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SUMMARY AND DISCUSSION 

This thesis describes studies performed with a set of HIV-1 variants in which the TAR 

RNA element was mutated. Because the TAR element is essential for viral 

transcription through binding of the Tat protein, we purposely used a modified virus 

that does not need the Tat-TAR axis for transcription. This allowed us to dissect the 

significance of the many non-transcriptional functions that have been attributed to 

the TAR element. In fact, one major message from these studies is that there are no 

other TAR functions that are essential for virus replication in vitro because complete 

TAR deletion is allowed. Nevertheless, we document severe virus replication defects 

for several other TAR-mutated HIV-1 variants. To explain this seemingly paradox 

(“why do certain TAR mutants yield a dead virus as this motif can be deleted”), we 

have to realize that the TAR RNA hairpin is part of the highly structured untranslated 

leader region of the HIV-1 RNA genome that contains many important replication 

signals. The leader encodes for instance essential RNA sequences such as the primer-

binding site (PBS) and important RNA structures such as the RNA dimerization 

initiation signal (DIS hairpin). As such, another major message from this thesis is 

that mutational analysis of TAR is dangerous because of indirect effects on the 

structure of the complete leader RNA and its encoded signals. The overall structure of 

the HIV-1 leader RNA, the different RNA signals and their function in virus replication 

are introduced in chapter 1.  

Many previous studies in which TAR was mutated to study additional roles of 

this hairpin were complicated by the fact that mutation resulted in abolished 

transcription and consequently a severe virus replication defect due to disruption of 

the Tat-TAR axis (Fig. 1). We therefore studied the additional roles of TAR in the 

background of the HIV-rtTA virus, in which viral transcription is controlled by the 

introduced Tet-On system (chapter 2). In this context, we deleted large parts of the 

TAR hairpin on either the left side, the right side or on both sides of the base paired 

stem, resulting in destabilization or truncation of the hairpin. Surprisingly, we 

demonstrated that truncation and even nearly complete deletion of the TAR hairpin is 

compatible with virus replication, but destabilization of the hairpin creates a major 

replication problem. We cultured the mutated viruses for several months, this 

resulted in HIV-1 evolution and the selection of virus variants that regained 

replication competence by the acquisition of additional mutations (1-3). For instance, 

we described that prolonged culturing of the virus mutant with a nearly complete TAR 

deletion resulted in the deletion of the remaining TAR sequences. In another 

evolution experiment we observed the insertion of a new sequence segment that 

creates a novel stable stem-loop structure at the 5’ end of the viral transcript. These 

TAR-deleted variants replicated efficiently, which demonstrates that, apart from its 

critical primary role in transactivation of Tat-mediated transcription, there is no 

essential second TAR function, at least in these in vitro virus replication experiments. 

Another lesson learned is that HIV-1 replication is severely inhibited by a destabilized 
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RNA structure at the 5' end of the viral RNA. In addition, as TAR is repeated near the 

3’ end of the viral RNA, additional problems may surface here. We set out to study 

these issues and to dissect the molecular mechanism(s) that underlie these 5’ and 3’ 

problems.  

Several studies showed that the 5’ TAR hairpin is an autonomous hairpin 

structure in the untranslated leader RNA that does not interact with downstream 

sequences. The leader RNA has been proposed to adopt two alternative 

conformations. In the dimerization-competent branched multiple hairpin (BMH) 

conformation, the DIS and polyA domains fold as individual hairpins to execute their 

functions as RNA dimerization motif and suppressor of polyadenylation, respectively. 

In the alternative folding of the long distance interaction (LDI), these DIS and polyA 

sequences interact with each other, thus effectively preventing the formation of the 

individual hairpins. The TAR mutations described above were assessed in vitro for 

their impact on the LDI-BMH equilibrium of the HIV-1 leader RNA, which is believed 

to function as a riboswitch (chapter 3). The wild-type HIV-1 leader RNA adopts the 

LDI conformation and is therefore restricted in RNA dimerization. We demonstrated 

that TAR destabilized mutant transcripts display the alternative BMH conformation, 

concomitant with an increased ability to dimerize because the DIS hairpin is exposed. 

These results were confirmed by probing of the actual leader RNA structure. Very 

importantly, we documented extension and stabilization of the polyA hairpin by usage 

of TAR-derived nucleotides that were freed by destabilization of the TAR hairpin (Fig. 

1, lower panel). Stabilization of the polyA hairpin explains the LDI-to-BMH switch 

because this hairpin forms an integral part of the latter conformation. We also 

studied the RNA properties of two evolved HIV-1 variants that overcome the TAR-

destabilization by additional mutations. These variants stabilize what is left of the 

TAR hairpin and consequently do not affect the polyA hairpin. This also means that 

the LDI-BMH riboswitch returns to the wild-type position (LDI configuration) that is 

restricted in RNA dimerization because the DIS hairpin is not exposed. 

