstrated that the HIV-1 3' 

polyadenylationn signal is enhanced by U-rich sequences uniquely present in the upstream U3 

regionn (55;56). Downregulation of the 5' polyA signal has been associated with the proximity 

too the LTR promoter, where the assembly of RNA polymerase II initiation complexes may 

interferee with polyadenylation (57-59). More recent studies demonstrated that suppresion of 

thee 5' polyadenylation site is strongly dependent on the proximity of the major splice donor 

(60-62).. In HIV-1, the major splice donor site is located some 200 nucleotides downstream of 

thee AAUAA A hexamer and serves as a binding site for the U1 snRNP. Binding of U1 to the 

HIV-11 major splice donor, but not active splicing, is associated with the polyadenylation site 

occlusionn (62). 

Theree is ample evidence that the structure of the HIV-1 leader RNA is involved in 

regulatingg the polyadenylation site activity (63-65). A highly conserved hairpin that contains 

partt of the AAUAA A hexamer in the apical loop can fold in the R region of HIV-1 and is 

essentiall  for virus replication (66) (Figure 4). This hairpin, termed the poly(A) hairpin, 

activelyy represses premature polyadenylation at the 5' end through occlusion of the 

polyadenylationn site by base pairing of the AAUAA A hexamer (67). This ensures that 

prematuree polyadenylation at the 5' end is suppressed through rapid folding of the poly(A) 

hairpinn on the nascent RNA. Studies with purified polyadenylation factors and cellular 

extractss suggest that additional suppression is conferred by sequences uniquely present in the 

5'' leader RNA (68). 
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Figuree 4. Structure model of the HIV-1 untranslated leader RNA, as derived from comparative 

sequencee analysis. Individual structure and sequence elements are named after their putative function 

inn virus replication: the Trans-Activation Response element (TAR), the polyA hairpin that contains the 

AAUAA AA hexamer, the Primer Activation Signal (PAS) that is complementary to the tRNAb" T_C 

arm,, the Primer Binding Site (PBS) that is complementary to the 3' portion of the tRNAlys3 reverse 

transcriptionn primer, the Dimerization Initiation Site (DIS) that contains a palindromic sequence in the 

loop,, the splice donor that is indicated by an arrow, the core packaging signal (*P) and the start-codon 

off  the Gag open reading frame (AUG). Numbering of the residues is relative to the transcriptional start 

sitee ( + 1). 

Translation n 

Proteinn synthesis is regulated mainly at the initiation level in eukaryotic cells. On the majority 

off  mRNAs translation is initiated through recognition of the 5' cap structure by translation 

initiationn factors (69;70). These attract the 40S ribosomal subunit, which subsequently 

migratess along the RNA until an AUG start codon in a favorable sequence context is 

encounteredd (71). Alternatively, translation can be initiated independent of cap recognition by 

directt binding of the 40S subunit to RNA structures termed Internal Ribosomal Entry Sites 

(IRES)) (72;73). Many viruses, including a large number of retroviruses, initiate translation by 

ann IRES dependent mechanism (74-79). 

Thee HIV-1 untranslated leader RNA is totally void of AUG start codons preceding the 

Gagg open reading frame (80), which would be consistent with a scanning mode for ribosomes. 

Onn the other hand, stable secondary structures such as TAR could interfere with ribosome 
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scanning.. Several studies have demonstrated a repressive effect of the HIV-1 TAR element on 

translation,, but this can be alleviated by cellular proteins and the viral Tat protein (81;82). 

Indeed,, a translational component of the TAR-Tat mediated stimulation of gene expression 

hass been suggested (83-86). TAR has been shown to interact directly with the initiation factor 

eIF22 and this interaction stimulates protein synthesis from TAR-containing RNAs (87). 

Interactionss of both Tat and TAR with the interferon induced double stranded RNA dependent 

proteinn kinase (PKR), which inactivates eIF2, have also been linked to the regulation of 

proteinn synthesis. TAR RNA induces PKR activity and the interaction of Tat with PKR 

counterss this effect (88-94). It is currently not known how these opposing effects on protein 

synthesiss are integrated to regulate HIV-1 gene-expression. 

Theree have been recent indications that translation of the HIV-1 Gag protein involves 

IRESS activity. One study reported the presence of an IRES within the Gag open reading frame 

(95).. More recently, IRES activity of the HIV-1 leader RNA in the G2/M phase of the cell 

cyclee has been demonstrated (96). Studies with spliced HIV-1 transcripts generally favor a 

cap-dependentt scanning mechanism for the initiation translation (97;98), but the translation 

efficiencyy differs markedly with the identity of the untranslated leader RNA in differentially 

splicedd isoforms (38). In addition, leaky scanning, translational interference and re-initiation 

havee been suggested to affect the translation of downstream open reading frames in 

multicistronicc spliced mRNAs (97-99). It thus appears that initiation of translation may occur 

byy different mechanisms on spliced and unspliced HIV-1 transcripts. 

RNAA genome packaging 

Selectivee packaging of the retroviral RNA genome into progeny virions is a highly specific 

processs that involves interactions between the viral Gag protein and RNA elements in the full 

lengthh viral transcript. Important packaging signals have been mapped to the 5' untranslated 

leaderr RNA for a number of retroviruses (100). In many retroviruses, the location of the 

packagingg signal provides the means by which unspliced RNA is discriminated from spliced 

virall  RNA. The core packaging signal is located downstream of the major splice donor, which 

ensuress that splicing removes a critical part of the packaging determinant (101). 

Earlyy studies confirmed that RNA elements important for packaging of the HIV-1 

genomee are located downstream of the major splice donor (102-105). Several conserved stem-

loopp structures were identified within this domain, including a hairpin with a GGAG tetraloop 

(thee W hairpin, Figure 4) that interacts strongly with Gag and has since been regarded as the 

coree HIV-1 packaging signal (106-110). Nonetheless, recent studies indicate that the HIV-1 
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packagingg signal is in fact multipartite and includes several domains upstream of the major 

splicee donor (111-114; 114). This suggests that the overall structure of the untranslated leader 

iss recognized for selective packaging of the genome. 

HIV-11 is not unique in having such an extensive packaging requirement. Analogous 

observationss have been made for several other retroviruses, including HIV-2 (115-121). It is 

currentlyy not known how genomic RNA is selectively recognized in this context, since 

packagingg signals will be present on both the spliced and unspliced transcripts. Indeed, it has 

beenn reported that spliced HIV-1 transcripts are efficiently packaged when the W domain is 

mutatedd (122-124), confirming that the spliced RNA does contain at least part of the 

packagingg determinant. It is possible that the unspliced transcript, which also serves as the 

mRNAA for the Gag and Gag-Pol proteins, associates with the Gag protein cotranslationally. 

Forr HIV-1 and HIV-2 there are no detectably different pools of translated versus packaged 

RNAA (125). Although several studies indicate that active translation is not required for 

packagingg (111;126-128), translated transcripts appear to have an advantage in packaging 

(129;130). . 

RNAA genome dimerization 

Whatt clearly distinguishes genomic RNA from mRNA is the fact that the genome is present 

inn retroviral particles as an RNA dimer (131). This dimeric genome is thought to help 

circumventt the effects of physical damage to the RNA genome and to contribute to genetic 

diversityy of retroviruses by allowing template switching during reverse transcription 

(reviewedd in (132)). The dimer is maintained by RNA-RNA interactions since proteins can be 

removedd without affecting the integrity of the dimer. Furthermore, the dimeric RNA can be 

dissociatedd by heat treatment, indicating that the dimer linkage is mediated by non-covalent 

interactions.. Electron microscopy studies with partially denatured RNA demonstrated that the 

dimerr linkage site maps to the 5' end of the retroviral RNA and that the strands are arranged 

inn a parallel fashion (133;134). It has been observed that the RNA dimer matures during 

particlee assembly, which involves a change in thermostability of the dimer from a loose to a 

tighttight interaction (134). Several studies indicate that RNA dimerization may be linked to 

packagingg of the viral genome (114;124;135). 

Inn vitro synthesized RNA corresponding to retroviral leaders dimerize readily in vitro 

inn response to cations, heat-treatment or the presence of the viral nucleocapsid protein NC 

(136-139).. This observation has spurred intensive efforts to identify the cis-acting RNA 

elementss that trigger RNA dimerization in vitro. Initial studies of HIV-1 RNA dimerization 
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Figuree 5. DIS-incdiatcd RNA 
dimerization.. Two DIS hairpins can 
formm intermolecular base pairs 
betweenn the loop-exposed 
palindromee (highlighted). This 
interactionn is referred to as loop-
loopp kissing. The kissing-loop 
dimerr can rearrange into a more 
stablee extended duplex dimer by 
strandd exchange of the DIS stems. 

suggestedd the involvement of G-rich sequences, which is reminiscent of G-tetrad structures 

thatt have been implicated in maintaining the integrity of chromosome telomeres (140). In 

subsequentt studies, the involvement of G-rich elements has been dismissed (141) in favor of a 

dimerizationn mechanism mediated by a stem-loop structure with an autocomplementary, or 

palindromic,, sequence that is exposed in the hairpin loop (142-144). This hairpin has been 

termedd the Dimer Initiation Site hairpin (DIS) and is located upstream of the splice donor in 

thee HIV-1 leader RNA (Figure 4). Direct base pairing between the loop-exposed palindromes 

off  two DIS hairpins yields an instable RNA dimer termed the kissing loop complex (Figure 

5).. In the presence of the viral NC protein, or upon heat treatment, the kissing loop complex 

rearrangess such that the hairpin stems are melted, allowing the formation of an extended 

duplexx dimer (142; 145-149) (Figure 5). 

DIS-likee stem-loop structures are present in the untranslated leader of many retroviral 

genomes,, suggesting a common mechanism of RNA dimerization (109; 150-154). However, it 

hass proven difficult to correlate the results of in vitro dimerization studies with virus 

replicationn experiments. Mutations in the DIS palindrome have surprisingly small effects on 

RNAA dimers in virus particles, but do affect viral replication due to defects in RNA packaging 

andd reverse transcription (135; 155-157). Several recent studies demonstrated that regions 

outsidee the D1S motif also contribute substantially to RNA dimerization in vivo 

(114;124;158). . 

Reversee transcription 

Thee dimeric RNA present in virus particles serves as a template for the viral RT enzyme, 

whichh generates the double stranded DNA provirus that is subsequently integrated into a host 
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chromosome.. Reverse transcription is initiated near the 5' end of the RNA genome and 

elongationn proceeds in the 3' to 5' direction until the extreme 5' end of the RNA is reached. 

Duringg DNA synthesis the RT enzyme concomitantly removes the RNA template through its 

RNAseHH activity, which degrades the RNA in RNA-DNA heteroduplexes. The initial single 

strandedd cDNA product is called strong stop cDNA. The 5' and 3' terminal ends of the RNA 

genomee contain a direct repeat <R) sequence, which allows the strong stop cDNA to base pair 

withh its complementary part at the 3' end of the genome, where elongation is resumed (Figure 

3).. The process of translocating the cDNA from the 5' end to the 3' end is termed strand 

transfer.. Two transfer events are required to generate the double stranded DNA provirus 

flankedd by two complete LTRs. 

Thee RT enzyme initiates reverse transcription using a cellular tRNA as a primer. A 

sequencee that is complementary to the tRNA is located directly downstream of the U5 region 

(Figuree 4). This sequence is termed the primer binding site (PBS), which anneals to the 3' 

terminall  nucleotides of the primer tRNA. HIV-1 and HIV-2 both use tRNAlys3 for priming of 

reversee transcription, and both viruses have a PBS with a 21 nucleotide complementarity to 

thee tRNA. Selection of the tRNAlysJ from the pool of cellular tRNAs for reverse transcription 

iss not mediated by the PBS alone, the RT enzyme specifically recognizes its cognate primer 

(159;; 160) and there is recent evidence that the corresponding tRNA synthetase is specifically 

packagedd into virions (161-163). 

Severall  additional interactions between the tRNA primer and the viral genome have 

beenn proposed to contribute to the specificity of primer usage. On the basis of RNA structure 

probingg assays it has been suggested that an A-rich sequence upstream of the HIV-1 PBS 

interactss with the anticodon loop of the tRNAlys3 primer (164-168). Indirect virological 

evidencee has been presented in support of this interaction (169-171). However, the role of this 

interactionn in reverse transcription was not confirmed by recent studies from another 

laboratoryy (172). Furthermore, the ability to form base pairs between the tRNA anticodon 

loopp and the viral genome is poorly conserved among other retroviruses, including the closely 

relatedd SIV isolates. It has also been argued that base pairing between the A-rich sequence 

andd the tRNAlys3 anti-codon loop introduces highly unusual structural consequences such as 

severee bending, extensive knotting and underwinding of helices (173). It is likely that the 

conservationn of the A-rich sequence motif in the HIV-1 RNA is due to the role of the 

correspondingg DNA sequences in integration of the provirus DNA (174-179). 

Ann alternative base paring interaction between sequences in the TM>C arm of tRNA>s' 

andd an 8 nucleotide sequence element in the HIV-1 U5 region has recently been proposed 
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(180;; 181). Mutations in this sequence severely decrease the initiation of reverse transcription 

andd it has hence been termed the Primer Activation Signal (PAS). Base pairing of the tRNA 

primerr T W arm and the viral genome is highly conserved among retroviruses (182) and has 

beenn shown to regulate reverse transcription of the avian Rous Sarcoma Virus (RSV) (183) 

andd the yeast TY1 and 3 retrotransposons (184). In HIV-1, PAS-mediated initiation of reverse 

transcriptionn appears to be regulated since the PAS element is occluded by base pairing within 

thee leader RNA before binding of the tRNA primer (181 )(Figure 4). 

Inn addition to these sequence and structural requirements for the initation of reverse 

transcription,, elongation by the RT enzyme imposes further constraints on structured elements 

withinn the RNA. Extremely stable helices pose an obstacle to the elongating RT enzyme and 

resultt in the accumulation of premature stop products (185;186). There is also evidence that 

thee secondary structure within the R region actively contributes to strand transfer, in addition 

too the required sequence homology between the 5' and 3' R regions (187). Furthermore, the 

integrityy of the RNA dimer in virus particles is required to perform the first strand transfer in 

w'vo(188). . 

Structur ee of the HIV- 1 leader  RNA 

Thee involvement of the HIV-1 untranslated leader in several key steps of the virus life cycle 

hass spurred intensive efforts to study structure-function relationships of the regulatory RNA 

elements.. Unfortunately, the techniques available to protein structural biologist have only 

limitedd applicability to the investigation of RNA. Until recently, only a handful of RNAs had 

successfullyy been crystallized for X-ray analysis. Many years of intense study have finally 

producedd crystal structures of the prokaryotic ribosome at atomic resolution (189-192). This 

markss a turning point in our understanding of the molecular biology of RNA and will 

certainlyy contribute to our understanding of other biologically important RNAs. Another 

techniquee able to generate high-resolution information on the structure of RNA, Nuclear 

Magneticc Resonance spectroscopy (NMR), is seriously restricted to the analysis of small 

RNAs.. An advantage in the study of RNA structure is that folding of RNA molecules is 

governedd by a relatively simple set of base pairing interactions, which allows low-resolution 

structuress to be drawn from sequence analysis and thermodynamic considerations. In addition, 

chemicall  and enzymatic probing of accessible residues in the RNA can provide valuable 

informationn of its structure. Evidence for the biological importance of RNA base pairing 

interactionss can be obtained from studies with mutants that disrupt and restore base pairing. 
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Inn 1993, two studies proposed structure models for the entire HIV-1 leader RNA based 

onn either structure probing assays (193) or comparative sequence analysis (109). Intriguingly, 

thee two models are radically different, except for the common prediction of the TAR hairpin 

att the 5' end of the leader. Baudin postulated an elongated fold for the leader RNA with many 

internall  loops, whereas Berkhout identified a number of small stem-loop structures that are 

conservedd among HIV and SIV isolates. Subsequently, a study by Damgaard and colleagues 

demonstratedd that the results from structure probing studies are compatible with most of the 

stem-loopp structures proposed by Berkhout (108). However, a largely unnoticed theoretical 

studyy that calculated the base pairing probabilities within the entire HIV-1 genome produced 

anotherr elongated fold for the HIV-1 leader RNA that is similar, but not identical, to the 

modell  proposed by Baudin (194). This fold is the same in the context of the isolated leader 

andd in the full-length genome, indicating that the leader RNA folds autonomously. A 

comparisonn of the structures predicted for the leader sequence of different HIV and SIV 

isolatess demonstrated that many of the stem-loop structures proposed by Berkhout are 

associatedd with a relatively low probability of folding (195). Again, the TAR element 

emergedd as the only consistently predicted RNA structure. Several hairpins from the model by 

Berkhoutt have been confirmed in biological experiments (66;67;105; 196; 197) and NMR 

studiess (106; 198-204). However, NMR studies make use of small RNA fragments and thus do 

nott address the folding of the RNA in the context of the entire leader. 

Thee HIV-leader  RNA as a molecular  switch: scope of the thesis 

Inn the year 2000, van Wamel and Berkhout noted a bizarre behavior of HIV-1 transcripts 

correspondingg to the entire leader RNA in non-denaturing gel electrophoresis: large 

transcriptss migrated faster through the gel than shorter transcripts, suggesting that a compact 

RNAA structure is formed by the complete leader (205). This observation formed the basis for 

thee current thesis. Initially, it was thought that the compact fold was due to tertiary structure 

off  the leader RNA and the original aim was to obtain crystals of this compact fold for X-ray 

analysis.. In the process of trying to do so, we observed that the compact fold is in fact an 

alternativelyy folded secondary structure. The attention quickly shifted towards mapping of the 

domainss involved in folding of the compact conformer in further detail, and at this point we 

foundd that the HIV-1 leader RNA is in equilibrium between two alternatively folded 

secondaryy structures. This effectively ruled out the possibility of obtaining crystals of the 

RNA. . 
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Thee presence of two alternative conformations of the HIV-1 leader RNA immediately 

suggestedd that the virus might exploit this as a molecular switch to regulate some of the leader 

RNA-mediatedd processes. We found that domains involved in polyadenylation and RNA 

dimerizationn are differentially structured in the alternative conformations. For instance, we 

weree able to show that genome dimerization is not a constitutive process but depends on the 

equilibriumm between the alternatively folded conformations of the HIV-1 leader RNA 

(chapterss 2 through 4). Based on this model, we were able to explain the evolution of the 

leaderr in an HIV-infected individual with slow disease progression who harbors a virus with 

unusuall  mutations in the DIS element (chapter 5). Studies performed with the leader RNA of 

HIV-22 revealed that dimerization requires a similar DIS element and also involves a switch 

betweenn alternative conformations (chapters 6 and 7). This prompted us to investigate the 

requirementss for hcterodimerization of the HIV-1 and HIV-2 RNA genomes, which may have 

implicationss for viral recombination (chapter 8). Throughout these studies, the TAR element 

wass consistently found to have a stable secondary structure that does not take part in the 

large-scalee conformational rearrangements of the HIV leader. The structure of TAR was 

investigatedd separately, which led to the identification of a new base pairing motif within the 

apicall  loop (chapter 9) and a tertiary interaction of the loop with the TAR stem (chapter 10). 

Thee latter interaction is observed exclusively in the absence of the Tat protein, and we 

proposee that HIV-1 gene-expression involves a switch between two alternative tertiary 

structuress of TAR. Finally, we analyzed the interaction between the tRNAlys3 TVC arm and 

thee HIV-1 PAS element in the process of reverse transcription (chapter 11). 
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ABSTRACT T 

Inn this study we demonstrate that the HIV-1 leader RNA exists in two alternative conformations, a branched structure 
consistingg of several well-known hairpin motifs and a more stable structure that is formed by extensive long-distance 
basee pairing. The latter conformation was first Identified as a compactly folded RNA that migrates unusually fast in 
nondenaturingg gels. The minimally required domains for formation of this conformer were determined by mutational 
analysis.. The pofy(A) and DIS regions of the leader are the major determinants of this RNA conformation. Further 
biochemicall characterization of this conformer revealed that both hairpins are disrupted to allow extensive long-
distancee base pairing. As the DIS hairpin is known to be instrumental for formation of the HIV-1 RNA dimer, the 
Interplayy between formation of the conformer and dimerization was addressed. Formation of the conformer and the 
RNAA dimer are mutually exclusive. Consequently, the conformer must rearrange into a branched structure that 
exposess the dimer initiation signal (DIS) hairpin, thus triggering formation of the RNA dimer. This structural rearrange-
mentt is facilitated by the viral nucleocapsid protein NC. We propose that this structural polymorphism of the HIV-1 
leaderr RNA acts as a molecular switch in the viral replication cycle. 

Keywords:: dimer; HIV-1; NC protein; retrovirus replication; RNA structure rearrangement 

INTRODUCTION N 

Thee full-length 9-kb HIV-1 RNA fulfills a dual role as 
mRNAA and as the viral genome. The untranslated leader 
regionn of this RNA contains a multitude of regulatory 
structuree and sequence elements that exert their re-
spectivee effects at various stages during the viral rep-
licationn cycle (Fig. 1). These regulatory functions can 
bee roughly divided into two groups: regulation of gene 
expressionn (transcriptional activation, polyadenylation, 
translation,, etc.) and virion-associated functions (dimer-
ization,, encapsidation, and reverse transcription). The 
duall nature of this RNA may correlate with distinct struc-
turall conformations that constitute the intracellular and 
virion-encapsidatedd phases of the RNA. It is well es-
tablishedd that retroviral genomic RNA is found in virion 
particless as a dimer (Bender & Davidson, 1976). 

Severall secondary structure elements in the HIV-1 
leaderr RNA have been well described. The first 97 nt 
off the HIV-1 leader constitute the R region, which is 
reiteratedd at the 3' end of viral transcripts and is instru-
mentall during the first strand transfer of reverse tran-

Reprintt requests to: Ben Berkhout. Department of Human Retro-
virology.. University of Amsterdam, Academic Medical Center. Meiberg-
ctreeff 15.1105 AZ Amsterdam.The Netherlands; e-mail: b.berkhout® 
amc.uva.nl. . 

scription.. This domain contains the TAR and poly(A) 
hairpinn structures (Berkhout, 1996). The TAR hairpin 
structuree is supported by biochemical and biophysical 
dataa and fulfills an important function in transactivation 
off the LTR promoter (Muesing et aL 1985: Fisher et a!.. 
1986:: Berkhoutetal,, 1989: Aboul-ela et al., 1996; Wei 
ett al., 1998). The poly(A) hairpin structure is supported 
byy phylogenetic analysis and viral replication studies 
andd has been shown to regulate polyadenylation of 
virall transcripts (Berkhout et al.. 1995; Das et al., 1997, 
1999).. Immediately downstream of the R region lies a 
targee central domain of the HIV-1 leader RNA that con-
tainss the primer binding site (PBS) that is complemen-
taryy to the cellular tRNA'vs3

T the natural primer of reverse 
transcription.. Based on biochemical probing data and 
phylogeny,, at least two different structures have been 
proposedd for this domain (Isel et al.T 1995: Berkhout, 
1997;; Damgaard et al., 1998). Four smaller hairpin struc-
turess have been described downstream of the PBS 
domain:: the dimer initiation signal (DIS), the major splice 
donorr (SD), the core packaging signal (*) and a hair-
pinn containing the AUG initiation codon of the Gag open 
readingg frame (AUG) (reviewed in Berkhout, 1996). Of 
these,, the DIS hairpin represents the most extensively 
studiedd element, and its role in initiating dimerization of 
HIV-11 transcripts is supported by a wide range of stud-
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HIV-1 1 provirus s 

5'LTR R 

TARR polyA PBS DIS | SP 4- AUG 

97 7 277 7 336 6 TARR polyA PBS DIS 

FIGUREE 1. Organization of the HIV-1 provirus and untranslated leader RNA. For the provirus. the 5' and 3' LTRs and all 
openn reading trames are indicated. For the leader RNA, previously proposed structured domains are boxed and identified 
byy the corresponding abbreviations (see the text). On the right, a schematic representation highlights the hairpin structures 
forr TAR. poly(A), PBS, and DIS. 

ies,, including NMR analyses (Laughrea & Jette. 1994; 
Skripkinn et al.. 1994; Mujeeb et al.. 1998: Girard et al., 
1999).. Recently, the structures of the V and SD hair-
pinss have been studied by NMR (Amarasinghe et al„ 
2000;; Zeffmandagger et al.. 2000). Despite the appar-
entt wealth of evidence for the individual secondary 
structuree elements, relatively few studies have ad-
dressedd the overall structure of the HIV-1 leader RNA 
(Baudinn et al.. 1993: Rizvi & Panganiban. 1993: 
Berkhout.. 1996). As many of the biochemical studies, 
inn particular NMR analyses, use short RNA fragments 
thatt do not represent the full leader RNA in its native 
state,, it remains possible that important features such 
ass tertiary structure and alternative conformations have 
beenn overlooked. We recently reported that the HIV-1 
leaderr RNA adopts a compactly folded structure through 
aa long-range RNA-RNA interaction (Berkhout & van 
Wamel.. 2000). In this study, we have sought to define 
thee determinants of this RNA conformation. 

RESULTS S 

Thee loo p and uppe r stem sequence s of the DIS 
hairpi nn are require d fo r conforme r formatio n 

Itt has previously been reported that the unusual fast 
migrationn of HIV-1 leader transcripts on nondenaturing 
gelss is dependent on a long-range contact involving 
nucleotidess 1 /105 and 245/290 (Berkhout & van Wamel. 

2000).. In this study, we aimed to further fine-map the 
domainss required for this long-range contact. We have 
usedd the characteristic migration on nondenaturing gels 
forr identifying the interaction domains of the conformer. 
AA set of HIV-1 leader transcripts with a common 5' end 
(4-1)) and different 3' ends between positions 245 and 
2900 were synthesized with T7 polymerase. The tran-
scriptss produce a ladder of increasing transcript size on 
denaturingg gels containing urea (Fig. 2A). On nonde-
naturingg gels, this pattern is lost, as transcripts that 
formm the conformer migrate unusually fast through the 
gell (Fig. 2B). Formation of the fast-migrating conformer 
(markedd C') is not observed for transcripts that end at 
positionss 245 and 256 (Fig. 2B. lanes 1 and 2). but 
efficientt conformer formation is observed upon inclu-
sionn of 14 or more downstream nucleotides (Fig. 2B. 
laness 3-5). This region of the HIV-1 leader RNA con-
tainss the DIS hairpin structure, and the critical 257-270 
regionn corresponds to the loop and upper stem of this 
hairpin.. Throughout this study we have used primer 
CN1.. an antisense DNA oligo that disrupts the RNA 
conformerr (Berkhout & van Wamel. 2000). as a dena-
turingg control in nondenaturing gel electrophoresis 
(Fig.. 2B. lanes 6-10). 

AA second set of 3' deletion mutants was synthesized 
too determine whether the loop or stem sequences of 
thee DIS contribute to the formation of the fast-migrating 
conformerr (Fig. 3). We also included two mutants based 
onn the 1/270 transcript, in which the DIS hairpin was 
stabilizedd by the introduction of 3'-terminal nucleotides 
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FIGUREE 2. Deletion mapping of 3' terminal sequences required for 
formationn of the fast-migrating RNA species. Transcripts are indi-
catedd at the top of each lane. A: Transcripts as visualized on a 
denaturingg sequencing gel. B: Nondenaturing gel electrophoresis of 
transcriptss renatured in TEN buffer (lanes 1-5) and annealed to the 
CN11 primer (lanes 6-10). Inclusion of the DIS stem-loop (transcript 
1/270.. lane 3) leads to the formation of the fast-migrating conformer 
(markedd C"). Transcripts unable to form the conformer are marked 
M.. including transcripts denatured by primer CN1. 

thatt increase the number of consecutive base pairs in 
thee DIS stem (Fig. 3B, 270 -4 and 270-8). Efficient 
formationn of the conformer is apparent for the 1/267 
transcriptt and all longer transcripts (Fig. 3A). As ex-
pected,, no conformer is observed for the 1/256 tran-
script,, but transcript 1/263 displays an intermediate 
electrophoreticc mobility. Transcript 1/263 produces a 
smearr on nondenaturing gels that migrates between 
thee position of the 1/267 conformer and the 1/256 tran-
scriptt (Fig. 3A. compare lane 3 to lanes 1 and 5). We 
concludee that inclusion of nt 257-263 at the 3' end of 
HIV-11 leader transcripts introduces the minimally re-
quiredd sequence for formation of the fast-migrating con-
former.. although downstream nucleotides do significantly 
stabilizee this RNA conformation. This minimally re-
quiredd sequence corresponds to the loop of the DIS 
hairpinn (257-GCGCGCA-263). Both mutant transcripts 
1/270-- 4 and 1/270-8 contain the minimal sequence 
requiredd for efficient formation of the fast-migrating con-
formerr (1/270). but the high-mobility band appears very 
faintt for these transcripts (Fig. 3A. lanes 11 and 13). 
Thus,, further stabilization of the DIS hairpin interferes 
withh the folding of the conformer. We expect that the 
GCGCGCC palindrome is properly exposed in the loop 
off these stabilized hairpins, which argues against con-
formerr formation by means of an intramolecular loop-
loopp or triple helix interaction involving the DIS loop. 

Thee loo p and uppe r stem sequence s 
off  the poly(A ) hairpi n are require d 
forr  conforme r formatio n 

Withh the minimally required 3' sequences now estab-
lished,, we proceeded to test an extensive set of HIV-1 

leaderr transcripts with 5'-terminal and internal muta-
tionss for formation of the fast-migrating conformer. Mu-
tationss in the central PBS domain had little effect on 
formationn of the conformer (not shown), which is con-
sistentt with the results of antisense probing experi-
mentss (Berkhout & van Wamel. 2000). The 5' TAR 
domainn does contribute to conformer formation, but a 
loww level of conformer can be formed in the absence of 
TAR.. and the partial defect of TAR mutants can be 
rescuedd by altering salt conditions (H. Huthoff & B. 
Berkhout,, in prep.). Based on these results, we focused 
ourr analysis on the domain between TAR and the PBS, 
whichh contains the poly(A) hairpin. Figure 4C shows 
thee secondary structure models of the wild-type and 
mutantt poly(A) hairpins used in this study. Mutant A 
containss a stabilized poly(A) hairpin due to two bulge 
deletionss and one nucleotide substitution. The poly(A) 
hairpinn has been destabilized in mutants B. C. and D. 
Destabilizationn of the poly(A) hairpin is modest for mu-
tantt B. which has four nucleotide substitutions. Desta-
bilizationn is more severe in mutants C and D because 
off the disruption of the lower stem of the hairpin. The 
basee pairing capacity is restored in the double mutant 
CDD as the mutations in C and D are complementary. In 
mutantt E. the upper stem and loop domain of the poly(A) 
hairpinn has been deleted. We also included a transcript 
correspondingg to the sequence of a revertant virus, 
whichh was obtained after prolonged culturing of mutant 
AA (Berkhout et al.. 1997). Figure 4A shows a nondena-
turingg gel analysis of 1/290 transcripts containing these 
mutations.. No conformer is formed by mutants A and E. 
andd slight smearing is observed for mutants B and CD. 
Mutantss C and D form the fast-migrating conformer at 
wild-typee efficiency, indicating that the lower stem re-
gionn of the poly(A) hairpin is not required for its forma-
tion.. The inability of mutant E to form the conformer 
demonstratess that important sequences for the forma-
tionn of the conformer must reside in the loop or upper 
stemm of the poly(A) hairpin. 

Too investigate whether the inability of mutant A to 
formm the conformer is caused by mutation of the primary 
sequencee or by stabilization of the poly(A) hairpin, we 
analyzedd the A4 revertant (Fig. 4B). This revertant main-
tainss the original mutations, but has reduced the sta-
bilityy of the poly(A) hairpin by acquisition of additional 
mutationss that partially disrupt the stem (Fig. 4C). A 
significantt amount of the A4 revertant transcripts form 
thee fast-migrating conformer. indicating that the stabil-
ityy of the poly(A) hairpin affects formation of the con-
formerr (Fig. 4B. lane 5). The altered stability of the 
poly(A)) hairpin of mutants B and CD could also explain 
thee smearing observed for these mutants. Whereas 
thee overall stability of the poly(A) hairpin in mutant B is 
decreased,, the upper stem is in fact stabilized by an 
additionall G-U base pair. Mutant CD is also more sta-
blee than the wild-type hairpin and produces a smear on 
thee gel. Interestingly, both mutants C and D show no 
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FIGUREE 3. Fine mapping ol DIS sequence elements required for formation of the fast-migrating conformer. A: Nondena-
turingg gel analysis of transcripts with 5' and 3' extremities as indicated at the top of the lanes. Presence and absence of the 
denaturingg CN1 primer is indicated by i or . respectively. C' marks the position of the conformer. Transcripts unable to 
formm the conformer are marked M. including transcripts denatured by primer CN1. Two mutant transcripts are included in 
whichh the helical stem ot the DIS stem-loop structure has been extended (270 • 4. lanes 11 and 12. and 270 • 8. lanes 13 
andd 14). Formation of the fast-migrating conformer is severely impaired for these mutants, although they do contain the 
minimallyy required sequence for the conformer. B: Secondary structure models of the wild-type and mutant DIS elements 
withh the predicted thermodynamic stability (kcal/mol at T = 37'C) indicated below. Mutants 270 i 4 and 270-8 contain 
additionall sequences 3' to position 270 that extend the DIS helical stem. 

suchh defects, again suggesting that the detect of mu
tantt CD is related to the stability of the poly(A) hairpin. 
Thiss indicates that increased stability of the poly(A) 
hairpinn results in a reduced ability to form the con
former.. and this is reminiscent of the results obtained 
withh the stabilized DIS hairpin. 

Characterizatio nn of the long-distanc e 
poly(A)-DI SS interactio n 

Withh the two major domains involved in the formation 
off the conformer determined by mutational analysis, 
wee aimed to characterize the structural nature of this 

RNAA conformation. Several modes of long-distance in
teractionss between the poly(A) and DIS domains are 
possible.. The HIV-leader may adopt an intricate ter
tiaryy structure involving non-Watson-Crick interactions. 
Alternatively,, the conformer may form through canoni
call base pairing of complementary sequences in the 
poly(A)) and DIS domains. Such a long-distance base-
pairingg interaction may be incompatible with formation 
off the individual hairpin motifs or it may consist of a 
loop-loopp interaction between the poly(A) and DIS hair
pins.. However, the observation that stabilization of the 
poly(A)) and DIS stems inhibits formation of the con
formerr argues against the possibility of a loop-loop 
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FIGUREE 4. Analysis of transcripts with wild-type and mutant poly(A) hairpin structures. A: Wild-type and mutant transcripts 
(alll 1/290) as analyzed on a nondenaturing gel with (+) and without (-) the CN1 primer. C" marks the position of the 
conformer.. Transcripts unable to form the conformer are marked M, including transcripts denatured by primer CN1. 
B:: Analysis of wild-type (wt). A-mutant. and A4 revertant transcripts on a nondenaturing gel. The A4 viral sequence was 
obtainedd by reversion of the mutant A virus. Formation of the fast-migrating RNA species is partially restored in the A4 
revertantt RNA. C: Secondary structure models of the wild-type and mutant poly(A) hairpins with the predicted thermo
dynamicc stability (kcal/mol at T = 37 =C) indicated below. The AAUAAA hexamer that forms the polyadenylation signal is 
indicatedd in bold. Mutated nucleotides are boxed and deletions are indicated by A. Reversion mutations in A4 are indicated 
byy black boxes. 

interaction.. We have employed a combination of bio
chemicall and biophysical methods and computer-
assistedd RNA folding to distinguish between these 
possibilities. . 

Too investigate the secondary structure of the wild-
typee leader RNA. we performed an RNA structure pre
dictionn analysis with the Mfold 3.0 algorithm (Mathews 
ett al.. 1999: Zuker et al., 1999). A single Mfold analysis 
producess a set of solutions for each RNA sequence, 
whichh are ranked by their corresponding free-energy 
values.. Interestingly, the lowest energy solution for the 
HIV-11 leader RNA predicts base pairing of the GCGCGC 
palindromee to nt 88-93 of the poly(A) region, and this 
resultss in the loss of the poly(A) and DIS hairpins. This 
correlatess strikingly with the results of the mutational 
analysis,, wherein the poly(A) and DIS domains are 
criticall for formation of the conformer. The predicted 

overalll structure is an elongated rodlike fold that con
tainss the intact TAR element and an extended stem 
interruptedd by internal loops (Fig. 5). The poly(A) and 
DISS hairpins are predicted only by suboptimal solutions 
off the Mfold algorithm, producing a branched RNA struc
turee similar to a previously proposed multiple-hairpin 
modell of the HIV-1 leader (Berkhout. 1996). Participa
tionn of the poly(A) and DIS domains in either long
distancee base pairing or formation of their respective 
hairpinss is the sole difference between the rodlike struc
turee and the branched structure. Structure predictions 
forr mutant transcripts that are unable to form the con
former.. such as mutant A and 1/270-4. consistently 
favoredd the branched fold with the individual hairpins 
overr the rodlike fold. 

Too assess the validity of the structure models gener
atedd by Mfold. we performed chemical RNA structure 
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FIGUREE 5. Secondary structure model of the HIV-1 leader RNA. 
Thiss model represents the lowest energy solution provided by the 
Mfoldd 3.0 algorithm and is supported by several experimental find
ingss (see the text). This structure predicts the base pairing of the 
poly(A)) to the DIS domain. Several structure and sequence motifs 
aree highlighted by shading: the bulge and loop of TAR. the AAUAAA 
polyadenylationn signal, the PBS. and the DIS palindrome. 

probingg analyses. Both the wild-type and mutant A tran
scriptss were used to compare the chemical accessi
bilityy of the conformer versus a conformer-impaired 
transcriptt (Fig. 6). The DEPC and DMS modification 
patternss of the wild-type transcript are in good agree
mentt with the rodlike structure predicted by Mfold 
(Fig.. 7A). The AAUAAA polyadenylation signal is pre
dictedd to be entirely exposed in an internal loop in the 
wild-typee rodlike structure. Indeed, all A residues of this 
polyadenylationn signal are highly reactive towards DEPC 
andd DMS (Fig. 6A). The modification pattern of mutant 
AA showed several differences compared with the wild-
typee transcript. These differences are located exclu
sivelyy in the poly(A) and DIS domains (not shown), 
reinforcingg the model of a long-distance interaction be
tweenn these domains. Within the poly(A) domain. A73 
andd A74 of the polyadenylation signal show no reac
tivityy in mutant A. Indeed, the branched structure pre
dictss base pairing of these residues in the poly(A ) 
hairpin.. Increased reactivity in the wild-type compare d 
withh the mutant A transcript was also observed for nt 
A666 and A67. These residues are in an internal loop in 
thee wild-type rodlike structure, whereas they are base 
pairedd within the poly(A) hairpin for mutant A (Fig. 7A.B). 

AA more subtle difference in the modification pattern is 
observedd within the DIS domain (Fig. 6B). The suscep
tibilityy of A263 to DMS modification is significantly higher 
forr mutant A than the wild-type transcript. In addition, 
wee measured an elevated level of reactivity at C260 
andd C262 of the GCGCGC palindrome for mutant A. 
Thesee nucleotides are predicted to be loop exposed in 
thee DIS hairpin for mutant A. Thus, the mutations in
troducedd in the poly(A) domain cause structural alter
ationss some 150 nt further downstream in the DIS 
domain.. We note that the distribution of RT pausing 
productss in the control reactions with untreated tran
scriptss also differs significantly for the wild-type and 
mutantt transcript in the vicinity of the DIS. For example, 
pausingg is dramatically increased at A239 and de
creasedd at A268 for mutant A (Fig. 6B, compare lanes 1 
andd 3). We have previously reported that structure-
inducedd pausing of RT in the poly(A) domain correlates 
withh hairpin stability (Klasens et al.. 1999). but this long
distancee effect has gone hitherto unnoticed. These 
combinedd results indicate that the mutant A folds the 
branchedd multihairpin structure and that the wild-type 
HIV-11 RNA adopts the rodlike structure. 

Thee conformation of structured RNAs can also 
bee monitored by absorbance melting measurements 
(Puglisii & Tinoco. 1989: Brion & Westhof. 1997). This 
methodd makes use of the hypochromicity of native RNA 
relativee to its denatured state and allows for the deter
minationn of the thermal denaturation profile. The melt
ingg curves in a 20-85 'C trajectory are shown for the 
wild-typee HIV-1 RNA and several conformer-impaired 
mutantss as a 8A/S1 plot, which allows the accurate 
determinationn of the melting transition and the Tm 
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FIGUREE 6. Chemical structure probing of wild-type and mutant A HIV-1 leader transcripts. Transcripts (1/368) were treated 
withh limiting amounts of DEPC and DMS. A: Analysis of the poly(A) region. Modification sites were detected by primer 
extensionn with the Lys 21 primer. Lanes 1. 5. 13. and 17 represent the control samples with untreated transcripts. A 
sequencee reaction is shown in lanes 9-12. To the left a linear representation of the transcript indicates the position of the 
AAUAAAA polyadenylation signal. B: Analysis of the DIS region using the R368 primer in primer extension analysis. Only the 
modificationn reactions with the highest concentration of DEPC and DMS are shown (4 ^ L / 1 0 0 / J L reaction volume). Lanes 1. 
3.. 9. and 11 represent the control samples with untreated transcripts. A sequence reaction is shown in lanes 5-8. To the left, 
aa linear representation of the transcript indicates the position of the DIS palindrome. Nucleotide positions that are discussed 
inn the text are indicated by arrows. 

(Fig.. 8). No changes in absorbance were observed 

beloww 20 C and above 85 C. The wild-type RNA shows 

twoo discrete transitions in the melting profile at Tw -

49.11 'C and Tm = 66.6 C (Fig. 8A). The separated peaks 

suggestt the existence of two independently structured 

domainss for the wild-type 1/290 transcript. The high-
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FIGUREE 7. Secondary structure model for the wild-type and mutant A transcripts with a summary ot the chemical modi
ficationn data. Several structure and sequence motifs are highlighted by shading: the bulge and loop of TAR. the AAUAAA 
polyadenylationn signal, the PBS. and the DIS palindrome. A: Schematic representation of the rodlike structure of the 
wild-typee HIV-1 leader RNA. The duplex that is formed by base pairing of the poly(A) and DIS domains is shown in detail 
withh chemical modification data. B: Schematic representation of the branched RNA conformation of the mutant A. Hairpin 
structuress for poly(A) and DIS are highlighted and chemical modification data of mutant A are indicated. The nucleotide 
substitutionn in mutant A is indicated by a box. Note that A indicates deleted nucleotides and does not represent chemical 
reactivityy in the stem of the hairpin. Two nucleotides have been deleted in mutant A. but numbering of the nucleotides 
correspondss to the wild-type positions. 

intensityy transition at Tm - 49.1 C of the wild-type tran
scriptt is in agreement with the thermal stability of the 
conformerr as assayed by gel electrophoresis (Berkhout 
&& van Wamel. 2000). and this peak is lost in mutant 
transcriptss unable to form the conformer. The loss of 
thiss transition for mutant A results in the appearance of 
severall low intensity transitions in the 27-62 C range 
(Fig.. 8B). A somewhat similar pattern is observed for 
thee transcript lacking TAR (58/290) and the transcript 
containingg a stabilized DIS hairpin (1/270+4), although 
fewerr additional transitions are observed (Fig. 8C.D). 

