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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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