Two copies of the full length HIV-1 RNA genome are packaged in virion 

particles as a non-covalently linked dimer. Some studies indicated that spliced HIV-1 

transcripts are packaged when leader RNA mutations cause a packaging defect of the 

full-length genomic RNA. We observed decreased packaging of HIV-1 RNA genomes 

with a destabilized TAR hairpin and indeed witnessed increased packaging of such 

spliced HIV-1 transcripts. Consistent with the replication phenotype, this packaging 

problem was not apparent when TAR was truncated (chapter 4). To determine which 

of the two TAR elements caused the packaging problem, we repeated the analysis for 

virions that either contained the TAR mutation at the 5' or 3' end of the viral genome. 

The observed packaging defect was exclusively due to destabilization of the 5' TAR 

hairpin. In addition, dimerization of the packaged genomic RNA was reduced by these 

5’ TAR mutations. Thus, 5’ TAR destabilization causes unwanted side effects in the 

leader RNA that affect functions like packaging and dimerization of the viral RNA. 

Deregulation of these viral processes may be triggered by the changes in the LDI-

BMH riboswitch of the HIV-1 leader RNA that were observed in vitro.  
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Figure 1. Processing of HIV-1 RNA and the impact of a destabilized TAR hairpin.  

See text for details. 
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Polyadenylation of the primary HIV-1 transcript is an important measure to prevent 

degradation of the viral RNA genome. As said, RNA structure probing indicated that 

the polyA hairpin is stabilized when the TAR hairpin is destabilized. This would create 

a problem at the 3’ end of the HIV-1 RNA genome because of inaccessibility of the 

polyadenylation signal, which is embedded in the polyA hairpin, for recognition by 

polyadenylation factors. We therefore set out to test whether 3’ TAR destabilization 

would impose such problems. The RNA of HIV-producing cells was analyzed on 

Northern blot, which indeed showed read-through transcripts of increased size upon 

3’ TAR destabilization (chapter 5). We confirmed by introduction of an exogenous 

polyadenylation signal that these extended transcripts are caused by read-through 

transcription due to a lack of polyadenylation.  

In our studies we focused on the signals in the HIV-1 leader and trailer RNA 

that are affected by destabilization of the TAR hairpin on either the 5’, 3’ or on both 

sides of the HIV-1 RNA genome. Although we observed wild-type levels of 

transcription for all variants several other processes were severely affected by the 

deletions in TAR. Figure 1 summarizes the processes involved in the processing of 

viral RNA that are addressed in this thesis. The upper panel shows the situation for 

wild-type HIV-1, with transcriptional enhancement by the Tat protein through TAR, 

polyadenylation at the 3’ end and packaging of the viral RNA in newly assembled 

virus particles. In the lower panel we illustrate the effects of TAR destabilization in 

HIV-rtTA for the 5’ and 3’ ends, which affect different RNA processes. Destabilization 

of 5’ TAR results in stabilization of the 5’ polyA hairpin and a shift in the LDI-BMH 

equilibrium. As a result, we observed increased dimerization of leader transcripts in 

vitro. In the context of HIV-1 replication, destabilization of the 5’ TAR hairpin resulted 

in decreased packaging of the 9 kb viral genome, such that less infectious virus is 

made (Fig. 1, lower left panel). When deleting parts of the TAR hairpin at the 3' end 

of HIV-rtTA, the 3’ polyA hairpin is stabilized and consequently less accessible for 

polyadenylation (lower right panel).  

What does this novel insight, especially the multitude of HIV-1 RNA 

processes that go wrong when one mutates the TAR hairpin, mean for the 

interpretation of previous TAR mutagenesis studies? Several previous studies 

mutated or deleted parts of the TAR hairpin and a wide range of effects were 

observed (1, 4, 5). However, these studies were seriously hampered because the 

introduced mutations often affected the Tat-TAR axis, which resulted in abolished 

replication. The interpretation of these studies is even more complex because the 

TAR hairpin is also present at the 3' end of the genome. In the system described in 

this thesis we were able to separate the TAR hairpin from its essential role in 

transcriptional activation and to study the other proposed functions of the TAR 

hairpin. We dissected the defects caused by the deletions in the TAR hairpin at three 

different levels. We studied the properties of the 5' TAR-mutated leader RNA in vitro 

and examined the TAR functions as part of the complete viral RNA genome in cells 

and virions. Furthermore, we were able to separate the 5’and 3’ TAR effects.  



CHAPTER 6 

100 

It is generally known that deleting parts of RNA structures is a dangerous act that 

can have striking structural consequences. However, since the TAR hairpin forms an 

autonomous RNA structure within the leader and trailer RNA, we did initially not 

expect major structural problems. As said, we nevertheless witnessed gross problems 

upon mutation of the 5’ or 3’ TAR element. It may be of interest to broaden these 

findings to observations made with other viral systems. For example, two RNA 

deletion studies were performed with the positive stranded RNA genome of porcine 

reproductive and respiratory syndrome virus (6, 7). The first study demonstrated 

that some small deletions within ORF7 can be tolerated. However, other deletions 

resulted in abolished virus production. In the second study smaller deletions were 

introduced and RNA structure analysis was performed with the Mfold program. The 

results led to the identification of a secondary RNA structure in the open reading 

frame that interacted with sequences in the 3' UTR, and this long-distance RNA 

interaction appears necessary for virus production.  