Thee second transition in the wild-type melting profile 
att Tm = 66.6 C is likely to correspond to the stable TAR 
hairpin.. The transcript lacking TAR (58/290) has no 
meltingg transitions above 57 C. whereas both the 
polyy (A) mutant A and DIS mutant 1/270 + 4 do contain 
thiss characteristic high-temperature transition. Interest
ingly,, the TAR element appears to be of higher stability 
(T(Tmm - 72.6 ;C) in the context of the mutant A. It is pos
siblee that TAR gains stability by coaxial stacking inter

actionss with the immediately adjacent poly(A) hairpi n 
off mutant A (Berkhout. 1996). Additional stacking inter
actionss have been reported to cause an increase in the 
TTmm of melting transitions (LeCuyer & Crothers. 1993). 
Thiss observation underlines the difficulties in interpret
ingg and assigning transitions from absorbance melting 
measurements,, and a more detailed analysis is cur
rentlyy in progress. Nevertheless, the biophysical data 
presentedd do suggest that the wild-type HIV-1 RNA 
conformerr consists of two independently structured 
domains,, one of which is likely to correspond to TAR. 
Thee extended long-distance base pairing between the 
poly(A)) and DIS domains may well correspond to the 
high-intensityy transition at Tm - 49.1 'C. The helical 
domainss within this extended stem do not exceed eight 
consecutivee base pairs, indicating that the extended 
structuree is not excessively stable, that is. less stable 
thann TAR. In general, the absorbance melting measure
mentss are compatible with the proposed conformer 
structure. . 

48 8 



A A wtt  1/290 AA 1/290 

Temperatur ee ) Temperatur ee ) 

5 8 / 2 9 0 0 1/270+4 4 

Temperatur ee ) Temperatur ee ) 

FIGUREE 8. Thermal melting profiles of the wild-type HIV-1 leader RNA and mutant transcripts, plotted as 5A/5T curves. 
A:: Wild-type 1/290. B: Poly(A) mutant A 1/290. C: Deletion of TAR. 58/290. D: Stabilized DIS hairpin 1/270 * 4. Numbers 
att the top of the peaks correspond to the temperature at the peak maximum. 

Thee structure s of the fast-migratin g 
conforme rr  and the HIV-1 RNA 
dime rr  are mutuall y exclusiv e 

Thee results described above indicate that the DIS and 
poly(A)) motifs are base paired to form the rodlike con-
former.. We next wondered whether this conformation is 
maintainedd during dimerization of HIV-1 leader tran
scripts.. We performed in vitro dimerization assays with 
thee wild-type 1/290 transcript and three mutant tran
scriptss that are impaired in their ability to form the con-
former:: a TAR deletion mutant (10/290). the stabilized 
poly(A)) mutant (A 1/290) and a DIS mutant (1/256). 
Thee latter transcript also serves as a negative control 
forr RNA dimerization. as it terminates just upstream of 
thee DIS palindrome. In addition to the dimerization con
ditionss (Fig. 9. lanes 9-12). transcripts were dissolved 
inn TE buffer (Fig. 9. lanes 1-4) or heat denatured in 
formamidee before electrophoresis (Fig. 9. lanes 5-8). 

Onee striking result from this analysis is that the 
conformer-impairedd transcripts 10/290 and A1 /290 form 
dimerss (marked D) much more efficiently than wild-
typee RNA. Even in the TE buffer, a substantial amount 
off dimers is observed for these mutants (Fig. 9. lanes 2 
andd 4). but not for the wild-type transcript (Fig. 9. lane 1). 

Whenn these mutant transcripts are subjected to the in 
vitroo dimerization conditions, approximately 90% of the 
RNAA is dimeric (Fig. 9. lanes 10 and 12). whereas the 
wild-typee transcript produces approximately 40% dimer 
(Fig.. 9. lane 9). Furthermore, both mutant transcripts 
formm substantial amounts of multimeric complexes. As 
indicatedd above, these transcripts are either fully (mu
tantt A) or partially defective in conformer formation (10/ 
290:: note the presence of small amounts of C*. Fig. 9. 
lanee 2). The previous analyses indicate that these mu
tantt transcripts favor the branched fold, and their more 
efficientt dimerization thus correlates with exposure of 
thee DIS hairpin. The results indicate that the ability of 
thee wild-type transcript to dimerize is hindered by the 
conformerr structure, which masks the DIS region. 

Anotherr interesting observation comes from the com
parisonn of the relative electrophoretic mobility of mo-
nomericc and dimeric transcripts. Whereas the wild-type 
conformerr migrates faster through native gels than mu
tantt transcripts, the wild-type dimer is retarded as com
paredd to the mutant dimers (Fig. 9. compare lane 9 to 
laness 10 and 12). In fact, the electrophoretic mobility of 
thee wild-type and mutant dimers accurately mimics the 
electrophoreticc mobility of the formamide-denatured 
transcriptss (Fig. 9. lanes 6-10) and correlates precisely 
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FIGUREE 9. Dimerization of the wild-type and mutant HIV-1 tran
scripts.. Nondenaturing gel analysis of the transcripts after incubation 
inn TE buffer (lanes 1-4). denaturation in formamide (lanes 5-8). and 
incubationn in dimerization buffer (lanes 9-12). The RNA was visual
izedd by ethidium bromide staining of the gel. 5' and 3' extremities of 
thee transcripts are indicated at the top of the lanes. Thee 1/290 tran
scriptt with the mutant A poly(A) hairpin is indicated by A (top of 
laness 4. 8. and 12). D marks the position of HIV-1 leader RNAdimer, 
MM marks monomeric transcripts not able to form the conformer and 
C"" marks the position of conformer. Transcript 1/256 lacks the 
GCGCGCC palindrome and can neither form dimers nor the con
former.. Transcripts 10/290 and A are both impaired for formation of 
thee fast-migrating conformer but form dimers very efficiently, even in 
thee absence of cations (lanes 2 and 4). In addition, several multimeric 
formss are observed for these mutant transcripts (lanes 10 and 12). 

withh the differences in transcript length. Thus, the fast 
electrophoreticc mobility typical of the conformer is lost 
uponn RNA dimerization. indicating that the RNA struc
turess that constitute the conformer and the dimer are 
mutuallyy exclusive. 

Thee vira l NC protei n disrupt s the long-distanc e 
RNAA interactio n and promote s dimerizatio n 

AA consequence of the mutual exclusiveness of the con
formerr and RNA dimer structures is that the wild-type 
HIV-11 leader RNA must undergo a structural rearrange
mentt to form dimers. The viral NC protein is a nucleic 
acidd chaperone (Herschlag et al., 1994) and a likely 
candidatee for facilitating this conformational RNA switch 
inn vivo . We investigated this possibility by assaying the 
effectt of recombinant NC protein on in vitro dimeriza
tionn (Fig. 10). NC stimulates dimerization of HIV-1 RNA 
att physiological conditions, whereas either high salt 
conditionss or incubation at high temperatures is re
quiredd in the absence of NC (Darlix et al.. 1990: Muri-
auxx  et al., 1995). We compared wild-type and mutant 
transcriptss for dimerization by heat treatment and in
cubationn with NC (Fig. 10. lanes 2.6. and 10 and lanes 3. 
7.. and 11, respectively). Two conformer-impaired tran
scriptss were arbitrarily chosen as negative controls, the 
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FIGUREE 10. NC protein disrupts the conformer and facilitates di
merization.. Analysis of the effect of NC protein ( i / indicated at the 
topp of lanes) on dimerization of wild-type and mutant transcripts, the 
TARR deletion mutant (17/290). and the poly(A) deletion mutant (mu
tantt E). Controls are included in which the transcript is denatured in 
formamidee (lanes 1. 5. and 9). Transcripts were heat-dimerized with
outt NC (lanes 2. 6. and 10). and subsequently treated with SDS/ 
phenoll to demonstrate the stability of the dimer (D) during protein 
removal.. Transcripts were incubated with NC protein at 37 C and 
aliquotss were either loaded directly on the gel (lanes 3. 7. and 11) or 
treatedd with SDS/phenol prior to loading (lanes 4, 8. and 12). Coating 
byy NC causes a shift in the position of the RNA. which is indicated by 
MNCC for the monomer and DNC for the dimer. Coating by NC of the 
wild-typee 1/290 transcript (lane 11). which forms the fast-migrating 
conformerr (C). leads to a dramatic shift above the position of the 
denaturedd control (lane 9). 

TARR mutant 17/290 and the poly(A) deletion mutant E. 
Ass expected, these transcripts display higher levels of 
heat-inducedd dimers compared with the wild-type RNA 
(Fig.. 10. compare lanes 2 and 6 with lane 10). Dimer
izationn is markedly more efficient in the presence of 
NC.. and this stimulatory effect is observed both for the 
wild-typee and mutant transcripts (Fig. 10. lanes 3. 7. 
andd  11). Binding of the NC protein to RNA causes a 
shiftt of both monomeric (M) and dimeric (D) RNA bands 
uponn electrophoresis. The HIV-1 RNA dimer has been 
reportedd to withstand removal of protein by SDS/phenol 
treatmentt (Muriaux et al.. 1996). We have included such 
deproteinizedd samples in our analysis (Fig. 10. lanes 4, 
8.. and 12), As expected, the NC-induced bandshift is 
lostt upon phenol extraction of the samples. The two 
mutantt transcripts that do not form the conformer show 
aa relatively minor NC bandshift. In contrast, the wild-
typee transcript that does form the conformer exhibits an 
extremee NC shift (Fig. 10. compare lanes 10 and 11). 
suggestingg that there is an additive effect of NC binding 
andd disruption of the fast-migrating conformer. Consis-
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tentt with this idea, the wild-type RNA-NC complex 
(Fig.. 10, lane 11) runs just above the denatured control 
samplee (Fig. 10, lane 9). After removal ol NC, the last-
migratingg band reappears (Fig. 10, lane 12). This is due 
too rapid refolding of the conformer, which is commonly 
observedd for transcripts that are heat denatured in form-
amidee (not shown). These combined results suggest 
thatt the NC protein disrupts the long-distance inter
actionn of the wild-type conformer, thereby facilitating 
dimerizationn through exposure of the DIS hairpin. 

DISCUSSION N 

Structur ee of the fast-migratin g HIV-1 
RNAA conforme r 

Wee show that a previously identified conformer of the 
HIV-11 untranslated leader (Berkhout & van Wamel. 
2000)) is, in fact, the most stable conformation of this 
RNA.. This conformer is formed through long-range base 
pairingg that involves both 5' and 3' domains of the 
HIV-11 leader RNA. A mutational analysis identified the 
poly(A)) and DIS domains as the main determinants for 
formationn of the conformer. Mutations that stabilize the 
individuall poly(A) and DIS hairpin motifs severely im
pairedd formation of the conformer despite retaining the 
minimallyy required sequences. This indicates that the 
poly(A)) and DIS hairpin structures are incompatible with 
formationn of the conformer. 

Ann interaction between the poly(A) and DIS domains 
wass readily predicted by computer-assisted RNA fold
ingg of the HIV-LAI sequence. The lowest energy solu
tionss from Mfold predict base pairing of the GCGCGC 
palindromee in the DIS domain to the poly(A) domain, 
resultingg in the loss of the hairpin motifs and formation 
off a rodlike structure with an extended stem (Fig. 5). 
Similarr structures were predicted for other HIV-1 sub
typee B isoiates and viral isolates that belong to different 
HIV-11 subtypes (not shown). This structure is also in 
goodd agreement with chemical RNA probing experi
ments.. A most notable result from this analysis is the 
highh chemical accessibility of all A residues in the 
AAUAAApolyadenylationn signal of wild-type transcripts. 
Thee rodlike structure predicts the presentation of the 
completee AAUAAA sequence in an internal loop. A mu
tantt unable to form the conformer (poly(A) mutant A) 
duee to stabilization of the poly(A) hairpin displayed no 
reactivityy at the two most 5' A residues of this se
quencee motif, which is consistent with the poly(A) hair
pinn structure. In addition, this mutant displayed an 
alternativee chemical modification pattern within the DIS 
domainn that is in good agreement with the branched 
multiplee hairpin structure. Chemical modification in other 
domainss of the HIV-1 leader RNA was unaffected for 
thiss mutant, underlining that the poly(A) and DIS do
mainss interact. Formation of the long-distance poly(A)-

DISS interaction is also compatible with absorbance melt
ingg measurements. We found that the wild-type HIV-1 
leaderr undergoes two discrete melting transitions, which 
suggestss the presence of two independently structured 
domains.. Indeed, these transitions are selectively lost 
uponn disruption of the conformer and deletion of TAR. 

Thee HIV-1 leade r RNA as a dynami c molecul e 
andd potentia l molecula r switc h 

Thee finding that the poly(A) and DIS domains are in
volvedd in a long-range base pairing interaction seems 
too conflict with previous reports that support hairpin 
structuress for these domains. The poly(A) hairpin struc
turee is supported by phylogenetic analysis (Berkhout 
ett al., 1995) and viral replication studies (Berkhout et al., 
1997;; Das et al., 1997). The DIS hairpin has been stud
iedd by NMR analysis (Mujeeb et a!.. 1998) and is also 
supportedd by phylogenetic (Berkhout, 1996) and bio
chemicall analysis (Laughrea & Jette, 1994; Skripkin 
ett al„ 1994: Jossinet et al., 1999). One way to resolve 
thiss contradiction is by conceptualizing the HIV-1 leader 
ass a conformationally polymorph and dynamic mol
ecule.. That is, the poly(A) and DIS domains may be 
ablee to switch between the long-distance base pairing 
andd hairpin conformations (Fig. 11). In an extensive 
probingg comparison of the HIV-1 RNA monomer and 
dimer,, it has been reported that differences in modifi
cationn reside in the poly(A) and DIS regions (Baudin 
ett al., 1993). We find that the characteristic fast elec-
trophoreticc mobility of the HIV-1 leader RNA is lost upon 
formationn of the RNA dimer, indicating a rearrange
mentt of the conformer structure during dimerization. 
Mutantss unable to form the conformer expose the 
poly(A)) and DIS hairpins and dimerize very efficiently. 
Thiss result is consistent with an important role of the 
DISS hairpin in dimerization (Skripkin et al.. 1994; Mujeeb 
ett al., 1998). Thus, disruption of the long-distance in
teractionn between poly(A) and DIS may be a pre
requisitee for dimerization of wild-type HIV-1 RNA. 
Dimerizationn is strongly stimulated by the viral nucleo-
capsidd protein NCp7 (Darlix et al., 1990), which pos
sessess nucleic acid chaperoning activity (Herschlag 
ett al., 1994). Binding of NC causes an extreme band 
shiftt for wild-type transcripts that fold the conformer 
structure.. We have interpreted this result as being 
causedd by an additive effect of NC coating of the RNA 
andd a NC-induced structural rearrangement of the 
conformer.. This NC-mediated conformational change 
coincidess with increased dimerization of the HIV-1 
leaderr RNA. These combined results suggest that 
NCC enhances dimerization through stabilization of the 
branchedd multiple hairpin structure (Fig. 11B). Although 
RNAA chaperones have been proposed to facilitate the 
searchh for the most stable folding (Herschlag, 1995), 
NCC apparently favors the branched folding over the 
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FIGUREE 11. Alternating structures ot the HIV-1 leader RNA. A: RNA folding during transcription of the HIV-1 leader 
sequence.. Individual hairpin motifs are formed as kinetic intermediates before the poly(A) and DIS hairpins are disrupted 
too form the thermodynamically favored conformer. As part of the nascent transcript, the TAR and poly(A) hairpins play 
importantt roles in transcriptional activation (Berkhout et al.. 1989) and down regulation of polyadenylation (Das et al„ 1999). 
B:: NC induced rearrangement of the HIV-1 leader RNA structure. Several structure and sequence motifs are highlighted by 
coloredd shading: the bulge and loop of TAR (green), the AAUAAA polyadenylation signal (orange), the PBS (blue), and the 
DISS palindrome (pink). The HIV-1 leader is in the most stable rodlike conformation in the absence of NC. Upon binding of 
NCC (red ovals) the branched conformation with the poly(A) and DIS hairpins is favored, leading to dimerization through 
loop-loopp kissing by the autocomplementary DIS loops. 

thermodynamicallyy most stable rodlike structure of the 
HIV-11 leader RNA. 

Thee dynamic nature of the HIV-1 RNA conformation 
iss compatible with previous viral replication studies that 
addressedd the structure and function of the poly(A) 
hairpinn (Berkhout et al.. 1997: Das et al.. 1997. 1999). 
Thesee studies provide compelling evidence for the ex
istencee of the hairpin and demonstrate that the thermo
dynamicc stability of the poly(A) hairpin is maintained 
withinn narrow limits. In particular, mutants with altered 
poly(A)) hairpins were found to revert by acquisition of 
mutationss that restore the stability of the hairpin to wild-
typee levels, but not necessarily by restoring the primary 
sequence.. We included the revertant A4 of the A mu
tantt with a stabilized poly(A) hairpin in our analysis. 
Althoughh mutant A is incapable of forming the con
former.. presumably because the hairpin conformation 
iss favored, revertant A4 has partially restored the ca

pacityy to form the conformer. A dynamic model of the 
HIV-11 leader thus provides a rationale for the observed 
requirementt of the poly(A) hairpin not to become ex
cessivelyy stable. Apparently, the poly (A) hairpin is main
tainedd below a certain threshold of thermodynamic 
stabilityy to allow the formation of the alternative con
formation,, that is. the long-distance interaction with the 
DIS.DIS. Preliminary data from computer-assisted RNA fold
ingg using the STAR algorithm indicate that the poly(A) 
hairpinn is a metastable kinetic intermediate during fold
ingg of the nascent HIV-1 leader RNA (A.P. Gultyaev. 
pers.. comm.: Fig. 11 A). The existence of the poly(A) 
hairpinn as a kinetic intermediate is of interest, as it has 
previouslyy been demonstrated that this hairpin pre
ventss polyadenylation at the 5' end of nascent viral 
transcriptss (Klasens et al., 1998). 

Thee intrinsically different structures for the HIV-1 RNA 
rodlikee monomer (conformer) and branched dimer (hair-
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pins)) creates the potential lor the leader RNA to act as 
aa regulatory switch during viral replication. The HIV-1 
leaderr RNA contains a multitude of regulatory RNA 
signalss that exert diverse effects during retroviral rep
lication.. In general, these RNA motifs are required for 
thee regulation of either intracellular gene-expression 
functionss or virion-associated functions such as pack
agingg and reverse transcription. In some cases regu
lationn by RNA structure can be assigned to discrete 
motifs,, as is the case for TAR-dependent transcrip
tionall activation of the LTR promoter (Muesing et al.. 
1985;; Berkhout et al., 1989; Wei et al., 1998). On the 
otherr hand, mutation of regulatory RNA domains in the 
HIV-11 leader frequently causes a pleiotropy of defects 
forr multiple processes during viral replication (Berkhout, 
2000).. One would expect this to occur when these reg
ulatoryy RNA motifs can adopt different conformations 
thatt function in distinct processes. In addition, multipar
titee RNA signals are commonly encountered in the HIV-1 
leader.. A well-documented example is the HIV-1 pack
agingg signal, which requires several upstream domains 
andd downstream Gag coding sequences in addition to 
thee core * hairpin structure (Berkhout & van Wamel, 
1996;; McBride & Panganiban, 1996; Clever & Parslow, 
1997;; Das et al., 1997; Clever et al., 1999; Helga-Maria 
ett al., 1999). This suggests that the overall structure of 
thee HIV-1 leader RNA is crucial for selective recogni
tionn and packaging into virion particles. Furthermore, it 
hass recently been described that binding of the Gag 
polyproteinn to the y site induces a structural rearrange
mentt of the RNA (Zeffmandagger et al., 2000). The 
biologyy of HIV may necessitate distinct conformations 
off the leader RNA because of the dual role of HIV-1 
transcriptss as mRNA and viral genome. The structural 
transitionn from the HIV-1 RNA conformer into the 
branchedd structure may coincide with the down regu
lationn of RNA signals that control gene expression and 
renderr the RNA in a conformation that allows dimer-
ization,, packaging, and, ultimately, reverse transcription. 

MATERIAL SS AND METHODS 

Inn vitr o transcriptio n 

RNAss were in vitro transcribed from PCR-generated tem
platess containing a T7 promoter directly upstream of the nat
urall HIV-1 LAI +1 transcriptional start site or the indicated 
nucleotidee positions. PCR was performed on the pBluescript 
5'' LTR plasmid containing the wild-type or mutant 5' LTR 
(Dasett al., 1997). The T7 promoter sequence was present in 
thee sense primers, thus introducing the T7 promoter at de
siredd positions during PCR. PCR fragments were excised 
fromm agarose gels and purified using the QIAEX II DNA iso
lationn system according to the manufacturer's instructions. 
Transcriptionn was carried out using the Ambion megashort-
scriptt T7 transcription kit. Radiolabeled transcripts were syn
thesizedd in the presence of 1 /xL a-32P-UTP. Transcripts were 
subsequentlyy excised from a 4% denaturing potyacryiamide 

gell (visualized by UV shadowing or autoradiography) and 
elutedd from the gel fragment by overnight incubation in 0.3 M 
sodiumm acetate buffer (pH 5.2) at room temperature. The 
RNAA was then precipitated and dissolved in water. Quan
tificationn of the RNA was done by UV-absorbance mea
surementss and scintillation counting in case of radiolabeled 
transcripts. . 

Inn vitr o RNA studie s and nondenaturin g 
electrophoresi s s 

Purifiedd transcripts in water were heated at 85 =C and allowed 
too slowly cool to room temperature. The stock solutions of 
RNAA were stored at -20 C and aliquots were taken for sub
sequentt analysis. In conformer assays, approximately 10 ng 
off radiolabeled RNA was incubated inn a final volume of 10 ^L 
TENN buffer (0.1 M NaCI, 10 mM Tris-HCI, pH 7.5, and 1 mM 
EDTA,, pH 8.0} at C for 30 min. Annealing of antisense 
DNAA was also done in TEN buffer by heating at 60 =C and 
subsequentt cooling to room temperature. We used 100 ng of 
thee antisense oligo CN1 (5'-GGTCTGAGGGATCTCTAGTT 
ACCAGAGTC-3'),, which is complementary to nt 123-151 of 
thee HIV-1 leader RNA and was selected from a set of anti-
sensee DNA oligos that effectively denature the RNA con
formerr (Berkhout & van Wamel. 2000). 

Dimerizationn assays were carried out in a final volume of 
100 fit dimerization buffer (40 mM NaCI, 0.1 mM MgCI2, and 
100 mM Tris-HCI, pH 7.5). Approximately 1 ^g of RNA was 
incubatedd at 60 C for 30 min and subsequently allowed to 
cooll to room temperature. Dimerization in the presence of the 
NCp77 protein was carried out at 37 C for 30 min using 0.5 ^g 
radiolabeledd RNA. Dimerization is less efficient in this assay 
usingg radiolabeled RNA compared to dimerization with rela
tivelyy high concentrations of unlabeled RNA. In vitro dimer
izationn is dependent on RNA concentration (Berkhout et al., 
1993).. NC was present at a concentration of 12.5 juM, cor
respondingg to a molar ratio RNA;NC of 1:250. NC protein 
wass removed in some samples by addition of 2 ^L 5% SDS 
andd subsequent PCI extraction; these manipulations were 
carriedd out on ice. Reaction samples were chilled on ice and 
dilutedd with 5 ̂ L loading buffer (30% glycerol with BFB dye). 
Heatt denaturation of control samples was carried out in form-
amidee loading buffer by heating at 85 . These samples 
weree loaded on the gel immediately, because of rapid refold
ingg of the conformer (not shown). Samples were analyzed on 
aa 4% polyacrylamide gel with 0.25X TBE in the gel and 
runningg buffer. Native gels were run at 150 V at room tem
perature.. Some samples were also analyzed on 6% sequenc
ingg gels containing urea. 

RNAA secondar y structur e predictio n 

Computer-assistedd RNA secondary structure prediction was 
donee using the Mfold version 3.0 algorithm (Mathews et al., 
1999;; Zuker et al., 1999) offered by the MBCMR Mfold server 
(http://mfold.rjumet.edu.au/).. Settings were standard for all 
foldingg jobs, corresponding to conditions at 37 :C and 1.0 M 
NaCI,, using a 5% suboptimality range. The sequence of the 
HIV-11 B LAI isolate was downloaded from the HIV database 
(http://hiv-web.lanl.gov/).. Folding jobs were submitted on se
quencess starting at the +1 transcriptional start site up to the 
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gagg AUG start codon and with further 3' extensions up to 
33 kb. Furthermore, all mutant and truncated RNA species 
usedd in this study were analyzed by Mfold. 

RNAA absorbanc e meltin g curve s 

RNAA thermal denaturation was monitored by measuring the 
absorbancee of UV light at 260 nm in a quartz cuvette with a 
standardd t-cm path length. Absorbance was measured over 
aa continuous temperature range from 10 to 95 '~C on a tem
peraturee controlled Perkin Elmer Lambda 2 spectrophotom
eter.. Temperature was increased at a rate of 0.5 n with 
samplingg at each 0,1 . Samples contained approximately 
3.00 fig of RNA dissolved in 140 fit of 50 mM Na cacodylate 
bufferr (pH 7.2). Prior to the measurement, the RNA was re-
naturedd by incubation at 37X for 30 min. Electrophoretic 
analystss of the samples prior to the analysis confirmed the 
monomelicc state of the RNA {not shown). No significant deg
radationn of the transcripts was apparent after the measure
mentt as judged by analysis of the RNA onn a sequencing gel 
(nott shown). 

NCC protei n 

Recombinantt NCp7 (MN isolate, amino acids 1-55, MQRGN 
FRNQRKIIKCFNCGKEGHIAKNCRAPRKRGCWKCGKEGH H 
QMKDCTERQAN)) was a kind gift from Dr. L Henderson 
(Nationall Cancer Institute, USA). Stock solutions of 1 pg/fiL 
inn NC buffer (60 mM NaCI, 30 mM ZnC(2, 5.0 mM DTT. and 
200 mM Tris-HCI, pH 7.5) were stored at -80CC. Aliquots 
weree taken and diluted with the NC buffer for use in dimer-
izationn assays and stored at -20 . 

Chemica ll  RNA structur e probin g 

Probingg assays were earned out with 0.5 ^g of the target 
RNAA (1-368) and 1.5 fig of carrier antisense human 18S 
ribosomall RNA (transcribed from the Ambion control tem
plate).. The RNA was dissolved in 100 ̂ LTEN buffer. We then 
addedd 0. 1. 2, or 4 fit of DEPC or DMS and the reaction 
mixturee incubated at 20 C for 15 min. Reactions were stopped 
byy ethanol precipitation of the RNA. The RNA was dissolved 
inn 10 ML water of which 2 ^Lwas used in subsequent primer 
extensionn analysis. Primer extension was done by using 
32P-end-labeledd primers and AMV RT Primers Lys21 (5-
CAAGTCCCTGTTCGGGCGCCA-3)) and R:A368-A347 (5'-
TCCCCCGCTTAATACTGACGCT-3')) were end-labeled with 
T44 PNK kinase. Approximately 2 ng of the labeled probe was 
annealedd to the target RNA by heating to 60"C and sub
sequentt cooling to room temperature in hybridization buffer 
(833 mM Tris-HCI, pH 7.5, and 125 mM KCi) in a total volume 
off 10 ^L. Primer extension reactions were initiated by addi
tionn of 5 ̂ L3x concentrated RT buffer (9 mM MgCI2, 30 mM 
DTT.30//Moff eachdNTP,andactinomycin D at 150yug/mL) 
andd 0.5 (xL of AMV reverse transcriptase (10 U). The reaction 
wass performed at 43'C for 15 min and stopped by precipi
tation.. As a size marker, a sequencing reaction on the pBlue-
scriptt 5' LTR plasmid was performed in the presence of 
35S-dATPP and the same primers as in the reverse transcrip
tionn reaction. Sequencing was performed with the USB T7 

sequenasee kit according to the manufacturer's instructions. 
Thee samples were analyzed on 6% sequencing gels. 
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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). 
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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. 

AA •ism *. . • 

MM -

** [ / 
 — * * - « - r " * ^ — , . 

ICC IOC 1CC0 «5000 

 nM 

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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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 
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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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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-
typee control samples were tested at 500 nM RNA. Quantified data at 40 mM NaCI and 0.1 mM MgCl; (B) and at 250 mM NaCI and 5.0 
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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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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 

A - U U 
C - G G 
U - A A 
U - A A 
C - G G 
G - C C 
U - A A 
G - C C 

A A 
G G 
U U 

U C - G G 
C - G G 
G - C C 
U - A A 
U - A A 

G C - G A A 

' A C - G A A 

U - G G 
C - G G 
C - G G 

G G 
G G 
C C 

G G 

A A 
A A 
U U 

97 7 A - UU -253 
C - G G 
U - A A 
U - A A 
C - G G 
G - C C 
U - G G 
G - C C 

AA G 
G - C C 
U - A A 

UU C 
C - G G 

G G 
A A 

A A A 

70 0 

CC G 
G - C C 
U - A A 
UU A 

C - G ' o o 
G G 
C C 

G G 
C - GG A 

U - G G 
C - G G 
CC - G - 280 

GC1 1 wildd type 
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. 
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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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Ann HIV- 1 infected individual with low viral load harbors a virus variant 

thatt  exhibits an in vitro RNA dimerization defect 

ABSTRACT T 

Wee investigated the in vitro RNA dimerization properties of the untranslated leader 

RNAA derived from HIV-1 variants circulating in an individual with a low viral load and 

sloww disease progression. The leader sequences of these viruses contain highly unusual 

polymorphismss within the Dimer Initiation Site : an insert that abolishes dimerization 

andd a compensatory substitution. Dimerization of leader RNA from late stages of 

infectionn is further improved by additional mutations outside the D1S motif that 

facilitatee a secondary structure switch from a dimerization-incompetent to a 

dimerization-competentt RNA conformation. 
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Resultss and discussion 

Diseasee induction following HIV-1 infection, or the ability to control the infection, is thought 

too depend on at least three factors: genetic susceptibility of the host, the ability of the host to 

elicitt an effective immune response and the virulence or fitness of the incoming virus. The 

magnitudee of viral replication, as measured by plasma viral load, is predictive of the rate of 

diseasee progression, and asymptomatic infection usually correlates with low to undetectable 

virall  load and CD4+ lymphocyte homeostasis (30, 31). Studies on individuals with non-

progressivee HIV-1 infection have provided valuable information on host factors that are 

importantt for viral replication. The presence of polymorphisms within the co-receptors CCR5 

andd CCR2 in asymptomatic patients underscores the importance of these cellular proteins in 

virall  replication (32), Similarly, polymorphisms within viral genes that appear in non-

progressorss underscore a role for those proteins in aspects of viral replication or 

pathogenicity.. Deletions and difficult-to-revert polymorphisms associated with delayed 

diseasee progression have been identified in the HIV-1 Nef, Gag, Rev, Vpu and Vpr proteins 

(1,4"6,, 9, 12,22,24,39,40,45). 

Fromm the Amsterdam HIV-AID S cohort of homosexual men we identified individual 

H06711 who became infected with a subtype B virus in 1995, but who has a low viral load in 

thee first two years of infection despite not receiving antiretroviral therapy (Figure 1). H0671 

enteredd the Amsterdam Cohort Studies on 5-6-1986 and tested seropositive for HIV-1 specific 

antibodiess on 22-3-1995. The individual is a 48-year-old male who is heterozygous for the 

deltaa 32 mutation in the CCR5 co-receptor. For two years after seroconversion, viral RNA in 

thee blood remained below 1000 copies/ml and then gradually increased towards 

approximatelyy 50.000 copies/ml. This pattern is rather unusual, as less than 1% of the infected 

individualss in our cohort have a viral load below 1000 copies/ml in the first year after 

seroconversion.. The CD4 count of H0671 has remained fairly stable since the time of 

infection,, but a decline is apparent as of 1999 and this coincides with the increase in viral 

load.. This atypical disease course may suggest that patient H0671 was infected with a poorly 

replicatingg virus that gained replicative potential over time. 

Too identify polymorphisms in the viral genome that are potentially responsible for the 

loww viral load at the onset of infection, we performed full genome sequencing of the viruses 

circulatingg in patient H0671. Serum samples and peripheral blood mononuclear cells 

(PBMCs)) were collected every three months to determine viral load and CD4+ cell counts. 

Biologicall  clones were generated from the patient PBMCs that were co-cultivated writh PHA-

stimulatedd healthy donor PBMCs. In total, the complete genome of seven biological clones 
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Figuree 1. Slow disease progression in patient H0671. Viral load as measured by viral RNA in the 

bloodd is shown by a red line. Blue lines indicate the detection level of two different assay systems 

(NucliSens,, which was abandoned in 1996, and QT NASBA). The number of CD4 positive cells is 

indicatedd in green. A dotted line indicates the time of seroconversion. Arrows indicate time points of 

whichh the samples were analyzed in this study. (Appendix IV.I) 

fromm early, intermediate and late stages of infection were sequenced by the novel PALM 

methodd (15). We noted highly unusual variations in the otherwise extremely conserved non-

translatedd leader RNA domain. This untranslated leader contains important RNA motifs that 

regulatee key steps in the virus replication cycle such as regulators of gene-expression 

(transcription,, RNA processing and translation) and virion-associated processes (genome 

packagingg and reverse transcription) (2). In the patient derived leader sequence, a six 

nucleotidee insert at position 256 and an A263G substitution downstream of the insert are 

presentt (see Figure 2, positions are relative to the transcriptional start site in the HIV-1 LAI 

prototype),, and this variation is unlike any natural sequence variation observed in the Los 

Alamoss HIV sequence database. The GAAGAA insert is a double repeat of the preceding 

GAAA triplet, suggesting that it may have occurred through slippage during reverse 

transcription.. Both the insert and the substitution remain Fixed in the virus population 

throughoutt the course of infection. 

Thesee unique mutations in the patient isolate are located within the Dimerization 

Initiationn Site (DIS) hairpin that is thought to mediate dimerization of the genomic RNA that 

iss packaged into virions (14, 3335, 37, 38, 44). DIS-mediated RNA dimerization is well-
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Figuree 2. Unusual sequence variation in the HIV-1 untranslated leader RNA. Alignment of the HIV-1 

leaderr RNA sequence as found in the virus population of patient H0671 and two subtype B reference 

strains,, LAI and HAN. These reference sequences were included to indicate common variation in the 

leaderr sequence. Patient-derived sequences are from the time of seroconversion (p95, taken in 1995) 

andd from 1999 (p99A and B), when the viral load had increased. Numbering of the residues 

correspondss to the LAI isolate, with +1 referring to the transcriptional start site. The termini of 

transcriptss used in this study are underlined (5': positions +1 and 17; 3': position 290). Several 

structuree and sequence elements are highlighted: The TAR hairpin bilge and loop (green), the 

AAUAA AA polyadenylation signal (orange), the Primer Binding Site (PBS, blue) and the DIS 

palindromee (pink). Nucleotides in bold indicate sequence changes uniquely observed in virus isolates 

fromm late stages of infection. (Appendix IV.II ) 
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Figuree 3. Alternative secondary structures of the HIV-1 leader RNA. Several structure and sequence 

elementselements are highlighted: The TAR hairpin bulge and loop (green), the AAUAA A polyadenylation 

signall  (orange), the Primer Binding Site (PBS, blue) and the DIS palindrome (pink). The most 

5'residuee of the transcript is indicated by a dot. The ground state conformation contains a long-

distancee interaction (LDI) between the poly A and DIS domains. The alternate conformation exposes 

thee polyA and DIS hairpins and takes the form of a branched structure (BMH). The BMH monomer 

allowss the formation of RNA dimers through base pairing of the palindromes of two DIS loops. 

characterizedd biochemically and occurs through intermolecular base pairing of two loop-

exposedd palindromes, an interaction referred to as loop-loop kissing (25, 37). However, we 

recentlyy demonstrated that HIV-1 leader RNA monomers adopt a ground state conformation 

inn which the DIS palindrome is occluded by a Long Distance Interaction (LDI ) with upstream 

sequencess (20, 21), and this renders the RNA dimerization-incompetcnt. Refolding of the 

RNAA into a Branched conformation with Multiple Hairpins (BMH) triggers the exposure of 

thee DIS palindrome, which allows the intermolecular kissing-loop interaction to take place 

(Figuree 3). We have suggested that the LDI to BMH conformational rearrangement may serve 

ass a molecular switch to coordinate early and late events in the virus replication cylce (20). 

Thee DIS hairpin is extremely conserved in HIV-1 isolates and its natural variation is 

restrictedd to GCGCGC or GUGCAC palindromes in the loop of the hairpin, and one anecdotal 

isolatee has been reported with a hybrid GUGCGC palindrome (2, 43). This suggests that the 

raree mutations in the patient isolate may have compromised the functionality of the DIS 

elementt and consequently viral replication. The insert is located immediately upstream of the 

DISS palindrome and increases the loop size of the hairpin (Figure 4A). Consequently, the 

palindromee is shifted away from its central loop-exposed position, which is likely to 

negativelyy influence RNA dimerization (13, 23, 38). The substitution is located directly 
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Figuree 4. RNA dimerization properties of 
RNAA corresponding the HIV- I leader as 
foundd in patient H0671. (A). Secondary 
structuree models of the wild-type DIS 

p955 i s element of the LAI strain, the p95 patient 
derivedd DIS (I+S) and two mutants 

2900 c so containing the individual insert (I) or 
substitutionn (S). The DIS palindrome is 
shownn in pink, the 6-nucloetide insert in 
orangee and the A263G substitution is 
boxed.. (B). Non-denaturing gel showing 
thee RNA dimerization properties of the 
1/2900 and 17 290 transcripts. Arrows 
indicatee the dimcric (D) and monomeric 
(BMHH and LDI) RNA. (C). RNA dimcr 
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downstreamm of the palindrome, also in the single stranded loop, and extends the palindrome 

fromm GCGCGC to GCGCGCGC. 

Too investigate dimerization properties of this unusual DIS element, we synthesized a 

transcriptt (positions 1/290) corresponding to the untranslated leader RNA as present in patient 

H06711 at the early stage of infection (p95) with both the insert (I) and substitution (S). Two 

mutantt transcripts were made that individually contain the I and S mutations within the D1S 

motiff  (Figure 4A). As a wild type control, we used the RNA of the subtype B LAI isolate. The 

proceduress of RNA synthesis, dimerization and non-denaturing gel-electrophoresis have been 

describedd elsewhere (1921). A representative experiment is shown in figure 4. which 

demonstratess that the p95 (I+S) and mutant I transcripts produce a low level of RNA dimers. 

Dimerizationn of the p95 sample (I+S) is slightly more efficient than the I mutant and this was 

reproduciblyy observed in experiments addressing the temperature dependency of RNA 

dimerizationn (results not shown). Dimerization of the S mutant is more efficient than that of 

thee wild type control (Figure 4B. lanes 1-4. and Figure 4C). These results demonstrate that the 

six-nucleotidee insert is detrimental to DIS-dependent RNA dimerization and that the 

substitution,, which extends the DIS palindrome, enhances RNA dimerization of both the LAI 

andd patient-derived RNA. 
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Inn a parallel experiment, we analyzed the same set of RNAs in the context of a 5' 

truncatedd transcript (positions 17/290). This was done to dissect the complex HIV-1 RNA 

dimerizationn mechanism, which depends on the intramolecular LDI to BMH secondary 

structuree rearrangement of the leader RNA prior to dimerization (20, 21). Truncation of the 5' 

TARR element causes a preference for the BMH conformation in which the DIS palindrome is 

constitutivelyy exposed (19). In this context, there is indeed a strong increase in the RNA 

dimerr yield compared to the full-length transcripts (Figure 4B, C and D). Poor dimerization of 

thee I mutant is still apparent, as is the efficient dimerization of the S mutant (Figure 4B and 

D).. However, dimerization of p95 (I+S) is now significantly improved, albeit slightly less 

efficientt than the wild type control. These results confirm the detrimental effect of the insert 

onn RNA dimerization and the compensatory nature of the substitution. Importantly, these 

resultss indicate that the patient-derived leader RNA has a dimerization defect. This defect is 

nott absolute, and significant amounts of dimers can be induced when the transcript is forced 

inn the dimerization-competent BMH conformation. The isolated I mutant has a more severe 

dimerizationn defect that cannot be rescued by this strategy. 

Comparisonn of the viral sequences from early (p95) and late (p99A and B) stages of 

infectionn revealed a number of additional sequence changes within the untranslated leader 

RNA,, but outside the DIS motif (Figure 2). Both late sequences have a C96U substitution. In 

addition,, p99A has a U200C substitution and P99B contains a three-nucleotide deletion at 

positionn 205-207 and three substitutions within the TAR element (nucleotides 1 through 57). 

Thee latter changes do not significantly alter the secondary structure of TAR and are similar to 

sequencee variation in other HIV-1 isolates. This is also the case for the variability of the A-

richh sequence spanning positions 301-305. Interestingly, the C96U substitution common to 

thee p99A and p99B sequences destabilizes the LDI structure by introducing a weak G-U base 

pairr instead of the natural G-C base pair. This may improve the RNA dimerization capacity of 

thee untranslated leader by favoring the dimerization-competent BMH conformation, which 

exposess the DIS hairpin. The additional sequences changes in p99A and p99B may also affect 

thee LDI to BMH equilibrium and subsequent dimerization. We synthesized RNA 

correspondingg to the wild type LAI , p95 and p99A and B sequences and RNA dimerization 

wass monitored in the context of the 1/290 and 17/290 transcripts. A significant difference 

betweenn the early and late samples is observed when the 1/290 transcript is used. Both p99 

sampless produce two- to three-fold more dimers than the p95 sample (Figure 5A). 

Interestingly,, this difference in dimerization efficiency is lost when the 17/290 transcript is 

usedd (Figure 5C). This finding supports the idea that the late samples have improved 
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Figuree 5. RNA dimerization properties of patient-derived HIV-1 leader RNA from early and late 

stagess of infection. (A). Non-denaturing gel showing the dimerization properties of early (p95) and 

latee (p99A and B) patient-derived HIV-1 leader RNA in the context of 1/290 and 17/290 transcripts. 

Arrowss indicate the dimeric (D) and monomeric (BMH and LDI) RNA. (B). RNA dimer yield for the 

II  '290 transcripts shown in panel A. (C). RNA dimer yield for the 17/290 transcripts shown in panel A. 

dimerizationn through a shift in the LDI-BM H equilibrium, because the differential 

dimerizationn is absent in transcripts that are already in the BMH conformation. To directly 

testt whether the LDI-BM H equilibrium is altered, we analyzed the 1/290 transcripts under 

conditionss at which the differentially migrating LDI and BMH conformations co-exist during 

electrophoresiss (20). This is achieved by incubating the RNA in the Tris buffer (10 mM Tris-

HC11 pH 7.5) prior to electrophoresis. Indeed, the p99A and p99B samples demonstrate a 

significantt shift towards the BMH conformation compared to the wild type LAI and the p95A 

sampless (Figure 6). 

Wee used the Mfold program to analyze the LDI and BMH structures of the different 

transcriptss in further detail (29. 46, 47). Standard settings were used, corresponding to 1 M 

NaCll  at 37°C, with a 5% sub-optimality range. Figure 7A shows the Mfold generated dot-plot 

representationss for the wild type LAI . p95 and p99B leader sequences. In this dot-plot, each 

individuall  dot represents a base pair of which the residues are defined by the X and Y axis of 

thee graph. Within each dot-plot, the top right triangle shows all predicted base pairs from the 

5%% most stable structures, and the likelihood of base pair formation is indicated by color 

codingg (Figure 7A). The lower left triangle shows the single lowest energy structure, which 

includess the TAR hairpin and the extended LDI helix for the wild-type LAI and p95 

sequences.. The DIS hairpin is not predicted for either sequence, which is in accord with the 

preferencee for the LDI conformation (Figure 7A and B). The early p95 (I+S) sequence does 
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producee a number of small helices within the DIS region, but none of these correspond to the 

correctlyy folded DIS hairpin (Figure 7B). However, the late p99B sequence shows a marked 

increasee in possible foldings within the DIS domain at the expense of the LDI  helix, even 

thoughh the differences between the early (p95) and late (p99) sequences are not within the 

DISS motif itself (2). Importantly, correct folding of the DIS hairpin is predicted for the late 

sequencess (Figure 7B), and this coincides with a higher probability of folding the poly(A) 

hairpin,, which is another hallmark of the BMH conformation. Thus, the structure prediction 

confirmss that the additional changes in the leader sequence of the late samples cause 

improvedd folding of the BMH conformation, thereby exposing the DIS hairpin for 

dimerization. . 

Wee next investigated the effect of these rare DIS mutations on virus replication by 

constructingg mutant molecular clones of the LAI isolate (LAI I and LA I  1+S). Unexpectedly, 

noo gross replication defects were observed for any of these mutants, both in a T-cell line 

(SupTl)) and PBMCs. However, in transfection experiments in SupTl cells we did observe 

improvedd replication of the I+S mutant compared to the I mutant (Figure 8). No differences in 

virall  growth were apparent upon transfection of PBMCs (data not shown), which is consistent 

withh the recent observation that DIS mutants have rather healthy phenotypes in these cells 

(18).. We performed additional virus competition experiments to substantiate the difference in 

rcplicativee potential between the I and I+S mutants. In two independent experiments, SupTl 

cellss were co-transfected with equal amounts of each molecular clone and the virus population 

wass sequenced four (experiment 1) or six (experiment 2) weeks after transfection. We 

consistentlvv observed that viruses containing both the insert and substitution (I+S) dominated 
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Figuree 7. RNA secondary structure prediction of the LAI and patient-derived untranslated leader 

RNA.. (A). Dot-plot representation generated for the 1/290 leader sequence by the Mfold program. In 

thee dot-plot for the wild-type LAI sequence, the position of the TAR, PolyA and LDI duplexes are 

indicatedd with arrows. Note that the p95 transcript is six nucleotides longer than the LAI RNA due to 

thee insert in the DIS domain. The p99B RNA contains this insert plus an additional deletion, making it 

onlyy three nucleotides longer than the LAI RNA. Color-coding indicates the probability of each base 

pairr in the upper right triangles, as shown below the plots. The lower left triangles show the optimal 

fold.. (B). Close up of the structure prediction in the DIS domain, which is indicated by a box in panel 

A .. The LAI and p95 sequences show no solutions with the properly folded D1S hairpin. The p99B 

sequencee shows a proper folding of the D1S hairpin, which is indicated by an arrow. (Appendix IV.IV ) 

thee viral culture by out compet ing viruses containing only the insert. This result supports the 

notionn that the substitution compensates for the defect imposed by the insert. Interestingly, we 

previouslyy observed the same A263G substitution upon prolonged culturing of a mutant virus 

inn which the palindrome was truncated to GC. In this case the A263G substitution partially 

repairedd the palindrome to GCGC (3). Thus, the substitution appears to be a second-site 

escapee mutation that the virus acquired to partially rescue RNA dimerization and virus 

replication.. We tried to identify the putative precursor virus that contained only the insert 

fromm blood samples taken prior to seroconversion of patient H0671, but we did not detect 

suchh a virus. Instead, these samples contained leader sequences identical to the p95 isolate. 



Figuree 8. The effect of leader RNA 
polymorhpismss on virus replication. 
Replicationn of the wild type HIV LAI 
viruss and two mutant viruses that contain 
thee insert (I) and insert plus substitution 
(I+S)) as found in virus isolates in patient 
H0671.. SupTl cells were transfected with 
11 _g of the virus molecular clones and 
replicationn was monitored by measuring 

dayss after transfection CA-p24 production by FX1SA (10). 

Thus,, it is possible that patient H0671 was initially infected with a virus containing both the 

insertt and substitution, and that the compensatory substitution may already have occurred in 

thee donor. 

Wee also performed transfection experiments to compare the replication of virus 

molecularr clones containing the leader RNA from the early and late stages of infection, but 

thesee mutants showed a level of replication that is very similar to the wild-type LAI isolate. It 

iss surprising that the differences in RNA dimerization between the early and late virus isolates 

thatt we measured in vitro do not translate into differences in virus replication. However, 

discrepanciess between in vitro RNA dimerization and cell culture infection studies are 

common.. Since the first demonstration that the DIS hairpin drives dimerization in vitro (37), 

manyy studies confirmed the kissing-loop dimerization mechansim (8, 14, 20, 21, 23, 27, 28, 

33,, 34, 44). Virus replication studies, on the other hand, show enormous variability in the 

extentt to which mutations in the DIS domain affect replication and the RNA dimer content of 

progenyy virions. Some severe DIS mutants affect virus replication marginally and yield 

virusess with dimeric genomes (3, 7, 18, 26, 41, 42), whereas other DIS mutants have 

predominantlyy monomeric genomes and a severe replication defect (7, 26, 36, 42). In our 

hands,, a mutant with a deleted DIS palindrome contained a normal dimeric RNA genome and 

hadd a mild replication defect (3). It is possible that the cell culture system does not accurately 

mimicc the restraints imposed on RNA dimerization by the natural course of infection. Indeed, 

itt was recently demonstrated that the phenotype of DIS mutants varies with the cell-type used 

inn cell culture infections (18). 

Wee have shown here that the leader RNA from viruses circulating in patient H0671 

containn rare mutations in the non-coding DIS domain that inhibit the formation of RNA 

dimerss in vitro. Leader RNA from later stages of infection, when the viral load in the patient 

hadd risen, showed improved RNA dimerization due to shift in the LDI-BM H equilibrium to 

favorr the dimerization-competent BMH conformation. These results are consistent with virus 

evolutionn in patient H0671 towards replication-improved species from a defective parental 
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virus.. We have previously been able to correlate reversion pathways of mutant viruses in cell 

culturee with adjustment of the LDI-BMH equilibrium (19, 20). Whether the rare mutations in 

thee leader RNA of the patient H0671 virus population have directly contributed to the low 

virall  load at the initial stage of infection and the subsequent rise in viral load is not apparent at 

thiss point. This will require a reliable assay system to investigate the role of the DIS element 

inin vivo. Nonetheless, our results suggest that the slow disease progression of patient H0671 

mayy be due in part to impaired fitness of the incoming virus with suboptimal DIS element. It 

iss possible that factors other than the viral DIS-defect contributed to the slow disease 

progressionn in this patient. We already mentioned that H0671 is heterozygous for the 32 

deletionn in the CCR5 gene that encodes an important coreceptor for HIV-1 entry. There is 

alsoo evidence for a rigorous cytotoxic T-lymphocyte (CTL) response in this patient, followed 

byy the evolution of CTL-escape variants (15). Another peculiarity is the fact that this patient 

wass infected with an AZT-resistant virus variant with the 215Y mutation in the RT enzyme. 

Thee idea that this mutation may have negatively influenced viral fitness is underscored by the 

evolutionn of this amino acid, first to 215D and subsequently to 215N (11, 16, 17). These 

findings,, combined with the DIS-defect reported in this study, suggest that attenuation of the 

virall  quasispecies in patient H0671 may be due to multiple genetic defects. 
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Th ee un t rans la ted leader  of re t rov i ra l RNA g e n o m es 
encodess mu l t i p l e s t ruc tura l s igna ls that are cr i t i ca l for 
v i ru ss rep l ica t ion . I n th e h u m an immunode f i c i ency vi -
rus,, type 1 (HIV-l ) leader, a ha i rp i n s t ruc tu r e w i t h a 
pa l ind rome-con ta in ingg loop i s t e rmed th e d imer  ini t ia -
t io nn s i te (DIS), because i t t r i gge r s in vitro RNA dimer -
iza t ionn t h roug h base pa i r i n g of t h e loop-exposed pal in -
d romess (k iss ing loops). Con t roversy r ema ins rega rd in g 
th ee reg ion respons ib le for  HIV- 2 RNA d imer i za t ion . Dif -
ferentt  s tud ies have s u g g e s t ed th e i nvo l vement of th e 
t ransac t i va t ionn reg ion, t h e pr inte r  b i nd in g s i te, and a 
ha i rp i nn s t ruc tu r e that i s th e equ i va lent of t h e HIV- l DI S 
ha i rp in .. We have per fo rmed a de ta i l ed mu ta t i onal anal-
ys iss of t h e HIV- 2 leader  RNA , and w e a lso u s ed an t i sense 
o l igonuc leo t idess t o prob e th e reg ions invo lved i n d imer -
izat ion.. Our  resu l ts unequ ivoca l ly d e m o n s t r a te t h at th e 
DI SS ha i rp i n i s th e m a in de te rm inant for  HIV- 2 RNA 
d imer iza t ion .. Th e 6-mer  pa l i nd rom e s e q u e n ce i n th e 
DI SS loop i s essen t ial for  d i m er  fo rmat ion . A l t houg h th e 
sequencee can be rep laced by o ther  6-mer  pa l ind romes, 
mot i f ss that for m m o r e t han t w o A/U base pa i r s do not 
d imer iz ee ef f ic ient ly . Th e inab i l i t y t o for m stable k iss ing-
loopp comp lexes p rec ludes fo rmat io n of d i m e r s w i t h 
mor ee ex tended base pa i r ing . S t ruc tu r e p rob in g of th e 
DI SS ha i rp i n i n th e con text of t h e comp le te HIV- 2 leader 
RNAA sugges ts a 5-base pa ir  e l onga t i on of th e DI S s tem as 
i tt  i s p roposed in cu r ren t RNA seconda ry s t ruc tu r e mod-
els.. Thi s s t ruc tur e i s suppor ted by phy logene t ic ana lys is 
off  l eader  RNA sequences fro m d i f feren t vira l i so la tes, 
ind ica t in gg that RNA g e n o me d imer i za t i o n occu rs by a 
s imi larr  m e c h a n i sm for  all m e m b e rs of t h e h u m an and 
s im iann immunode f i c iency v i ruses. 

Thee genome of retroviruses is formed by two identical RNA 
moleculess that are non-covalently l inked (1, 2). For HIV- l 1 and 
otherr retroviruses, it has been observed by electron microscopy 
thatt the must stable contact point between the two RNAs is 
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locatedd within a region close to their 5'ends, the so-called dimer 
l inkagee structure (DLS) (3,4). The presence of RNA dimers has 
beenn suggested to affect virus replication in several ways. First, 
RNAA dimers have been reported to be preferential ly packaged, 
andd the DLS may actually be part of the packaging signal (5, 6). 
Second,, the dimeric state facilitates template switching during 
reversee transcript ion, thereby minimizing the effects of physi-
call  damage to the RNA genome. Third, template switching may 
alloww recombination and thereby increase the genetic diversity 
andd adaptabi l i ty of retroviruses (reviewed in Ref. 7). 

Retrovirall  RNA dimerizes spontaneously in vitro when incu-
batedd in cation-containing buffers (6, 8-19). For HIV-l , it was 
initiall yy suggested that guanine quar te ts located downstream 
off  the splice donor site, the "downstream DLS," are responsible 
forr dimerization (8, 16, 19). The presence of similar guanine 
stretchess in other retroviruses led to the idea t hat interstrand 
guaninee te t rad formation may serve as a genera) mechanism 
forr retroviral dimerization (16). However, in vitro studies with 
bovinee leukemia virus and HrV-2 RNA indicated that dimer-
izationn occurs independently of the downstream DLS (9, 20), an 
observationn that has also been supported by studies with in-
fectiouss HIV- l virus part icles (14, 21). 

Extensivee mutat ional analysis of the HIV- l untranslated 
leaderr identified the so-called dimer init iation site (DIS) as an 
essentiall  motif for in vitro dimerization (15, 17, 18, 22), The 
HIV- ll  DIS is located immediately upstream of the splice donor 
sitee and consists of a hairpin s t ructure with an exposed palin-
dromicc sequence within its loop. According to the proposed 
modell  for dimer formation, contact between two DIS hairpins is 
initiatedd by base pair ing of the pal indromes, termed loop-loop 
kissingg (15, 17, 18). Heat t rea tment or incubation with the viral 
nucleicc acid-binding nucleocapsid protein, which acts as a 
chaperone,, melts the D1S stem and tr iggers the formation of a 
dimerr with extended in ters t rand base pairing. This transit ion 
iss usually referred to as the conversion of the loose dimer 
(kissing-loopp complex) into the tight dimer form (extended 
duplex)) (23. 24). 

Whereass the requirements for in vitro dimerization of HIV- l 
RNAA are well defined, the in vivo mechanism seems more 
complex.. Studies of matur ing HIV- l and Moloney mur ine leu-
kemiaa virus particles have indicated the existence of an early 
andd a late dimeric RNA form with a different thermal stability 
andd electrophoretic mobility (5, 25), These two RNA conforma-
tionss may correspond to the kissing-loop complex and the ex-
tendedd dimer. the loose and t ight dimer, respectively. The 
effectt of mutat ions in the DIS hairpin on virus replication is not 
veryy severe, rendering viral infectivity somewhat reduced be-
causee of diminished packaging of the RNA genome. Remark-
ably,, packaged RNA exists as dimers with a thermal stability 
thatt is similar to that of the wil d type genome (21, 26, 27i. 
Relativelyy minor dimerization defects have been reported in 
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TABLEE I 
OligonucleotidesOligonucleotides used in thin study 

Primerr sequence 

Upstreamm T7 primers 
HIV-22 T7 -1 
HIV-22 T7 -126 

HIV-22 T7 -r397 

Downstream/aa ntisense primers 
2(V1 1 
40/21 1 
60/41 1 
80/61 1 
100/81 1 
124/105 5 
144/125 5 
165/146 6 
184/165 5 
217/198 8 
237/218 8 
270/251 1 
290/271 1 
320/303 3 
350/331 1 
379/360 0 
418/399 9 
426/405 5 
444/425 5 
464/445 5 
484/465 5 
507/488 8 
527/508 8 
544/525 5 

DISS mutagenesis primers" 
4444 DIS S mutant 
4444 DIS SIV.y1l 
4444 DIS HIV-1B 
4444 DIS HIV-l A/SIVcpz 

4444 DIS SIV»^ 
4444 DI S D  mutan t 
4444 DI S U P mutan t 

CAA A 
TGC C 

GTTT A-

CTA A 
GAA A 
GCT T 
CGT T 
TTA A 
GCA A 
ACT T 
ACC C 
AC"" " 

GTG G 
CAC C 
GG7 7 
CTG G 
AGC C 
GCT T 
TAA A 
AGG G 
CAG G 

CTG G 
CCA A 
GAG G 
CCC C 
AAS S 
TTA A 
CTT T 
CGG G 
GCG G 

GAG G 
GGC C 
AGT T 
AGC C 
CAA A 
TTA A 
GCT T 
CGA A 
AAC C 

AGG A 
TCT T 
CTA A 
ACC C 
GCG G 
AGA A 
TCT T 
CTA A 
ACC C 

GTCC C T 
C1GG CT A GGC AT T TT C CT G 
GTCC CC T GT T CA G GCG CC A 
CGTT GT T CC A AG A CT T CT C 
TCCC TG C CGC CCT TA G TG C 
GGCC CC G CGC CT T TC T AG G 
TGCC TA C CT C GGC CC G CGC 
CGCC TC C AC A CGC TG C CT T 
CCGG GA G GCC TC T TC T CC C 
GTGG TA G GT A CT T AC C TT C 
AAGG CC C T'T T CGG CT A CA G 
CTGG TC T AA A GGT AG G AT A 
CI CC CC A CA A TC T TC T AC C 

CGCC TC C AC A CGC TG C CT T 
CGCC TC C AC A CGC TG C CT T 
CGCC TC C AC A CGC TG C CT T TG C GCG C 
CGCC TC C AC A CGC TG C CT T TGT_GCT_CTC G 
CGCC TC C AC A CGC TG C CT T TG T TA A CT C G 
CGCC TC C AC A CGC TG C CT T TG C TC G G 
CGCC TC C AC A CGC TG C CT T TG T CGA CT C G 

: cc TAC_CTC 
:GG TAG ATC 

GG G 

'' The mutant DIS palindrome sequence is underlined. 

somee studies (14, 28). These resul ts indicate the importance of 
addit ionall  sequence motifs in the viral genome that are essen-
tiall  for in vivo RNA dimerization. 

Thee determinants for HIV- 2 RNA dimerization are poorly 
understood.. Although the overall s t ructure of the HIV-2 leader 
RNAA is similar to that of HIV- 1 (29), including a DIS hairpin 
motiff  wi th a palindromic loop sequence, controversy remains 
aboutt the region that is essential for HIV- 2 dimer formation. 
Differentt studies have suggested an involvement of the t rans-
activationn region (TAR) hairpin (9), the pr imer binding site 
(PBS)) (30), or the DIS hairpin (26, 29). We performed a detailed 
mutat ionall  analysis to determine which regions are involved in 
dimerizationn of the HIV- 2 genome. We found that the DIS 
hairpinn mediates efficient RNA dimerization, both as an iso-
latedd hairpin and in the context of the HIV- 2 leader RNA. 
Analysiss of mutant DIS hairpins indicates that a palindrome in 
thee loop is important for efficiënt dimerization. Although sev-
erall  6-mer palindromic sequences do support RNA dimeriza-
tion,, increasing the number of A/U nucleotides within the pal-
indromee reduces the dimerization efficiency. Furthermore, 
RNAA structure probing and phylogenetic analysis of the leader 
RNAA sequence in different viral isolates suggests that the DIS 
hairpinn exists in an extended form with a stem region of 12 
basee pairs. These results indicate that a very similar RNA 
dimerizationn mechanism is operat ing in all members of the 
HIV-SIVV immunodeficiency viruses. 

EXPERIMENTALL PROCEDURES 
InIn Vitro Transcription—All  transcripts were generated using the 

Ambionn Megashortscript T7 transcription kit according to the accom-

panyingg protocol. In the case of radioactively labeled transcripts, 1 nl of 
[a-a2P)UTPP (0.33 MBq/fil ) was added to the transcription mixture. 
Transcriptss were purified on 4% denaturing polyacrylamide gels and 
visualizedd by either UV shadowing or autoradiography. Upon overnight 
elutionn in TE buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA}, the RNA 
wass ethanol-precipilated, redissolved in water, and quantified by UV 
absorbancee measurements or scintillation counting. Transcript stock 
solutionss were renatured by heating to 85 °C and slow cooling to room 
temperature.. Aliquots of all transcripts were stored at 20 °C. The 
templatess for transcription were made by PCR amplification of the 
plasmidd HIV-2 ty large, which contains a T7 promoter directly upstream 
off  the -1 position of wild type HIV-2 ROD sequence (31). All primer 
sequencess are listed in Table I. Templates for transcripts starting at the 
+11 position were generated using the upstream T7 *  1 primer and a 
downstreamm primer that ends at the position corresponding to the 
transcriptt name. Templates for transcription of RNA starting at + 126 
andd +397 were generated using upstream primers starting at the 
indicatedd positions to which the T7 promoter sequence had been fused 
(Tablee I; T7 + 126 and T7 +397) and downstream primers as described 
above.. Templates for transcription of 1/444 DIS mutants were made by 
PCRR mutagenesis, using the upstream T7 +1 primer and downstream 
primerss in which the wild type antiaense DIS palindrome sequence was 
alteredd to produce the desired mutation (Table If. PCR fragments were 
excisedd from agarose gels, purified using the QtAEX II DNA isolation 
system,, and used in T7 transcription. 

InIn Vitro Dimerization Assays—Unless otherwise indicated, -2 pmol 
off  radiolabeled RNA was incubated in 10 y\ of dimerization buffer (5 mM 
MfrCl2>> 10 m.M Tris-HCl, pH 7.5, 40 mM NaCl) for 10 min at 65 °C, 
followedd by slow cooling to room temperature. 5 /il of native gel loading 
bufferr (30^ glycerol with bromphenol blue dye) was added, and samples 
weree analyzed on 4% native polyacrylamide gels containing 0.25 x Tris 
borate-EDTAA (TBE). Gels were run at 150 V at room temperature 
followedd by drying and autoradiography. In the MgCl2 titration exper-
iments,, RNA was incubated either in buffer containing 100 mil NaCl, 
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FIG.. 1. HIV-2 leader RNA st ructure 
andd T7 t ranscr ipts. Top, RNA second-
aryy structure model of the part of the un-
translatedd leader RNA of HIV-2 isolate 
KOUU that is investigated in this study. 
Thee model is adapted from Berkhout (29). 
Thee hairpin structures are named after 
theirr putative function in HIV-1 replica-
tion,, and sequence elements that are es-
sentiall  for their function are highlighted 
inin gray. Bottom, the leader RNA domains 
aree drawn to scale and symbolize the dif-
ferentt transcripts that were tested in 
dimcrizationn assays. The in vitro dimer-
izationn activity of these transcripts is in-
dicatedd on the right side. 
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100 DIM Tris-HCl, pH 7.5. and 1 mM EDTA or buffer containing 10 m.vi 
Tris-HCl,, pH 7.5, 40 mM NaCl. with 0.1, 1. or 5 mM MgCl* 

AntisenseAntisense Oligonucleotide Annealing—Approximately 250 ng (2 
pmoll  I of transcript 1/444 in 10 nl of dimerization buffer (5 DIM MgCl2,10 
m.MM Tris-HCl, pH 7.5,40 mM NaCl) was incubated for 10 min at 65 °C in 
thee presence of 50-fold molar excess of 20-mer antisense oligonucleo-
tidess (100 pmol). the sequence of which corresponds to the numbering of 
thee given oligonucleotide (Table I). Incubation was followed by slow-
coolingg to room temperature. Samples were analyzed on 0.25 x TBE 
gelss as mentioned previously. 

ChemicalChemical and Enzymatic HIV-2 RNA Structure Probing—2 ng of 
targett RNA (transcript 1/544) was incubated for 15 min in 100 jil of 
bufferr containing 100 m.M NaCl. 10 m.M Tris-HCl. pH 7.5, 1 mM EDTA. 
andd 1.5 ng of carrier antisense human 18 S ribosomal RNA transcribed 
fromm the Ambion control template. For chemical probing. 2 ui of DMS or 
DEPCC was added, and the sample was incubated at room temperature 
forr 5 min. The reactions were stopped by ethanol precipitation, followed 
byy extensive washing in 70% ethanol. Samples were dissolved in 15 jxl 
off  water. For enzymatic probing, 0.02 units of RNase One (Promegaior 
22 units of RNase Tl (Roche Molecular Biochemicals) were added, and 
thee sample was incubated at room temperature for 5 min. Reactions 
weree stopped by addition of 10 fil of 10'? SDS and phenol extraction. 
Thee RNA was ethanol-precipitated and redissolved in 15 jxl of water. 
DNAA oligonucleotides for primer extension analysis were labeled with 
y-ATPP as follows: 100 ng of DNA primer 484/509 was incubated at 37 °C 
forr 30 min in 10 jxl of T4 polynucleotide kinase buffer (50 mM Tris-HCl. 
100 mM MgCl,, 0.1 mM EDTA. 5 m.M dithiothreilol. 1 m.M spermidine, pH 
8.2)) with 10 units of T4 polynucleotide kinase enzyme (Roche Molecular 
Biochemicals)) and 2 /i ' of y-ATP (0.33 MBq/pl). Approximately 2 ng of 
labeledd primer was added to 0.25 ME of target RNA in hybridization 
bufferr (83 m.M Tris-HCl. pH 7.5,125 m.M KC1). Annealing was performed 
byy heating to 85 °C for 2 min followed by slow cooling to room temper-
ature.. 5 M1 of 3 x concentrated RT buffer (9 m.M MgCl2, 30 m.M dithio-
threitol,, 30 mM of each dNTP, and 150 /jg/ml actinomycin D) was added, 
togetherr with 10 units of avian myeloblastosis virus reverse tran-
scriptasee (Stratagene). Reverse transcription was allowed to proceed for 
155 min at 37 °C and stopped by addition of 15 u.\ of sequencing stop 
buffer.. Sequence analysis of the template HIV-2 'I' large, corresponding 
too the target RNA. was performed with radiolabeled DNA primer 484/ 
509.. using the United States Biochemicals T7 sequenase kit according 
too the manufacturer's instructions. 

MfoldMfold RNA Secondary Structure Predictions—The sequences of 
HIV-22 and SIV isolates were downloaded from the HIV data base 
(hiv-web.lanl.gov/).. Secondary structure predictions were performed 

usingg the Mfold version 3.0 algorithm (32, 33). Sequences were sent to 
thee Macfarlane Burnet Centre Mfold server (mfold.edu.burnet.au/) and 
analyzedd with standard settings. 

RESULTS S 

DimerizationDimerization of HTV-2 RNA in Vitro—Radioactively labeled 
transcr ipts,, mimicking different regions of' the untranslated 
leaderr RNA of the HIV- 2 isolate ROD, were synthesized by T7 
RNAA polymerase (Fig. 1). We wil l first compare the nested set 
off  t ranscr ipts 1/124, 1/379, and 1/444 for their dimerization 
abil ity.. These mutant t ranscr ipts contain one or more of the 
motifss that have previously been suggested to be responsible 
forr HIV- 2 dimerization, namely the TAR hairpin (1/124), the 
PBSS region (1/379), and the DIS hairpin (1/444). An increasing 
amountt of these t ranscr ipts (10-1000 ng) was incubated at 
655 °C for 10 min and slowly cooled to room temperature in a 
s tandardd dimerization buffer with 5 m.M MgCl2 to promote the 
formationn of t ight dimers. Samples were subsequently sub-
jectedd to electrophoresis on a native TBE gel. followed by au-
toradiographyy f Fig. 2). The t ranscr ipts containing ei ther the 
TARR hairpin (1/124) or the TAR hairpin and the PBS region 
(1/379)) dimerize very poorly, even at the highest RNA concen-
tration.. In contrast, t ranscr ipt 1/444 that includes the DIS 
regionn forms dimers with very high efficiency. We measured 
20%% dimers with 50 ng of t ranscr ipt (35 nM) and up to 80% 
dimerss with 1000 ng of RNA (0.7 JLM). This indicates that the 
leaderr domain from position 379 to 444, which contains the 
proposedd DIS hairpin structure, is essential for in vitro dimer-
izationn of the HIV- 2 RNA. 

Wee next tested the Mg2 ' requirement for dimerization. 
Threee addit ional t ranscr ipts 1/184. 126/379. and 126/444 were 
included,, of which the lat ter two lack the TAR hairpin (Fig. II . 
Thee t ranscr ipts were incubated ei ther in TEN buffer with 100 
m.vii  NaCl, 10 m.M Tris-HCl, pH 7.5. 1 m.\i EDTA or in a buffer 
wit hh 40 m.\i NaCl, 10 m.M Tris-HCl, pH 7.5. and an increasing 
MgCl22 concentrat ion (0.1. 1. or 5 m.M). At 0.1 m.M Mg2" , the 
DIS-containingg RNAs 1/444 and 126/444 form dimers, albeit at 
loww efficiency (Fig. 3, lanes 14 and 22). In the absence of Mg2 ', 
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FlO.. 2. Concentrat ion-dependent dimerization of HIV-2 tran-
scripts.. We compared transcripts 1/124. 1/379. and 1/144. of which 10 
{lanes{lanes 1. 6'. and 11), 50 tlanes 2. 7. and 12). 250 [lanes 3. 8, and 13), 500 
(lanes(lanes 4. 9. and 14), and 1000 ng ilunes 5, /0. and 25) were incubated at 
655 °C for 10 min in 5 mM MgCl2, 10 ma Tris-HCl, pll 7.5, and 40 m.M 
NaCll  and slowly cooled to room temperature. The samples were ana-
lyzedd on a A'7, native TBE gel followed by autoradiography. The mono-
merr (M) and dimer (Ol bands of transcripts 1/124. 1/379. and 1/144 are 
markedd /. 2. and 3. respectively. A weak band comigrates with the M., 
bandd 'lanes 6-10). which is an alternatively folded conformation of 
transcriptt 1/379. 
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FIG.. 3 Magnesium-induced dimerization of HIV-2 t ranscr ipts. 
Wee compared the transcripts 1/124, 1/184. 1/379, 1/444, 126/379. and 
126/444.. Approximately 2 pmol of radiolabeled transcript in a 10-ul 
volumee 1200 nil) was incubated at 65 °C for 10 min and slowly cooled to 
roomm temperature. Transcripts were incubated in 10 mM Tris-HCl. pH 
7.5.. 1 m.M EDTA, and 100 mM NaCl (lanes 1. 5,9. 13. 17. and 21), in 10 
m.MM Tris-HCl. pll 7.5. and 40 m.M NaCl. with 0.1 m.M MgCl, (lanes 2, 6. 
10.10. 14.18. and 221, 1 m.M MgCl2 'lanes 3. 7. 11. 15. 19. and 231, or 5 m.M 
MgCl22 (lanes 1.8. 12.16.20. and 24). Cel electrophoresis was performed 
ass indicated in the legend to Fig. 2. The monomer (M) and dimer iU) 
bandss of transcripts 1/124, 1/184. 1/379. 1/444. 126/379. and 126/444 are 
markedd /. 2. 3. 1. 5. and 6'. respectively. The weaker bands that comi-
gratee with transcripts 1/184 (lanes 5-8), 1/379 (lanes 9-12). and 126/ 
3799 'lanes 17-20) are alternatively folded conformations of the respec-
tivee RNAs. 

aa certain level of dimerization could also be reached by inclu-
sionn of 100 m.\i N a' 'lanes 13 and 21). Dimerization is barely 
detectablee for any of the other transcripts, oven at the highest 
Mg22 ' and Na* concentrations tested, whereas dimer formation 
off  the DIS containing transcr ipts 1/444 and 12fi/444 is strongly 
enhancedd at 5 m.M MgCL. The absence of TAK in transcr ipt 
126/4444 only decreased the dimerization efficiency marginal ly, 
confirmingg that the TAR hairpin is not essential for DIS-me-
diatedd RNA dimerization. These combined results indicate that 
sequencess in the 379/444 region, which overlaps the DIS hair-
pin,, a re responsible for HIV-2 RNA dimerization. Furthermore, 
thiss dimerization is concentration-dependent and st imulated 
byy 5 m.\l MgCl2. which is very similar to resul ts obtained for 
RNAA dimerization mediated by the HIV-1 DIS motif (8. 16). 

AntisenseAntisense OUgonucleotide-mediated Inhibition of DimerUa-

FlG.. 4. Antisense oligonuclcotide-mediated mapping of the 
HIV-22 leader RNA regions involved in dimerization. Approxi-
matelyy 2 pmol of radiolabeled transcript 1/4 14 was incubated with a 
50-foldd molar excess of antisense DNA oligonucleotide at optimal dimer-
izationn conditions as indicated in the legend to Fig. 2 and subjected to 
nativee gel electrophoresis. The monomer 'M) and dimer 'D' bands are 
indicated.. The annealing position of the antisense oligonucleotides and 
thee domains of the HIV-2 transcript are indicated on tap of the 
autoradiogram. . 

HonHon—Scanning—Scanning of t ranscr ipts with ant isense oligonucleotides 
providess an alternat ive way of mapping the sequences involved 
inn dimerization. We incubated t ranscr ipt 1/444. in dimerization 
bufferr with 5 III M MgCL, with a series of ant isense oligonucleo-
tidess that cover the ent i re transcr ipt length. The transcr ipt and 
aa 50-fold molar excess of DNA oligonucleotide were incubated 
att 65 °C and DNA/RNA hybrids were allowed to form during 
sloww cooling. The anneal ing positions of the oligonucleotides on 
thee HIV- 2 transcr ipt are indicated in Fig. 4. Although it is 
possiblee that some oligonucleotides may not remain annealed 
too the transcr ipt dur ing gel electrophoresis, we observed that 
severall  oligonucleotides affected the gel migration of the mo-
nomericc transcript. Such effects were more prominent in gels 
thatt were run for an extended period (results not shownl, but 
somee of the more profound effects are visible in Fig. 4 (e.g. with 
ant isensee oligonucleotides 80/61 and 320/303-444/425, lane 5 
andd lanes 1E-20, respectively). This change in migration is 
causedd either directly by oligonucleotide binding or indirectly 
byy the induction of a conformational change of the RNA. None 
off  the ant isense oligonucleotides that target the TAR hairpin, 
thee polyiAl hairpin, or the PBS affect the level of dimerization, 
Thee three oligonucleotides, 418/399, 426/407, and 444/425, that 
targett different parts of the DIS domain inhibit dimerization 
almostt completely. Oligonucleotide 426/407. which shields the 
ent iree DIS palindrome sequence, has the most profound effect. 

7'/JPP ÜIS Palindrome Sequence Influences Dimerization—To 
analyzee the sequence requirements for efficient dimerization, 
wee synthesized a series of' 1/444 t ranscr ip ts with a mutated 
DISS palindrome iFig. 5Al. Compared with the wil d type tran-
scriptss containing the GGUACC pal indrome (Fig. 5/} . lane I), 
wee measured a complete inability to form dimers for the sub-
stitutionn mutant GGUAGG and the deletion mutant GAC that 
havee disrupted palindromes (Fig. 5B, lanes 2 and 7, respective-
ly! .. This result indicates that the DIS hairpin must contain a 
6-merr palindrome in the loop to facilitate dimerization. Fur-
thermore,, the formation and/or stabil i ty of the dimers is influ-
encedd by the composition of the pal indrome. Mutant t ran-
scriptss with the alternat ive pal indromes GCGCGC and GUG-
CACC that are present in other HIV-SIV viral isolates, or the 
unnaturall  palindrome GUCGAC. each with two or less A/U 
nucleotidess in the 6-mcr sequence, dimerize at levels that are 
similarr to that of the wil d type transcr ipt 'lanes 4. 5. and 8). In 
contrast,, mutants UGUACA and GUUAAC with four A/U nu-
cleotidess in their pal indromes form dimers at an extremely low 
efficiencyy 'lanes 3 and 6). Computer analysis with the Mfold 
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FlG.. 5. Dimerization abil it ies of HIV-2 RNAs with mutated DIS 
pal indromes.. A. Mfold predictions of the DIS hairpins with mutated 
palindromes.. All transcripts are predicted to fold a structure in which 
thee D1S palindrome is exposed in the loop of the hairpin. The palin-
dromess are derived from HIV-2 HOI) (wild type), a substitutional 
mutant.. SIV sykes i.S7V'..vt). HIV-1 subtype B (HIV-1 „K  HIV-1 subtype 
AA  (HIV-1 „) . SIV chimpanzee (SIV ) , SIV mandrill (SIV,,,,,,,), a deletion 
d)\d)\ mutant, and an unnatural palindromic (UP) sequence. The palin-
dromee sequences are marked by gray boxes, and all sequence differ-
encess between wild type and mutants are highlighted in bold. li. 1/444 
transcriptss with the wild type and mutant DIS were incubated at 
optimall  dimerization conditions as described in the legend to Fig. 2. The 
monomerr and dimer bands are marked M and D. respectively. The 
sequencee changes from wild type to mutant palindromes are under-
lined.lined. Lime 1. HIV-2 ROD (wild type); lane 2. S mutant: lane 3. SIV,yk; 
lanelane . HIV-l„ ; lane 5, HIV-1A/SIV..„,: lane 6". SrV,„„j : lane 7, D mutant; 
lanelane 8, UP mutant. 

algorithmm indicated that all dimerization-defective mutants 
foldd the DIS hairpin as shown in Fig. 5. 

TheThe Minimal DIS Domain and Heterodimer Formation— 
Transcr iptss that contain the 379/444 region with the DIS hair-
pinn dimerize efficiently. To test whether this domain is suffi-
cientt for dimerization, we synthesized the minimal DIS 
transcr iptt 397/444. This short t ranscr ipt is also able to dimer-
ize,, i l lustrat ing that the isolated DIS element mediates dimer 
formationn (Fig. 6, lane 2). Because an unrelated transcr ipt 
bandd is running close to the dimer signal, we included an 
equivalentt sample that was heated in formamide before gel 
electrophoresiss to specifically melt the d imer (lane />. 

Usingg a heterodimerization assay, we verified that the slow 
migrat ingg band seen in our gels is in fact a dimer of two HIV-2 
RNAA molecules and not an alternat ive conformation of the 
RNA.. Furthermore, this assay also tested whether the DIS 
hairpinn contains all signals required for optimal dimerization. 
Wee incubated the short (397/4441 and long (1/4441 HIV- 2 t ran-
scripts,, e i ther separately or combined (Fig. 6. lanes  4. and 6, 
respectively».. Both transcripts form homodimers (D, in lane 3 
andd D2 in lane 4. respectively), and the heterodimer (DIU in 
lanelane 6) is seen as an additional band of intermediate gel mo-
bility .. Heterodimer formation seems at least as efficient as 
formationn of the D2 homodimer (Fig. 6. lane 6), indicating that 
thee short DIS transcript dimerizes as efficiently as the long 
transcr ipt.. These results further support the idea that the DIS 
hairpinn structure is sufficient for optimal in vitro dimerizat ion. 
Too further prove that the long and short t ranscr ipts dimerize in 
ann identical manner, we mixed the short t ranscr ipt containing 
thee wil d type palindrome GGUACC with the GUGCAC palin-
dromee mutant of the long transcript. This mixture yields both 
homodimerss D, and D2. but no heterodimer is observed (Fig. 6. 
lanelane 7), confirming that the DIS motif dimerizes through base 
pair ingg of autocomplcmentary pal indromes. 

EnzymaticEnzymatic and Chemical Probing of the HIV-2 DIS Hairpin 
StructureStructure—We—We have established that the DIS pal indrome is a 
criticall  determinant for in vitro dimerization of HIV- 2 RNA. 
Thee pal indrome must be exposed in the context of the complete 
HIV- 22 leader RNA to form the initial loop-loop kissing interac-
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FlG.. 6. Dimerization of the minimal DIS t ranscr ipt 397/444 and 
heterodimerr formation. Transcript 397/414 was incubated at opti-
mall  dimerization conditions and either heated in the presence of form-
amidee loading buffer and loaded on gel (lane h or loaded directly with 
nativee loading buffer (lane 2). The positions of the monomer (M,) and 
dimerr (D,i bands are indicated. Two nonspecific faint bands are seen, 
whichh were copurified with transcript 397/444. Lanes 3-5 contain dimer 
sampless of the transcripts 397/444 and 1/114 and the mutant 1/444 
GUGCAC,, respectively. Monomers (M > and homodimers (D) are marked 
11 for the short and 2 for the long transcript. In lanes 6 and 7. short and 
longg transcripts were mixed before dimer formation. The heterodimer 
formedd between 397/444 and 1/444 is indicated by D,a (lane 6). 

tionn between two monomers. We examined the secondary struc-
turee of the HIV-2 DIS region in transcr ipt 1/544, which runs up 
too the start codon of the gag open reading frame. In vitro 
transcribedd RNA was renatured and subjected to enzymatic 
andd chemical modification. This was followed by pr imer exten-
sionn with a radiolabeled DNA primer to identify modified nu-
cleotidess and separation of the cDNA products by electrophore-
siss on sequencing gels. A representat ive gel is shown in Fig. 7. 
Wee used several reagents that specifically react with single 
strandedd nucleotides (RNase Tl. RNase One, DMS, and 
DEPC).DEPC). The majority of the nucleotides that are predicted to be 
partt of the DIS loop are modified (Fig. 7). Fur thermore, nucle-
otidess 403-407 are highly accessible to DMS, DEPC, and 
RNasee T l , whereas the other nucleotides that directly Hank the 
DISS hairpin remain unmodified. However, in the exist ing 
structuree model for the HIV-2 untranslated leader all 5-f lank-
ingg nucleotides in the region 3 7 9 - 4 08 are shown as single 
strandedd (Fig. 11. We therefore reassessed the st ructure of the 
DISS hairpin and propose an elongated stem as drawn in Fig. 7. 
Thee same secondary st ructure of the DIS is predicted by the 
Mfoldd 3.0 algorithm (32, 33). 

PhylogeneticPhylogenetic Analysis of'HIV-21'SIVIsolates Reveals Similar 
DISDIS Hairpin Structures—We analyzed the DIS regions of 11 
virall  isolates that belong to the HIV- 2 subtype A, including the 
prototypee ROD isolate, and three isolates of subtype B. In 
addition,, we included 11 isolates of the related SIV.m nl (sooty 
mangabey)) virus group and the single member of the SIV,I m 

(stumpp tailed macaque) group (Fig. 8). This phylogenetic sur-
veyy shows almost identical DIS st ructures for HIV-2 subtypes 
AA and B and SIV8mn l. All these DIS elements have the same 
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FIG.. 7. Structure probing of the HIV-2 DIS motif. A. nuclease 
digestionn and chemical modification of HIV-2 leader RNA. Transcript 
1/5444 was treated with limiting amounts of several single strand-spe-
cificc reagents, RNase Tl (G-specificl, RNase One (sequence-nonspecif-
i cc DMS (A- and O-specific). and DEPC lA-specificl. Cleavage or mod-
ificationn sites were identified by primer extension with (he radiolabeled 
DNAA oligonucleotide primer 484/509. A sequence reaction with the 
samee primer is shown in lanes 1-4. Lane 5 contains the control sample 
withh untreated RNA. H, secondary structure model of the elongated 
HIV-22 DIS hairpin with a summary of the enzymatic and chemical 
modificationn data. The DIS palindrome is marked by a gray box. 

-trv-?? subtype A -iiv-? suDtypp B StV^,. S i V ^ 
ROCC «otatü D205 *sola'e MW261 sofal© 

FlG.. 8. Phylogenetic analysis of the DIS hairpin in HrV-SD/ 
viruses.. We compared the DIS hairpins from HIV-2 subtype A (proto-
typee isolate ROD) and subtype B (prototype D205). SIV,mm (prototype 
MM2511 >. and SIVMni. The nucleotide changes in comparison with the 
prototypee sequence are indicated, with the number of the particular 
isolalee shown in superscript. Deletions are indicated by A. All DIS 
palindromess are marked in gray. SIV,,,,, lacks the regular DIS palin-
dromee because of a 6-nucleotide deletion, bui an alternative, down-
streamm palindrome-containing hairpin is shown. The nucleotide substi-
tutionss that are specific for SIV.lm. and which enable folding of the 
alternativee DIS hairpin structure, are indicated by black boxes. The two 
hairpinss are 12 nucleotides apart. 

loop-exposedd GGUACC pal indrome, but the size of the loop 
rangess from 7 to 11 nucleotides. The lower part of the DIS 
hairpinn st ructure in SIVRtnl is similar, but this hairpin has a 
6-nucleotidee deletion in the loop that coincides with the posi-
tionn of the palindrome in the other DIS elements. The elon-
gatedd DIS stem is almost completely conserved in all v i rus 
groups.. The lower DIS stem segment of HIV-2 subtype B. 
S IV s m m,, and SIVs l i n is extended by one additional base pair 
becausee of an U to A subst i tut ion in the internal loop. For the 
HIV- 22 subtype B isolate EHOA. the middle portion of the stem 
iss strengthened by a G to A substi tut ion, which changes a weak 

G-UU base pair into a stronger A-TJ base pair. A t rue covariation 
iss present in the top part of the stem in SIVs mm isolates 6-10, 
wheree a U-A base pair is changed into C-G. Destabilization 
becausee of a nucleotide substi tut ion is observed in SIVs mm 

isolatee P B J 1. where a G-C base pair in the middle part of the 
stemm is changed to a G-A mismatch. Most of the sequence 
differencess between virus isolates target single stranded nucle-
otides,, and G to A changes predominate in these purine-rich 
loopp and bulge elements. As mentioned previously, the loop of 
thee DIS hairpin in SlVs lm differs in that the ent ire pal indrome 
sequencee has been deleted. Interestingly, inspection of the 
flankingflanking leader sequences revealed the presence of a down-
streamm 6-mer pal indrome that is unique for the SIVs tm se-
quence.. This pal indrome is flanked by sequences containing 
twoo addit ional subst i tut ions that are specific for SIVs l m. which 
allowss the formation of a small hairpin structure I Fig. 8; 
SrV3lm-specifiee nucleotide variation is marked by black boxes). 
Althoughh speculative, this motif may serve as an al ternat ive 
DISS element in the genome of SFVstm to compensate for the 
deletionn of the original palindrome. 