In fact, it was difficult to find literature about misfolding of RNA due to 

introduced deletions. With the following search items RNA + virus + misfolding, one 

obtains 41 hits in PubMed, but most of these studies are in fact about protein 

misfolding. We suspect that many cases of unwanted RNA structural misfolding go 

unnoticed or are not published. The results presented in this thesis indicate that such 

unappreciated adverse RNA structure effects may have serious consequences, in 

particular because wrong conclusions will be drawn on the biological function of the 

RNA motif under study.  

There are other complications to the study of RNA molecules that relate to 

the in vivo presence of cellular co-factors that interact with the RNA. We will present 

a few examples. RNA molecules fold into three-dimensional structures that are 

essential for processes including translation, mRNA processing and viral replication. 

In most cases, RNAs obtain their biologically active structure through interactions 

with protein cofactors or chaperones. It was thought that the functionally active 

secondary structure is also the thermodynamically most stable secondary structure. 

The study by Duncan et al. showed by SHAPE analysis of the yeast bI3 group I intron 

holoenzyme that the secondary structure is rearranged extensively by protein 

cofactors (8). This rearrangement is necessary for formation of the catalytically 

active tertiary structure. This study demonstrated that the secondary RNA structure 

determined in vitro can be quite different from the functionally active structure that is 

acquired in vivo, putting another restriction on the study of RNA molecules. Another 

example of chaperone activity are DExD/H-box proteins that are involved in RNA-

mediated processes and use ATP to accelerate conformational changes in the RNA. 

Some of the proteins within this family function as RNA chaperones. These RNA 

chaperones are also involved in refolding of the RNA from the misfolded to the native 

form. One example is the CYT-19 protein of Neurosporra crassa, which is required for 

the efficient splicing of several mitochondrial group I introns (9). In this study a 

ribozyme was used that is derived from a group I intron of Tetrahymena thermophila, 

this ribozyme is mainly in the misfolded conformation and then slowly refolds into the 
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native structure. CYT-19 accelerates this folding reaction by promoting partial 

unfolding of misfolded ribozyme. 

Both monovalent and divalent metal ions also have a large effect on the 

folding of complex RNA molecules (10, 11), although they seem to play distinct roles. 

Magnesium is more efficient than sodium in inducing RNA tertiary folding and 

stabilizing RNA structures, but can cause nonspecific RNA collapse. It seems that 

monovalent cations prevent ribozyme misfolding by altering the initial folding states 

(12). It was demonstrated that monovalent cations are capable of preventing misfol-

ding of a peripheral structure of the Candida ribozyme and overcome the misfolding 

caused by magnesium (13). These effects may be missed when performing in vitro 

studies. 

The possibility of alternative RNA folding also greatly complicates the study 

of RNA structures and their biological function. Such alternative RNA foldings are 

essential for function in several regulatory mRNA elements or riboswitches. These 

elements are mainly present in bacteria, but may have escaped identification in other 

model systems. Riboswitches are usually encoded within the transcript that is 

regulated in cis to control the expression of the coding sequence(s) of that transcript. 

Riboswitches have been found to be responsive to a diversity of molecular triggers 

such as guanine, adenine, thiamine, lysine, glycine (14-17). Several thiamine 

pyrophosphate sensing riboswitches have been found in fungal and plant genes, 

where they modulate mRNA splicing and stability (18). We proposed the LDI-BMH 

riboswitch in the HIV-1 RNA genome is triggered by the viral nucleocapsid chaperone 

protein (19).  

In relation to viral RNA folding another major concern is that important RNA 

structures can be missed when small or subgenomic RNA segments are studied. For 

instance, long distance base pairing interactions are common in positive stranded 

RNA viruses that infect plants (20-22). These interactions are now recognized for 

different classes of viruses and can span more than 10 kb. A role for long-range 

interactions in viral replication has also been demonstrated for different flaviviruses 

(23-25), as well as for the related hepatitis C virus (26-28). Also in minus-strand 

RNA viruses such RNA interactions may play an important role in the viral replication 

cycle (29-32). In HIV-1 three such interactions have been described, a long distance 

interaction between the 5’ UTR and the AUG of Gag (33), between leader and Gag 

sequences (34) and an interaction between the extreme 5’ and 3’ ends, which leads 

to circularization of the HIV-1 RNA genome (35).  

The examples presented above show that many intricate biological processes 

are involved in RNA structure folding. In our studies we showed that deletions in the 

HIV-1 TAR hairpin, which forms a separate hairpin structure, nevertheless influence 

many RNA signals in the surrounding area. As for studies that look at RNA secondary 

structures by deleting parts of a structure, one should realize that this might have 

serious unwanted side effects.  
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