DISCUSSION N 

Wee produced a set of t ranscr ipts encoding different regions of 
thee untranslated leader of the HIV-2 RNA genome that have 
beenn implicated in RNA dimerization. Whereas dimer forma-
tionn of t ranscr ip ts that include the DIS hairpin s t ructure te.g. 
1/444)) was strongly induced in the presence of MgCl2, th is was 
nott the case for t ranscr ipts encompassing the TAR hairpin 
<< 1/124» or t ranscr ipts encoding both the TAR hairpin and the 
PBSS region (1/379). A very low level of dimers is formed by 
thesee t ranscr ipts. This may have been the focus of attent ion in 
otherr studies, in which dimerization was performed at much 
higherr RNA concentrat ions. With the DIS-containing tran-
scripts,, we obtained dimerization levels of at least 20% in a 
bufferr with 5 m.\l MgCl2 and 40 itiM NaCl and with an RNA 
concentrationn as low- as 35 DM. In a previous study, i t was 
suggestedd that the TAR hairpin domain is the determinant for 
dimerizationn of HIV- 2 RNA (9). However, both the high RNA 
andd NaCl concentrat ions (300 mM compared with 40 m.M in the 
presentt study) promote nonspecific RNA interactions, probably 
accountingg for the observed "TAR dimers". Such nonspecific 
RNAA interact ions at high concentrations of monovalent cations 
weree also observed in this study. For instance, incubation of 
RNAA in TEN buffer (100 mM NaCl) induces a low level of 
nonspecificc dimerization of all HIV-2 transcripts (Fig. 3, lanes 
1,1, 5, 9. 13, 17, and 21). Similar monovalent cation-triggered 
dimerizationn effects have been described in studies w'ith HIV-1 
RNAA that reported increased dimer formation at high KCI 
concentrat ionss (16. 34). 

I tt has been reported recently that a palindromic sequence 
withinn the PBS is the determinant for in vitro dimerization of 
HIV- 22 RNA (30). The authors of that study suggested that the 
HIV- 22 leader RNA dimerizes without the DIS hairpin, which is 
nott consistent with our observations. Compared with our assay 
conditions,, the concentrations of both the RNA transcr ipts and 
thee monovalent cations are highly elevated in the study of 
Jossinett el al. (301, which is likely to induce nonspecific RNA 
interactions.. We th ink that the assay conditions used in the 
otherr s tudies favor the formation of DIS-independent RNA 
interactions,, which correspond to the background levels meas-
uredd in our assay system. Obviously, it remains possible that 
thee TAR and PBS domains act as secondary dimerization sites 
(261.. but our data demonstrate that the DIS motif is critical for 
thee initial RNA-RNA contact and dimerization. 

Wee have confirmed that the DIS hairpin is necessary for 
dimerr formation by anneal ing of a series of ant isense DNA 
oligonucleotidess to the 1/444 transcript. Only the oligonucleo-
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t idess that target the DIS region are inhibitory to dimerization. 
Wee observed no effects with oligonucleotides that target ei ther 
thee TAR hairpin or the palindrome within the PBS. In addition, 
anneal ingg of the natural tRNA' 'y s :' pr imer onto the PBS did not 
inhibitt dimer formation (results not shown). 

Thee minimal 397/444 transcr ipt. w:hich encodes the DIS hair-
pinn and some flanking nucleotides, dimerizes effectively even 
att a low RNA concentration. In a heterodimer assay, we meas-
uredd that the minimal DIS domain 397/444 dimerizes with the 
samee efficiency as the full-length 1/444 transcr ipt. This chal-
lengess the results of Jossinet et at. (30), who measured efficient 
dimerr formation with the DIS hairpin of the HFV-1 genome but 
nott with the isolated HIV- 2 DIS hairp in. We th ink that this 
HIV- 22 DIS dimerization defect is due to the use of a PCR 
primerr with a sequence that only part ial ly corresponds with 
thee actual HIV-2 leader sequence. Mfold analysis of the RNA 
containingg this non-HIV-2 sequence predicts a secondary struc-
turee in which the DIS pal indrome sequence is base paired and 
thereforee unable to part ic ipate in a loop-loop kissing interac-
tionn (result not shown). 

Havingg established that the HIV- 2 DIS hairpin is sufficient 
forr dimer formation, we tested the influence of the palindrome 
sequencee composition. The results with the substi tut ion and 
deletionn mutants prove t hat the presence of a 6-mer palin-
dromee within the DIS loop is critical for in vitro dimerization, 
whichh is consistent with several HIV- 1 studies (14, 17, 35, 36). 
Thee dimerization efficiency of the pal indrome var iants 
GCGCGC,, GUGCAC, and GUCGAC is qui te similar to that of 
thee wil d type GGUACC, suggesting that there is no strict 
pal indromee sequence requirement for dimer formation. How-
ever,, not all palindromic sequences support RNA dimerization. 
Wee identified two poorly dimerizing pal indromes, UGUACA 
andd GUUAAC, which share the property that their sequences 
containn four A/U nucleotides. Because A-U base pairs are 
weakerr than G-C base pairs, we propose that the pal indrome 
mustt contain two or less A/Us to promote efficient dimerization 
throughh base pairing. In support of th is rule, the mutant pal-
indromee CUUAAG was also shown to be inactive in dimeriza-
tionn in the context of HIV-1 RNA (36). The importance of a high 
G/CC content within the DIS pal indrome has also been estab-
lishedd in studies that compared the HIV- 1 isolates LAI 
(GCGCGC)) and MA L (GUGCAC), of which the lat ter was less 
efficientt in dimer formation (15, 16. 34). In SELEX experiments 
thatt selected RNA molecules that dimerize efficiently, the vast 
majorityy of the recovered sequences were also G/C-rich (37). 
Thiss further supports the importance of a relatively strong base 
pair ingg interaction for DIS-mediated dimerization. 

I tt should also be noted that the sequence and/or structural 
contextt of any palindrome is likely to influence its dimerization 
ability.. For instance, whereas the unnatural pal indrome GUC-
GACC is highly efficient in the HIV- 2 DIS. it has been shown to 
functionn poorly in an HIV-1 background (38). Likewise, the two 
inactivee palindromes UGUACA and GUUAAC with four A/U 
nucleotidess are found in the DIS of natural ly occurring virus 
isolatess of SIV,yk and SIV,mld, respectively (26). Assuming that 
thesee DIS elements function in RNA dimerization in their 
naturall  context, it wil l be of interest to map putat ive enhancer 
elementss that allow the use of such A/U-rich palindromes in 
thesee viruses. An al ternat ive way of enhancing the base pairing 
capacityy is by extension of the pal indrome. For instance, a 
10-merr palindrome was suggested to control dimerization of 
thee foamy virus RNA genome (39). 

Thee heterodimerization assay in Fig. 6 shows that no het-
erodimerss are formed between a transcr ipt with the wild type 
palindromee GGUACC and a transcr ipt with the GUGCAC pal-
indrome.. Obviously, the loss of four base pairs abolishes the 

Kissing-loopp complex =r> Extended duplex 
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Flu.. 9. The kissing-loop complex is required to form the ex-
tendedd duplex. Secondary structure models of loose and tight dimer 
formationn of wild type and mutant HIV-2 DIS hairpins are shown. The 
numberr of base pairs and free energy of the dimer interactions are 
indicated.. All palindromes are marked by boxes. All free energy calcu-
lationss were made using the Mfold algorithm on model hairpins that 
mimicc the dimer interaction (kissing-loop and extended duplex) as 
closelyy as possible. A, secondary structure model of the kissing-loop 
complexx formed between HIV-2 ROD wild type DIS hairpins and the 
extendedd duplex. B, schematic kissing-loop complex and extended 
dimerr of an A/U-rich palindrome mutant. C. heterodimer formation is 
blockedd at the level of the kissing-loop complex, although a reasonably 
stablee extended duplex with a large internal loop can be folded. 

kissing-loopp complex that is held together by six base pairs in 
thee wil d type RNA (Fig. 9). However, in the context of the 
extendedd or t ight d imer. the loss of these central base pairs is 
nott expected to be detr imental. Computer-assisted RNA folding 
indicatess that a large internal loop is formed. The number of 
basee pairs in the extended duplex is reduced from 20 to 14, with 
aa concomitant loss in thermodynamic energy (AG from -34 .2 to 
-24 .22 kcal/moi). Likewise, the DIS pal indrome mutants with 
moree than two A/Us form dimers very inefficiently, but it is 
improbablee that the conversion of two G-C to A-LT base pairs 
wil ll  cause disruption of extended dimers (AG from -34 .2 to 
-31 .00 kcal/mol). On the other hand, this sequence change wil l 
havee a relatively large impact on the stabil i ty of the kissing-
loopp complex i AG from -9 .5 to - 5 .9 kcal/mol I. These results 
confirmm the idea that the init ial kissing-loop interaction is 
requiredd to make the extended dimer. Thus, loop-loop kissing 
seemss a prerequisite for tight dimer formation, which is iden-
ticall  to the proposed HIV- 1 dimerization mechanism (15, 17, 
18). . 
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Thee DIS palindrome must be exposed in the context of the 
full-lengthh HIV-2 leader RNA to init iate dimerization. Using 
enzymaticc and chemical probing, we verified this in the context 
off  t ranscr ipt 1/544, which encodes the ent ire leader RNA to the 
s tartt codonofthe gag open reading frame (Fig. 7i. The majority 
off  the nucleotides within the DIS loop can be modified by single 
strand-specificc reagents, indicating that they are not base 
paired.. Similar results have been described for the single 
strand-specificc RNases T] and T2 (40). The st ructure probing 
alsoo suggests an extension of the DIS stem by five additional 
basee pairs. Extension of the DIS stem confers increased stabil-
ity ,, which may restr ict the transi t ion from kissing-ioop complex 
too t ight dimer. However, the extended hairpin structure con-
ta inss a large internal loop that modulates the overall stability. 
Thiss loop has a high A/G content, a feature that is shared by the 
otherr single stranded DIS nucleotides (except for the palin-
drome)) and which is also seen in the other HIV- 2 and SIV 
subtypess included in our phylogenetic analysis (Fig. 8). Se-
quencee differences between the virus isolates almost exclu-
sivelyy represent subst i tut ions or changes in the number of 
singlee stranded A/G nucleotides. The majority of all substi tu-
t ionss are G to A changes, which may reflect that such muta-
t ionss are predominantly introduced by the reverse tran-
scr iptasee enzyme (41). Inspection of the secondary structure 
modell  of the complete HIV- 2 leader reveals a high purine 
contentt as a common feature in all single stranded regions (29), 
I tt has been reported that interact ions between adenosines and 
helixx minor grooves lead to the formation of compact globular 
s t ructuress within the single stranded regions of group I ri-
bozymess (42). A similar phenomenon may occur in the HIV- 2 
leaderr RNA. 

Forr HIV-1 , it has recently been shown that the DIS palin-
dromee is masked within the complete leader RNA by a long 
distancee base pair ing interaction with the upst ream poly(A) 
regionn (43). This may serve as a mechanism to prevent prema-
turee genome dimerization in the virion-producing cell. Two 
al ternat ivee conformations of the leader RNA were proposed, 
whichh ei ther support or restr ict dimerization. We did not ob-
servee a similar inhibition of dimerization in HIV- 2 RNA. DIS-
containingg transcr ipts dimerize readily, independent of the 
presencee of the upstream poly(A) region. Fur thermore, anti-
sensee oligonuclotides that anneal to the poly(A) region do not 
enhancee dimerization, as was found for HIV- 1 RNA.2 Because 
wee assume that HIV- 2 RNA dimerization must also be regu-
latedd in vivo, we are currently invest igat ing whether the HIV- 2 
RNAA genome contains al ternat ive DIS silencer elements. 
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ABSTRACT T 

Thee dimer initiation site (DIS) hairpin of the HIV-2 
untranslatedd leader RNA mediates in vitro dimerization 
throughh ' loop-loop kissing' of a loop-exposed palin
dromee sequence. Premature RNA dimerization must 
bee prevented during the retroviral life cycle. A regu
latoryy mechanism has been proposed for the HIV-1 
leaderr RNA that can adopt an alternative conformation 
inn which the DIS motif is effectively masked by long
distancee base pairing with upstream leader 
sequences.. We now report that HIV-2 RNA dimeriza
tionn is also regulated, Sequestering of the DIS motif 
byy base pairing interactions with downstream leader 
sequencess mediates a switch to a dimerization-
impairedd conformation. The existence of two alternative 
conformationss of the HIV-2 leader RNA is supported by 
UVV melting experiments. Furthermore, the equilibrium 
betweenn the two conformations can be shifted by 
annealingg of antisense oligonucleotides or by deletion 
off certain leader regions. These measures have a 
profoundd impact on the dimerization properties of 
thee transcript, demonstrating a mutual exclusivity 
betweenn the alternative conformation and dimerization, 
similarr to what has been described for the HIV-1 leader. 
Thee overall resemblance in regulation of HIV-1 and 
HIV-22 RNA dimerization suggests that a similar 
mechanismm may be operating in other lentiviruses 
andd perhaps all retroviridae. 

INTRODUCTION N 

Retrovirall  genomes are present in virus panicles as two iden-
ticall  RNA molecules that are non-covalcritly linked near their 
5'5' ends (1.2). The presence of dimerie viral RNA has heen 
suggestedd to affect virus replication ai different stages of the 
virall  life cycle, first, it has been reported that RN'A dimers arc 
preferentiallyy packaged over monomeric RNA genomes (.M>. 
Second,, the dimeric state facilitates template switching during 
reversee transcription, therehy circumventing the effects of 
physicall  damage to the RNA genome. Third, template 
switchingg may cause recombination, therehy increasing the 
geneticc diversity and adaptability of retroviruses (reviewed in 5). 

Retrovirall  RNA readily forms dimers in vitro when incubated 
inn cation-containing buffers (6-1?). Mutational analysis 
indicatedd that a small segment of the HIV- l untranslated 
leader,, the so-called dimer initiation site (D1S). is an essential 
motiff  for in vitro dimerization (6.S.SU4). The HIV-1 DIS 
consistss of a hairpin structure with a loop-exposed 6mer palin-
dromicc sequence that is indispenahle for dimeri/ation. 
Accordingg to the proposed model for dimer formation, contact 
betweenn two HIS hairpins is initialed by base pairing of the 
palindromes,, termed loop-loop kissing (fi.S.9), Heat treatment 
orr incubation with the viral nucleic acid binding nucleocapsid 
(NOO protein, which acts as a chaperone. melts the imra-strand 
basee pairs of the DIS stem and triggers the formation of a dimer 
withh extended inter-strand base pairing. 'Ihis transition is 
usuallyy referred to as the conversion of the loose dimer 
(kissing-loopp complex) into the light dimer (extended duplex) 
(!!  5.1 ft). Although alternative mechanisms have been proposed 
forr dimeri/ation of HIV-2 RNA (17.18). we have recently 
reportedd that HIV-2 RNA dimeri/ation is tjuite similar to that 
off  HIV-1, The HIV-2 Ü1S hairpin is essential and sufficient for 
RNAA dimerization, which depends on the 6mer palindrome 
withinn the hairpin loop (19), 

Retrovirall  RNA dimeri/ation in vivo is likely to be a 
regulatedd rather than a constitutive process. Interestingly, it has 
recentlyy been reported that the HIV-1 leader RNA can adopt 
twoo alternative conformations that differ in their ability to form 
dimers.. thus providing an RNA switch mechanism for 
regulatedd dimeri/ation (20). the thermodynamic ally most 
stablee conformation is characterized by a long-distance base 
pairingg interaction (I.D1> between DIS nucleotides and 
upstreamm leader sequences, which masks the DIS motif. 'Hie 
alternative,, metastable conformation is a branched structure 
withh multiple hairpins (BMH), including the DIS hairpin with 
ann exposed palindrome that facilitates dimerization. It has been 
suggestedd that this mechanism may serve to prevent premature 
dimerization,, e.g. when the newly synthesized viral RNA is 
neededd for translation of viral proteins (21). furthermore, it 
hass been demonstrated that the viral nucleic acid binding NC 
proteinn causes a rearrangement from the l.DI to the BMH 
conformation,, thus promoting dimer formation during virion 
assemblyy when NC is released from the Ciag precursor protein 
(2D. . 

Inn the present study, we characterized HIV-2 IMS-mediated 
RNAA dimeri/ation in further detail. We report inhibition of 
HIV-22 RNA dimer formation by sequences that are located 
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Figuree I. HIV-2 leader RNA secondary slruclurc model. The model of the 5' untranslated leader UNA of die f 11V-2 isolate ROD is adapted from Berkhout i.'l >. 
11 he hairpin structures are named according lo their putative function in 111V-I replication, and several critical sequence elements are highlighted in gray (the poly-
adenylationn signal, the PBS and the DIS palindrome). The Gag start codon a! position 545 is boxed. Positions used in this study as 57?' transcript ends are marked. 

3'off  the DIS hairpin. Upstream leader sequences are also 
requiredd lor ihis inhibition, suggesting that HIV-2 RNA can 
adoptt an alternative conformation ihat is dimerization 
incompetent.. UV-melting experiments and an aniisense oligo-
nucleotidee probing analysis support the existence of alternative 
leaderr RNA conformations. Our studies point to a mechanism 
off  regulated RNA dimerization that is controlled by the overall 
leaderr structure and Ihat is reminiscent of the recently 
proposedd model for regulated HIV-1 RNA dimerization. 

MATERIALSS AND METHODS 

InIn vitro transcription 

Thee DNA templates for transcription were made by PCR 
amplificationamplification of the plasmid HIV-2 H* large, which contains a 
177 promoter directly upstream of the +1 position of the wild-
typee HIV-2 ROD transcript (22). Templates lor transcripts 
starlingg al the +1 position were generated using the upstream 
177 +1 primer and a downstream primer that ends at the 
positionn corresponding to the transcript name. Templates Tor 
transcriptionn of RNA starting at +126. +185 and +397 were 
generatedd using upstream T7-primers starting at these positions. 
andd downstream primers as described above. PCR fragments 
weree excised from agarose gels, purified with the QIAEX II 
DNAA isolation system, and used in transcription with the 
Ambionn Megashortscript'17 Transcription Kil according to the 
accompanyingg protocol. In the case of radioaciively labeled 
transcripts.. I ul of la-32P)UTP (0.33 MBq/ul) was added to the 
transcriptionn mixture. Transcripts were purified on 455 denaturing 
polyacrylamidee gels and visualized either by 1'V shadowing or 
byy autoradiography Upon overnight elution in II buffer, the 
RNAA was ethanol precipitated, redissolved in water and quanti-
fiedd by UV-absorbance measurements or scintillation counting. 

Transcriptt stock solutions were renatured by heating to 85°C 
andd slow cooling to room temperature, aliquots were stored at 
-20°C. . 

InIn vitro dimerization assays 

Unlesss indicated otherwise. -2 pmol of radiolabeled RNA was 
incubatedd in 10 ul dimerization buffer (5 niM MgCI:. 10 mM 
Tris-HCll  pH 7.5. 4(1 mM NaCl) for 10 min al 65°C,"followed 
byy slow cooling to room temperature. An aliquot of 5 til non-
denaturingg gel loading buffer (30% glycerol with BFB dye) 
wass added, and samples were analyzed on 47c non-denaturing 
polyacrylamidee gels containing 0.25x TBE (22.5 mM 'Iris. 
22.55 mM boric acid. 0.625 mM lil) I A). Approximately 
33 pmol of cold transcripts were used and traced with 0.05 pmol 
off  radioaciively labeled transcript in dimerization assays with 
5'' truncated transcripts. Some samples were also analyzed on a 
().25xx TIJM gel (22,5 mM 'Iris. 22.5 mM boric acid.' 0.1 mM 
MgCIs)) to measure formation of the loose dimer (kissing-loop 
complex),, dels were run at 150 V at room temperature, dried 
andd exposed by autoradiography or phosphor imaging. MgCK 
titrationn experiments with transcripts 397/444 and 1/444 (equal 
amountss of radioactive label) were performed in dimerization 
bufferr with 0. 0.1, I, 2.5 or 5 mM MgCK as described above. 
Inn the temperature variation experiments, transcripts 397/444 
andd 1/444 were incubated for 10 min in dimerization buffer 
withh 1 or 5 mM MgCl2 al 23. 37, 50 or 65°C, and then slowly 
cooledd to room temperature before gel electrophoresis. 

Measurementt of the melting temperature of 397/444 and 
1/4444 dinters 

RNAA ditners were allowed to form as described above in dimer-
izationn buffer with 5 mM MgCk following cooling to room 
temperature,, the RNA was diluted 10-fold in H.Oand Id ul aliq-
uotss were incubated for 15 min at 23.37.53. 65. 71). 75 and 82°C. 
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Figuree 2. Characterization ol dimerization requirements for transcripts 397/444 and 1/444. (A) Temperature dependency was assayed hy incubation of the RNA 
sampless for 10 min at 23, 37, 50 and 65 C in buffer with 1 mM (left) or 5 mM (right) MgCk The RNA was slowlj cooled to room temperature and analyzed on a 
non-denaturingg TBE gel. I he dimerization efllcienc) was calculated bj phosphor imager quantification and is illustrated in bar graphs (III \lg;" requirement was 
measuredd in a 10 min incubation in buffer with 0. (1.1. I. 2.5 and 5 mM Mg( 'I-. and samples were analyzed as described for (A I, (C) Dimer melting curves. RNA 
dimerss were formed at optimal dimerization conditions 11" nun at 65 (' in 5 mM MgCI, and slow cooling |. -\tiei dimer formation, the sample was diluted 10-fold 
inn water to avoid reassociation of melted RNA. and incubated lor 15 min at 23. 37. 53. 65. 7(1. 75 and KM' I lie samples were analyzed on a TBE gel. phosphor 
imagerr analysis was performed and the percentage of remaining dimer was calculated. Black and graj coloring represents transcript ")7'444 and 1/444, respectively. 

Sampless were loaded immediately on a non-denaturing 0.25x 

TBEE gel. and dimerization efficiencies were calculated upon 

phosphorr imager quantification of the gel. 

Thee effect of ant isense ol igonucleot ides and NC protein 

Approximatelyy 250 ng (2 pmol) of transcript 1/544 in 10 |Jl 
dimerizationn buffer was incubated for 10 min ai 65°C in the 
presencee of a 50-fold molar excess of 20mer antisense oligo-
nucleotidee t IIK I pmol). Samples were cooled to room temperature 
andd analyzed on 0.25x TBE gels as described for dimerization 
assays.. The effect of NC protein on RNA conformation and 
dimerizationn was investigated by incubating 250 ng (2 pmol) 
off  transcript 1/544 lor 10 rnjn at 65'"C in dimerization buffer 
eitherr alone or in the presence of a 50-fold molar excess of the 
antisensee oligonucleotide 418/399. Samples were then slowly 
cooledd to room temperature followed by addition of 1.2 tig 
syntheticc IIIY- 1 NCp7 protein (23) and incubation for 2 h at 
37°C.. An aliquot of 1.5 LA 1 I09ï SDS was added and samples 
wheree placed al room temperature for 5 mm followed by a 
phenoll  extraction and analysis on 0.25x TBE gels. 

RNAA absorbance melt ing curves 

RNAA thermal denaturation was monitored hy measuring the 
absorbancee of UV light at 260 mil in a quart/ cuvette with a 
standardd I cm path length (24.25). Absorbance was measured 
overr a continuous temperature range from 10 to 95°C on a 
temperaturee controlled Perkin Elmer l a m b da spectropho-
tometer.. The temperature was increased at 0.5°C/min with 
measurementt of the absorbance at 0.1°C intervals. Duplicate 
measurementss with different T7-preparations of the same Iran-
scriptt differed by <0.5°C. Transcript stock solutions (3.0 u.g 
RNA)) were incubated in 140 til 50 mM Na-cacodylate buffer 
ipl ll  7.21 lor 10 nun al 65°C. slowly cooled to 37°C and 
incubatedd lor another 15 min prior to the measurement. Non-
denaturingg gel electrophoresis of RNA before the analysis 
confirmedd its monomelic slate. Analysis of samples alter the 
absorbancee measurement on sequencing gels showed no 
significantt degradation of the RNA. 

Mfol dd RNA secondary s t ruc tu re predict ions 

Thee sequence of the HIV- 2 KOI) isolate was downloaded 
fromm the HIV database (http://hiv-web.lanl.gov/). Secondary 
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Figuree 3. Mapping of sequences 3' of the HIV-2 DIS that inhibit dimerization. (A) Transci 
RNAA concentrations. We incubated 10 ng (lanes I and 6), 50 ng (lanes 2 and 7). 250 ng (lar 
att optimal dimerization conditions i<>5 C. 5 mM MgCI- ». followed hy gel electn)phoresis i 
andd diiner (D) bunds of both transcripts are marked. (B) Approximately 2 pmol of transcripts 1/444. 1/464. 1/4X4. 1/507. 1/527 and 1/544 was incubated at 
dimerizationn conditions as described in (Ai. Monomer and dimer bands arc marked M and I). The dimerization efficiencies for the transcripts measured by 
phophorimagerr quantification are 43.6, 4IX. 44.X. 40.2. 25.0 and 17.9%, respectively. (CM Approximately 2 pmol of radiolabeled transcript 1/544 was incubated 
att optimal dimerization conditions (65 ('. 5 in.M Mg( i;) in buffer containing (1. I. 2.5, 5. 7.5 and HI mM MgCI2. 

structuree prediction was performed with the VIfold version 
3.00 algorithm (26) on the MBCMR Mfold server (hup:// 
mlold.edu.burnet.au/)) and analyzed with standard settings. 

RESULTS S 

Dimerr formation of the isolated HIV-2 D1S hairpin and the 
1/4444 lender RNA 

Wee performed comparative dimerization experiments with the 
minimall  DIS transcript 397/444 and transcript 1/444 that 
encompassess most of the HIV-2 leader RNA (Fig. 1). We first 
comparedd the temperature requirement for dimer formation of 
thee two transcripts ai 1 and 5 mM MgCl2 (Tig. 2A). 
Throughoull  this study we will show representative experi-
ments,, bul similar results were obtained in at leasl three 
independentt assays. RNA was incubated in dimerization buffer 
forr 10 min at 23. 37. 50 or 65°C. followed by slow cooling to 
roomm temperature and gel electrophoresis on a non-denaturing 
0.25xx TBI-; gel. Monomer and dimer bands were quantified by 
phophorr imager analysis to calculate the percentage of dimers. 
Dimerr formation occured mosi efficiently ai 65'C for both 
transcripts.. Dimerization of the isolated DIS hairpin is almost 
identicall  at the two Mg2" concentrations, which contrasts with 
thee behavior of the longer transcript that dimerizes most 
efficientlyy in the presence of 5 mM MgCl2. This difference in 
Mg2++ requirement of the short versus the long transcript is 
furtherr illustrated by titration of Mg2+ in the 0-5 mM range 
(lig .. 2B). Transcript 347/444 dimerizes quite efficiently at all 
assayassay conditions, even without MgCU. These results indicate 
thatt Mg2+ is nol critical per.se for DIS-mediated dimerization, 
Transcriptt 1/444 requires ai leasl 2.5 mM MgCI, for low levels 
off  dimer formation. The strict Mg"" requirement for dimeriza-
tionn of this transcript suggesis ihai Mg2"1 ions influence the 
overalll  conformation of the leader RNA and thereby the avail-
abilityy of ihe DIS hairpin motif for dimerization. 

Wee also investigated the stability of the dimers formed by 
thee 397/444 and 1/444 transcripts by determining the dimer 
meltingg temperatures (/„,). Transcripts were incubated under 
optimall  dimerization conditions (5 ni.M MgCk 65°C) and extended 
dimerss were allowed to form during slow cooling. Samples 
weree subsequently diluted 10-fold and incubated for 15 min 
inn ihe 23-82°C temperature range. The dilution prevents 
reassociaiionn of melted dimers. Samples were analyzed on a 
non-denaturingg 'TBI- gel. and Ihe perceniage of diiner was 
determinedd (Tig. 2C). The melting curves for the short and 
longg transcripts are very similar with a 7"mof-70°C. This result 
indicatess that ihe DIS interaction is solely responsible for ihe 
stabilityy of HIV-2 RNA dimers. Wc also note that melting of ihe 
347/4444 dimers is not complete, which may result from (re)dimcr-
izationn of this RNA at low MgCK concentrations (Tig. 2B I. 

Inhibitionn of' HIV-2 RNA dimerization by sequences 
downstreamm of the D1S hairpin 

Dimerizationn of the HIV-1 leader RNA can be repressed hy a 
basee pairing interaction between nucleotides of ihe DIS 
elementt and ihe upstream poly(A) region (21). We previously 
performedd an antisense DNA oligonucleotide scan in ihe 
contextt of transcript 1/444 IO locale sequences thai inhibit 
dimerizationn in ihe HIV-2 leader RNA (19). Unlike in the 
HIV-11 system, we identified no oligonucleotides that could 
stimulatee HIV-2 RNA dimerization. We therefore decided to 
searchh for repressive sequences in ihe downstream leader 
region,, and synthesized iranscripi 1/544 thai runs uplo the Gag 
startt codon (Tig. 1). Transcripts 1/444 and 1/544 were incu-
batedd ai optimal dimerization conditions (5 mM MgCl2. 65°C) 
att increasing RNA concentrations in ihe 10-1000 ng range 
(Tig.. 3A). Whereas ihe 1/444 transcript dimerizes efficiently, 
iranscripii  1/544 is almost completely inactive. A low level of 
dimerr formation is observed ai high RNA concentrations of 
iranscripii  1/544 (Tig. 3A. lanes 9 and 10), indicating thai the 
abilityy lo dimerize is not completely abolished. To map the 

110 0 

http://mlold.edu.burnet.au/


TBEE ael 1 1 
\ \ 

1 1 
in n 

1?66 185 397 

Transcriptt 5' end 

^^ 60 
c c 

c c 

1 1 

TBMM gel 

II, , 
1266 185 3 

Transcriptt 5 end 

Transcriptt 3' end 

•• 444 

DD 544 

7 7 

Figuree 4. ld'ili 5'and I' leader sequences arc required lor inhibition of dimerization. Approximately }  pmo] of transcripts starting at position I. 126. 185 and 397 
an».!!  ending at position 4-14 or 544 were incubated at optimal dimerization conditions as described in the legend In Figure 2. Samples were loaded on a non-denaturing TBE 
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Figuree 5. Antisense oligonucleotide scanning of the HTV-2 leader RNA (A) Approximately 2 pmol of radiolabeled transcript 1/544 was incubated with a 50-fold 
molarr excess of antisense DNA oligonucleotide at optimal dimerization conditions (see Fig. 2 legend i and subjected to non-denaturing gel electrophoresis. The 
annealingg position of the antisense oligonucleotides and the domains of i he I1IV-2 transcript are indicated on top of the autoradiogram. (Il l Excerpt of an antisense 
oligonucleotidee scan of transcript 1/444 shown in Dirac el al. (I") , winch was performed as described in panel (A). The positions of dimer 'l)>. monomer (M)and 
fast-migratingg monomer (l.l)l i conformations are indicated. 

repressivee sequences in more detail, we constructed a nested 
sett of truncated transcripts with 3' termini ai positions 464. 
4X4.. 5117 and 527 (Fig, 3B). Although there is a gradual 
decreasee in dimerization efficiency with increasing transcript 
length,, the most severe decline is observed by including 
sequencess hel ween position 5117 and 527 (the dimerization 
efficiencyy drops from 40 to 25'< as quantified by phosphor 
imagerr analysis). 

Wee tried to rescue dimerization of the 1/544 transcript by 
increasingg the MgCli concentration. Indeed, recovery of the 
dimerizationn efficiency was measured at 7.5 and 10 mM 
MgCUU (Fig. 3C). These combined results are consistent with 
ihee notion that alternative foldings exist for the HIV- 2 leader 
RNA.. The equilibrium between the different RNA conform-
ationss is apparently influenced by variation of the transcript 
V e ndd and the Vlg-1' concentration, thereby affecting 
DIS-mediatedd dimerization. 

Bothh ups t ream and downs t ream leader sequences are 
requiredd for repression of RNA dimeri / .at ion 

Havingg identified the downstream region required for inhib-
itionn of HIV- 2 RNA dimerization. we next examined the 
involvementt of upstream leader sequences. This was done in 
referencee to the IIIV- 1 system in which dimerization is 
repressedd by a long-distance base pairing interaction between 
upstreamm and downstream leader sequences. We synthesized a 
nestedd sei of 5' truncated HIV- 2 transcripts starting at positions 
1.. 126. 185 and 397 and ending at either position 444 or 544. 
Too assess both the kissing-loop and extended dimer 
complexes,, the samples were loaded on TBM and TBE gels, 
andd the dimerization efficiency was calculated d i g. 4). Inhib-
itionn by the 444-544 region is apparent for transcripts starting 
aii  positions I. 126 anil 1X5. but not for the transcript starting at 
397.. Thus, inhibition of dimerization by the 444 544 domain 
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Figuree 6. The effect of NC protein on the HIV-2 leader RNA conformation. 
Approximatelyy 2 pmol of radiolabeled transcript I/544 was incubated cilher 
alonee (lanes 1-2) oi with a 50-fold molar excess of the antisense DNA oligo-
nucleotidee 418/399 (lanes 3-4) at optimal dimcrization conditions (see Fig. 2 
legendI.. Aller slow cooling to room temperature. 1.2 |JS synthetic HIV-1 NCp7 
proteinn was added (lanes 2 and 4) and all samples were incubated for 2 h al 
377 ('. followed by treatment with SDS and a phenol extraction. The positions 
off  dimcr (D). monomer (M)and fast-migrating monomer (1.1)11 conformations 
aree indicated. Lanes ' and 4 are shown at two intensities. 

iss indeed dependent on the presence of upstream leader 
sequences.. This suggests that a dimerization incompetent 
conformerr of the I1IV-2 leader RNA is formed by a long 
distancee RNA-RNA interaction, which is analogous to HIV-1. 

Inn addition, a significant drop in dimerization efficiency is 
observedd upon deletion of the TAR element, which is located 
att nucleotide postions 1-126. A previous study demonstrated 
thatt the TAR element does not confer potent dimerization 
capacityy (19), ruling out the possibility that a secondary 
dimerizationn site is lost upon deletion of TAR. In fact, this 
resultt is again reminiscent of HIV-1 dimerization, in which 
TARR strongly influences the equilibrium between alternative 
conformationss of the leader RNA (21.27). 

Antisensee oligonucleotide probing of the IIIV- 2 leader RNA 

Ass an alternative way to probe for sequence motifs that are 
criticall  for regulation of RNA dimerization, we incubated tran-
scriptt 1/544 in dimerization buffer with a set of antisense 
oligonucleotides.. The transcript and a 50-fold molar excess of 
DNAA oligonucleotide were incubated at 65°C and DNA/RNA 
hybridss were allowed to form during slow cooling. The 
annealingg positions of the oligonucleotides on the HIV-2 tran-
scriptt are indicated in figure 5A. Annealing of most of the 
antisensee oligonucleotides causes a sliglu change in the migra-
tionn of the monomelic RNAs. and this band-shift is more 
pronouncedd with extended electrophoresis limes (results not 
shown).. Striking RNA migration effects are observed with 
oligonucleotidess that target the D1S domain. Antisense oligo-
nucleotidess 418/399 and" 444/425 that target the DIS hairpin 
inhibitt dimerization. which is consistent with previous results 
(19).. Furthermore, a fast-migrating band, marked 1.1)1 in 
figuree 5A, is strongly induced by the anti-DIS oligonucleotides 
418/3999 and 426/407 (Fig. 5A. lanes IS and 19). For oligo-
nucleotidee 4IS/399, this effect coincides with reduced RNA 
dimerization.. Interestingly, inhibition of HIV-1 dimerization 
alsoo correlates with formation of a fast-migrating RNA species 

(21).. Oligonucleotides 217/198, 237/2IS and 379/360 that 
targett the lower stem of the primer binding site ( VHS) domain 
havee a similar effect on the monomelic RNA. causing part of 
thee population to migrate with slightly increased mobility in 
thee gel (Fig. 5A. lanes 11. 12 and 17). Oligonucleotide 379/360 
stimulatess RNA dimerization slightly (Fig. 5A. lane 17). and 
thiss result was confirmed for other transcripts terminating at 
positionss 464-527 (results not shown). A slighi increase in 
dimerizationn levels is also apparent for oligonucleotides that target 
thee transcript al positions 48S-527. which corresponds to the 
domainn that mediates inhibition of dimerization (Fig. 5A, lanes 
233 and 24i. 

Wee also tested the effect of the viral NC protein on the 
conformationn and the dimerization properties of HIV-2 leader 
RNA.. Transcript 1/544 showed increased dimerization in the 
presencee of this RNA chaperone protein (Fig. 6, compare lanes 
II  and 2). For HIV-1 RNA. which adopts the dimerization-
incompetenii  1.1)1 conformation, we previously demonstrated 
lhatt NC protein facilitates the LDI-to-BMH switch and 
subsequentt RNA dimerization (21). To mimic this scenario for 
HIV-22 RNA. we annealed the anti-DIS oligonucleotide 
41S/3999 that forces the transcript into the fast-migrating 1.1)1 
formm and subsequently added NC protein. Indeed. NC triggers 
thee LDI-to-BMH conformational switch and subsequent 
dimerizationn (Fig. 6. lanes 3 and 4. which are shown al two 
intensities).. A corresponding transcript with a mutated D1S 
palindromee did not dimeri/.e under these conditions (results not 
shown),, indicating that NC-mediated RNA dimerization is 
dependentt on an intact DIS element. 

Differentt HIV- 2 leader RNA conformations observed by 
absorbancee melting 

Thee experiments described above indicate that inhibition of 
HIV-22 RNA dimerization occurs through a I.D1 between 
sequencee elements thai are located upstream and downstream 
off  the DIS hairpin region. In (his respect the mechanism of 
regulationn of HIV-2 RNA dimerization is analogous to that of 
HIV-11 RNA. The HIV-1 leader RNA can adopt an alternative 
1.1)11 conformation in which the DIS is base paired with 
upstreamm sequences. Ilii s structure is mutually exclusive with 
dimerr formation and shows a typical fasi migration on non-
denaturingg gels (21). Interestingly. anti-DIS oligonucleotides 
thatt inhibil dimerization of HIV-2 RNA also cause the appear-
ancee of a fast-migrating RNA band (Fig. 5A), which may in 
factt correspond to the 1.1)1 structure. We decided to perform 
RNAA absorbance melting experiments with HIV-2 RNA 
becausee this technique has proven very useful in the study of 
thee alternative HIV-1 RNA conformations. The method takes 
advantagee of the change in absorbance measured al 260 urn of 
non-denaturingg RNA relative to denatured RNA. Monitoring 
off  (he UV-absorbance over a temperature range yields the 
thermall  denaturation profile of an RNA. in which increases in 
absorbancee correspond to (he melting of structured domains. 

figuree 7 shows the UV-melting data for transcripts 1/124. 
126/544.. 1/444 and 1/544 as ÖA/5T plots that highlight the 
meltingg transitions. The melting profile of transcript 1/124. 
correspondingg to the TAR element, shows a single transition at 
7"mm = 61CC'. A similar transition is observed for transcripts 
1/4444 (/,„  = 65"Ci and 1/544 (/',„  = 63°C). but this peak is 
absentt for transcript 126/544 thai lacks TAR. The variation in 
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thee T,„  of TAR in the different transcripts may he caused by 
interactionss of TAR with downstream leader sequences. 

Thee transcripts containing downstream leader sequences 
havee two melting transitions below 60°C in common, bul there 
iss some variability in their relative intensities. A clear transition at 
-53°CC is apparent in transcripts 1/444. 126/344 and 1/544. In 
addition,, all three transcripts share a broad transition with a '/'„, = 
~44°C.. Interestingly, the relative intensities of the 44 and 53°C 
transitionss are very different for the three transcripts. Uoih 
transitionss are of comparable intensity for transcript 1/444. 
whereass the transition at Tm=  53°C is much more prominent 
forr transcript 1/544. The transition at '/'„, = 44°C is nearly 
absentt for transcript 126/544. We think lhai these transitions 
correspondd to alternative conformations of the HIV-2 leader 
RNA.. The drastic increase in intensity of the transition ai 
TTmm = 53°C in the melting profile of transcript 1/544 coincides 
withh the observed decrease in dimer formation efficiency of this 
transcript.. Interestingly, the two-peak melting profile of the 1/544 
transcriptt closely resembles the spectrum of MIV-1 RNA in its 
1.1)11 conformation. It is our interpretation that the transition in the 
44°CC range is a metastable conformation of the HIV-2 leader 
RNA.. This transition is more pronounced in iranscripi 1/444 
whichh dimerizes efficiently. The transition at 53°C is more 
pronouncedd in transcripts 1/544 and 126/544 which dimeri/e 
poorlyy (I ig. 4). suggesting thai this transition corresponds to an 
RNAA conformation that down-regulates dimerization. 

DISCUSSION N 

Wee set out to study regulation of HIV-2 RNA dimerization 
becausee there is recent evidence that dimerization of HIV-1 
RNAA is strictly controlled by alternative RNA conformations 
(21.27).. We first performed a comparative analysis of HIV-2 

RNAA dimerization of the minimal DIS transcript 397/444 and 
thee extended transcript 1/444. Both transcripts require pre-
incubationn at 65°C for efficient dimerization. indicating that a 
certainn level of energy is needed to open the base paired DIS 
stemss and allow formation of the extended dimer complex. In 
agreementt with this idea, more energy is required for mutant 
HIV-22 transcripts with a stabilized DIS stem (results not 
shown).. HIV-1 extended RNA dimers are formed efficiently at 
50-55°CC (28). This may indicate thai ihe HIV-2 DIS stem is 
moree stable than its HIV-1 counterpart, which is fully 
consistentt with the recently proposed extension of the HIV-2 
DISS hairpin by 5 additional bpas shown in figure 1 (19). These 
additionall  base pairs in Ihe DIS hairpin will form additional inter-
molecularr base pairs in the extended dimer complex. Indeed, 
thee HIV-2 RNA dimer melts at 68-72°C and is more stable 
thann the HIV-1 dimer thai melts at 53-65°C. depending on the 
concentrationn of mono- and divalent cations (14.28). 
Secondaryy structure modeling of the extended dimers with the 
Mfoldd algorithm supports this notion (results not shown). The 
H1V-11 and HIV-2 complexes have a predicted thermodynamic 
stabilityy of -37.3 and - 47.2 kcal/mol. respectively. 

Thee first indication that alternative HIV-2 RN'A conform-
ationss may exist came from dimerization studies with varying 
Ms2**  concentrations. Numerous sludies have reported the 
importancee of Mg2*  for HIV-1 RNA dimerization (6-13). 
Similarly,, we measured efficient dimerization of the extended 
HIV-22 transcript only at 5 mM MgCT. However, the minimal 
HIV-22 DIS iranscripi readily formed dimers in huilers lacking 
MgCU.. This result suggests ihat it is not RNA dimerization 
itselff  that requires Mg2+ ions. 'Ihe divalent cations may instead 
influencee dimerization indirectly by affecting ihe conform-
ationn of the leader RNA. For HIV-1, ii has been reported thai 
certainn DIS palindromic sequences are more dependent on 
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Figuree 8. An RNA switch regulates dimerization in HIV-1 and HIV-2 RNA 
Thee different structural clements within the leaders are color coded: TAR 
bulgess and loops (green), polyadenylation signals (orange). PBS (Hue) and 
IMSS palindrome (pink). The linear presentation is rearranged to show the 
equivalentt BMH structure. A structural BMH-to-LDI rearrangement is 
proposedd that results in disappearance of the DIS hairpin. In HIV-2, the DIS 
regionn is proposed to base pair with 3' sequences, and the stem of the PBS 
domainn is extended by base pairing of sequences that are located Tar upstream 
andd downstream ol' die DIS (sequence elements are marked in purple). Details 
off  the D1S hairpin in the BM11 conformation are shown in Figure 1. The I11V-2 
1.1)11 model is based on several experimental findings, hut we were unable to 
unequivocallyy assign the new base pairing scheme (see Discussion). Many 
moree details are available for the HIV-1 RNA. in which both the D1S and the 
upstreamm polyiA) hairpin are opened to facilitate die extension ot' the PBS 
stemm to form the 1.1)1. In both viral systems, the RNA switch is proposed to 
providee a mechanism for the regulated dimen/.aiion of the viral genomes. 

Ms?'' than others (29). We therefore lesied several palindromes 
inn the minimal HIV-2 context, including sequences from 
HIV-11 and SIV isolates (GCGCGC. GUGCAC and 
GUCGAC).. All palindromes support dimeri/ation in the 
absencee of Mg2+ (results nol shown). We therefore think that 
dimerr formal ion of theexiended HIV-2 leader requires Mg:*  lo 
medialee a structural reorganization that exposes the DIS hairpin. 

Wee next focused on possible mechanisms for regulated HIV-2 
RNAA dimeri/ation. We will compare HIV-2 with the HIV-1 
leaderr RNA that adopts alternative conformations (21). The 
iheriiiodynamicallyy most slable HIV-1 RNA structure masks 
thee DIS in a LDI with upstream leader sequences of the 
poly(A)) region (lit! . X). Dimer formation requires that HIV-1 
RNAA shifts into the BMH conformation ihai exposes the DIS 
hairpin.. 'Hius. I.DI folding and RNA dimeri/ation are mutually 
exclusivee processes. lor HIV-2. we previously reported thai 
thee upstream poly(A) region does nol modulate RNA dimeriza-
lionn (19). which prompted us to examine the downstream leader 

sequencess in this study. Inclusion of the downstream 444-544 
domainn caused a profound loss of dimeri/ation. and further 
deletionn analysis indicated thai the 507-527 segmenl is largely 
responsiblee for this repression. We performed detailed RNA 
Structuree probing experiments and we analyzed the secondary 
structuree by the Mfold algorithm (26). but we were not able to 
resolvee the actual base pairing interactions of the alternative 
HIV-22 RNA folding. Nevertheless, we present a model in 
figuree X that incorporates several of the experimental findings 
andd Mfold predictions. This working model should form the 
basiss for additional experimentation. An alternative conform-
ationn in which the DIS nucleotides are base paired with down-
streamm sequences is predicted by Mfold for the 1/527 
transcriptt that has lost the ability lo ditneri/e efficiently, but 
nott for shorter transcripts that dimeri/e efficiently. This DIS 
maskingg is visualized in the alternative HIV-2 folding d ig. X). 
Inn analogy with the HIV-1 system, we use the I.DI and BMH 
nomenclaturee lor the leader RNA structures that differ in 
foldingg of the DIS region. Dimeri/ation of the minimal DIS 
transcriptt is not inhibited by the downstream 444-544 domain, 
suggestingg that upstream leader sequences are also involved in 
thiss repression. This result is extrapolated in the long-distance 
interactionn in the I.DI fold (purple segments in lig. X). 

Theree is additional evidence for the existence ol' alternative 
conformationss of the HIV-2 leader RNA. Antisense oligo-
nucleotidess are sensitive tools to shift the equilibrium between 
alternativee leader RNA conformations. Hie antisense 
oligonucleotidee 379/361). which targets the lower right side of 
thee exiended PBS stem, stimulates HIV-2 RNA dimeri/ation. 
Interestingly,, an oligonucleotide targeting the corresponding 
regionn in the HIV-1 leader also slimulales RNA dimeri/ation 
(3(1).. Inspection of the structure models d ig. X) provides a 
possiblee explanation. Targeting of the lower PBS stem, which 
iss the exiended form of the I.DI interaction in HIV-1. affects 
thee stability of the LDI conformation in both HIV-1 and HIV-2 
RNA.. thus triggering the alternative BMH folding thai allows 
subsequentt dimerization. 

Thee LDI conformation of HIV-1 RNA is characterized by 
fastt migration on non-denaturing gels (20). We did not observe 
thiss for HIV-2 RNA, but annealing of anti-DIS oligonucle-
otidess causes a profound shift of the monomelic 1/544 RNA to 
aa fast-migrating form (lig. 5A. lanes IX and 19). In addition to 
promotingg a conformational change, oligonucleotide 4IX/399 
alsoo inhibits dimerization. We propose thai largeiing of the lelt 
sidee of the DIS stem libcraies the right side for base pairing in 
thee alternative I.DI conformation d ig. X). Thus, inhibition of 
HIV-22 RNA dimeri/ation correlates with ihe appearance of the 
I.DII  RNA conformer with increased electrophoretic mobility. 
whichh is reminiscent of the HIV-1 I.DI structure (21). 

Thee HIV-2 leader RNA conformation was investigated 
furtherr by UV-melting experiments. Ihe melting profile of the 
completee leader (1-544) reveals two major transitions, one of 
whichh corresponds lo the TAR hairpin. This two-peak melting 
profilee is reminiscent of the HIV-1 leader RNA in the I.DI 
conformation,, suggesiing thai the second transition represents 
ann exiended PBS stem segment in the HIV-2 I.DI conform-
ationn d ig. X). However, the HIV-2 I.DI conformation appears 
nott as dominant as ihe equivalenl HIV-1 conformation, both in 
thee UV-melling experiments and on non-denaturing gels. As 
discussedd previously. Ihe HIV-2 DIS hairpin is much more 
stablee than its HIV-1 counterpart, and this mas shift the 

114 4 



equilibriumm in the direction of the BMH conformation. 
Ileletionn of the 5' terminal TAR hairpin favors the H1V-2 l.DI 
conformationn as observed by UV melting (Fig. 7) and causes a 
concomitantt dimerization defect (Fig, 4). In contrast, deletion 
of'l'ARR in H1V-1 RNA has an opposite effect on the BMH-FDI 
equilibrium,, with a concomitant increase in dimeri/ation (27). 
Thesee opposing effects indicate that one should he extremely 
carefull  when interpreting the results of a mutational analysis of 
thee regulatory domain of a retroviral genome. 

Inn conclusion, the wild-type HIV-2 leader RNA is in equilib-
riumrium between two alternative conformations and this delicate 
balancee is likely to be exploited in the viral replication cycle. 
Thee I.UI structure prevents premature RNA dimerization. 
whichh may be important for the execution of other early 
replicationn steps. The BMH structure allows efficient RNA 
dimeri/ationn and perhaps also exposes the downstream leader 
signalss that control packaging of the RNA into virions. Thus, 
thee existence of alternative conformations of H1V-1 RNA 
appearss to correlate with the dual role of retroviral transcripts 
ass messenger and genomic RNA. IMS-mediated dimeri/ation 
iss repressed in HIV-1 and HIV-2 hy an alternative conform-
ationn that refolds (he DIS motif. The NC protein was shown to 
mediatee the I.DMo-BMH transition of the HIV-I RNA (21) 
andd HIV-2 RNA (this study). Regulation of RNA genome 
dimeri/ationn by means of alternative RNA structures is there-
foree likely to be a more general property of the entire FTTV-SIV 
family,, and possibly of all retroviruses. 
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Requirement ss fo r RNA heterodimerizatio n of the huma n 
immunodeficienc yy viru s typ e 1 (HIV-1) and HIV-2 genome s 

Annettee M. G. Dirac,1 z Hendrik Huthoff,2 Jorgen Kjems1 and Ben Berkhout2 

'' Department of Molecular and Structural Biology, Aarhus University, Denmark 

-Departmentt of Human Retrovirology, Academic Medical Center, University of Amsterdam. PO Box 22700, t 100 DE Amsterdam. 
Thee Netherlands 

Retroviruse ss ar e pron e t o recombinatio n becaus e the y packag e tw o copie s of th e RNA genome . 
Wherea ss recombinatio n is a frequen t even t withi n th e huma n immunodeficienc y viru s typ e 1 
(HIV-1)) and HIV-2 groups , no HIV-1 /HIV-2 recombinant s hav e been reporte d thu s far . The possi -
bilit yy  of formin g HIV-1/HIV-2 RNA heterodimer s was studie d in  vitro.  In bot h viruses , th e dime r 
initiatio nn sit e (DIS) hairpi n is use d t o for m dimers , bu t thes e motif s appea r to o dissimila r t o allo w 
RNAA heterodime r formation . Multipl e mutation s wer e introduce d int o th e HIV-2 DIS elemen t t o 
graduall yy  mimi c th e HIV-1 hairpin . First , th e loop-expose d palindrom e of HIV-1 was inserted . Thi s 
self-complementar yy sequenc e moti f form s th e bas e pai r interaction s of th e kissing-loo p (KL ) dime r 
complex ,, bu t suc h a modificatio n is no t sufficien t t o permi t RNA heterodime r formation . Next , th e 
HIV-22 DfS loo p siz e was shortene d fro m 11 t o 9 nucleotides , as in th e HIV-1 DIS motif . Thi s 
modificatio nn als o result s in th e presentatio n of th e palindrome s in th e sam e positio n withi n th e 
hairpi nn loop . The chang e yielde d a modes t leve l of RNA heterodimers , whic h was no t significantl y 
improve dd by additiona l sequenc e change s in th e loo p an d to p bas e pair . No isomerizatio n of th e 
KLL dime r to th e extende d duple x dime r for m was observe d fo r th e heterodimers . Thes e combine d 
result ss  indicat e tha t recombinatio n betwee n HIV-1 and HIV-2 is severel y restricte d at th e leve l of 
RNAA dimerization . 

Introductionn ._ _ 
Retrovirall genomes are formed by two identical copies of 

unsplicedd viral RNA that are non-covalently linked near their 
5'' ends in a region that is termed the dimer linkage structure 
(Benderr el ai, 1978; Coffin, 1990; Greatorex k Lever, 
1998;; Hoglund et ai, 1997). Retroviral RNA dirnerizes readily 
iiii vitro in the presence of cations (Awang & Sen, 1993: Clever 
&& Parslow, 1997; Clever et ai. 1996; Greatorex et IT/., 
1996;; Haddrick et ai, 1996; Laughrea & Jette, 1994; Marquet 
etui.etui. 199Ï: Paiilart et ai. 1994: Skripkin et ai, 1994: Sundquist 
&& Heaphy. 1993). Extensive mutational analysis of the human 
immunodeficiency'' virus type 1 (HIV-1) leader RNA revealed 
thatt sequences located immediately downstream of the primer-
bindingg site (PBS) are essential for in vitro dimerization 

Authorr for correspondence : Ben Berkhout. 
Faxx 4.31 20 6916531 e-mail b.berkfioî t .i amc uva* 

(Laughreaa & Jette, 1994; Muriaux et ai. 1995; Paiilart et ai. 
1994;; Skripkin et ui, 1994) This so-called dimer initiation site 
(DIS)) folds into a hairpin structure with a loop-exposed 6-mer 
palindromee (Fig. I), Whereas different regions of the HJV-2 
leaderr have been implicated in RNA dimerization (Berkhout et 
ai,ai, 1993: Jossinet et ai, 2001), we demonstrated recently that 
thee D15 hairpin of this virus is also both essential and sufficient 
forr dimer formation (Dirac et ai, 2001) (Fig. I), Moreover, the 
requirementss for DIS-mediatcd dimerization of H I V ] and 
HIV-22 leader RNAs are similar Dimerization is promoted by 
thee presence of mono- and divalent cations and the palindrome 
iss indispensable for dimer formation (Awang & Sen, 1993; 
Diracc et ai, 2001: Laughrea & Jette, 1994; Lodmell et id., 
2000;; Marcjuet d ai, 1991; Paiilart et ai, 1994; Skripkin et ai, 
1994;; Sundquist & Heaphy, 1993i. Furthermore, heterodimer
izationn of transcripts with non-identical DiS loop sequences 
requiress perfect complementarity between the central nucleo
tidess in the palindrome region : Clever et ai. 1996; Dirac et «/.. 
2001:: Paiilart et ai. 1997). 
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Fig.. 1. Secondary structure models of the HIV-1 and HIV-2 leader RNA The models of the 5' untranslated leader RNA of the 
HIV-11 LAI isolate and HIV-2 ROD isolate are adapted from Berkhout (1996). Hairpin structures are named according to their 
putativee function in HIV-1 replication and several critical sequence elements are highlighted [the polyadenylation signal, the 
primerr activation signal (PAS), described recently by Beerens et al. (2001) . the PBS. the palindrome in the DIS loop and the 
AUGG start codon of the Gag open reading frame] In this study, we used the 1 - 290 HIV-1 transcript and the 1 - 4 4 4 HIV-2 
transcript.. In the HIV-1 structure, we indicated the two deletions and the one nucleotide substitution that stabilize the poly(A) 
hairpinn in the A mutant. In the HIV-2 structure, we marked the wild-type DIS palindrome (GGUACC. white box) that was 
substitutedd for the HIV-1 palindrome (GCGCGC. grey boxes) in the GC3 mutant. 

A c c o r d i n gg t o the current m o d e l o f r e t r o v i r a l D I S - m e d i a t e d i n te rmo lecu la r dup lexes (Laughrea & Jette, 1 9 9 6 ; V l u r i a u x el 

d i m e rr f o r m a t i o n , the in i t ia l con tac t b e t w e e n t w o D IS ha i rp ins al., 1996a). T h i s t r a n s i t i o n is re fe r red t o as the c o n v e r s i o n o f 

occurss b y base p a i r i n g o f the pa l i nd romes , t e r m e d l oop—loop the loose d i m e r ( k i ss ing - loop o r K L d i m e r ) t o the t i g h t d i m e r 

k i ss i ng .. H e a t t rea tmen t o r i n c u b a t i o n w i t h the nuc le ic ac id ( ex tended -dup lex o r E D d imer ) . T h e s t ruc tu re o f the H I V - 1 K L 

c h a p e r o n ee v i ra l nuc leocaps id p r o t e i n p r o m o t e s m e l t i n g o f d i m e r has been s o l v e d b y nuc lear m a g n e t i c resonance ( N M R ) 

i n d i v i d u a ll D I S stems a n d enables f o r m a t i o n o f e x t e n d e d spec t roscopy (Da rde l el IT/.. 1 9 9 8 ; M u j e e b et al., 1998). T h e K L 
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dirtierr interface extends beyond the 6-mer interaction of the 
palindromess and includes at least three flanking bases in each 
DISS molecule that stack to form a pair of interlocking triple-
basee arrays (Mujeeb et al., 1998). The two A loop residues 
immediatelyy upstream of the HIV-1 palindrome and the C 
residuee of the top base pair are involved in this stacking 
interactionn (Fig. I). The KL dinner complex gains stability by 
isomerizationn into the ED form, of which the NMR structure is 
alsoo known (Girardettf/., 1999; Mujeeb etui., 1999). Disruption 
off  the top base pair of the DIS sterns in the KL dimer, which 
wass suggested to result from interstrand base stacking, could 
servee to lower the energy requirements for the transition of the 
KLL dimer into the ED dimer (Mujeeb et al, 1998). 

Retrovirall  RNA dimerization affects the virus life cycle at 
severall  stages. Mutation of the DIS region results in reduced 
packagingg of viral RNA (Berkhout & van Wamel, I99Ó; 
Haddnckk et al, 1996; Laughrea et at, 1997: Sakuragi & Pan-
ganiban,, 1997), Surprisingly, RNA isolated from these mutant 
virionss is predominantly dimeric, indicating that there may 
bee additional dimerization signals. These results may also 
indicateindicate that RNA dimers are packaged preferentially over 
monomericc RNA and it has been proposed that the DIS 
functionss directly as a packaging signal {Clever & Parslow, 
1997;; McBride & Panganiban, 1996). Dimeric RNA allows for 
templatee switching during the process of reverse transcription, 
e.g.. when the viral RNA template is damaged or when its 
secondaryy structure induces stalling of the reverse transcriptase 
enzymee (reviewed by Gotteef al, 1999; Negroni & Buc, 2001). 
Suchh recombinations promote genetic diversity and, in the 
eventt that different viral genomes are co-packaged, the for-
mationn of recombinant retroviruses with novel properties. 

Mosaicc retroviruses that result from recombination be-
tweenn different subtypes of HIV-1 have been reported and the 
samee is true for HIV-2 subtypes (Bobkov et al, 1998; Carr etai, 
1996,, 1998; Gao et al, 1994; Piyasirisilp et a!., 2000). 
Recombinationn can also take place between H1V-1 isolates 
fromm the distinct groups M and O, which have a limited 
sequencee similarity of 65% (Peeters et al, 1999; Takehisa et al, 
'19991.. Thus far, no recombinants between HIV-I and HIV-2 
havee been reported. The creation of new recombinants is likely 
too depend, among other things, on the possibility of forming 
andd packaging heterodimeric RNA genomes. In this study, we 
havee examined the requirements for in vitro heterodimerization 
off  the DIS-containing leader transcripts of HIV-1 and HIV-2. 
Wee report that an identical palindrome sequence, similar DIS 
loopp size and/or palindrome orientation are essential require-
mentss for KL heterodimerization, but formation of ED dirners 
iss completely restricted. 

Method ss _ 
 Generatio n of PCR template s fo r in  vitro  transcriptio n of 

HIV-22 DIS palindrom e mutants . The template that was used for 
transcriptionn of the HIV-2 IGC3 mutant) 1—444 RNA was synthesized by 

PCRR amplification of plasmid template HIV-2 f large (Oude Essink et al.. 
199b),, which contains a T? promoter directly upstream of the + 1 
positionn of the wild-type HIV-2 ROD sequence. Upstream T7 4- 1 
primerss and downstream HIV-2 444 (GCJ mutant) primers were used for 
PCRR All primer sequences are listed in Table I Templates for generation 
off  the mutant transcripts, in which the HIV-2 DIS hairpin loop was 
changedd in a stepwise manner to mimic that of HIV-1. were made with 
thee HIV-2 (CC3 mutant) 1-444 PCR product as template. The standard 
T77 + I upstream primer and the variable downstream primers, as 
indicatedd in Table 1, were used to generate the respective mutant 
templates.. The wild-type and A mutant HIV-I templates (1—290) were 
madee by PCR amplification of pLAI and pLAI-R37-A (Das et a!.. 1997) 
withh the HIV-1 primers listed in Tabic I. 

 In vitro transcription . All transcripts were generated with the 
Ambionn Me gas hort script T7 Transcription kit. according to the accom-
panyingg protocol. A total of I u.1 of [3-L'-P]LTP (0-33 MBq/ul) was 
addedd to the transcription mixture to generate radioactively labelled 
transcripts.. Transcripts were purified on 4% denaturing polyacrylamide 
gelss and visualized by autoradiography. Upon overnight elution in TE 
buffer,, the RNA was ethanol-precipitated, redissolved in water and 
quantifiedd by scintillation counting. The transcript stock solutions were 
renaturedd by heating to 85 °C and slow cooling to room temperature. 
Aliquotss of all transcripts were stored at — 20 DC, 

 In vitro dimerization assays. In the Mg-~ titration experiment, 
wee used approximately 2 pmol of radiolabelled transcripts. The RNA was 
incubatedd for 10 min at OS °C in dimerization buffer with 10 mM 
Tris-HCII  pH 75, 40 mM NaCI and either 01. I or 5 mM MgCI, and 
slowlyy cooled to room temperature Each sample (10 u.1) was mixed with 
55 JJ.1 native gel loading buffer (30% glycerol with bromophenol blue dye) 
andd analysed on 4 % native polyacrylamide gels containing either 0r2S x 
TBEorO-25xx Tris-borate-0-I mM MgCI, (TBM). Cels were run at [SO V 
att room temperature, followed by drying and autoradiography. In the 
otherr experiments, approximately 2 pmol of radiolabeled RNA was first 
incubated,, either separately or mixed, for 2 min at SS ÜC in H.,0 and 
immediatelyy placed on ice. Dimerization buffer (10 X ) was added to make 
aa final reaction mixture of 10 1̂ with 5 mM MgCl.,. 10 mM Tris—HC1 
pHH 7rS and 40 mM NaCT. For investigation of KL dimer formation, 
sampless were incubated for 30 min at 37 DC. ED dimers were formed by 
incubationn tor 10 min at 65 °C and slow cooling to room temperature. 
Electrophoresiss was performed in 0-25 x TBE and TBM gels followed by 
dryingg and autoradiography. 

 MFOLD RNA secondary structur e predictions. The sequences of 
thee HIV-l LAI and HIV-2 ROD isolates were downloaded from the HIV 
databasee (http://hiv-web.lanl.gov/). Secondary structure prediction was 
performedd with the MFOLD algorithm, version 3.0 (Mathews et al.. 1999). 
onn the MBCMR MFOLD server (http://mfold.edu.bumet.au/) and 
analysedd with standard settings The thermodynamic stability values 
(AGG kcal/mol) presented in Table 2 are based on MFOLD analysis with 
modell  hairpin templates, of which the stem is composed of the two 
interactingg sequences in the KL and ED dimers. We used the following 
modell  substrates: HIV-1 DIS as in Figs I and 4. with seven consecutive 
basee pairs, and HIV-2 DIS as in Fig. 4 (not the extended format as shown 
inn Fig. I}. It is obvious that this approach only provides an estimate of the 
thermodynamicc stability of the KL and ED dimers. This method scores 
onlyy the predicted Watson-Crick base pair interactions but will miss all 
non-canonicall  interactions that ire likely to exist in both the KL and the 
EDD dimer complexes 
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Tablee 1. PCR primers used in this study 

Primerss containing mutated HIV-2 DIS loop and stem regions are underlined. 

Primer r 

HIV-22 T7 + I 
HIV-22 444 ( G O mutant) 
HIV-22 444 ( G O mutant) 
HIV-22 444 ( G O mutant) 
HIV-22 444 ( G O mutant) 
HIV-22 444 ( G O mutant) 
HIV-22 444 ( G O mutant) 
H lV-11 T7 + 1 
H IV - II R.G273 

++ A 
- A A 
- 2 A A 
- 2 A " " 

- 2 A , n n 

Sequencee 5 ' t o 3 

G A A T T C T A A T A C G A G T C A C T A T A G G 
CGCTCCACACGCTCCCTTTCCGCCCTCGGCC C 

CCCTCCACACGCTGCCTTTTGCGCCCTCGCCCCGCGCCTTT T 

CGCTCCACACGCTGCCTTGCGCGCTCGGCCCGCGCCTTT T 

CGCTCCACACGCTGCCTGCGCCCTCGGCCCGCCCCTTT T 
C C C T C C A C A C G C T C C C T G C G C G C T T G G C G G G C C G C r n n 

CCCTCCACACCCTGCGTGCCCGCTTCGCCCGCGCCTTT T 
G A A T T C T A A T A C G A C T C A C T A T A G G G T C T C C T C T G G T T A G A C C 
CAGTCGCCTCCCCTCCC C 

Tablee 2. Watson-Crick base-pairing capacity of RNA dimers 

Forr both the KI_ and the ED dimer formation, the predicted thermodynamic stability (AG) is indicated in 
kcal/mol.. The experimentally determined dimerization activity is indicated as active ( + ). intermediate (  ) 
orr inactive (—); ED structures that were not among the top 5% solutions are also indicated (<). 

RNA A 

Hoo m o d i mer 
H I V - I I 

HIV-2 2 
HIV-2 ' ' '' ';i 

Hete rod imer r 

11 and 2 
II and l'1' * 

II and 2 ( + A) 

11 and 2 f - A l 
11 and 2 ( - 2A.i 
11 and 2 ( - 2 A V ) 

11 and 2 (-IA"S]) 

AG G 
{kca l /mol ) ) 

- I . V I I 

- 1 0 - 1 1 

- 1 3 - 1 1 

- 0 9 9 
- 1 3 - 1 1 

- ] M M 

- 1 3 - 1 1 
- 1 3 - 1 1 
- 1 3 1 1 

—— 13- J 

K L d d mer r 

b p p 

6 6 
6 6 

6 6 

2 2 
6 6 

6 6 

6 6 
6 6 

6 6 

b b 

+ + 

+ + 
+ + 
+ + 

--
~ ~ 
--
--
+ + 
+ + 

+ + 

AG G 

(kcal /mol) ) 

-- 40 3 
- 3 4 ' 4 4 

- 3 7 ' 3 3 

< < 
—— 29v 

- 2 9 ' 2 2 
- 2 99 8 

—— 29'9 

-Zó-8 -Zó-8 

< < 

E D d d mer r 

b p p 

is is 
20 0 

20 0 

< < 
U U 
11 11 
11 11 
11 11 

21 1 

< < 

+ + 

+ + 

+ + 
+ + 

--
--
--
--
--
----

Result s s 
Hetee rod i mere are not forme d betwee n the leader RNA 
off  HIV-1 and HIV-2 

Complementarityy between the central DIS palindrome 
nucleotidess is essential for in vitro dimerization of both HIV-1 
andd HIV-2 RNA (Clever W al, 1996; Dirac el al. 2001). The 
DISS palindromes of HIV-I and HIV-2 differ at several positions 
(Fig.. 1) and are therefore not expected to form heterodimers. 
Too meet the minimal requirements for heterodimer formation, 
wee synthesized a mutant HIV-2 transcript encompassing 
nucleotidess 1-444 in which the wild-type GGUACC palin-
dromee was substituted for the HIV-I palindrome GCGCGC 
(Fig.. 1, GC3 mutant). This transcript has been shown pre-

viouslyy to form homodimers at wild-type levels (Dirac el al, 
200J,, 2002). A DIS-containing HIV-I transcript covering the 
leaderr region from position 1-290 was also synthesized by T? 
RNAA polymerase (Fig. 1). 

Thee MgCI., requirement for dimerization of the HIV-I and 
thee GC3 mutant of HIV-2 (HIV-2<,('') transcripts was investi-
gated.. Approximately 2 pmol of each radiolabelled transcript 
wass incubated in dimerization buffer with either 0 1, 1 or 
55 mM MgCL for 10 min at 65 °C, followed by slow cooling of 
thee samples to room temperature and analysis on a native TBM 
gell  (Fig, 2). Dimerization of the HIV-21'1 ' transcript is barely 
detectablee at 0-1 mM MgCU (Fig, 2, lane 3) and approximately 
50%% dimerization is observed at 5 mM MgCL (Fig. 2. lane 13). 
Thee HIV-1 transcript remains dimerization-inactive at all Mg""* 

122 2 



nMM MgCI? 

•• < - 2 ~ + i 

TBMM gel 

KLL ED 

TBEE gel 

2 2 

11 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fig.. 2. Mg"-dependent dimenzation of HIV-1 and HIV-2 transcripts. 
Dimerizationn of the wild-type and A mutant HIV-1 transcripts and the 
HIV-2GC'' mutant transcript was investigated at increasing MgCI; 
concentrationss Transcripts were incubated individually or as HIV-1/HIV-2 
combinations,, as indicated on top. Samples were treated for 10 min at 
655 C and slowly cooled to room temperature in dimerization buffer with 
0-11 mM MgClj (lanes 1-5). 1 mM MgCI, (lanes 6-10) or 5 mM MgCI, 
(laness 11-15). Samples were analysed on a TBM gel followed by 
autoradiography.. The monomer (M) and dimer (D) bands of HIV-1 and 
HIV-22 transcripts are marked 1 and 2. respectively. 

1 22 3 4 5 6 1 22 3 4 5 6 

Fig.. 3. Different dimenzation conditions to probe for heterodimers 
betweenn HIV-1 and HIV-2 RNA. The HIV-1 A mutant (labelled 1) and 
thee HIV-2GC3 mutant (labelled 2) were incubated individually or in 
combination,, as indicated on top. Samples were first denatured by 
incubationn for 2 mm at 85 "C and then incubated in dimenzation buffer 
(55 mM MgClj and 40 mM NaCI), respective to either the KL protocol 
[300 min at 37 CC (lanes 1-3)] or the ED protocol [10 min at 65 "Cand 
slowlyy cooled to room temperature (lanes 4-6)]. Samples were split and 
analysedd on a TBM (A) and a TBE (B) gel. followed by autoradiography. 
Thee monomer (M) and dimer (D) bands of HIV-1 and HIV-2 transcripts 
aree marked 1 and 2, respectively. 

concentrationss tested (Fig. 2, lanes I, 6 and 11): this transcript 
iss dimerization-impaired because it folds into an RNA 
conformationn that masks the DIS motif (Huthoff & Berkhout. 
2001).. Therefore, we also synthesized the A mutant transcript 
(Dass et a\., 1997), which contains a stabilized poly(A) hairpin 
thatt favours folding of a dimerization-competent leader RNA 
conformationn that exposes the DIS hairpin (Fig. 1). This A 
mutantt displays efficient dimerization at 0 1 m M MgCI., 
(Fig.. 1. lane 2) and 100% dimer was obtained at I and 5 mM 
M g C I ,, (Fig. I, lanes 7 and 12). 

Havingg established the conditions that yield fair amounts 
off the HIV-1 and HIV-2 ( , ( ! homodimers, we next tested 
whetherr heterodimers can be formed. The HIV-21 ' ' '' transcript 
wass incubated either with the wild-type HIV-1 transcript 
(Fig.. 2, lanes 4. 9 and 14) or with the A mutant (Fig. 2. lanes 5, 
100 and 15) in dimerization buffer with 0"1, 1 or 5 m M MgCI.,. 
Heterodimerss are expected to have an clectrophoretic mobility 
thatt is intermediate to that of the two homodimers D l and D2. 
Wee did not observe a band with this migration property, 
indicatingg that no heterodimers were formed at these con
ditions. . 

Inn a search for conditions that would allow RNA hetero-
dimerization,, we incubated the transcripts at conditions that 
promotee the formation of the KL or ED dimer (Laughrea & 
jette,, 1996; Muriaux el «/., 1996b). We have used the HIV-1 A 
mutantt and HIV-21 ' ' transcripts, which homodimerize ef
ficientlyy in all subsequent experiments; these transcripts are 
denotedd HIV-1 and HIV-2 for simplicity. The HIV-1 and HIV-2 
transcriptss were incubated individually or in combination. To 

disruptt any homodimers that might have formed during the 
initiall RNA renaturation step of purified T7 transcripts, we first 
mixedd the two RNAs and denatured them by incubation in 
waterr for 2 min at 85 , followed by immediate chilling on 
ice.. Transcripts were then incubated in dimerization buffer 
(55 m M MgCI., and 40 m M NaCI), either for 30 min at 37 CC to 
promotee KL dimer formation or for 10 min at 65 C and slow 
coolingg to room temperature to promote ED dimer formation. 
Sampless were subjected to electrophoresis on TBM and TBE 
gelss (Fig. 3A, B, results are summarized in Table 2). The 1 BM 
gell allows the detection oi KL dimers because the presence of 
Mg~ '' ions prevents disruption of these relatively instable 
dimerss during electrophoresis. The efficiency of KL homo-
dimerizationn is approximately 80 and 20% for HIV-1 and 
HIV-22 RNA. respectively (Fig. 3A, lanes 1 and 2), whereas 
bothh transcripts form ED homodimers with an efficiency of 
approximatelyy 20% (Fig. 3B, lanes 4 and 5). Most importantly, 
itt is apparent that neither KL nor ED heterodimer formation 
occurss under the assay conditions used. These results indicate 
thatt the sequence or structural differences between the HIV-1 
andd the HIV-2 DIS elements are too severe to allow 
heterodimerization,, even though we have inserted the hom
ologouss GC3 palindrome in HIV-2. 

Thee minimal DIS requ i rements for RNA heterodimer 
fo rmat ion n 

Too force the formation of heterodimers between HIV-1 and 
HIV-22 RNA. we created a nested set of HIV-2 mutants in 
whichh the DIS hairpin loop was changed in a stepwise manner 
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Fig.. 4. Overview of the wild-type and mutant DIS hairpins tested in this study The wild-type HIV-2 DIS hairpin is shown on the 
leftt with the GGUACC palindrome (white box). All other HIV-2 transcripts and the wild-type HIV-1 DIS (on the right) have the 
GC3-typee palindrome (grey boxes). The HIV-2 DIS was mutated to deviate further from HIV-1 by the inclusion of an additional 
loopp nucleotide ( + A mutant). The other mutants were designed to gradually resemble the HIV-1 DIS loop. The —A and — 2A 
mutationss decrease the loop size and tilt the palindrome towards the right, as in HIV-1. To further mimic the HIV-1 DIS 
element,, we mutated a DIS loop nucleotide in - 2AM and. in addition, the top base pair in - 2AN'''' (mutations are indicated in 
black).. These latter changes facilitate a triple-base stacking interaction that was described for the HIV-1 KL dimer (Mujeeb 
etol.,etol., 1998). 
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Fig.. 5. Homo- and heterodimerization properties of the mutant HIV-2 DIS 
transcripts.. The HIV-1 A mutant (labelled 1) and the series of HIV-2 DIS 
mutantt transcripts were incubated either individually (lanes 1-7) or mixed 
inn HIV-1 /HIV-2 combinations (lanes 8 -13 ) . Samples were first denatured 
byy incubation for 2 min at 85 C and then incubated in dimenzation buffer 
(55 mM MgClj and 40 mM NaCI) for 30 min at 37 , according to the KL 
protocol.. Samples were analysed on a TBM gel. The monomer (M) and 
dimerr (D) bands of HIV-1 and HIV-2 transcripts are marked 1 and 2, 
respectively.. The heterodimer formed between HIV-1 and some HIV-2 
transcriptss (the DIS mutants in lanes 11-13) is marked D1 2. 

t oo m i m i c t ha i o f H I V - 1 (F ig . 4). T h e H I V - 1 a n d H I V - 2 D I S 

l o o p ss d i f fe r in size and the p a l i n d r o m e is o r i e n t e d d i f f e r e n t l y in 

thee t w o e lements . T h e N M R s t ruc tu re o f the H I V - 1 K L d i m e r 

c o m p l e xx proposes a U- l i kc b e n d i n g o f the backbone o f the D I S 

l o o pp t o o p t i m i z e d i m e r i n t e rac t i on ( M u j e e b el al., 1998 j . T h e 

deg reee o f l o o p b e n d i n g m a y be in f l uenced b y the l o o p 

s ize ;; a l te ra t i on o f the 111V-1 D IS l o o p size has been r e p o r t e d t o 

causee a loss o f v i r us i n f e c t i v i t y (Berkhou t & v a n W a m e l , 1996) . 

T h e r e f o r e ,, w e sys tema t i ca l l y changed the size of the H I V - 2 

D I SS l o o p in the c o n t e x t o f the G C 3 m u t a n t . T h e D I S l o o p size 

iss decreased in the — A a n d — 2 A m u t a n t s that g r a d u a l l y ' t i l t ' 

t hee p a l i n d r o m e t o w a r d s the r i gh t , as in H I V - 1 . In the - I - A 

m u t a n t ,, an a d d i t i o n a l A is i nse r ted o n t h e 3 ' s ide o f the 

p a l i n d r o m ee t o t i l t t he H I V - 2 p a l i n d r o m e f u r t h e r t o the left. T h i s 

mu tan tt dev ia tes e v e n m o r e f r o m the H I V - 1 D I S s t ruc tu re . T h e 

i d e n t i t yy o f the p a l i n d r o m e - f l a n k i n g l o o p nuc leo t i des and the 

t o pp base pair o f the H I V - 1 a n d H I V - 2 D I S e lements are a lso 

d i f fe ren t .. T h e N M R s t ruc tu re o f t h e H I V - 1 K L d i m e r c o m p l e x 

p roposess an i n te rs t rand t r ip le -base s tack ing i n t e rac t i on be

t w e e nn the second l o o p nuc l eo t i de A o f o n e D I S ha i r p i n a n d 

AA / C o f the second D I S h a i r p i n (F ig . I ) and th is 

i n te rac t i onn m a y s t r e n g t h e n the d i m e r in ter face ( M u j e e b el a\.. 

1998).. T h e f i rs t D I S l o o p nuc l eo t i de in H I V - 2 is G , w h i c h may

bee unab le t o pa r t i c ipa te in the t r ip le -base s tack ing w i t h the 

H I V - 11 D I S e lemen t . In the - 2 A M m u t a n t , a G t o A s u b s t i t u t i o n 

wass the re fo re i n t r o d u c e d , c r e a t i n g a D I S l o o p tha t is ident ica l 

t oo that o f H I V - 1 . In the - 2 A M M m u t a n t , the t o p C - G base 

pairr o l H I V - 2 was subs t i t u t ed f o r G—C, as in H I V - 1 . T h e 

—— 2 A M M m u t a n t con ta ins all D I S nuc leo t i des i n v o l v e d in the 

t r ip le-basee s tack ing i n t e rac t i on desc r ibed f o r H I V - 1 . 

T h i ss set o f H I V - 2 D IS m u t a n t s w a s tes ted in d i m e r i z a t i o n 

assayss w i t h o r w i t h o u t H I V - 1 R N A (F ig . 5, resul ts are 

s u m m a r i z e dd in T a b l e 2). A f t e r heat d e n a t u r a t i o n , a p p r o x i 

m a t e l yy 2 p m o l o f the H I V - 1 t ranscr ip t a n d the m u t a n t H I V - 2 

t ranscr ip tss we re i ncuba ted i n d i v i d u a l l y (F ig . 5, lanes 1-7) o r i n 

H I V - 1 / H I V - 22 c o m b i n a t i o n s (F ig . 5, lanes 8 - 1 3 ) . Samples w e r e 

incuba tedd for 3 0 m i n at 3 7 C in d i m e r i z a t i o n bu f fe r (5 m M 

M g C LL and 4 0 m M N a C I ) a n d subsequen t l y ana lysed b y 

e lec t rophores iss o n a T B M ge l t o de tec t K L - t y p e d imers . A s 

e x p e c t e d ,, a l l t ranscr ip ts can f o r m K L h o m o d i m e r s (F ig . 5, ianes 

1-7) .. N o K L h e t e r o d i m e r s w e r e f o r m e d b e t w e e n H I V - 1 R N A 

andd the H I V - 2 m u t a n t s + A and - A (F ig . 5, lanes 9 and 10) 

butt a fa in t h e t e r o d i m e r b a n d is appa ren t i n c o m b i n a t i o n w i t h 

thee H I V - 2 m u t a n t s - 2 A . - 2 A M a n d - 2 A M M (F ig . 5, Ianes 

1 1 - 1 3 ,, m a r k e d D l 2 ) . Th i s result ind ica tes tha t an ident ica l D I S 
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loopp size and/or palindrome orientation is required for KL 
heterodimerr formation. We also analysed these samples with 
thee ED dimer protocol on a TBE gel and, whereas ED 
homodimerr formation occurs with similar efficiencies for all 
HIV-22 mutants, we did not observe any ED heterodimers 
(resultss not shown). 

Modellin gg of the base pair interactio n of the RNA 
homo -- and heterodimer s 

Wee used the MFOLD algorithm to evaluate the hypothetical 
base-pairingg capacity of all the possible KL and ED homo- and 
heterodimerr combinations of the HIV-1 and HIV-2 D1S 
transcriptss (Mathews et al, 1999), The results are summarized 
inn Table 2. Introduction of the GC3 palindrome in HIV-2 
increasess the thermodynamic stability of the KL homodimer to 
thatt of the HIV-1 D1S element (-13-1 kcal/mol). Our 
experimentss revealed that the HiV-1 transcript is superior to 
thee HIV-2 GC3 mutant in KL homodimerization. This finding 
iss consistent with the existence of additional non-canonical 
interactionss in the KL dimer complex, for instance the proposed 
triple-basee stacking interaction (Mujeeb et al, 1998). 

Wee measured no ED heterodimer formation between 
HIV-11 RNA and any of the HIV-2 mutants (results not shown). 
Itt is possible that the remaining sequence differences in the 
DISS hairpin impose restrictions on the formation of ED hetero-
dimers.. This idea is substantiated by MFOLD modelling of the 
thermodynamicc stability of the predicted RNA complexes. A 
thermodynamicc stability of approximately —300 kcal/mol is 
predictedd for ED heterodimers between HIV-1 RNA and the 
sett of HIV-2 transcripts containing the GC3 palindrome, 
exceptt for the - 2 A M and — 2AMM mutants (Table 2). 
However,, the homodimers can form much more stable ED 
complexess (-40-3 and -34-7 kcal/mol for HIV-] and HIV-2, 
respectively).. Conversion of KL dimers into ED dimers requires 
meltingg of the stem region of two DIS hairpins, corresponding 
too a thermodynamic stability of — 13'3 and — 1T9 kcal/mol 
perr hairpin for HIV-1 and HIV-2, respectively. For the ED 
homodimers,, there will be a significant gain of thermodynamic 
stability,, which will shift the KL—ED equilibrium to the 
right.. The ED heterodimers are predicted to achieve a 
moree intermediate thermodynamic stability of approximately 
—— 30'0 kcal/mol, which apparently is not sufficient to drive 
thee KL to ED conversion. 

Discussionn _ .__ 
Thee possible dimer formation between the HIV-1 and the 

HIV-22 RNA genomes has been investigated in this study. 
Mutationss were introduced in HIV-2 RNA providing both 
virall  transcripts with identical GCGCGC palindromes that 
formm a 6-mer interaction in the hypothetical KL dimer complex 
(Tablee 2). Nevertheless, we did not observe formation of 
heterodimerss between HIV-1 and this GC3 mutant of HIV-2. 
Too investigate the degree of DIS loop similarity that is required 

forr heterodimer formation, we created a nested set of HIV-2 
DISS mutants in which the loop sequence was gradually 
changedd to mimic that of the HIV-1 DIS hairpin. These results 
indicateindicate that an identical D1S loop size and palindrome 
orientationn is required to attain even a low level of KL 
heterodimerr formation. However, we observed no formation 
off  ED heterodimers. This was somewhat unexpected because 
thee KL dimer complex of the wild-type HIV-1 DIS has a 
markedd tendency to isomerize into the ED dimer form. 
Specifically,, this dimer gains stability through reformation of a 
rupturedd base pair, through increased base stacking, and 
throughh a decrease in mechanical strain (Girard et al, 
1999;; Mujeeb et al., 1999). We cannot accurately predict these 
parameterss for the putative ED heterodimer between HIV-1 
andd HIV-2 RNA. Modelling of the base pair interactions in the 
EDD heterodimer complex provides a likely explanation for the 
lackk of KL-ED isomerization. The introduction of the HIV-1-
likee GC3 palindrome allows the formation of an ED hetero-
dimerr with a thermodynamic stability of approximately 
—— 30*0 kcal/mol (Table 2). This value does not improve for the 
HIV-22 mutants containing additional mutations (in fact, a much 
lesss stable ED heterodimer is predicted for —2A11 and 
-2A> , M )) and the energy gain may simply not be sufficient to 
drivee the isomerization of the KL dimer into the ED dimer. For 
comparison,, the ED homodimers of HIV-1 and HIV-2 exhibit 
aa thermodynamic stability of — 40'3 and — 34'4 kcal/mol, 
respectively. . 

Thiss in vitro study indicates that heterodimerization of 
wild-typee HIV-1 and HiV-2 RNA genomes does not readily 
occur.. We have observed that DIS-mediated homodimerization 
iss highly favoured over heterodimerization. However, these 
resultss do not preclude that heterodimerization may take place 
byy a DIS-independent mechanism. For instance, dimerization 
off  the HIV-1 genome has been reported to occur in vivo in the 
absencee of a functional D1S element, suggesting that additional 
dimerizationn signals exist within retroviral genomes (Berkhout 
&&  van Wamel, 1996; Haddrick et al, 1996; Laughrea et al, 
1997),, Consistent with this idea, it was described that the 
presencee of non-homologous DIS elements from different 
HIV-11 subtypes is not a principal obstacle to intersubtype 
recombinationn (St Louis et al, 1998). If the additional 
dimerizationn signals are compatible between the genomes of 
HIV-11 and HIV-2, the occurrence of heterodimerization in vivo 
mayy not be as rare as predicted by our in vitro experiments. 

Despitee extensive recombination within the HIV-1 group 
andd within the HIV-2 group, no HIV-l/HIV- 2 recombinants 
havee been described thus far; this is not simply due to the lack 
off  HIV-l/HIV- 2 co-infections, for which there are multiple 
reportss (Evans et al, 1988; George et al., 1992; Peeters et al, 
1992).. The non-appearance of HIV-l/HIV- 2 recombinants 
mayy be related to the apparent inability to make RNA 
heterodimerss but incompatibility problems may also arise at 
otherr levels. Packaging of the heterodimeric RNA genome into 
virionss may present a bottleneck. Primate lentiviruses can 
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cross-packagee each other's RNA genome, e.g. HIV-1 is capable 
off  packaging HIV-2 RNA (Kaye & Lever, 1998), although the 
reversee is not possible, and there is reciprocal cross-packaging 
betweenn HIV-1 and simian immunodeficiency virus (Rizvi & 
Panganiban,, 1993; Whiteet ah, 1999). Although efficient cross-
packagingg of genomic RNA occurs between different lenti-
viruses,, this is not necessarily identical to the packaging of a 
heterodimericc RNA genome, which is the key event that must 
takee place prior to recombination. Because dimerization of 
retrovirall  RNA may be closely linked to the encapsidation 
processs (Berkhout & van Wamel, 1996; Clever & Parslow, 
1997;; Lever, 2000), it is quite possible that the inability to form 
heterodimerss between HIV-1 and HIV-2 RNA will also inhibit 
co-packaging.. Even if a heterodimeric RNA genome is 
packagedd successfully, there may be additional hurdles on the 
wayy to a recombinant virus. For instance, reverse transcription 
mayy be aborted because it requires identical repeat sequences 
inn the long terminal repeat elements. Furthermore, the 
recombinationn rate may be affected directly for co-packaged 
retrovirall  RNA dimers with a suboptimal D1S interaction 
(Balakrishnann et al, 2001; Lund et al, 1999). The likelihood of 
creatingg a viable recombinant virus is further restricted by the 
complexityy of the lentiviral genomes. The lentiviral genome 
encodess certain combinations of genetic elements that may 
loosee their function when detached by recombination. For 
instance,, the Tat-TAR and Rev-RRE interactions (Berkhout ef 
al,al, 1990; Dillon et al.. 1990; Emermanef ai. 1987; Malimera/., 
1989)) may hinder the generation of viable HIV-l/HIV- 2 
recombinants. . 

Itt has been suggested that at least !0% of the HIV variants 
currentlyy isolated may have mosaic genomes due to re-
combinationn (Robertson et al. 1995, 2000). Sequential re-
combinationn events, in which an early recombinant serves as a 
parentall  strain for subsequent recombinations, have also been 
describedd (Salminen et al., 1997). Two distinct DIS palindromes 
aree present among the different HIV-1 subtypes of the major 
groupp M: GCGCGC is present in subtypes B and D and 
GUGCACC in subtypes A. C, E, G, H and ]. Both D15 
palindromess have been described for subtype F viruses but 
GCGCGCC is found more frequently. Interestingly, we identi-
fiedfied both palindrome sequences in an individual infected with 
aa subtype F virus (E. Andersen, R. Jeeninga, B. Berkhout and J 
Kjems,, unpublished results). The GUGCAC palindrome is also 
presentt in viruses of the outlier group O and the new group N. 
Becausee the sequence of the palindrome may influence RNA 
heterodimerization.. we investigated whether the known 
recombinationn events occurred preferentially between HIV-1 
subtypess with the same DIS palindrome. Inspection of the HIV 
sequencee database (http:/hiv-web.lanl.gov/CRFs/CRFs.html) 
indicatess that most of the circulating recombinants have 
putativee parents with an identical DIS palindrome. It will be of 
interestt to perform a more in-depth study once more 
recombinantt viruses have been sequenced. We realize that 
thesee recombination patterns may have been strongly influ-

encedd by other factors, most notably the requirement for the 
twoo parental viruses to share a habitat. 

Thee results presented in this study are also relevant for 
safetyy issues concerning the use of retrovirus vectors for gene 
therapy.. Besides HIV-1, other lentiviruses, including HIV-2, 
havee been proposed as gene therapy vectors (Lever, 
2000;; Naldini et al, 1996). This raises the possibility of 
interactionn between the gene therapy vector and a wild-type 
lentiviruss obtained through natural infection. Upon co-
infectionn of the same cell, RNA heterodimerization and co-
packaging,, chimeric retroviruses with unknown pathogenic 
potentiall  may be generated by recombination. We already 
mentionedd that the likelihood of recombination between the 
genomess of different retrovirus species is minute. Safety 
concernss are more serious in situations where the same 
retroviruss is encountered as gene therapy vector and as 
infectiouss agent. In this case, vector mobilization and re-
combinationn are a much more likely scenario (Bukovsky et al, 
1999).. Extensive studies with animal retroviruses provide 
amplee support for this scenario (DiFronzo & Holland, 1993; 
MikkelsenMikkelsen et al, 1996; Schwartzberg et al, 1985). 
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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 

131 1 

mailto:adamiakr@ibch.poznan.pl


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. 

135 5 



wt t AP34 4 AP35 5 

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 ta are in good agreement with the secondary st ructure 
modell  of TAR. The single nucleotide bulges C5 and A ' ' are both 
identifiedd by DMS modification, as are U24 and U25 in the 
three-nucleotidee bulge (Fig. 5A. lane 3K In addition, we ob-
servedd DMS reactivity at A22, which forms a distorted base pair 
wit hh 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 mutant TAR elements, demonstrat-
ingg that the loop mutat ions do not result in gross rearrange-
mentt of the TAR secondary structure. Structure probing of the 
wild-typee TAR loop shows some characterist ics 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 pat tern 
iss observed when the RNA is probed with RNase Tl (results not 
shownn 1(11, 13. 371. and this observation was previously used to 
proposee that G " pairs with C30 <41>. Indeed. C30 is protected 
fromm modification by DMS (Fig. 5A. lane 3 and C, wt). U31 and 
A 355 are sensitive to DMS modification, which confirms the 
exposuree of the functional groups of these residues to 
thee solvent. 

Amongg the set of TAR loop mutants, significant changes in 
thee probing profile are observed. The most severe effect is 
observedd for mutants that 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 Gj : i are no longer differentially 
modifiedd and G; " is more reactive than in the wild-type context 
(Fig.. 5B). Furthermore, the pat tern of reverse transcr iptase 
stopss is redistr ibuted 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 
reactivit iess in the TAR loop, but it is apparent that both mu-
tan tss ('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 mutants exhibit increased reactivity of 
A 35,, which indicates that mutation of residue 34 disturbs the 
locall  loop structure. For mutant A34. there is an addit ional 
increasee in the reactivity of C3 0, which is protected in the 
wild-typee and in mutant C34 (Fig. 5C, mutant A34). Thus, 
substi tut ionn of G34 with an A results in exposure of residue C3 0, 
presumablyy by displacing C'"' from its stacked orientat ion on 
basee pair C2 9-G3 6. The absence of increased reactivity at C30 in 
mutantt C34 could be due to the presence of a pyrimidine at 
positionn 34 in this mutant, which may be insufficiently large to 
displacee C3 0. 

St ructuree probing with the single mutan ts 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 mutan ts G30C34 and U30A34 can form an alter-
nat ivee cross-loop base pair that may restore the loop s t ructure. 
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 tut ing G34 with C or A results in a high 
reactivityy of the mutant residue 34 and an increase in reactiv-
it yy of A 35 (Fig. 5, D and E. respectively!. Fur thermore, substi-
tut ingg residue ("'" ' with G or U reduces the reactivity of A' ' ' 
(Fig.. 5,1) and E). In the double mutants G30C34 and {.'30A34. 
thee reactivity of residue A 35 is restored to levels similar to that 
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FlG.. 5. Chemical s t ructure 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 addit ion, residue 34 is slightly pro-
tectedd in the double mutan ts compared with the single mu-
tants.. Thus, the double mutan ts restore the wild-type behavior 
off  residue Anr' and possibly the base par ing between residues 30 
andd 34. 

TranscriptionalTranscriptional Activity o/'LTR Promoters with a Wild-type 
oror Mutant TAR /.wip-We next assessed the effect of mutat ions 
inn the TAR loop on the activity of the l.TR promoter. C33A cells 
weree transient 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 transcript ion is not influenced by the structure of 
thee TAK loop (Fig. 6A>. The wild-type LTR activity with Tat 
wass set at 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 tran-
scriptionall  activation, with a modest 2-fold LTR activation. 
Mutantss G30 and U30 have a less severe effect, but the Tat 
responsee is significantly reduced to 6-fold. The double mutant 
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G30C344 roaches a Tat response of about 5-fold, a phenotype 
thatt is intermediate between that of the two individual mu-
tan tss G30 and C34. Thus, the double mutant part ia l ly compen-
satess for the defect caused by the C34 mutat ion. This compen-
satoryy effect is more prominent for the double mutant U30A34, 
whichh demonstrates a Tat response that exceeds the level ob-
servedd for the individual mutants L'30 and A34. These results 
indicatee that 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 transcript ion. Similar results were obtained in 
thee SupTl T-cell line (Fig. 6, C and D), indicat ing that these 
effectss hold t rue in the cell type that is physiologically relevant 
too HIV- 1 infection. 

DISCUSSION N 

Thee st ructure of the HIV-1 TAR element has boon studied 
extensively,, but the conformation of the apical loop has re-
mainedd elusive. Based on structure probing and modeling, it 
hass been suggested that the TAR loop is st ructured through a 
cross-loopp base pair involving nucleotides C1" and G34 141), but 
thiss model has received littl e attent ion. Recently, hydrogen 
bondss involving G '4 have been implied in stabil izing the apical 
loopp (34) and the C3 0-G34 base pair was observed t ransient ly in 
molecularr dynamics simulat ions (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 structured conforma-
tionn of the TAR loop is required for trans-act ivat ion of the 
LTRR promoter. 

Thee results we present in this study further support the 
notionn that the TAR loop is stabilized by the C3 0-G: i 4 cross-loop 
basee pair. We observed destabil ization of the TAR hairpin upon 
mutat ionn of the loop, indicating that the wild-type sequence 
contr ibutess to the overall stability of the TAR hairpin. Studies 
wit hh model TAR hairpins containing 2-aminopurine riboside 
subst i tut ionss in the loop support th is idea. Non-denatur ing 
PAGEE analysis and lead-probing showed that G34 plays a key 
rolee in maintaining a structured 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 ructure 
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 C30 in MD simulat ions of the 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 NM R studies. Close inspection of 
thesee NMR-derived st ructure 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 Ca 9, but 
commonlyy adopts an orientat ion away from G . However, sev-
erall  s t ructure models in the ensemble allow for hydrogen bond-
ingg between C30 and G34. Previously, it has proven difficul t 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 assignment 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 pair ing interaction with C3" would be consistent with assign-
ingg the off-range resonance to G34. 

RNAA st ructure probing of the wild-type TAR RNA and mu-
tantss with a disrupted or subst i tuted base pair at 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 mutants compared with 
singlee mutants indicated that the double mutants may par-
tiall yy 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 mutant and t rue rescue with 
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FlG.. 7. Phylogenetic analysis and summary of previous mutagenesis studies 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 mutant as compared with constructs with 
thee individual mutat ions. This demonstrates that the cross-
loopp base pair is required for Tat-mediated trans-activation of 
thee HIV- 1 promoter. The mutant analysis also suggests that 
thiss requires a 5'-pyrimidine and a 3'-purine in the cross-loop 
basee pair, since mutant G30C34 only partial ly rescues tran-
scriptionall  activation. Because the U30A34 mutant does not 
reachh wild-type levels of promoter activity in the presence of 
Tat,, i t is likely that the sequence as well as the st ructure of the 
TARR loop contr ibute to the 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 nomenclature for this motif, the T-loop or the lone 
pairr triloop (58, 59). There a re several additional examples of 
analogouss six-nucleotide RNA loops in which the first and fifth 
residuee form a cross-loop base pair. This loop structure 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 Hepat i t is B virus (65) and the 
internall  ribosomal entry 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 pair ing across the loop are common (59). Our results 
demonstratee that the apical loop of the HIV- l TAR hairpin fits 
thee description of this T-loop or lone pair triloop motif. 

Inn this study, we used a limited number of mutants to inves-
t igatee the st ructure of the TAR loop: a triple mutant in which 
3 2GGG344 is changed to AAA , two hairpins containing 2-amin-
opurinee subst i tut ions at positions 34 and 35. and a set of six 
mutan tss with point mutat ions at positions 30 and 34. Thus, the 
contributionn of mutat ions at 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 that 
highlightss the sequence variation within the loop. Residues 30. 
344 and 35 are strongly conserved, with substi tut ions in only 1 
(C30),, 3 (G34), and 4 (A35) out of 654 sequences. In transact iva-
tionn assays, mutat ions at residues C30, G32, and G3'1 have the 
mostt dramat ic effect on the Tat response of the LTR promoter 
(5,, 68). Binding of cyclin Tl is most sensitive to mutat ions at 
positionss G32 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 part ial ly rescued by a complementary sequence 
changee at position 30. Throughout these different analyses, C30 

andd G consistently emerge as conserved and functionally 
importantt residues, which is compatible with the s t ructured 
conformationn of the TAR loop containing a C3 0-G34 cross-loop 
basee pair. 

Wee observed that the structure of the TAR apical loop affects 
thee Tat-dependent phase of transcript ion 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 mutant U30A34 rescues Tat-dependent 
promoterr activity significantly exceeds the rescue of cyclin T l 
bindingg by the analogous mutant in Richter's study. This sug-
gestss that the role of the TAR loop in Tat-dependent t ranscr ip-
tionn may not be exclusively at tr ibutable to the TAR-cyclin Tl 
interaction.. Indeed, cyclin T l also affects transcript ion at the 
LTRR promoter independently of its interaction with TAR (69). 
Inn addit ion, other cellular proteins that bind to the TAR loop 
havee been described (20. 70-72) and may require the C: ' "-G34 

cross-loopp base pair for recognition of TAR. 
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Evidencee for  a base tripl e in the free HIV- 1 TAR RNA 

ABSTRACT T 

Wee propose the existence of a novel base triple in the HIV-1 TAR hairpin. This triple is 

supportedd by co-variation of loop residue 31 with residue 22, which is part of an unusual 

basee pair with U40 below the three-nucleotide bulge. A set of mutants was constructed 

too test the involvement of bases A22, U31 and U40 in a triple interaction. RNA structure 

probing,, trans-activation assays and structure modeling are consistent with the existence 

off  this base triple in a bent conformation of the free TAR element. However, disruption 

off  the base triple does not affect binding of a Tat-derived peptide. We therefore 

comparedd the structure of free and Tat-bound TAR RNA by foot printing and site-

specificc cross-linking analyses. These studies indicate that the Tat arginine-rich motif, in 

additionn to its known binding site at the bulge, is in close contact with U31 in the TAR 

loop.. Since binding of Tat to TAR is known to coincide with the formation of a base 

triplee with residues U23, A27 and U38, we hypothesize that Tat-binding and the 

associatedd straightening of TAR triggers the disruption of the (A22-U40)U31 triple. 
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INTRODUCTIO N N 

Thee HIV-1 Tat protein is a potent activator of transcription from the viral LTR promoter and 

iss essential for virus replication (Fisher et al., 1986;Dimitrov et al., 1993;Cullen, 1998). 

Trans-activationn is dependent on the interaction of Tat with the trans-acting responsive 

elementt (TAR), which is a 59 nt RNA hairpin present at the extreme 5' end of all HIV-1 

transcriptss (Muesing et al., 1987;Feng and Holland, 1988;Berkhout et al., 1989). The Tat-

TARR complex represents one of the most intensively studied RNA-protein interactions. 

Recombinantt Tat protein binds specifically to TAR in vitro (Dingwall et al., 1989), as do 

syntheticc peptides carrying the C-terminal arginine-rich domain of Tat (Weeks et al., 

1990;Weekss and Crothers, 1991;Weeks and Crothers, 1992). Through mutational analysis and 

chemicall  interference experiments, the Tat-binding site has been mapped to the three-

nucleotidee bulge and flanking base pairs in the TAR hairpin (Weeks et al., 1991 ;Berkhout and 

Jeang,, 1991;Churcher et al., 1993). The Tat-TAR binary complex recruits the Cyclin T 

subunitt of the P-TEFb complex, which associates with the apical loop of the TAR element 

(Weii  et al., 1998;Richter et al., 2002a;Richter et al., 2002b). This results in phosphorylation 

off  RNA polymerase II, which enhances transcriptional elongation at the LTR promoter 

(Marciniakk and Sharp, 1991;Parada and Roeder, 1996;Bieniasz et al., 1999). 

Thee structure of TAR RNA has been studied extensively, both in its free and Tat-bound 

form.. Free TAR has a relatively flexible structure due to the kink, or bend, introduced by the 

threee nucleotide bulge (Zacharias and Hagerman, 1995;Aboul-ela et al., 1996;A1 Hashimi et 

al.,, 2002). A recent NMR study demonstrated that the TAR hairpin can adopt two distinct 

conformationss in the absence of Tat (Long and Crothers, 1999). One conformer has the first 

bulgedd nucleotide, U23, stacked on top of the preceding A22-U40 base pair. The second 

conformerr has a bulge that extrudes from the helix, allowing the flanking stems to stack 

coaxiallyy as observed in the crystal structure (Ippolito and Steitz, 1998). This conformational 

versatilityy was confirmed in a recent study, which demonstrated that free TAR can sample 

conformationall  states with variable inter-helical bends (Al Hashimi et at., 2002). Distinct 

structuress have been suggested for the TAR loop and there is recent evidence that the apical 

loopp is stabilized by a cross-loop base pair between residues C30 and G34 (Colvin and 

Garcia-Bianco,, 1992;Critchley et al., 1993;Jaeger and Tinoco, Jr., 1993;Kulinski et al., 2003). 

Significantt structural changes in TAR have been observed upon binding of the complete 

Tatt protein, Tat-derived peptides and small molecular mimics such as argininamide. In 

general,, the changes induced by Tat or its derivatives are similar, since the specificity of Tat 

bindingg is mostly dictated by a single arginine residue (Calnan et al., 1991;Tao and Frankel, 
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1992).. Upon binding of Tat or a Tat-derivative, the bases in the bulge become unstacked and 

arcc extruded from the helical axis, which allows co-axial stacking of the two helical stems 

(Puglisii  et al., 1992;AbouI-ela et al., 1995;Long et al., 1999). This conformational change 

reducess the degree of bulge-induced bending such that TAR is straightened when bound by 

Tatt (Zacharias et al, 1995). Furthermore, the phosphate backbone along the three-nucleotide 

bulgee becomes inverted upon Tat binding, which is accompanied by the formation of a (A27-

U38)U233 base triple (Puglisi et al., 1992;Puglisi et al., 1993). Although the existence of the 

basee triple was questioned at first (Aboul-ela et al., 1996), it gained support from additional 

NMRR and molecular dynamics studies on the TAR hairpin of HIV-1 (Long et al., 1999;Nifosi 

ett al., 2000) and HIV-2 (Brodsky et al., 1998;Hennig and Williamson, 2000). 

Inn this study, we propose the existence of a novel base triple in the free TAR structure that 

iss different from the triple formed upon Tat-binding. The triple interaction in the free TAR 

RNAA coincides with the bent structure of the hairpin, which allows positioning of loop 

residuee U31 in proximity with the A22-U40 base pair below the bulge. We hypothesize that 

thee Tat protein disrupts this triple in the free TAR RNA by interacting with residue U31, 

straighteningg of the TAR hairpin and the formation of the known Tat-dependent (A27-

U30)U233 base triple. 
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RESULTS S 

Comparativee sequence analysis suggests the existence of a base tripl e with residues A22, 

U311 and U40 

Wee performed a comparative analysis of 722 TAR sequences from the Los Alamos HIV 

sequencee database and noticed a co-variation of loop position 31 with position 22, which is 

partt of an unusual base pair below the three-nucleotidc bulge (Figure 1). In most HIV-1 

isolates,, the 22-40 base pair is of the A-U type and loop residue 31 shows a marked 

preferencee for U (table 1). In some HIV-1 isolates of subtypes A and E the 22-40 base pair is 

G-UU and residue 31 shows a preference for C. Finally, all isolates of the O (outlier) group 

havee a G22-C40 base pair and always a C at position 31. In total, we scored 619 x U and only 

400 x C for residue 31 when there is an A at position 22 (A22-U40 base pair), and only 3 x U 

andd 58 x C when a G is present at position 22 (G22-U40 and G22-C40 base pairs). Such a 

coupledd co-variation between the residues at positions 22, 31 and 40 is indicative of either an 

alternativee secondary structure in which the residues interact as mutually exclusive base pairs 

orr of a base triple interaction (Gultyaev et al., 2000). Using the Mfold program, we found no 

evidencee for alternative secondary structures of TAR in which residues 22 and 31 interact 

directlyy (Zuker, 1989;Zuker and Turner, 1999;Mathews et al., 1999). The comparative 

sequencee analysis thus suggests the possibility of a base triple involving residues 22, 31 and 

40. . 
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HIV-1:: LAI (B) HIV-1: subtype A and E HIV-1: O group 

Figur ee 1. Secondary structure models of TAR elements from different HIV-1 subtypes. Only the top 

partt of the hairpin is shown, with the subtype B isolate LA I on the left. The TAR structures found in 

subtypess A and H (group M) and all group O isolates have an A-U to G-C co-variation of base 22 with 

31.. The identity of the 22-40 base pair is A-U. G-U' or G-C. 
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Tablee 1. TAR sequence variation at positions 22, 31 and 40. 

3t-> > 

22-40 0 

-yVu u 

G-U U 

G-C C 

U-U U 

A A 

--

--

--

_ _ 

G G 
_. . 

--

--

. . 

Numberss in bold indicate Watson-Crick 

complementarityy between residues 22 and 31. 

Inn spite of the coupled co-variation between the 22-40 base pair and loop residue 31, 

wee observed that the Watson-Crick type complementarity is violated by mismatch mutations 

inn 6.2 % of the sequences analyzed. For comparison, mismatches in regular base pairs of the 

TARR stem occur between 0.3 % (e.g. A27-U38) and 4.6 % (e.g. C18-G44) within this set of 

sequences.. In fact, the mismatch frequency of 6.2 % is rather low compared to the relatively 

highh level of uncorrelated base changes associated with base triples in rRNA, tRNA and 

groupp I introns (Gautheret et al., 1995;Tanner et al., 1997;Babin et al., 1999). Thus, this 

comparativee sequence analysis presents strong phylogenetic support for a (22-40)31 base 

triplee in the HIV-1 TAR element. 

Sitee directed mutagenesis and RNA structure probing of the (A22~U40)U31 tripl e 

Too directly test the possibility that bases A22, U31 and U40 form a base triple, we constructed 

aa set of mutants in which the putative triple is either disrupted or substituted by a (G-C)C 

triplee (Figure 2A). Mutant 1 contains a U to C substitution at position 31, resulting in a 

mismatchh between positions 22 and 31. Mutant 2, also contains the U31C substitution and the 

A22-U400 base pair is substituted by G22-C40, which introduces the putative (G22-C40)C31 

basee triple observed in the O group of HIV-1 isolates. Mutant 3 contains the G22-C40 base 

pairr alone and in mutant 4 the A22-U40 base pair is reversed to U22-A40, resulting in a 

mismatchh between positions 22 and 31 in both mutants. 

Wee performed structure probing on the wild type and mutant TAR RNA using the 

chemicall  probes kethoxal, DMS and DEPC. The probing results with the wild type TAR are 

inn excellent agreement with the proposed secondary structure of TAR. The loop residues U31 

andd A35 react with DMS (Figure 2A lane 3, untreated control in lane 1), and G32 and G33 are 

accessiblee to kethoxal (Figure 2A, lane 2). Loop residues C30 and G34 are protected from 
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255 2& 23 22 

Figuree 2. Chemical structure probing of wild type and mutant TAR RNA. (A) Autoradiograph of 

primerr extension reactions to map modified nucleotides. The wt and mutant TAR elements arc shown 

onn top. with substitutions marked in grey. TAR RNA was left untreated (-: lanes 1. 5. 9. 13 and 17) or 

incubatedd with kethoxal (KET; lanes 2. 6. 10. 14 and 18), DMS (lanes 3. 7, 11, 15 and 19) and DEPC 

(laness 4. 8. 12. 16 and 20). Nucleotides marked by arrows indicate positions where differential 

modificationn is observed between the wt and mutant RNA. The gel is representative of three 

independentt experiments. (B) Densitograms of the gel shown in (A) highlighting DMS modification in 

thee bulge (left column) and loop (right column) regions. 

modificationn by DMS and kethoxal, respectively, which is consistent with the C30-G34 cross-

loopp base pair (Critchley et al, 1993;Richter et al.. 2002a;Kulinski et al.. 2003). Within the 

TARR stem, the two single nucleotide bulges C5 and A17 are readily identified by DMS and 

DEPCC reactivity (Figure 2A. lanes 3 and 4). Bases U24 and U25 within the bulge are also 

DMS-reactive,, whereas U23 is only weakly reactive (Figure 2A, lane 3). The weak reactivity 

off  U23 is in agreement with previous NMR studies, which demonstrated that U23 is stacked 

onn top of the A22-U40 base pair (Puglisi et al.. 1992;Aboul-ela el al, 1995;Aboul-ela et al, 

1996;Longg et al, 1999). We observed a significant DMS reactivity of A22, which forms a 

basee pair with L'40. Residue A22 has previously been shown to react with DEPC and DMS 

(Weekss et al. 1991). and NMR analyses indicated that the A22-U40 base pair has a distorted 

geometryy with a widened major groove (Aboul-cla et al. 1995;Aboul-ela et al.. 1996). 

148 8 



Eachh mutant maintains the characteristic reactivity profile of the TAR hairpin, e.g. 

reactivityy of the single nucleotide bulges C5 and A17, U24 and U25 in the three-nucleotide 

bulgee and G32 and G33 in the apical loop (Figure 2A). However, significant differences were 

observedd in the extent of modification of residues 22 and 31. The U31C substitution in mutant 

11 results in a significantly stronger reactivity of A22 as compared to the bulge residues U24 

andd U25 in the wild type TAR (Figure 2B, bulge: compare wild type and mutant 1). This 

resultt is consistent with the disruption of an interaction between residues 22 and 31. In 

addition,, there is a dramatic decrease in reactivity of C31 in mutant 2 compared with mutant 1 

(Figuree 5B). The protection of residue 31 in mutant 2 indicates that a base triple interaction 

hass indeed been reconstituted in this mutant (Figure 2B, loop: compare mutant 1 and mutant 

2).. Analysis of mutants 3 and 4 showed only subtle increases in the reactivity of U31, but this 

iss nonetheless in agreement with a disrupted interaction between A22 and U31. 

Promoterr  activity and Tat-binding properties of mutant TAR constructs 

Wee next investigated the effect of the mutations in TAR on its role in viral gene expression. 

C33AA cells were transiently transfected with wild type and mutant LTR-luciferase reporter 

plasmidss with and without a Tat expressing plasmid. Differences in the transfection efficiency 

weree controlled for by using the dual luciferase system. Wild type LTR activity with Tat was 

sett at 100% (Figure 3A), corresponding to a 13-fold Tat-induction (Figure 3B). Each of the 

TARR mutants supports Tat-mediated trans-activation, but the efficiency is significantly 

reducedd compared with the wild type. Among the TAR mutants, mutant 2 with the 

reconstitutedd (G22-C40)C31 triple shows the highest Tat-response and it reaches a wild-type 

levell  of 13-fold trans-activation (Figure 3B), Mutants 1, 3 and 4 with a disrupted base triple 

exhibitt an approximate 8-fold response. Thus, the reconstituted mutant 2 is more active than 

mutantss 1 and 3, which contain the individual mutations present in mutant 2. These results 

supportt a role for the (A22-U40)U31 base triple in HIV-1 gene expression. 

Wee also investigated the ability of the wild-type and mutant TAR hairpins to bind Tat. 

Noo differences were observed in Tat-affinity between the wild type and mutant TAR elements 

inn band shift assays with a thirteen amino acid Tat peptide (Figure 3C). Additional titrations 

withh this peptide and an E. coli expressed recombinant form of the Tat protein did not yield 

detectablee differences in Tat-binding affinity (results not shown). This is consistent with 

previouss studies in which similar TAR mutants were shown to have essentially no effect on 

Tatt binding (Weeks et al., 1991;Weeks et al, 1992;Delling etal., 1992;Churcher et al., 1993). 

Thus,, we cannot correlate the defects in LTR promoter activity with reduced Tat-affinity of 
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Figur ee 3. Analysis of Tat-mediated trans-
activationn of LTR-luciferase constructs with the 
wtt and mutant TAR elements. (A) Relative 
promoterr activit ies with and without co-
transfectionn of a Tat-expressing plasmid. The 
luciferasee activity measured in C33A cells for 
thee wt construct with Tat was set at 100%. The 
resultss are (he average of six independent 
transfections.. (B) Tat-mediated fold induction of 
thee LTR promoter with wt and mutant TAR 
elements.. (C) Binding of Tat peptide to wt and 
mutantt TAR elements as analyzed by mobility 
shiftt experiments. Arrows indicate the position 
off  free TAR and the TAR-Tat complex. 

Figur ee 4. Structure modeling of the H1V-1 
TARR hairpin. (A) Major groove view of the 
TARR apical loop with C30-G34 hydrogen 
bondss shown as dashed lines. Phosphate 
backbonee atoms are shown in orange, oxygen 
andd nitrogen from bases are highlighted in red. 
(B)) Detailed view of the proposed (A22-
U31)U400 base triple interaction. Triplet bases 
aree highlighted in green. (C) Overall view of 
thee TAR hairpin with the C30-G34 base pair 
andd the (A22-U40)U31 triple in a ribbon 
representation.. Guanines are shown in green, 
uracilss in red. adenines in blue and cytosines in 
cyan.. (Appendix VII.1) 

thee TA R mutants. This suggests that the role of the (A22-U40)U31 base triple in H1V-1 gene 

expressionn acts at a level distinct from Tat binding. 

1 5 1) ) 



Modelingg the (A22-U40)U31 tripl e in the free TAR hairpin 

Thee (A22-U40)U31 base triple is most likely exists in the tree TAR hairpin as it is known to 

bee highly bent, such that the loop comes in close proximity to the bulge (Aboul-ela et al, 

1995;Aboul-elaa et al, 1996;Huq et al., 1999;A1 Hashimi et al, 2002). To assess whether 

formationn of the (A-U)U triple in the TAR hairpin is physically possible, we sought to model 

thiss interaction using the available structural data on TAR (Aboul-ela et al., 1996;Long et al., 

1999),, In addition to the published NOE restraints (Aboul-ela et al, 1996), we introduced 

distancee restraints to calculate conformers with i) efficient C30-G34 pairing (GCcross) and ii) 

GCLTDSSS together with a (A22-U40)U31 base triple interaction ((A-U)U+CGcross, see Figure 4 

andd supplementary material). The presence of a cross-loop base pair between residues C30 

andd G34 was suggested by several studies and is consistent with our current structure probing 

resultss (Critchley et a!., 1993;Nifosi et al., 2000;Richter et al, 2002a;Kulinski et al, 2003). 

Forr the GCLTÜSS base pair, we implemented classical GC base pairing restraints with loose 

borderss (S3). We faced more uncertainty on how to build up the base triple interaction. 

Nevertheless,Nevertheless, based on the available TAR structures and the geometry of known (A-U)U 

triples,, we chose to impose loose NOE restraints to bring U31 towards the A22 Hoogsteen 

side.. U40 was kept paired to A22 in a Watson-Crick fashion with large distance borders (S4). 

Inn the ensembles of converged structures for both CGcross and (A-U)U+CGcrüss, the 

NOEss and dihedral experimental restraints were fully respected, with no NOE violation (> 

0.5A)) and no dihedral violation (> 2°). All short 1H-1H distances (< 5 A) were carefully 

checkedd to see whether they could be accounted for. For the CG^0" set, no inconsistencies 

betweenn the experimental NOEs and the back-calculated distances were observed. For (A-

U)U+CGCTOSS,, a small number of short sugar-sugar distances between C29 and C39 were 

observedd in some of the derived models. In conclusion, in each independent CGcro5S and (A-

U)U+CGcrosss ensemble, we found molecules that fully fulfilled the distance restraints criteria 

derivedd from the previous experimental NMR restraints (Aboul-ela et al, 1996;Long et al, 

1999). . 

NMRR chemical shifts (CCS) are meaningful parameters to cross-validate the local 

conformationn of RNA structures as they can be predicted with high reliability (Wijmenga et 

al.,, 1997;Cromsigt et al., 2001). As proton assignments of the free TAR element are available 

(Longg et al, 1999) we investigated whether our calculated structures agree with the 

experimentall  CCS data set (see Material & Methods). For the Aboul-Ela (Aboul-ela et al, 

1996),, CGcross and (A-U)U+CG':rüSS structural ensembles, we observed good agreement 

betweenn the back-calculated and experimental CCS for residues in the helical parts (see SI). 
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Interestingly,, the implementation (A22-U40)U31 triple interaction leads to highly bent 

conformerss for which the CCS prediction of the Tat binding pocket is better than what is 

derivedd for the helical stems: considering the Aboul-Ela, CGcmSi and (A-U)U+CGLross models, 

thee mean deviation for the bulge is respectively 0.20, 0.21 and 0.14 ppm (see SI). The loop 

CCSS shows a somewhat higher deviation (0.2-0.3 ppm; see SI),which is likely to be due to 

thee presence of multiple conformations (Long et al., 1999). An interesting case is the loop 

residuee U31: for the Aboul-Ela and (A-U)U+CGeross models, the U31 CCS deviation is 0.07 

andd 0.37 ppm respectively. A closer analysis of the Aboul-Ela models showed that in many of 

thee structures, TJ31 points towards the major groove of the loop allowing efficient stacking on 

topp of C30 and leading to higher ring-current effects. In the CGcro" or (A-U)U+CGcrüSS 

models,, when we considered only conformers with this kind of loop folding, U31 CCS 

becamee very well predicted (-0,1 ppm, S2). In this subset, the prediction for other loop 

residuess (C29 to C36) were as good as, and in some cases better than, the published structures 

(Aboul-elaa et al., 1996)(S2). In summary, the C30-G34 cross-loop base pair and the (A22-

U40)U311 triple are consistent with all structural information derived by solution NMR studies 

onn the free TAR element, although no direct evidence for the hydrogen bonds are observed. 

Sincee the free TAR structure is considerably flexible it is possible that both the cross-loop 

basee pair and the triple are present transiently. 

RNAA structure probing of free and Tat-bound TAR 

Too identify structural differences between the free and Tat-bound forms of TAR, we 

performedd RNA structure probing with and without an arginine-rich 13 amino acid Tat 

peptidee (Figure 5). Upon binding of the Tat peptide, several changes in the TAR RNA 

structuree arc apparent (Figure 5B, lanes 3 and 5). To highlight changes for the bulge and loop 

regions,, we plotted the reactivity profiles in Figure 5C, D and E. As expected, bulge residues 

U23,, U24 and U25 are strongly protected from DMS modification by the Tat peptide (Figure 

5C).. The reactivity of A22 is also lost, which is in agreement with the notion that the A22-

U400 base pair adopts a canonical Watson-Crick geometry that stacks coaxially with G26-C39 

uponn binding of Tat (Long et a/., 1999). However, we cannot exclude the possibility that A22 

iss protected by the peptide itself. Differential reactivity is also observed in the TAR loop upon 

bindingg of the Tat peptide. U31 is protected from DMS by the Tat peptide (Figure 5D) and 

residuess G32 and G33 are more reactive to kethoxal in the presence of Tat (Figure 5E). 

indicatingg that binding of Tat to the bulge influences the conformation of the loop. The Tat-

mediatedd protection of U31 suggests a direct interaction of the arginine-rich peptide with the 
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Figuree 5. Footprinting analysis of TAR in the presence of a Tat-derived peptide. (A) Secondary 

structuree model of the TAR hairpin as present in the HIV-I subtype B LAI isolate. (B) Chemical 

structuree probing of TAR RNA in the absence and presence of Tat-peptide. Reactions correspond to 

untreatedd RNA (U, lane 1), DMS modification (lanes 2 and 3) and kethoxal modification (lanes 4 and 

5)) in the absence or presence of Tat peptide, as indicated on top of the lanes. Arrows indicate 

nucleotidess that display differential modification upon Tat binding and these residues arc marked in 

panell  A. (C)-E Densitograms of the structure probing results highlighting DMS reactivity in the bulge 

regionn (C). DMS reactivity in the loop region (D) and kethoxal reactivity in the loop region (E). Thin 

blackk lines correspond to the untreated control and Tat unbound and bound RNA is represented by 

thickk black and thick grey lines, respectively. 

TARR loop. In fact, a Tat-dcpcndent footprint in the TAR loop has been observed previously in 

assayss with ribonucleases A and T l . in which case protection may be due to stcric hindrance 

(Harperr and Logsdon. 1991). Because we observed the same effect with small chemical 

probess it is likely that protection of U31 is due to a direct interaction with Tat. 

Sitee specific cross-linkin» of free and Tat-bound TAR 

Too further investigate the possibility that L'31 interacts directly with the arginine-rich motif in 

thee Tat-TAR binary complex, we performed a site-specific cross-linking experiment. A 27-
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Figuree 6. Site specific cross-linking of TAR with a 4-thiouridine at loop residue 31 in the absence and 

presencee of Tat peptide. (A) The 27-mer TAR hairpin with the modified loop residue. (B) Separation 

off  cross-linked products on a 12% denaturing polyacrylamide gel. Samples correspond to TAR RNA 

withoutt UV exposure (lane 1), TAR RNA after UV exposure in the absence (lane 2) and presence 

(lanee 3) of Tat peptide. Three cross-linked species were identified and excised from the gel (XI . X2 

andd X3). Cross-link X3 appears as a smear on this gel. but was observed as a discrete band on shorter 

exposuress (lane 3*). (C) Mapping of the cross-linked bases by partial hydrolysis of 5' end-labeled 

RNA.. Control lanes include a Tl digestion showing the guanosine residues (lane 1) and a partial 

hydrolysiss ladder of uncross-linked TAR RNA (lane 2). 
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oligomerr comprising the top part of TAR with a photo reactive 4-thiouridine at position 31 

wass synthesized (Figure 6A). UV-induced cross-linking was performed with j2P end-labeled 

RNAA in the absence and presence of the Tat peptide. The samples were loaded on a 

denaturingg polyacrylamide gel to identify and to excise cross-linked species (Figure 6B). 

Cross-linkingg of the free TAR RNA produced two slow-migrating species, termed XI and X2 

(Figuree 6B, lane 2). Without UV exposure no cross-linked species were obtained (Fig 6B, 

lanee 1). This result indicates that U31 cross-links to sites within the TAR RNA in the absence 

off  Tat, which would be consistent with the involvement of U31 in the (A22-U40)U31 base 

triplee of free TAR. In principal, these cross-links could also be intermolecular, but we have 

nott observed a significant amount of TAR dimers on native gels to support this possibility 

(resultss not shown). The cross-linked product X2 is specifically lost in the presence of Tat 

peptide,, indicating that it corresponds to an interaction that is specific for free TAR RNA 

(Figuree 6B, lane 3). A novel fast migrating cross-linked species X3 is observed with Tat, 

suggestingg that it is an RNA-protein cross-link (Figure 6B, lane 3). Indeed, the migration of 

thiss cross-linking product was sensitive to treatment with proteinase K (result not shown). The 

X33 species appears as a smear, but it migrates as a discrete band that is distinct from the 

uncross-11 inked RNA on shorter exposures (Figure 6B, lane 3*). 

Too identify the sites that cross-link to U31, we performed partial hydrolysis of the gel-

excisedd cross-link products. RNAse Tl digestion and partial alkaline hydrolysis of uncross-

linkedd TAR were performed to provide an RNA sequence ladder (Figure 6C, lanes 1 and 2). 

Thee hydrolysis ladder of the XI and X2 samples covers the entire length of the molecule 

(Figuree 6C, lanes 3 and 4). The same result was obtained when the RNA was labeled at the 3' 

endd instead of the 5' end (result not shown). Since there is no gap in the hydrolysis ladders of 

XII  and X2, the residues involved in these cross-links could not be identified. This could be 

duee to the nature of the covalent bond formed upon cross-linking, which may be as 

susceptiblee to hydrolysis as the RNA phosphate backbone. The hydrolysis ladder of X3 

terminatess at the position of the 4-thiouridine cross-linker, U31. The 3' end-labeled sample 

alsoo yielded a stop at position 31 (not shown), demonstrating that U31 is indeed the position 

att which the cross-link occurred. Together, these results indicate that the cross-linked product 

X3,, which is uniquely observed in the presence of the Tat peptide, represents an RNA-protein 

cross-link.. Thus, U31 must be in close proximity to Tat in the Tat-TAR binary complex. 
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DISCUSSION N 

Wee provide evidence for a new (A22-U40)U31 base triple in the free HIV-1 TAR hairpin. 

Thiss base triple is different from the one observed upon binding of Tat, which involves the 

bulgee residue U23 and the A27-U38 base pair. Thus, our results suggest that TAR has the 

abilityy to adopt two different base triples, one in the absence and one in the presence of Tat. 

Bindingg of Tat is known to cause a reorientation of the TAR structure such that the helical 

bendd is straightened and the bulge is looped out from the coaxially stacked stems (Figure 7). 

Thiss change in the tertiary structure of TAR may ensure that the (A22-U40)U3I triple is 

disruptedd as the (A27-U38)U23 triple is formed. This offers the intriguing possibility that 

HIV-11 gene expression requires a tertiary structure switch between two mutually exclusive 

basee triples in TAR. 

Thee evidence we provide for the (A22-U40)U31 triple in the free TAR RNA derives 

fromm comparative sequence analysis, RNA structure probing, molecular modeling and trans-

activationn assays. Several previous reports are also consistent with this Tat-independent base 

triplee in TAR. For instance, NMR studies positioned the loop in the vicinity of the bulge due 

too the helical bending that is induced by the stacked bulge conformation in free TAR (Aboul-

elaa et aL, 1996;A1 Hashimi et aL, 2002), Furthermore, the A22-U40 base pair in free TAR is 

knownn to adopt an unusual conformation with a widened major groove (Weeks et aL, 

1991;Aboul-elaeff  a/., 1995;Aboul-ela et aL, 1996). It has also been reported that tethering of 

ann Fe-EDTA chelate to U24 in the TAR bulge yields cleavages in the apical loop (Huq et aL, 

1999)) and metal ion induced cleavages of free TAR have been mapped to the loop and bulge 

(Olejniczakk et al., 2002). We observed that implementing the (A22-U40)U31 triple during 

structuree modeling causes a major bend in the TAR hairpin. As the induced distortion is 

partiallyy absorbed by the three-nucleotide bulge, the formation of the triple appears correlated 

withh the structural changes in the bulge. This suggests that the conformational dynamics of 

thee bulge observed in previous studies (Aboul-ela et a!., 1996;Long etai, 1999;A1 Hashimi et 

aL,aL, 2002) may be explained by the ability of free TAR to adopt both the bent conformer in 

whichh the (A22-U40)U31 triple can form and the straight conformer with the (A27-U38)U23 

triplee in solution. 

Mutationall  disruption of the (A22-U40)U31 base triple diminishes reporter activity in 

LTR-luciferasee assays, which is rescued in the mutant with a reconstituted (G22-C40)C31 

triplee that is also present in natural HIV-1 isolates of the O group. We note that the reporter 

activityy of all the mutants was only moderately reduced compared to wild type TAR. It is 

thereforee unlikely that these mutations have a severe impact on the interaction of TAR with 
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BentBent (-Tat) StraightStraight (+Tat) 

Figuree 7. Structure models for the bent and straight conformations of the HIV-1 TAR hairpin. (A) The 

bentt TAR structure with the (A22-U40)U3 1 triple can fold in the absence of the Tat protein and is 

derivedd from the structure modeling described in the text. (B) A straight conformer of TAR bound by 

thee Tat-mimic argininamide (Puglisi et a/., 1992). which forms the (A27-U38)U23 base triple. 

(Appendixx VII.II ) 

Tat.. Indeed, none of the mutants have a defect in binding of the Tat peptide, which is 

consistentt with previous studies (Weeks et a/., 1991;Weeks et a/., 1992;Delling et al., 

1992;Churchcrr et a/.. 1993). This suggests that the bent TAR conformation with the (A22-

U40)U311 triple affects steps in HIV-1 gene expression other than Tat-mediated trans-

activation.. The base triple that we propose may constitute a binding site for a cellular protein 

involvedd in HIV-1 gene expression, but this need not necessarily be a component of the 

transcriptionall  machinery. For example, the eukaryotic translation initiation factor 2 (eIF2) 

bindss to TAR in a structure-specific manner and mutational disruption of this interaction 

decreasess the translational efficiency (Ben Asouli et al.. 2000). 

Wee observed that binding of a Tat peptide to TAR results in protection of the bulge 

residuess from chemical modification and this coincides with differential reactivities in the 
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apicall  loop. Loop residue U31 is protected from chemical modification in the presence of the 

peptidee and subsequent cross-linking experiments indicated that this loop residue is in close 

proximityy to the peptide. In previous studies, cross-linking of a 4-thiouridine substituted TAR 

att position 31, identical to the RNA used in this study, was performed with an 86 amino acid 

Tatt protein (Richter ei al., 2002b) and a 35 amino acid Tat-derived peptide (Wang et al., 

1999).. Since we used a 13 amino acid Tat-derived peptide, we can narrow the loop-protein 

interactionn down to the arginine-rich motif in Tat, which is consistent with the proposal that 

Arg577 contacts U31 in the apical loop (Wang et al., 1999). The study of Richter and co-

workerss indicates that TAR cross-links less efficiently to Tat than to cyclin Tl , which binds to 

thee TAR loop (Richter et ai, 2002b). The interaction of Tat with the loop may thus be rather 

weak,, which is consistent with reports showing that mutations in the TAR loop have a 

negligiblee effect on the affinity for Tat (Dingwall et al., 1990;Roy et al., 1990;Sumner-Smith 

ett al., 1991). Interestingly, a recent in vivo study proposed an interaction of Tat with the TAR 

loop,, based on swapping experiments with the equine infectious anemia virus (EIAV) Tat 

proteinn and TAR RNA (Lund et al, 2003). 

Wee propose that the highly bent structure of the HIV-1 TAR hairpin in the absence of 

Tatt coincides with the formation of a (A22-U40)U31 base triple. Binding of Tat to TAR 

resultss in disruption of this triple by straightening of the hairpin, causing a reorientation of the 

A22-U400 base pair and shielding of U31 by the protein. Furthermore, Tat facilitates the 

formationn of the base triple involving residues U23, A27 and U38. We cannot currently 

foreseee how such a tertiary structure switch may be operational in the biology of HIV-1. In 

particular,, it is unclear whether the (A22-U40)U31 triple is functional prior to or after the 

interactionn of the Tat protein with TAR. Identification of a factor that specifically binds the 

bentt TAR structure may shed light on this intriguing new feature of the HIV-1 TAR element. 
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MATERIAL SS AND METHOD S 

Comparativee sequence analysis 

Sequencess of different HIV-1 isolates were obtained from the HIV database at Los Alamos 

(http://-web.lanl.gov/).. Only isolates with a complete TAR sequence were considered in the 

analysis,, yielding a total of 722 sequences from most of the prevailing HIV-1 subtypes. 

Plasmidd constructs 

Thee pBlue3'LTR-luc plasmid contains an Xhol-HindU] fragment of the HIV-1 LAI proviral 

DNA,, encoding the complete U3 region, the transcription start site (+1) and R sequences up 

too position +82, coupled to the Firefly luciferase reporter gene (Jeeninga et at., 2000). For 

mutationn of the TAR hairpin, a PCR was performed with the primer LAI5'X (5'CAT TCT 

AGAA TGG AAG GGC TAA TTC ACT CCC 3') and one of the following a mutagenic 

primerss (substituted nucleotides underlined): R80/16WT 5'-GCT TTA TTG AGG CTT AAG 

CAGG TGG GTT CCC TAG TTA GCC AGA GAG CTC CCA GGC TCA AAT CTG GTC-

3',, R80/61MUT1, 5'-GCT TTA TTG AGG CTT AAG CAG TGG GTT CCC TAG TTA 

GCCC AGA GAG CTC CCG GGC TCA AAT CTG GTC-3', R80/61MUT2 5'-GCT TTA 

TTGG AGG CTT AAG CAG TGG GTT CCC TAG TTA GCC AGG GAG CTC CCG GGC 

TCAA AAC CTG GTC-3', R80/61MUT3 5'-GCT TTA TTG AGG CTT AAG CAG TGG 

GTTT CCC TAG TTA GCC AGG GAG CTC CCA GGC TCA AAC CTG GTC-3', 

R80/61MUT44 5'- GCT TTA TTG AGG CTT AAG CAG TGG GTT CCC TAG TTA GCC 

AG!!  GAG CTC CCA GGC TCA AAA CTG GTC - 3'. The PCR fragments were digested 

withh Bfrl and DraUl and cloned in the corresponding sites of pBlue3'LTR-luc. All mutations 

weree verified by sequence analysis. The pRL-CMV plasmid contains the Renilla luciferase 

reporterr gene under the control of the CMV promoter and is used as an internal control 

reporterr plasmid in transfection assays. pcDNA3-Tat expresses the HIV-1 LAI Tat gene from 

thee CMV promoter (Verhoefetal., 1997). 

RNAA structure probing 

Forr chemical structure probing, 2 ug of in vitro synthesized RNA corresponding to the first 80 

nucleotidess of HIV-1 transcripts (1-80) was dissolved in water and heated to 80°C. Tubes 

weree then placed in a 60°C water bath, buffer was added and the solution was allowed to 

slowlyy cool to 37ÜC. Final solutions contained 50 mM Na Cacodylate buffer (pH 7.2), 1.0 
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mMM MgCl2, 1 niM DTT and 10% glycerol in a total volume of 100 ui. In footprinting 

experiments,, 5 jig of the BI 3 Tat peptide was added. A volume of 1.0 ul of DMS, DEPC or 

kethoxall  was added and allowed to react for 5 min (DMS) or 15 min (DEPC and kethoxal). 

Reactionss were stopped by addition of 5 JJ.1 of total E.coli tRNA (10 ug/ul. The samples were 

treatedd with proteinase K and SDS to remove protein and subsequently precipitated with 

ammoniumm acetate and ethanol. The precipitated RNA was dissolved in 10 ul water, of which 

22 ul was used for primer extension. The primer R80/61 anneals to nucleotides 61-80 of the 

transcript.. Reverse transcription with AMV Reverse Transcriptase was performed as 

describedd previously (Huthoff and Berkhout, 2001). Samples were precipitated and loaded on 

aa 10% denaturing polyacrylamide gel. The intensity of RT stops caused by base modification 

wass analyzed on a Storm 860 phosphorimager. 

Cellss and transfection 

Transfectionn of C33A was performed by the calcium phosphate method as previously 

describedd (Das et al., 1999). The transcriptional activity of the wild-type and TAR-mutated 

HIV-11 LTRs was determined by transfection of C33A cells with 20 ng wild type or mutant 

TARR pBlue3'LTR-luc, 2.5 ng pRL-CMV, with or without 30 ng pcDNA3-Tat and 1.0 ug of 

thee empty pBluescript. At two days after transfection, cells were isolated by centrifugation at 

2600 g for 10 min. The Dual-Luciferase Reporter Assay System was used to determine the 

Fireflyy and Renilla luciferase levels. 

Tatt  protein band shifts 

Forr protein band shifts we used the Consensus B Tat-13 peptide with the sequence H-Arg-

Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-Pro-Gln-Asp-Ser-Gln-OH.. The peptide was dissolved in 

waterr to a concentration of 1 u.g/u.1 and aliquots were stored at -80°C. Radiolabeled TAR 

RNAA (250 ng) was refolded by heating to 80°C, addition of Tat binding buffer (25 mM Tris-

HC11 pH 7.5, 100 mM KC1, 1 mM MgCl2, 1 mM DTT, 10% glycerol) and subsequent slow 

coolingg from 60°C to 37UC. Tat peptide (0.5 ug) was added at 37°C and incubated for 30 min. 

Thee total volume of the samples was 10 ul. After the incubation, an equal volume of loading 

bufferr was added and samples were analyzed on 4% no-denaturing polyacrylamide gel (0.25 x 

TBE)) that was run at room temperature. 
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Structur ee modeling 

Thee 20 deposited TAR structures (Aboul-ela et ai, 1996), as well as their enclosed data set 

(RCSBB website AN: 1ANR), were used as starting material. We considered three different 

casess in our structure modeling. First, we used the published NMR structural restraints to 

ensuree that calculated structures display similar space sampling and RMSD as the published 

structurall  ensemble. Second, additional restraints were introduced to allow C30-G34 base 

pairingg in a Watson-Crick fashion <GCcross). Third, the C30-G34 pair was formed in 

combinationn with the base-triple type involving residues A22, U31 and U40 ((A-

U)U+GCcross).. In addition to the NMR experimental restraints, mild planarity was imposed on 

basee paired residues to ensure better helical twist parameters and to prevent possible base 

distortionn (see S3 and S4). In each case, 100 molecules were calculated via the following 

simulatedd annealing protocol: The starting structures were submitted to a torsion angle 

dynamicc (TAD) protocol performed with XPLOR version 3.851 (Brunger, 1992). 

Temperaturee was raised from 300K to 20000K in 40 steps (total duration of 30 psec), with a 

stepwisee increase of NOE energy from 5 to 150 KcaLmol^.A"2. The initial steps, carried out 

underr low NOE energy, ensured randomization of the backbone angle but kept the structures 

partiallyy folded. During a slow cooling period, the temperature was scaled down to 1000K, 

keepingg high NOE energy (150 Kcal.mol'.A  2) and low dihedral force constant (5 Kcal.mol" 

.radd ). After switching to Cartesian space, the system was submitted to 3psec restrained 

molecularr dynamic (rMD) during which the molecules were cooled down to 300K, the NOE 

andd dihedral energy terms were respectively re-scaled to 50 Kcal.mol"l.A"2 and 200 Kcal.mol 

.rad"".. A last step of 2psec of rMD at 300K was carried out for equilibration with the final 

energyy term values and calculation was concluded by 1000 steps of Powell minimization. 

Convergencee of models 

Whenn the C30-G34 base pair was imposed alone, 59 out of 100 structures respected the 

acceptancee criteria, i.e. no NOE violation > 0.5 A and no dihedral violation > 2°. When the 

cross-loopp and triple interactions were imposed simultaneously, 28 out of 100 structures 

convergedd to low energies with no restraint violations. For (A-UyU+GC"035, the NOE energy 

termm was on average 2 times higher than for GCtross, i.e. -60 KcaLmof' instead of -30 

Kcal.mol""  . The two final sets of structures consist of the 20 best models according to the 

lowestt global energy and the absence of structural restraint violations. In both families of 

convergedd models, the RMSD for the first stem (residues 17-21/41-45) remains around 1.00 
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A.. A similar RMSD was calculated for the upper stem (residues 26-29/36-39) in the GCcr0S5 

ensemble.. For the (A-U)U+GCcross ensemble, a slightly larger RMSD was obtained for this 

stem.. Nevertheless, it was scaled down to ~1.00 A when we considered the 15 best structures 

insteadd of 20. The definition of the lower part of loop (29-30/34-36) was significantly 

improvedd by distance restraints imposed on residues C30 and G34, with an RMSD of-1.2 A. 

'H- ' HH distance validation 

Too validate the consistency of the structural ensembles with the published TAR NMR data 

set,, we checked whether the GCT0SS and (A-U)U+GCcross restraints would introduce short non-

exchangeablee proton-proton distances not described in the previous NMR studies (Long et al, 

1999).. MOLMOL (Koradi et al., 1996) was used to extract all non-exchangeable 'H - 'H 

distancess < 5 A among the 3 ensembles. Every short distance observed in at least 50% of the 

moleculess of the ensemble was considered as being observable by a NOESY type experiment. 

Inn the absence of a match between the observed NOE and and back-calculated distances, we 

subsequentlyy checked if such a short distance was also present in the published TAR 20 

structuress ensemble (1ANR). If so, it was considered as non-conflicting with the previous 

studies. . 

Chemicall  Shifts Analysis 

Thee reliability of the structural ensembles was also assessed by NMR chemical shifts (CSS) 

prediction.. CCS were back-calculated from the structures with NUCHEMICS, considering 

ring-currentt effects, magnetic-anisotropy terms, and ignoring charge contribution (Wijmenga 

etet al, 1997;Cromsigt et al, 2001). Each proton shift, calculated for every converged 

molecule,, was averaged among the ensemble of 20 calculated structures. Absolute deviation 

off  back-calculated (CCSbaek) from the experimental chemical shifts (CCS"P) was computed 

forr each nucleotide and normalised to one proton (See SI and S2). 

Sitee specific cross-linking 

Thee 27 mer TAR RNA ( 5' CCA GAU UUG AGC CU*G GGA GCU CUC UGG 3', U* 

beingg 4-thiouridine) was purchased from Eurogentec. This RNA was 51 end labeled with the 

Ambionn Kinasemax kit and 3' end labeled with NEB T4 RNA ligase according to the 

manufacturerss instructions. End-labeled RNA was excised from a 12% denaturing 

polyacrylamidee gel and eluted from the gel slice by overnight incubation in 400 ul TBE at 
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4°C.. After ethanol-precipitation and washing, the RNA was dissolved in 15 |ul nuclease-free 

water.. The RNA (2 ug) was refolded by heating to 80ÜC, addition of Tat binding buffer and 

subsequentt slow cooling from 60°C to 37°C. Tat peptide (5 ug ) was added at 37°C and the 

samplee {total volume 25 ul) was incubated for 30 min. For cross-linking, the samples were 

placedd on ice and exposed to UV light of 366 nm for 20 min. The UV source was placed 

directlyy at the opening of the Eppendorf tubes. After UV exposure, the samples were treated 

withh proteinase K7SDS to remove protein. Samples were loaded on a 12 % polyacrylamide 

gell  from which cross-linked and non-cross-linked RNA species were excised. To identify the 

cross-linkk position, Tl sequencing and partial hydrolysis reactions were performed as 

describedd previously (Hargittai et al., 2001). These samples were analyzed on an 18% 

denaturingg polyacrylamide gel, which was exposed on a Storm 860 phosphorimager and 

analyzedd with Imagequant software. 
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Supplementaryy Materials 

SI. . 

Lowerr  stem 

Res.:: 19,20,21,22, 

40,411 42,43 

Bulge e 

Res.:: 23, 24, 25 

Upperr  stem 

Res.:: 26, 27, 28,29 

36,, 37,38,39 

Loop p 

Res.:: 30, 31, 32, 33, 

34,35 5 

Aboul-Elaa et al 

models s 

0.15 5 

0.20 0 

0.19 9 

0.19 9 

CGcrosss models 

0.16 6 

0.21 1 

0.19 9 

0.21 1 

CGcross+(A-U)U U 

tripl ee models 

0.22 2 

0.14 4 

0.19 9 

0.29 9 

0.21* * 

Meann CCS deviation per structural element, in ppm. 

*valuee obtained when we considered only conformers with U31 pointing towards the major 

groovee of the loop (see S2). 

Absolutee deviation (DEV) of back-calculated chemical shifts (CCS~ac) respect to experimental 

chemicall  shifts (CCtfxp) was averaged among 20 molecules of the considered structural 

ensemblee and normalized to one proton per residue. 

DEVDEV = y\yl-—'- p  x— 
è\jkè\jk P ) M 

P== number of protons per nucleotide. 

M== number of molecules in the considered structural ensemble. 

Thee resulting DEV value (in ppm) per residue was subsequently averaged over residues of 

eachh structural element (stems, loop, bulge). 

Onee has to mentioned that the experimental shifts were derived from a sequence one base-

pairr shorter than the one used by Aboul-Ela et al (1996). As a consequence, the prediction for 

thee first paired residues G18/C44 displays a global average deviation of 0.25 ppm among all 

structurall  ensembles instead of an expected value of-0.1-0.15 ppm (Cromsigt et al, 2001). 
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S2. . 

0.400 0 

II Sum ABS(Crolhers-Varani) 

ii Subsel CGcross - (A-U)U U31 in major groove 

S2.. Same as SI but considering only converged molecules from the (A-U)U+CGcross ensemble 

andd displaying a U3l pointing towards the major groove of TAR apical loop. Loop residues 

300 to 35. 

Colorr coding: 

1.. Blue: Aboul-Ela models (l996; PDB access lANR). 

2.. Red: only (A-U)U+CGcross models with U3l pointing towards the apical loop major 

groove e 
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S3.. Additional restraints introduced to form C30-G34 base pairing. 

Distances s 

'.Watson-Crick'.Watson-Crick C30-G34 

assignassign (resid 34 and name Nl) (resid 30 and name N3) 2.900.25 0.35 

assignassign (resid 34 and name N2) (resid 30 and name 02) 2.950.31 0.22 

assignassign (resid 34 and name 06) (resid 30 and name N4) 2.95 0.31 0.22 

!A22!A22 U40from Lang and Crothers (1999) 

assignassign (resid 40 and name N3) (resid 22 and name Nl) 3.000.25 1.00 

assignassign (resid 40 and name H3) (resid 22 and name Nl) 2.00 0.25 2.00 

Planarityy restraints 

group group 

selection=((nof(selection=((nof( name P or name OIP or name 02P or name 05' 

oror name C5' or name H5' or name H5" or name C4' 

oror name H4' or name 04' or name CI' or name HI' or name C2' 

oror name H2 " or name 02' or name H2' or name C3' or name H3' 

oror name 03') and residue 30 ) 

oror (not( name P or name OIP or name 02P or name 05' or name H5T 

oror name 05T or name C5' or name H5' or name H5" or name C4' 

oror name H4' or name 04' orname C1' or name HI' or name C2' 

oror name H2 " or name 02' or name H2' or name C3' or name H3' 

oror name 03') and residue 34)) 

weight=2 weight=2 

end end 

end end 
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S4.. Additional restraints applied to form C30-G34 base pairing together with (A22-U40)U31 

basee triple interaction. 

Distances s 

'Hoogsteen'Hoogsteen U31 A22 

assignassign (resid 31 and name N3) (resid 22 and name N7) 3.00 0.25 1.00 

assignassign (resid 31 and name H3) (resid 22 and name N7) 2.00 0.25 2.00 

assignassign (resid 31 and name 04) (resid 22 and name N6) 3.000.25 1.00 

assignassign (resid 31 and name 04) (resid 22 and name H6#) 2.00 0.25 2.00 

'Watson-Crick'Watson-Crick C30-G34 

assignassign (resid 34 and name Nl) (resid 30 and name N3) 

assignassign (resid 34 and name N2) (resid 30 and name 02) 

assignassign (resid 34 and name 06) (resid 30 and name N4) 

IA22IA22 \J40from Lang and Crothers (1999) 

assignassign (resid 40 and name N3) (resid 22 and name Nl) 

assignassign (resid 40 and name H3) (resid 22 and name Nl) 

Planarityy restraints 

group group 

selection=((not(selection=((not( name P or name 01P or name 02P or name 05' 

oror name C5' or name H5' or name H5" or name C4' 

oror name H4' or name 04' or name CI' or name HI' or name C2' 

oror name H2 " or name 02' or name H2' or name C3' or name H3' 

oror name 03') and residue 22 ) 

oror (not(name P or name OIP or name 02P or name 05' or name H5T 

oror name Ö5Tor name C5' or name H5' or name H5" or name C4' 

oror name H4' or name 04' or name CI' or name HI' or name C2' 

oror name H2 " or name 02' or name H2' or name C3' or name H3' 

oror name 03') and residue 40 ) 

oror (not( name P or name OIP or name 02P or name 05' or name H5T 

oror name OSTor name C5' or name H5' or name H5" or name C4' 

oror name H4' or name 04' or name CI' or name HI' or name C2' 

oror name H2 " or name 02' or name H2' or name C3' or name H3' 

oror name 03') and residue 31)) 

2.902.90 0.25 0.35 

2.952.95 0.31 0.22 

2.952.95 0.31 0.22 

3.003.00 0.25 1.00 

2.002.00 0.25 2.00 
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weight=2 weight=2 

end end 

group group 

selection=((not(selection=((not( name P or name 01P or name 02P or name 05' 

oror name C5' or name H5' or name H5 " or name C4' 

oror name H4' or name 04' or name CI' or name HI' or name C2' 

oror name H2" or name 02' or name H2' or name C3' or name H3' 

oror name 03') and residue 30) 

oror (not( name P or name 01P or name 02P or name 05' or name H5T 

oror name 05Tor name C5' or name H5' or name H5" or name C4' 

oror name H4' or name 04' or name CI' or name HI' or name C2' 

oror name H2 " or name 02' or name H2' or name C3' or name H3' 

oror name 03') and residue 34 )) 

weight=2 weight=2 

end end 
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ABSTRAC T T 

Initiatio nn of revers e transcriptio n is a comple x and 
regulate dd proces s in all retroviruses . Severa l base 
pairin gg interaction s have been propose d to occu r 
betwee nn the HIV-1 RNA genom e and the specifi c 
tRNA1*"33 primer . The tRNA prime r can for m up to 
211 bp wit h the prime r bindin g sit e (PBS), and an 
additiona ll  8 bp interactio n may for m betwee n the 
prime rr  activatio n signa l (PAS) in the HIV-1 RNA and 
sequence ss withi n the PFC arm of the tRNA. The 
latte rr  interactio n is furthe r analyze d in thi s in  vitro 
stud yy wit h mutan t RNA transcript s tha t were 
designe dd to preclud e the PAS Interaction . These 
mutan tt  transcript s are able to efficientl y bin d the 
tRNAA primer , but they exhibi t a profoun d defec t at 
initiatin gg revers e transcription . This defec t is 
specifi cc  for the tRNA prime r becaus e it is not 
observe dd for PBS-boun d DNA oligonucleotid e 
primers .. These result s reinforc e the mode l of 
regulate dd revers e transcriptio n in whic h the PAS-
mediate dd interactio n is critica l fo r efficien t initiation . 

INTRODUCTION N 

Initiationn of reverse transcription of the human immuno-
deficiencyy virus type I (HIV-l ) RNA genome is a highly 
regulatedd process that requires the formation of a nucleo-
proteinn complex comprising the viral RNA (vRNA) genome, 
thee specific tRNAlyv*  primer and the viral reverse transcriptase 
(RT)(RT) enzyme (l.2). At least 18 nt at the 3' end of the cellular 
tRNA'>s33 hybridize to a fully complementary sequence within 
thee untranslated leader of the vRNA transcript. This well-
conservedd motif is termed the primer binding site (PBS), RT 
usess the annealed tRNA primer for synthesis of a cDNA copy 
andd subsequently a double-stranded DNA form of the viral 
genome.. There is accumulating evidence that initiation of 
reversee transcription is a strictly regulated process in which 
severall  additional vRNA-tRNA1-1"-*  interactions play an 
importantt role. For instance, the ll-rich anticodon of 

tRNA1*'* 33 was proposed to interact with a single-stranded 
A-richh motif in the V5 region immediate]v upstream of the 
PBSS (3-8). 

Wee recently identified another sequence motif that is 
locatedd further upstream in the U5 region and that is important 
forr tRNA-primed reverse transcription (9). This primer 
activationn signal (PAS) is complementary to the 5' part of 
thee T^C arm of the tRNA1^3 primer, termed antiPAS 
(Fig.. 1A). The importance of the PAS-antiPAS interaction 
hass been confirmed in virus replication assays (10), and the 
combinedd change in identity of the PBS and PAS motifs 
allowedd a shift in the HIV-1 primer usage from tRNA1** 3 to 
tRNA'!" 122 (11). A similar PAS-antiPAS interaction has been 
proposedd for HIV-2 (12), and convincing in vitro evidence 
wass recently presented for this base pairing (13). The ability 
too form the PAS-like vRNA-tRNA interaction is highly 
conservedd among different HIV-SIV isolates and other 
Icntivirusess (11.13). Interestingly, the avian Rous sarcoma 
viruss also uses a motif upstream of the PBS to interact with the 
TTCC arm of its tRNA1^ primer (14-19), suggesting that a 
PAS-likee mechanism to regulate reverse transcription may be 
aa more general property of the retrovirus family. Indeed, an 
extensivee phylogenetic analysis of different retrovirus genera 
indicatedd that a PAS-like motif is present upstream of the PBS 
inn all retroviral genomes 111). Initiation of reverse transcrip-
tionn is dependent on an analogous interaction between the 
yeastt Tyl and Ty2 retrotransposon RNA and the tRNA,Mt' 
primerr (20-22), 

Withinn the HIV-1 leader RNA. the PAS sequence is masked 
byy base pairing within the U5-leader stem (Fig. 1A). The 
presencee of this PAS enhancer in a repressive RNA structure 
providess a means for the regulation of reverse transcription 
(10).. Formation of a productive vRNA-tRNA complex 
requiress structural rearrangements of both molecules. It is 
possiblee that the HIV-1 nucleocapsid protein (NC) triggers 
thesee RNA conformational ehanges in vivo, and this event may 
coincidee with a structural switch of the leader RNA domain 
thatt was shown previously to regulate the process of RNA 
dimerizationn (23.24). In fact, the HIV-1 RNA switch may 
functionn as a checkpoint to coordinate multiple late replication 
stepss such as RNA dimerization, packaging and reverse 
transcriptionn I25|. 

*T nn whom correspondence should he addroved. Tel: +.11 2(1 W i 4X21: hax ! 2(1 566 Mtfvl , Email: b. berkhout (name uvü.n! 
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vRNA A 
1RNA A 

Tran ic r tp t t 

181-UGGCGCCCGAACAGGGACULIG-202 2 
3-ACCGCGGGCUUGUCCCUGAAC'l 'TGGGACCDG G 

anti-PBS S 

PBSS sequence: 

Truncatedd MIV-1 tfanscnpis 
1-184 4 
1-187 7 
1-190 0 
1-193 3 
1-196 6 
1-199 9 
1-202 2 

UGG G 
UGGCGC C 
UGGCGCCCG G 
UGGCGCCCGAAC C 
UGGCGCCCGAACAGG G 
UGGCGCCCGAACAGGGAC C 
UGGCGCCCGAACAGGGACUUG G 

anl i-PAS S 

PBSS length (M) 

3 3 
6 6 
9 9 

12 2 
15 5 
18 8 
21 1 

A/Waall PAS" audition 
1202-33 UGGCGCCCGAACAGGGACUUGGAC 
1-202*66 UGGCGCCCGAACAGGGACUUGGACUCU 
11 -20219 UGGCGCCCGAAC AGGGACUUGGACUCUGGU 

PBS S PAS' ' 

Figuree 1. (Al Scheme of the lRNA',v' primer and part of the HIV-1 RNA genome. Marked are the PBS and FAS sequences in the IIIV- I untranslated leader 
RNAA and the antiPBS and antiPAS sequences in the tRNAlvi ' primer. In the secondary structure model of the HIV-1 RNA we marked the PAS element. 
U5-topp hairpin, PBS and the U5-leader stem. Within the PBS. the positions corresponding to the 3' terminus of truncated transcripts used in ihis study are 
indicatedd in bold. Numbers indicate the length of the PBS for the corresponding transcript. (Bi PBS sequence for the iruncated and extended HIV-1 transcripts 
usedd in this study. The PBS length in ihis set of transcripts ranges from 1 to M) nt. The set includes three transcripts that progressively have an extension of 
thee PBS/tRNA complementarity, such thai an artificial PAS* sequence is fused directly downstream of the PBS. 

Usingg in vitro reverse transcription assays, we designed 
experimentss to obtain more information on the pairing 
betweenn the PAS motif in HIV- 1 RNA and the anti PAS 
sequencee that is located in the T^PC arm of tRNA l y s3. We 
constructedd HIV- 1 transcripts with a minimal PBS motif that 
facilitatess tRNA l ys3 binding, but without opening of the T*PC 
armm such that the antiPAS motif remains base paired. We also 
introducedd an artificial PAS motif directly downstream of the 
PBSS in HIV- 1 RNA. This artificial PAS motif is expected to 

pairr with the anliPAS sequence in iRNA'>s\ thereby extending 
thee PBS-ant iPBS duplex. Both mutational strategies arc 
expectedd to restrict the formation of the natural P A S-
antiPASS interaction, and both type of mutants demonstrate a 
dramaticc reverse transcription defect. These results underscore 
thee importance of the accessory vRNA- tRNA contacts in the 
processs of HIV- 1 reverse transcription, and in particular the 
modulatingg role of RNA secondary' structure in both the viral 
transcriptt and the tRNA primer. 
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MATERIAL SS AND METHODS RESULTS S 

InIn vitro transcriptio n 

Thee RNA was in viiro transcribed from PCR-generated 
transcriptss containing a T7 promoter directly upstream of 
thee natural HIV-1 LAI +1 transcriptional start site. PCR was 
performedd on the pBluescript 5'LTR plasmid (23). The 
antisensee primers comprised a nested set with the 5' end 
terminatingg at different positions within the PBS, including 
primerss with a 5' extension to introduce the artificial PAS* 
elementt directly downstream of the PBS. PCR fragments were 
excisedd from agarose gels and purified using the Q1AEX II 
DNAA isolation system according to the manufacturers instruc-
tions.. Transcription was carried out using the Ambion 
megashortscriptt T7 transcription kit, and radiolabeled tran-
scriptss were synüiesized in the presence of 1 p.1 |ot-"P]UTP. 
Transcriptss were subsequently excised from a 4% denaturing 
polyacry!amidee gel and eluted from the gel fragment by 
overnightt incubation in TBE buffer at room temperature. The 
RNAA was ethanol precipitated and dissolved in water. 
Quantificationn of the RNA was done by UV-absorbance 
measurementss and scintillation counting in case of radio-
labeledd transcripts. 

Primerr  annealing assays 

Primerr binding was assayed by incubating -0.5 pg of the 
radiolabeledd HFV-I transcripts with 100 ng of the DNA primer 
orr 1.0 ng of total tRNA extracted from calf liver (Roche), of 
whichh -0.2 p.g tRNA1^3 that specifically binds to HIV-1 RNA 
(26).. The HIV-1 RNA and primer were incubated in 10 pi 
TENN buffer (100 mM NaCl, 10 mM Tris-HCI pH 7.5 and 
1.00 mM EDTA) at 65°C. or at the indicated temperature, for 
100 min and then slowly cooled to room temperature. After the 
incubation,, an equal volume of loading buffer was added and 
thee samples were analyzed on a 4% non-denaturing poiy-
acrylamidee gel. Electrophoresis was performed at 150 V and 
roomm temperature with 0.25 TBE (22.5 mM Tris-HCI pH 7.0, 
22.55 mM Boric acid, 0.625 mM EDTA) in the gel and running 
buffer.. Gels were dried and analyzed on a Storm 820 
phosphoii  mager. 

Primerr  extension reactions 

Thee in viiro synthesized RNA (10 ng) was incubated either 
withh 1.5 p.g of the calf liver tRNA or with 10 ng of the DNA 
primerr in 12 uM annealing buffer (83 mM Tris-HCI pH 7.0, 
1255 mM KC1) at 65°C for 10 min and slowly cooled to room 
temperature.. The primer was extended with 1 nt by addition of 
6.00 p.1 of RT buffer (9 mM MgCl,. 30 mM DTT. 150 pg/ml 
Actinomycinn D) and 1 pi [a-3:P|dCTPand 0.5 U of HIV-1 RT 
(MRCC AIDS reagent project). Reverse transcription was 
performedd for 30 min at 37CC. Two nucleotide extension 
productss (+2) were made in the same manner but with 30 pM 
dTTPP in the RT buffer. Samples were ethanol precipitated, 
dissolvedd in formamide loading buffer, heated at SS Ĉ for 
11 min and loaded on a 6^ denaturing polyacrylamide gel, 
whichh was quantified on a Storm 820 phosphoi mager. 

Thee experimental design 

Figuree 1A shows the RNA secondary structure model of the 
tRNA,)s-'' primer and part of the HIV-1 RNA transcript 
encompassingg the PBS and PAS signals. The PBS is usually 
referredd to as an 18-nt sequence, but it is in fact up to 21 nt in 
mostt HIV- 1 isolates (27,28). In the tRNA primer, the sequence 
complementaryy to the HIV-1 PBS (termed antiPBS) is located 
inn the acceptor and T4*C arms. The PBS-antiPBS interaction 
facilitatess tRNA annealing, and an additional PAS-antiPAS 
interactionn is required for activation of the annealed tRNA 
primerr to initiate reverse transcription (9-11). The antiPAS 
sequencee is also located in the tRNA TTC arm. Of these four 
sequencee motifs in the vRNA and tRNA molecules, the PBS 
elementt is the only element that is freely accessible (29) 
(Fig.. 1A), whereas the PAS element in the HIV- l transcript 
andd the antiPBS and antiPAS elements in the tRNA primer are 
occludedd by base pairing. 

Formationn of HIV-1 reverse transcription complexes thus 
requiress the disruption of part of the HIV- l RNA and tRNA 
secondaryy structures in order to allow the formation of 
intermolecularr vRNA-tRNA interactions (Fig. tA). In par-
ticular,, formation of the PBS-antiPBS helix requires the 
disruptionn of the tRNA acceptor and TTC arms. In this initial 
complex,, the antiPAS sequence in the tRNA remains access-
iblee to form the additional PAS-antiPAS interaction. Based on 
thiss model, we reasoned that HIV-1 transcripts with a PBS of 
upp to 12 nt will bind the tRNA primer without opening of the 
TTCC arm, thus precluding the PAS-antiPAS interaction. 
Conversely,, HIV- l transcripts in which the PBS is artificially 
extendedd such that it is complementary to the antiPAS 
sequencee should also preclude the formation of the natural 
PAS-antiPASS interaction. 

Wee thus generated a set of HIV-1 RNA transcripts with a 3' 
truncatedd or extended PBS sequence (Fig. IB). This series 
containss a minimal 1-184 transcript with a 3 nt PBS, 
intermediatess with a 6, 9, 12, 15 and 18 nt PBS, and the 
wild-typee 1-202 transcript with a 21 nt PBS element. 
Furthermore,, we extended the full-length 21 nt PBS sequence 
withh sequences that mimic the PAS element (the artificial 
PAS**  element, see Fig. IB). These mutant transcripts are 
basedd on the wild-type 1-202 transcript to which 3, 6 or 9 nt of 
thee PAS sequence were fused. Annealing of the tRNA primer 
too these transcripts will result in the formation of the PBS-
antiPBSS duplex that is extended with 3, 6 and 9 bp of the 
artificiall  PAS*-antiPAS duplex, yielding an uninterrupted 
vRNA-tRNAA duplex of 24. 27 and 30 bp, respectively. We 
notee that this set of HIV-1 transcripts lacks the downstream 
sequencess that are base paired with the PAS element in the 
full-lengthh HIV- l leader RNA (Fig. 1A>. This strategy 
bypassess the restriction imposed by the HIV- 1 RNA secondary 
structuree on the availability of the PAS motif (9). In this 
optimall  setting with a constitutively available PAS element, 
wee examined the effect of truncating and extending the PBS 
sequencee on the initiation of reverse transcription. Because 
PBS-truncationn may obviously affect primer annealing, we 
alsoo examined the ability of these transcripts to bind the tRNA 
primerr and a control DNA primer. 
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Figuree 2. Temperature dependence of DNA and tRNA1»53 primer annealing to HIV-I leader RNA. <Ai Elecirophc 
incubatedd with the DNA or iRNA primer ai indicated temperatures. A lormainidc-denatured control is included ir 
shownn in (A). The data are normalized for the maximum amount of the vRNA-primer complex at 65°C. 

analysiss of the HIV-I RNA (1-202 
I.. IB) Quantified results of the ge 

(RNAA  s t ruc tu re masks the an t iPBS element 

Wee performed annealing experiments with a radiolabeled 
1-2022 HIV- 1 RNA transcript and ihe unlabeled natural 
tRNA'ys33 primer or a control DNA primer that anneals to the 
PBS.. The primer and transcript were incubated ai various 
temperaturess between 20 and 65°C and analyzed on a non-
denaturingg polyacrylamide gel (Fig. 2A). As expected. 
annealingg of the 76-nt iRNA primer causes a more dramatic 
shiftt in ihe migration of the labeled vRNA than annealing of 
thee 21-nt DNA primer. The bands were quantified and we 
calculatedd the vRNA fraction that was shifted by the tRNA 
versuss the DNA primer. These values were normalized for the 
maximumm amount of the vRNA- tRNA complex formed at 
65°CC and plotted against the incubation temperature (Fig. 2B). 
Thee results show that DNA annealing is observed at all 
temperatures,, but tRNA annealing requires incubation 
temperaturess of at least 55°C. This initial finding supports 
thee idea that tRNA secondary structure limit s the accessibility 
off  the antiPBS sequence, which is consistent with previous 
reportss (30.31). Knowing the optimal condit ions for tRNA 
primerr annealing, we set out to test the properties of the 
mutantt vRNA transcripts. 

P r i m err annea l ing requ i res a min imal PBS of 12 nt 

Thee set of HIV- I transcripts with different PBS lengths was 
synthesizedd as radiolabeled RNA to assess the annealing of the 
tRNAA and DNA primers (Fig. 3A). The transcripts (PBS 

lengthh indicated at the top of the panels in Fig. 3A) were 
incubatedd with either the control DNA primer (lanes 1) or the 
tRNAA primer (lanes 2) and analyzed on a non-denaturing gel. 
Wee included several control experiments such as a mock-
incubationn without primer (lanes 3) and a formamide-treatcd 
vRNAA sample (lanes 4). We calculated the amount of vRNA-
primcrr complex for the different transcripts, and this value is 
plottedd both for the DNA and tRNA primer (Fig. 3B). Both 
primerss demonstrate a similar PBS requirement, some 
annealingg is observed with the 9-nt PBS. but maximal 
annealingg requires a PBS of at least 12 nt. Al l longer PBS 
motifs,, including the PAS* series, are able to bind both 
primers.. The minor differences between these transcripts may 
bee due to unforeseen effects at the level of RNA secondary 
structure.. However, we did consistently observe that tRNA 
annealingg was slightly more efficient on the transcripts with a 
122 and 1? nt PBS than the transcripts containing an 18 and 
211 nt PBS. The slightly increased levels of tRNA annealing on 
thee transcripts with an extended PBS (24. 27 and 30 nt) was 
alsoo observed consistently. 

Thesee annealing experiments were performed at 65°C, but 
wee also tested tRNA annealing for a subset of the transcripts at 
varyingg temperatures in the 37-65°C range (Fig. 4). Al l vRNA 
mutantss exhibit increased tRNA annealing as the temperature 
iss increased, and the levels of vRNA- tRNA complex forma-
tionn arc consistent with the results presented in Figure 3B. 
Again,, we observed that the transcript with a 12 nt PBS 
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Figuree 3. DNA and tRNA1?'' primer binding to PBS-mutaicd HIV-1 transcripts. (A) Elccirophoretic analysis of vRNA-primer complexes formed in the 
presencee of a DNA primer (lanes 11 and lRNA">v' (lanes 2). Control samples include HIV-1 RNA without primer (lanes 3) and lorniamidc-dcnalurcd samples 
(laness 4). The number of PBS nucleotides is indicated at the lop of the gel for each transcript. (Bi Quantified data of ihe gel shown in (A), showing the yield 
off  vRNA primer complexes with the DNA primer or tRNA1"'. 

interactedd with the iRNA primer slightly more efficiently ihan 
thee wild-type counterpart (21 nt). The transcripts with ihe 
PAS*-extendedd PBS (24. 27 and 30 nt) bind ihe tRNA primer 
significantlyy better than transcripts with a PBS of the wild-
typee length. On average, the complex yield is nearly 2-fold 
higherr than the wild-type control. Incubation of the PAS*-
extendedd PBS mutants at 50°C yields amounts comparable 
withh the wild-type yield at 60°C. These observations support 
ourr reasoning thai fusing the PAS* sequence directly down-
streamm of the PBS results in an extended vRNA-tRNA duplex. 

tRNAA priming requires a minimal PBS of' 15 nt 

Thee previous experiments indicate that we can efficiently 
anneall  both DNA and tRNA primers onto the transcripts with 
aa PBS of at least 12 nt and the transcripts with an artificial 
PAS**  extension. This allowed us to test the efficiency of the 
primingg reaction, for which these transcripts were specifically 
designed.. The DNA and tRNA complexes were made by high 

temperaturee incubation, and reverse transcription was initiated 
byy addition of HIV-1 RT enzyme and dNTPs. We provided 
eitherr radiolabeled dCTP, which results in the incorporation of 
aa single nucleotide (+1 extension), or radiolabeled dCTP and 
unlabeledd dTTP to allow a 2-nt extension (+2 extension). The 
labeledd cDNA products were analyzed on a denaturing 
polyacrylamidee gel (Fig. 5A). and we plotted the reverse 
transcriptionn efficiency for the tRNA primer in the +1 and +2 
extensionn reactions and the DNA primer in ihe +1 reaction for 
alll  the vRNA transcripts (Fig. 5B). 

Noo significant reverse transcription signal was obtained for 
thee transcripts with a PBS shorter than 9 nl. which correlates 
withh their inability to bind the primer. Whereas we observed 
efficientt primer annealing onto the 12-nt PBS element, this 
transcriptt is a poor template for tRNA-primed reverse 
transcriptionn with both the tRNA and DNA primer. 
Extensionn of the PBS to 15 nt improves the initiation 
efficiencyy at least 2-fold, but the transcript is still sub-optimal 

179 9 



Tenperaijree ) 

Figuree 4. Temperature dependence of \KNA tRNA complex formation 
withh PBS-mulaled H1V-1 iranscripts. Numbers in the legend correspond to 
thee number of nucleotides in the PBS. 

forr IRNA priming. However, full activity is measured with the 
DNAA primer on this transcript. Further extension of the PBS to 
188 or 21 nl results in efficient tRNA priming. 

Thee transcripts containing the artificial PAS* extension 
downstreamm of the PBS are fully efficient in DNA priming, but 
theyy exhibit a profound tRNA priming defect that is most 
severee for the vRNA with the longest 9-nt PAS* element 
(Fig.. 5A and B). Similar results were obtained in assays that 
monitorr the synthesis of longer cDNA products (results not 
shown).. As stated previously, these transcripts are fully 
efficientt in tRNA annealing, and this suggests that they cannot 
supportt tRNA priming because the natural PAS-anliPAS 
interactionn is not established. The specificity of the defect 
imposedd by the artificial PAS* element on tRNA priming is 
nicelyy illustrated by the behavior of the control DNA primer 
onn these transcripts. The activity of the DNA primer is ruled 
solelyy by the annealing efficiency on the different transcripts, 
andd the presence of the additional PAS* element downstream 
off  the PBS does not have a negative impact on the initiation 
efficiencyy of this control primer. 

DISCUSSION N 

Too study the role of a PAS-antiPAS interaction in the 
initiationn of HIV-1 reverse transcription, we generated a set of 
HIV- 11 transcripts with different PBS lengths. Due to the tRNA 
unfoldingg requirements to generate an active reverse tran-
scriptionn complex, these transcripts are expected to disturb 
PAS-mcdiatedd activation in two ways: (i) the aniiPAS 
sequencee is not accessible in transcripts with a shortened 
PBSS because the tRNA T*PC arm is not opened, and <ii) 
transcriptss in which the PBS has been extended with an 
artificiall  PAS* element will prevent the usage of the natural 
PASS element in the vRNA-tRNA complex. We performed 
primerr annealing and reverse transcription assays with these 
transcripts,, and the results arc summarized in Table 1. 

Transcriptss with a PBS length of 9 nl or less are incapable of 
bindingg the DNA and tRNA primers and thus are completely 
inactivee in the reverse transcription assays. When the PBS 
lengthh is extended to 12 nl. both primers anneal efficiently but 
onlyy a marginal reverse transcription activity is measured 
(Tablee 1). In our design, the transcript with a 12 nt PBS would 
anneall  the tRNA without opening the TTC arm. thus 

preventingg the PAS-antiPAS interaction lhal facilitates initi-
ationn of reverse transcription. The efficient tRNA annealing. 
butt low tRNA-priming activity of this transcript supports this 
idea,, but we also observe that DNA priming is inefficient on 
thiss transcript. In melting experiments, we observed that 
complexess formed with a 12 nl PBS are less stable than 
transcriptss with a PBS of 15 nt or more (results not shown). It 
thereforee seems plausible that the 12 nt vRNA-primer duplex 
dissociatess during ihe reverse transcription reaction, thus 
causingg a loss in the initiation efficiency. However, we cannot 
excludee a contribution of antiPAS occlusion on the tRNA-
primedd reverse transcription activity. 

Forr the transcript with a 15 nt PBS. the vRNA-iRNA 
duplexx penetrates the tRNA TH'C arm. thus releasing the 
antiPASS sequence. Indeed, this transcript reaches intermediate 
levelss of iRNA-primed reverse transcription. On iranscripts 
withh the 18 and 21 nt PBS. high levels of tRNA-primed 
reversee transcription are reached and both these transcripts are 
expectedd to contain a vRNA-tRNA duplex that fully disrupts 
thee tRNA T f C arm. We also investigated the primer 
annealingg and reverse transcription properties of transcripts 
inn which ihe PBS was extended with an artificial PAS* 
element,, which was designed to base pair with the antiPAS 
sequencee in the tRNA primer. This PBS extension will 
interferee with the natural PAS-anliPAS interaction and the 
dramaticc loss in reverse transcription levels of these templates 
iss fully consistent with this idea (Table 1). Annealing of the 
tRNAA primer and reverse transcription from the control DNA 
primerr is at least as efficient as with ihe wild-type template, 
thuss demonstrating that occlusion of the aniiPAS sequence by 
thee artificial PAS* element reduces the reverse transcription 
efficiency.. This result reinforces the importance of the natural 
PAS-anliPASS interaction during initialion of HIV-1 reverse 
transcription. . 

Recently.. Goldschmidt et al. have challenged the existence 
andd the role of ihe PAS-antiPAS interaction during initiation 
off  reverse transcription (32). These authors reconstructed 
somee of the mutants from our initial study (9) and performed 
reversee transcription and structure probing experiments. These 
mutantss either target the PAS sequence (mutant 2L) or its 
complementaryy counterpart in the US-leader stem in the 
HIV-11 RNA (mutant 2R). In our hands, the 2L mutation 
stronglyy reduced reverse transcription and the 2R mutation 
causedd a profound stimulation compared with the wild-type 
transcriptt because (he PAS motif is no longer masked by base 
pairingg (9). We confirmed this RNA structural effect by 
structuree probing. Furthermore, we demonstrated the 2L 
defectt and the 2R up-regulaiion in a physiological setting by 
analyzingg reverse transcription products from the mutant 
virionn particles (10). Whereas Goldschmidt reproduced the 
defectt of the 2L mutation, the stimulatory effect of the 2R 
mutationn was not observed. 

Basedd on structure probing experiments on the naked HIV-1 
RNA.. Goldschmidt argues that aberrant folding of the RNA 
ratherr than mutation of the PAS sequence causes the reverse 
transcriptionn defect of the 21. mutant. Although structural 
perturbationss in mutant R.NA are an effect to be reckoned 
with.. Goldschmidt's work certainly does not exclude the 
possibilityy lhal the reverse transcription effect of mutant 2L is 
causedd by substitution of the PAS sequence. Goldschmidt 
performedd further structure probing assays on the wild-type 
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vRNAA iRNA complex and points out that annealing of the 
(RNAA does not result in an increase in reactivity of the helical 
segmentt that masks the PAS sequence in the absence of the 
tRNA.. This is presented as evidence against the PAS-ant iPAS 
interaction,, whereas refolding of the RN'A into an alternative 
structuree is not offered as a possible explanation of this result. 
Moree importantly, probing data for the PAS sequence itself are 
prominentlyy absent from the study. Goldschmidt did probe the 
tRNAA primer in the presence of HIV-1 RNA and noted an 
increasee in DEPC modification of tRNA residue A50 within 
thee ant iPAS sequence. Again, this is presented as direct 
evidencee against the PAS-ant iPAS interaction. Alternatively, 
onee could argue that this indicates a temporarily open structure 
off  the tRNA T FC arm. as the PAS-ant iPAS model predicts. 

Thee interaction of the tRNA1^ ' antiPAS with the HIV- 1 PAS 
motiff  is necessarily dynamic, and probably short-l ived, since 
RTT must penetrate the PAS-ant iPAS helix during the early 
elongationn phase. It is also possible that the PAS-ant iPAS 
interactionn depends on the presence of the RT enzyme in the 
initiationn complex. 

Inn dismissing the PAS-ant iPAS interaction. Goldschmidt 
ignoress or misinterprets, in our view, many important pieces 
off  evidence. For instance, there is no mention of virus 
replicationn data of revertants of the 2L mutant that restore both 
thee stability of the PAS-ant iPAS interaction and the replica-
tionn kinetics (10). Furthermore, we introduced precise muta-
tionss in the PAS motif to strengthen or weaken the base 
pairingg with the ant iPAS. and the reverse transcription activity 
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off  these transcripts correlates neatly with the base pairing 
potentiall  (11). Finally, we were able to switch the selective 
primerr usage of HIV-1 from tRNA1-"1 to tRNA^1-2 by 
simultaneouss adaptation of the PBS and PAS motifs (11). 
Thiss important finding is unfairly devaluated by Goldschmidt 
withh the comment that this double mutant is not as efficient in 
usingg tRNA!-vsl,; compared with tRNA,y^ usage of the wild-
typee template. The strict conservation of the PAS motif 
throughoutt all members of the retrovirus family is also 
downplayedd by referring to the finding that retroviral RTs 
havee specificity for their cognate transcript, despite utilizing 
thee same tRNA primer. However, this result has been 
challengedd in a more recent study (33). Virus-specific RT 
andd template compatibility could be due to many differences 
inn either the RT enzyme or the RNA. For example, specificity 
off  retroviral RT enzymes for the cognate primer has been 
demonstratedd previously (26,34-36). 

Thee factors that govern assembly and activity of reverse 
transcriptionn complexes are not yet fully understood and are 
likelyy to depend on intricate interactions between the viral 
template,, tRNA primer and the NC and RT proteins. In the 
currentt study, we have used a mutational strategy that is 
differentt from previous analyses of initiation of HIV-1 reverse 
transcriptionn to study the activity of i/i vitro generated vKNA-
tRNAA complexes. Our results show that the tRNA annealing 
andd priming steps can be dissected and that prevention of the 
PAS-antiPASS interaction results in a reverse transcription 
defect.. This supports an important role for the PAS-antiPAS 
interactionn in the initiation of tRNA-primcd reverse transcrip-
tion. . 

ACKNOWLEDGEMENT S S 

Wee thank Wim van Est for artwork. Virulence-member Dr D, 
Stammerss for the gift of purified HIV-1 RT enzyme and Nancy 
Beerenss for critical reading of the manuscript. This work was 
sponsoredd in part by the Netherlands Foundation for Chemical 
Researchh with financial aid from the Netherlands Organization 
forr Scientific Research (NWO-CW) and the EU-Virulence 
program.. K.B. was supported by a short-term FFBS 
fellowship. . 

REFERENCES S 
ll Telesmtsky.A. and Gni'f.S.P. (1447) Reverse transcriptase and the 

generationn of retroviral DNA. In Coflin.J.M.. Hughes.S.H and 
Varmus.H.E.. (edst. Retroviruses. Cold Spring Harbor Laboratory Press. 
Coldd Spring Harbor. NY. pp. 121-160. 

2.. Beerens.N. and Berkhout.B. (2002i Strict regulation of HIV-1 reverse 
transcription.. Curr. Top. Virol. 2. I IS-127. 

3.. Ise l .C Weslhof.E.. Massire.C, Le Orice.S.FJ.. Ehresmann.B . 
Ehresmann.C.. and Marquet.R l l ' W l Structural basis for the specificity 
ofthee initiation of HIV-1 reverse transcription. KMBO J.. 18, 1038-1048 

4.. Zhang.Z.. Kang.S.-M, l-i.Y. and Morrow ,C.I). (1998) Genetic analysis 
off the l'5-PBS of a novel HIV- I reveals multiple interactions between 
thee tRNA and RNA genome required for imitation of reverse 
transcription.. RNA. 4, 394-HI6. 

5.5. l.i.Y.. Zhang. / , WakefieldJ.K.. Rang.5.-M. and Morrow,CD I I W i 
Nucleotidee substitutions within U5 are critical lor efficient reverse 
transcriptionn of human immunodeficiency virus type 1 with a primer 
bindingg site complementary to LRNAHis. J. Virol.. 71. 6315-6322. 

66 l.anchy.J -M , Isel.C.. Keith.G. Lc Grice.S.FJ.. Ehresmann.C and 
Marquet.RR (20001 Dynamics of the HIV-1 reverse transcription complex 
duringg initiation of DNA synthesis./ Biol. Cliem.. 275. 1231(6-12312. 

7.. Arts.EJ.. Stetur.S.R.. Li.Y.. Rausch.J.W.. Howard.KJ., Ehresmann.B., 
Nonh.TT W , Wohrt.B M.. Goody.R.S.. Watnberg.M.A. et at. (I996J 
Initiationn of M .strand DNA synthesis from tRNALys3 on lentiviral 
RNAs:: implications of specific HIV-1 RNA-tRNALys3 interactions 
inhibitingg primer utilization by retroviral reverse trancriptases. Proc. Nail 
Acad.Acad. Set. USA. M . I0O63-I0O6H. 

8.. Huang,Y., Shalom,A. L i .Z . WangJ.. Mak.J.. Wainberg.M.A. and 
Kleiman.LL (1996) Effects of modifying the tRNALys3 anticodon on the 
initiationn of human immunodeficiency virus type 1 reverse transcription. 
J.J. Virol.. W. 4700-1706. 

9.. Beerens.N.. Groot,F. and Berkhout.B. (2001) Initiation oi HIV-1 reverse 
transcriptionn is regulated b\ a primer activation signal. J Biol. Chem.. 
276.. 31247-31256. 

10.. Beerens.N. and Berkhout.B. (2002) The tRNA primer activation signal in 
thee HIV-1 genome is important for initiation and proeessive elongation 
off reverse transcription. J Virol. 76, 2329-2339. 

111 Beerens.N. and Berkhout.B. (2002 > Switching the in vitro tRNA usage of 
HIV-11 by simultaneous adaptation of the PBS and PAS. RNA. 8, 
357-369. . 

12.. Benshoui.B and Schuneveld.I. (1993) Secondary structure of the HIV-2 
leaderr RNA comprising the tRNA-primer binding site. Nucleic Acids 
Res.Res. 21. 1171-1178. 

13.. Frcund.F., Boulme.f'., Litvak.S. and Tarrago-Litvak.L. (20011 Initiation 
off HIV-2 reverse transen pi ion: a secondary structure mode! of the 
RNA-tRNA(Lys3)) duplex. Nucleic Acids Res.. 29. 2757-2765. 

14.. Aiyar.A., Ge.Z. and LeisJ. (1994) A specific orientation of RNA 
secondaryy structures is required for initiation of reverse transcription. 
,/.. Virol.'68. 611-618. 

15.. Aiyar.A., Cobrinik.D, Ge.Z., Kung.H.J. and Leis.J. (19921 Interaction 
betweenn retroviral U5 RNA and the TYC loop of the tRNA(Trp) primer 
iss required for efficient initiation of reverse transcription, J. Virol.. 66, 
2464-2472. . 

16.. CohriniLD.. Aiyar.A.. Ge.Z.. Kalzman.M , Huang.H. and LeisJ. (19911 
Overlappingg retrovirus U5 sequence elements are required for efficient 
integrationn and initiation of reverse transcription. J. Virol.. 65, 
3K64-3872. . 

17.. Cobrinik.D., Soskey,!. and LeisJ. (1988) A retroviral RNA secondary 
structuree required for efficient initiation of reverse transcription. J. Virol . 
62.. 3622-3630. 

IS.. Mi l lerJT. , Ge.Z.. Moms.S.. Das.K, and Lei.s.j. (1997) Multiple 
biologicall roles associated with the Rous sarcoma virus 5' untranslated 
RNAA L15-IR stem and loop. J Virol.. 71, 7648-7656. 

19.. Morris.S. and LeisJ (1999) Changes in the Rous sarcoma virus RNA 
secondaryy structure near the primer binding site upon tRNATrp primer 
annealing.. J. Virol. 73. 6307-6318 

20.. Friant.S.. Heyman.T.. Wilhelm.M l . and Wilhelm.F X. (19961 Emended 
interactionss between the primer tRNAKMeti and genomic RNA of the 
yeastt Ty l rctrotransposon Nucleic Acids Res.. 24, 441^149. 

21.. Friant.S.. Heyman.T, Poch,O . Wilhelm.M. and Wilhelm.F X' < 1997) 
Sequencee comparison of the Ty I and Ty2 elements of the yeast genome 
supportss the structural model of the iRNAiMet-Tyl RNA reverse 
transcriptionn initiation complex. Yeast. 13. 639-645. 

222 Friant.S.. Heyman.T.. Bystmm.A S., Wilhelm.M. and Wilhelm,F.X. 
(199811 Interactions between Tyl retrotransposon RNA and the T and D 
regionss of the tRNA(iMet) primer are required for initiation of reverse 
transcriptionn m vivo. Mot. Cell. Biol.. 18. 7<W-806. 

23.. Huthoff.H. and Berkhout,B (2001 j Two alternating structures for the 
HIV-11 leader RNA RNA. 7. 143-157 

24.. Huthoff.H. and Berkhout.B. (2002) Multiple secondary structure 
rearrangementss during HIV-1 RNA dimeri/ation. Biochemistry. 41, 
10439-10445. . 

25.. Berkhout.B.. Ooins.M.. Beerens.N. Huthoff.H.. Southern,E. and 
Verhoef.K.. (2002) In vitro evidence that the untranslated leader of the 
HIV-11 genome is an RNA checkpoint that regulates multiple functions 
throughh conformational changes. J. Biol. Chem . 277. 19967-19975 

266 Oude Essink.B.B.. Das,AT and Berkhout.B (1996> HIV-1 reverse 
transcriptasee discriminates against non-sell tRNA primers .1. Mot. Biot., 
264.. 243-254. 

277 Das.A T.. Klaver.B. and BerkhouuB. (1997) Sequence variation of (he 
HIVV primer-binding site suggests the use of an alternative tRNALys 
moleculee in reverse transcription. J. Gen. Virol.. 78. 837 -S40. 

288 Mulhuswartvi.R , Chen.J , Burnett.B P.. Thimmig.R.1.. Janjic.N and 
McHenry.C.S.. (2002) The HIV plus-sirand transfer reaction: 
determinationn of replication-competent intermediates and identification 

182 2 



off  a novel lenliviral element, the primer over-extension sequence./ Mot. 
Biol..Biol.. US. 311-323. 

29.. Damgaard.C.K., Dyhr-Mikkelsen.H, and KjemsJ. (1998) Mapping the 
RNAA binding sites for human immunodeficiency virus type-1 Gag and 
NCC proteins within the complete HIV-1 and -2 untranslated leader 
regions.. Nucleic Acids Res., 26, 3667-3676. 

300 Chan,B., Weidemaier.K.. Yip.W.-T., Barbara.P.F. and Musier-Forsyth.K. 
(1999)) Inlra-lRNA distance measurements for nucleocapsid protein-
dependentt tRNA unwinding during priming of HIV reverse transcription. 
Pmc.Pmc. Natl Accui. Sci. USA, 96, 459-464. 

31.. Oude Essink.B.B.. Das.A.T. and Berkhout,B. (1995) Structural 
requirementss for the binding of (RNA Lys3 to reverse transcriptase of the 
humann immunodeficiency virus type 1. J. Biol. Cheat.. 270, 
23867-23874. . 

32.. Goldschmidt.V., Ehresmann.C. Ehresmann.B. and Marquet.R. (2003) 
Doess the HIV-l primer activation signal interact with tRNA(3)(Lys) 

duringg the initiation of reverse transcription? Nucleic Acids Res.. 31. 
850-859. . 

33.. Boulme.F., Freund.F. and Litvak.S. {1998) Initiation of in vitro reverse 
transcriptionn from tRNA(Lys3) on HIV-1 or HIV-2 RNAsby both type I 
andd 2 reverse transcriptases. FEBS Lett., 430, 165-170. 

344 Panet.A., Haseltine/W.A., Baltimore,DJ„  Peters.G., Harada.F. and 
DahlbergJ.E.. (1975) Specific binding of tryptophan transfer RNA to 
aviann myeloblastosis virus RNA-dependent DNA polymerase (reverse 
transcriptase),, Proc. Natl Acad. Sci. USA, 72. 2535-2539. 

35.. Barai.C, Lullien.V., Schatz.O., Keith.G., Mugeyre.M.T., 
Griininger-Leitch.F.,, Barre-Si nou ssij\. LeGrice, S.F.J, and Darlix.J.L. 
(1989)) HIV-i reverse transcriptase specifically interacts with the 
anticodonn domain of its cognate primer tRNA. EMBOJ., 11,3279-3285. 

36.. Litvak.S., Sarih-Cottin.L., Foumier.M., Andreola.M. and 
Tarrago-Litvak.L.. (1994) Priming of' HIV replication by tRNA Iys3: role 
off  reverse transcriptase. Trends Binchem. Sci., 19, 114-1 IS. 

183 3 



1 1 

1*4 4 

btf e e 



CHAPTERR 12 

Summaryy and discussion 



186 6 

J J 



Summaryy and Discussion 

Thiss thesis describes studies performed on the structure and function of the HIV untranslated 

leaderr RNA. This highly conserved non-coding portion of the HIV genome contains a 

multitudee of regulatory RNA sequence and structure motifs that are essential in many steps of 

thee virus life cycle. The biological properties of the untranslated leader are reviewed in 

chapterr  1, along with the structure of this molecule. Regulatory elements within the leader 

showw a high degree of overlap and are often multipartite. At the time the research described in 

thiss thesis was initiated, several structure models of the HIV-1 leader had been proposed. 

Withh the exception of the 5' TAR hairpin, these models showed littl e similarity. 

Basedd on the observation that transcripts corresponding to the HIV-1 untranslated 

leaderr exhibit unusually fast electrophoretic mobility on non-denaturing gels, which is 

indicativee of a compact structure, an extensive mutational analysis was performed to monitor 

thee folding of the leader (chapters 2 and 3). The domains containing the polyadenylation 

signall  (polyA) and the Dimerization Initiation Site (DIS) emerged as essential determinants of 

thee compactly folded leader (chapter  2). The DIS element was known to fold a hairpin that 

exposess a palindromic sequence in the loop and loop-loop base pairing between two DIS 

elementss is thought to mediate dimerization of the genomic HIV-1 RNA. Surprisingly, we 

foundd that folding of the compact structure and RNA dimerization are mutually exclusive, 

indicatingg that the compact fold does not expose the DIS hairpin. Instead, the leader adopts a 

dimerization-incompetentt conformation through a Long Distance Interaction (LDI) between 

thee polyA and DIS domains. Refolding of the RNA into an alternative Branched conformation 

withh Multiple Hairpins (BMH) is required to expose the D1S hairpin and to allow subsequent 

dimerization.. This event is facilitated by the viral nucleocapsid protein (NC), which possesses 

aa potent nucleic acid chaperoning activity. We propose that the LDI-BMH riboswitch might 

servee to coordinate the multiple biological functions of the leader, in particular the role of the 

full-lengthh HIV-1 transcript as both mRNA and the viral genome. 

Ourr studies confirmed the relative stability of the TAR hairpin, which is present in 

bothh LDI and BMH folds. However, mutations in TAR do affect the folding of the 

downstreamm leader RNA by altering the equilibrium between the LDI and BMH 

conformationss (chapter  3). The rigidity of TAR thus seems required for maintaining the 

properr balance between the alternative conformations of the leader. Having established the 

essentiall  domains for the LDI-BMH switch, we presented an ordered pathway that describes 
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thee refolding events during RNA dimerization. This pathway is based on the free energy 

changess associated with secondary structure rearrangements and accurately predicts the 

foldingg properties of the wild type HIV-1 leader and mutants thereof (chapter  4). 

Fromm the Amsterdam HIV/AID S Cohort study of homosexual men, we identified an 

HIV-11 infected individual who progresses slowly to disease and who harbors a virus with 

unusuall  mutations in the viral genome (chapter  5). We demonstrated that a six-nucleotide 

insertt present in the DIS domain of the patient-derived leader is detrimental to RNA 

dimerizationn in vitro. Additional mutations in the DIS were shown to partially compensate for 

thee dimerization defect. Interestingly, sequence changes were acquired in the leader 

concomitantt with an increase in viral load. These sequence changes alter the LDI-BMH 

equilibriumm such that folding of the BMH conformation is favored, which results in improved 

RNAA dimerization of the patient-derived leader. It thus appears that this individual was 

initiallyy infected with a genetically attenuated virus, which evolved through acquisition of 

compensatoryy second site mutations. 

Inn reference to the structural versatility of the HIV-1 leader, analogous studies were 

performedd with the HIV-2 leader. Much less is known about the structure and function of the 

HIV-22 leader RNA, and we first demonstrated that HIV-2 RNA dimerization depends on a 

similarr DIS element (chapter  6). Exposure of the HIV-2 DIS hairpin is not constitutive, and 

thee dimerization of HIV-2 RNA is also regulated by alternative conformations of the leader 

(chapterr  7). Since the dimerization processes of HIV-1 and HIV-2 thus appear very similar in 

mechanisticc terms, we investigated the ability of the leaders to form heterodimers (chapter 

8).. Hetero-dimerization between the HIV-1 and HIV-2 genomes is highly restricted at the 

levell  of complementarity between the DIS palindromes. This may explain why HIV-1/2 

recombinantt viruses have not been observed, despite several documented cases of co-infected 

individuals. . 

Sincee the TAR element differs from the remainder of the HIV-1 leader RNA in that it 

stablyy adopts a hairpin, the structure and function of this hairpin was investigated separately. 

TARR fulfill s an important role in trans-activation of the viral promoter by serving as a binding 

sitee for the viral trans-activator protein Tat and the cellular positive Transcription Elongation 

Factorr b (pTEFb) complex. Tat binds to a three-nucleotidc bulge in TAR and the cyclin Tl 

subunitt of pTEFb associates with the TAR apical loop. We demonstrate in chapter  9 that the 

six-nucleotidee loop contains a cross-loop base pair between the first and fifth residue. This 

basee pair is required for trans-activation of the LTR promoter, which suggests that a cellular 

factor,, possibly cyclin Tl , specifically recognizes the structure of the loop. Identification of 
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thiss structured motif in the TAR loop is of particular interest because similar loops have 

recentlyy been described for several viral and cellular RNAs, most abundantly in the bacterial 

ribosome.. Further study of TAR indicated a tertiary interaction of a loop residue with a base 

pairr below the three-nucleotide bulge (Chapter  10). These residues can form a base triple 

whenn TAR is not bound by the Tat protein, and this coincides with a highly bent hairpin 

structure.. Binding of Tat to TAR results in straightening of the helix, disruption of the Tat-

independentt base triple and formation of a Tat-dependent base triple. Thus, we propose that 

TARR can adopt two alternative tertiary structures, which are stabilized by mutually exclusive 

basee triples. 

Inn chapter  11 it is shown that regulation of leader-dependent processes through 

alternativee secondary structures also applies to the initiation of reverse transcription. Using a 

sett of HIV-1 transcripts with mutations in the Primer Binding Site (PBS), which is 

complementaryy to the tRNA!y° reverse transcription primer, we demonstrated that the folding 

off  the bound tRNA in the reverse transcription complex determines the efficiency of the 

primingg event. In particular, prevention of base pairing between the tRNA TWC arm and a 

complementaryy sequence in the HIV-1 leader, the Primer Activation Signal (PAS), drastically 

reducess initiation of reverse transcription. 

Inn summary, this thesis highlights conformational changes of regulatory RNA 

elementss in the untranslated leader of the HIV genome. The majority of the presented 

experimentall  data concerns solution studies on the structure of in vitro generated RNA 

correspondingg to the HIV-1 leader. In particular, we mostly used a transcript that spans the 

firstfirst 290 nucleotides of the leader, which corresponds to the domain that is common to both 

thee spliced and unspliced HIV-1 transcript. More recently, we demonstrated that the LDI-

BMHH switch holds true for transcripts that contain the entire leader of the unspliced HIV-1 

transcriptss (1). Folding of the dimerization-competent BMH structure in this context coincides 

withh masking of the Gag start codon through a novel long-distance base paring interaction. 

Thiss finding supports the notion that the LDI to BMH switch may serve as a general RNA 

checkpointt that coordinates multiple processes during virus replication. The effect of this 

switchh on the Internal Ribosomal Entry Site (IRES) activity of the leader (2) is under 

investigation.. I note that the LDI conformation adopted by the entire HIV-1 leader shows a 

remarkablee resemblance to secondary structure of the Internal Ribosomal Entry Sites (IRES) 

off  the Hepatitis C virus and poliovirus. 

Becausee our proposal of RNA switches is based on biochemical experimentation, we 

havee taken great care to correlate our results with biological data when available. We also 
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exploredd the sequence variation of natural HIV isolates to provide additional genetic 

evidence.. The LDI-BMH switch mechanism is supported by several genetic arguments. This 

modell  rationalizes the reversion pathways of viruses with mutations in the polyA and TAR 

domainss (chapters 2 and 3, respectively) and the evolution of viruses with an unusual DIS 

elementt in a patient that progresses slowly towards disease (chapter  5). In addition, an LD1 to 

BMHH secondary structure switch is also applicable to the leader RNA of H1V-2 (chapter  7) 

andd different HIV-1 subtypes (Andersen and Kjems, personal communication). These indirect 

indicationss that the LDI-BMH switch is functional in vivo currently represents the best 

supportivee evidence, as direct detection of this RNA equilibrium in cells is presently not 

possible.. Mutations within the leader generally cause a variety of defects in virus replication, 

makingg the interpretation of virological studies difficult. This is complicated even further by 

thee observation that some leader mutants have surprisingly healthy phenotypes in cell culture 

infectionss (chapter  5), which arguably casts more doubt on the adequacy of the experiment 

thann on the importance of the extremely conserved leader. Recently, members of the 

Wainbergg laboratory have performed a detailed analysis of genome dimerization in vivo and 

reportedd that mutations causing a decrease in the amount of dimers in virion particles are 

scatteredd throughout the leader (3;4). We have undertaken a systematic structure prediction of 

thesee mutants and those from two other studies (5;6), and the preliminary results indicate that 

virtuallyy all dimerization-defective mutants show a preference for the dimerization-

incompetentt LDI structure (Ooms et al., manuscript in preparation). It will be of interest to 

studyy the leader RNA structure of these mutants and to monitor the evolution towards 

improvedd variants. Such analyses are currently being carried out in the Berkhout laboratory 

withh a new set of HIV-1 mutants that are specifically designed to freeze the switch in either 

thee LDI or BMH conformation. These mutants behave in vitro exactly as the LDI-BMH 

switchh model predicts (Haasnoot, unpublished results). Thus, whereas a direct demonstration 

off  the functionality of this RNA switch in vivo is currently absent, the available studies on the 

leaderr are certainly consistent with this model. 

AA correlation between in vitro and in vivo studies is less problematic for the TAR 

element,, for which adequate assays exist to study its role in HIV-1 gene expression. Indeed, 

ourr studies revealed a tight correlation between the structural and functional effects of 

mutationss in TAR (chapters 9 and 10), which led to the identification of a structured 

conformationn of the TAR loop and a novel tertiary fold of the hairpin. The cross-loop base 

pairr that we identified in the apical loop appears to be a very common RNA motif, as it is 

encounteredd in a variety of RNAs. Thus far, two nomenclatures have been proposed for this 
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motif:: the T-loop and the lone pair tri-loop. Of particular interest is the similarity of TAR and 

thee Iron Responsive Element {l&b).  The IRE also folds a hairpin with a bulge and structured 

T-loop.. Interestingly, it has been reported that mutations in the IRE loop cause differential 

chemicall  accessibility in the hairpin stem directly below the bulge (7). I therefore suspect that 

aa tertiary interaction similar to the base triple in free TAR may also occur in the IRE. 

Consequently,, the stem-bulge-stem-T-loop motif may represent a more general tertiary 

structuree switch between a docked and undocked loop. 

Inn chapter  11 we investigated the priming of reverse transcription by a mechanism 

thatt appears to be conserved among retroviruses and possibly all retro-elements: activation of 

thee tRNA primer by an interaction of the V¥C arm (or antiPAS) with a complementary 

sequencee of the retroviral genome, the PAS motif. Despite the remarkable conservation of 

PASS elements in the genome of retro-elements and considerable evidence in support of this 

model,, the HIV-1 reverse transcription field is dominated by an alternative model that 

proposess an interaction of the tRNA anti-codon loop with the viral genome. The proposed 

interactionn is specific to HIV-1 and has no counterpart in any other retrovirus, including the 

closelyy related HIV-2 virus. It seems unlikely that an interaction between the tRNA primer 

andd the viral genome that is of crucial importance to the process of reverse transcription 

wouldd have evolved uniquely in HIV-1. The original reports that proposed the importance of 

thee anti-codon loop were based on structure probing performed with a deviant HIV-1 strain 

(Mai)) that has a large insertion directly downstream of the PBS (8;9). Initiation of reverse 

transcriptionn is not affected by mutations in the HIV-1 RNA that disrupt the complementarity 

withh the tRNAlys3 anti-codon loop (10) and virological evidence for an interaction with the 

anti-codonn loop is open to alternative interpretations (11). Several groups have provided 

evidencee against this interaction (12; 13). Although our work does not directly exclude a role 

off  the anti-codon loop, we did provide supportive evidence for the PAS-antiPAS model. 

Becausee the PAS motif is occluded by base pairing in the absence of the tRNA primer, it has 

beenn suggested that initiation of reverse transcription is regulated by RNA structure. Studies 

addressingg the interplay between PAS-regulated initiation of reverse transcription and the 

LDI-BMHH switch are currently in progress. 

Inevitably,, the question arises whether the studies described in this thesis will benefit 

thee battle against HIV/AIDS. Although no direct clinical applications have presently emerged 

formm this research, RNA does hold a tantalizing promise as both therapeutic target and tool. 

Exampless of pathological disorders linked to mutations in non-coding RNA molecules, such 

ass telomeric RNA and tRNAs, accumulate rapidly at a time when non-coding genes in the 
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humann genome, and the genomes of pathogens, are still largely unexplored . The recent 

discoveryy of RNA interference (RNAi) has seen its rapid application as the most common and 

effectivee means of gene silencing in use today. RNAi-based strategies, as well as designed 

ribozymes,, are expected to enrich the repertoire of modem medicine, which already leans 

heavilyy on the importance of RNA in biology. One need only recall that current live-

attenuatedd vaccines of the poliovirus are based mainly on mutations in the untranslated leader 

RNAA and that many antibiotics target the RNA in bacterial ribosomes. These considerations 

certainlyy justify continued study of non-coding RNA in general and of pathogens, such as 

HIV,, in particular. 

11 Whether or not associated with disease, I propose the name nonco-genes for genetic units that 
producee RNA molecules without protein-coding potential. 
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Samenvatting g 

Inn dit proefschrift worden studies naar het niet-coderende 5*  uiteinde van het HIV RNA 

genoom,, het leader RNA, beschreven. Dit sterk geconserveerde gedeelte van het HIV genoom 

bevatt meerdere regulatoire RNA elementen die essentieel zijn voor de uitvoering van diverse 

processenn tijdens de virale replicatie cyclus. De biologische eigenschappen en structuur van 

hett leader RNA zijn beschreven in hoofdstuk 1. De regulatoire RNA elementen binnen het 

leaderr RNA vertonen een sterke mate van overlap, wat de functionele dissectie niet 

vergemakkelijkt.. Bij aanvang van dit promotie-onderzoek waren reeds enkele structuur 

modellenn voor dit RNA gepostuleerd. Met uitzondering van de 5' TAR haarspeld toonden 

dezee modellen weinig tot geen overeenkomsten. 

Gebaseerdd op de observatie dat transcripten corresponderend met het leader RNA 

ongewoonn snelle mobiliteit vertonen tijdens niet-denaturerende gel-elektroforese, hetgeen 

duidtt op de vorming van een compacte structuur, werd de vouwing van het RNA bestudeerd 

doorr middel van mutanten analyse (hoofdstukken 2 en 3). De domeinen die het 

polyadenyleringss signaal (polyA) en het dimerisatie signaal (DIS) bevatten bleken essentieel 

voorr het vouwen van de compacte structuur. Van het DIS element was reeds bekend dat deze 

eenn haarspeld structuur kan aannemen die een palindromische sequentie presenteert in een 

enkelstrengss lus. Het RNA genoom van het HIV virus is als een niet-covalent gebonden dimer 

aanwezigg in de virus partikels, en baseparing tussen de palindromen in twee DIS elementen is 

verantwoordelijkk voor deze dimerisatie. Biochemische analyse van het leader RNA wees uit 

datt de compacte vouwing niet compatibel is met RNA dimerisatie omdat het DIS element een 

langee afstands interactie aangaat met het polyA domein (LDI voor Long Distance Interaction). 

Inn deze conformatie neemt het DIS element geen haarspeld structuur aan. Door middel van 

hervouwingg van het RNA naar een alternatieve conformatie die word gekenmerkt door 

meerderee haarspelden (BMH voor Branched Multiple Hairpins) vouwt het DIS element de 

bekendee haarspeld structuur en kan RNA dimerisatie plaatsvinden. Dit proces wordt 

gefaciliteerdd door het virale nucleocapside eiwit, dat een potente chaperone activiteit voor 

nucleïnezurenn bezit. Aan de hand van deze resultaten stellen wij voor dat de alternatieve 

conformatiess van het leader RNA kunnen fungeren als moleculaire schakelaar tijdens de 

viralee replicatie cyclus, in het bijzonder om de tweevoudige rol van het volledige transcript als 

mRNAA en viraal RNA genoom te reguleren. 
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Onzee analyses tonen aan dat het 5' TAR element niet deelneemt aan de 

conformationelee verandering van LDI naar BMH, en continu een stabiele haarspeld structuur 

vouwt.. Echter, mutatie van TAR heeft wel invloed op het evenwicht tussen de LDI en BMH 

conformatiess (hoofdstuk 3). De stabiliteit van de TAR haarspeld lijk t dus kritisch te zijn voor 

hett behouden van de juiste balans tussen de alternatieve conformaties van het leader RNA. 

Nadatt de domeinen die noodzakelijk zijn voor de LDI naar BMH conformationele 

veranderingg in kaart waren gebracht kon een meer-stappen route worden geformuleerd die de 

hervouwingg van het RNA tijdens de dimerisatie beschrijft (hoofdstuk 4). Deze vouwings-

routee is gebaseerd op de vrije energie veranderingen die gepaard gaan met secundaire 

structuurr veranderingen van RNA en geeft een accurate voorspelling van de vouwings-

karakteristiekenn van het wild type en mutant HIV-1 leader RNA. 

Uitt de Amsterdam Cohort Studie van homoseksuele mannen werd een HIV-1 positief 

individuu geïdentificeerd die een langzaam ziekte-verloop vertoont en geïnfecteerd is met een 

viruss dat ongewone mutaties in het virale genoom bevat. Karakteristiek voor deze patiënt is de 

extreemm lage hoeveelheid virus in het bloed bij aanvang van de infectie, gevolgd door een 

geleidelijkee toename in de hoeveelheid tijdens ziek te-progressie. Wij konden aantonen dat een 

ongewonee insertie van zes nucleotiden in het DIS element een dramatisch in vitro RNA-

dimerisatiee defect veroorzaakt (hoofdstuk 5). Een tweede mutatie in het DIS element, in de 

vormm van een enkele substitutie, compenseert dit defect gedeeltelijk. Vergelijking van virale 

sequentiess uit vroege en late stadia van de infectie wees uit dat additionele mutaties in het 

leaderr RNA waren opgetreden. Deze mutaties veroorzaken een verschuiving van het LDI -

BMHH evenwicht richting de BMH structuur, welk een toename van RNA dimerisatie tot 

gevolgg heeft door verbeterde presentatie van de DIS haarspeld. Het lijk t er aldus op dat de 

patiëntt werd besmet met een genetisch geattenueerd virus dat is geëvolueerd tot een 

verbeterdee variant door middel van compensatoire mutaties. 

Analogee studies zijn uitgevoerd met het HIV-2 leader RNA. Er is veel minder bekend 

overr de structuur van het HIV-2 leader RNA, en wij hebben als eerste aangetoond dat de RNA 

dimerisatiee afhankelijk is van een vergelijkbaar DIS element (hoofdstuk 6). De vouwing van 

dee HIV-2 haarspeld is niet statisch, en de dimerisatie van het HIV-2 leader RNA is ook 

gereguleerdd door middel van alternatieve secundaire structuren (hoofdstuk 7). Omdat de 

RNAA dimerisatie mechanismen van HIV-1 en HIV-2 grote overeenkomsten vertonen werd de 

hetero-dimerisatiee van de twee leader RNAs bestudeerd (hoofdstuk 8). Hetero-dimerisatie is 

inn sterke mate beperkt door de afwezigheid van complementariteit tussen de HIV-1 en HIV-2 
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DISS palindromen. Dit zou kunnen verklaren waarom er geen HIV-1/2 recombinant virussen 

zijnn waargenomen, ondanks een aantal gedocumenteerde gevallen van co-infectie. 

Hett TAR element zich onderscheidt van de rest van het leader RNA doordat het een 

stabielee haarspeld structuur aanneemt. Om deze reden werd de structuur en functie van TAR 

afzonderlijkk onderzocht. TAR speelt een belangrijke rol in de trans-activatie van de virale 

promoterr door te fungeren als bindingsplaats voor het virale trans-activator eiwit Tat en 

cellulairee transcriptie-stimulerende factoren, in het bijzonder het pTEFb complex. Tat bindt 

aann een kleine interne lus in de TAR haarspeld en vervolgens gaat het cycline Tl component 

vann pTEFb een interactie met de terminale lus. In hoofdstuk 9 tonen wij aan dat de 6-

nucleotidee terminale lus een base paar bezit tussen het eerste en vijfde residu. Dit base paar is 

noodzakelijkk voor de trans-activatie van de virale promoter, hetgeen suggereert dat een 

cellulairee factor, mogelijk cycline Tl, een structuurspecifieke interactie aan gaat met de 

terminalee lus. Verdere studie aan het TAR element wees uit dat een residu uit de terminale lus 

eenn interactie aangaat met een base paar onder de interne lus (hoofdstuk 10). Deze 

nucleotidenn kunnen een base triplet vormen in de afwezigheid van het Tat eiwit, resulterend in 

eenn sterk gebogen structuur van de TAR haarspeld. De interactie van Tat met TAR induceert 

eenn gestrekte conformatie van de haarspeld en gaat gepaard met verstoring van het Tal-

onafhankelijkee base triplet en de vorming van een ander, Tat-afhankelijk, base triplet. Wij 

suggererenn dat TAR twee alternatieve tertiaire structuren kan aannemen die elk gestabiliseerd 

wordenn door een uniek base triplet, hetgeen kan fungeren als RNA schakelaar tijdens de HIV-

11 gen-expressie. 

Inn hoofdstuk 11 laten wij zien dat de regulatie van leader-afhankelijke processen door 

middell  van alternatieve secundaire structuren ook van toepassing is op de initiatie van reverse 

transcriptie.. Met behulp van een set HIV-1 mutanten van de primer bindingsplaats (PBS voor 

Primerr Binding Site), die complementair is aan de tRNAI>s3 primer voor reverse transcriptie, 

konn worden aangetoond dat de vouwing van het tRNA in het reverse transcriptie complex de 

efficiëntiee van initiatie bepaald. Het voorkomen van base paring tussen de tRNA WC arm en 

eenn complementaire sequentie in het HIV genoom (PAS voor Primer Activation Signal) heeft 

eenn drastische reductie van reverse transcriptie initiatie tot gevolg. 

199 9 



200 0 



Appendices s 

Full-colourr figures 

201 1 



1 1 

20& & 

i i 



HIV-11 Drovirus 

nu-- pol l 

•• , I ^ rev -. I 3̂  

|| vpr | env 

vg3 3 
in n 

leaderr RNA 
RR U5 GAG G 

TARR |polyA | PBS | DIS | SP | f [ AUG hf f 
TARR polyA PBS DIS 

Appendixx I. On top, the proviral DNA genome is shown with the nine open reading frames. 

Underneath,, the untranslated leader of unspliced transcripts with its regulatory elements is 

schematicallyy depicted. (Chapter 1, figure 3). 
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Appendixx II . Alternating structures of the HIV-1 leader RNA. (Chapter 2, figure 11). 
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Appendixx III . Schematic representation of the secondary structure conformations of the HIV-1 leader 

RNA.. (Chapter 4, figure 1). 
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Appendixx I V.I. Slow disease progression in patient H0671. (Chapter 5, figure 1). 

204 4 



+11 10 IJ 20 30 40 50 60 70 8C 

II  I I I I I I I I 

B-LA II  GGTCTCTCTGGTTAGACCAGAJBGAGCBBBGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAJJ 

B-HANN C G 

P955 C G 

p99AA C G 

p99BB CA C G. .G 

900 100 110 120 130 140 150 160 

II  I I I I I I I 

B-LA II  TTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTC 

B-HANN G T 

p955 A 

p99AA T A. 

p99BB T A. 

1700 180 190 200 210 220 230 240 

II  I I I I I I I 

B-LA II  AGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACTTGAAAGCGAAAGGGAAACCAGAGGAGCTCTCTCGACGCAG 

B-HANN TAG A 

P955 TA A 

P99AA C TA A 
P99BB — TA A 

B-LAII GACTCGGCTTGCTGAA HBBHACGGCAAGAGGCGAGGGGAGGCGACTGGTGAGTACGCCAAAAA-TTTTG 

B-HAN N 

PP

p99A A 

p99B B G G 

Appendixx IVJL Unusual sequence variation in the HIV-1 untranslated leader RNA. (Chapter 5, 

figuree 2) 
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Appendixx IV.III . Secondary structure models of the wild-type DIS element of the LAI strain, the p95 

patientt derived DIS (I+S) and two mutants containing the individual insert (I) or substitution (S). 

(Chapterr 5, figure 3). 
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Appendixx IV.IV . RNA secondary structure prediction of the LAI and patient-derived untranslated 

leaderr RNA. (Chapter 5, figure7). 
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Appendixx V. An RNA switch regulates dimerization of the HIV-1 and HIV-2 RNA. (Chapter 7, figure 

8). . 
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Appendixx VI . Molecular dynamics simulations of the TAR hairpin. (Chapter 9, figure 4). 

208 8 



Appendixx VII . I. Structure modeling of the HIV-1 TAR hairpin. (Chapter 10, figure 4). 
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Appendixx VII.II . Structure models for the bent and straight conformations of the HIV-1 TAR hairpin. 

(Chapterr 10, figure 7). 
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Appendixx VIII . Scheme of the tRNAlysJ primer and part of the HIV-1 RNA genome. (Chapter 11, 

figuree 1) 
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