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ABSTRACT 

The human immunodeficiency virus type-1 (HIV-1) RNA genome contains a terminal 

repeat (R) region that encodes the trans-acting responsive (TAR) hairpin, which is 

essential for Tat-mediated activation of gene expression. TAR has also been 

implicated in several other processes during viral replication, including translation, 

dimerization, packaging and reverse transcription. However, most studies in which 

replication of TAR-mutated viruses was analyzed, were complicated by the dominant 

negative effect of the mutations on transcription. We therefore used an HIV-1 variant 

that does not require TAR for transcription to reinvestigate the role of TAR in HIV-1 

replication. We demonstrate that this virus can replicate efficiently upon complete 

deletion of TAR. Furthermore, evolution of a TAR-deleted variant in long-term 

cultures indicates that HIV-1 requires a stable stem-loop structure at the start of the 

viral transcripts, in which the 5’-terminal nucleotides are base-paired. This 

prerequisite for efficient replication can be fulfilled by the TAR hairpin, but also by 

unrelated stem-loop structures. We therefore conclude that TAR has no essential 

function in HIV-1 replication other than to accommodate Tat-mediated activation of 

transcription. 

 

INTRODUCTION 

Retroviral RNA genomes contain a sequence repeat (R) that forms the extreme 5' 

and 3' ends of the viral transcripts. The trans-acting responsive (TAR) region of the 

97-nt R region of the human immunodeficiency virus type 1 (HIV-1) RNA can fold a 

stable hairpin structure (1)(Fig. 1), which has been suggested to play multiple 

important roles in viral replication. The best-studied function of this TAR hairpin is its 

essential role in the activation of transcription from the promoter in the 5’ long 

terminal repeat (LTR) of the proviral genome (reviewed in (2, 3)). Important features 

in TAR are the highly conserved 3-nucleotide pyrimidine bulge in the stem, which 

binds the viral Tat transactivator protein (4), and the apical 6-nucleotide loop to 

which the cyclin T1 subunit of the positive transcriptional elongation factor (pTEFb) 

binds in a Tat-dependent manner (5, 6). Upon binding, the kinase component of P-

TEFb, CDK9, can phosphorylate the C-terminal domain of RNA polymerase II, which 

enhances the processivity of the elongating polymerase (7, 8). Furthermore, it was 

recently demonstrated that pTEFb also directs the recruitment of TATA-box-binding 

protein (TBP) to the LTR promoter and thus stimulates the assembly of new 

transcription complexes (9). 

There have been numerous reports in which additional functions of TAR have 

been proposed in translation, dimerization, packaging and reverse transcription of 

the viral transcripts (reviewed in (3, 10-12)). More recently, it has been suggested 
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Figure 1. TAR mutations introduced in the dox-dependent HIV-rtTA. (A)  A schematic of the 

HIV-rtTA genome is shown with the LTR region subdivided in the U3, R and U5 domains. Transcription 

starts at the first nucleotide of the 5’ R region and the RNA transcripts are polyadenylated at the last 

nucleotide of the 3’ R. Both the 5’ and the 3’ end of the RNA molecule can fold a TAR and polyA hairpin. 

In the HIV-rtTA virus, the Tat-TAR axis of transcription regulation has been inactivated by mutation of 

both Tat and TAR (tatm and TARm; crossed boxes). Transcription and replication of the virus was made 

dox-dependent by the introduction of tetO elements in the U3 promoter region, and replacing the Nef 

gene by the rtTA gene. (B) HIV-rtTA is based on the HIV-1 molecular clone LAI, which contains a 57-nt 

wild-type TAR hairpin (TARwt). In HIV-rtTA, TAR was inactivated by nucleotide substitutions in both the 

bulge and loop motifs (TARm). The TARm sequence was partially or near-completely deleted (mutants 

A-F). The deleted nucleotides are boxed in grey. All mutations were introduced in both the 5’ and 3’ LTR 

of HIV-rtTA. 

 
that TAR may also affect the cellular RNA interference process (13, 14). Thus, a 

pleiotropy of functions has been attributed to the TAR motif in a variety of 

experimental systems. The biologically most relevant assay system is that of the 

replicating virus, and the importance of TAR is underlined by the observation that 

mutations within TAR cause severe replication defects. However, these studies are 

complicated by the fact that nearly all mutations in TAR affect the transcription 

process. This dominant effect on transcription makes it difficult or impossible to 

distinguish the effect of such mutations on other processes during virus replication.  
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We and others previously reported the construction of an HIV-1 variant that does not 

depend on the Tat-TAR interaction for activation of transcription (15-17). In our HIV-

rtTA variant, both the Tat protein and its TAR binding site were inactivated by 

mutation (Fig. 1A) and functionally replaced by the components of the Tet-On gene 

regulation system (18). The gene encoding the rtTA transcriptional activator protein 

was inserted in place of the 3’-terminal nef gene, and tet operator (tetO) binding 

sites were introduced in the LTR promoter. Administration of the effector doxycycline 

(dox) induces a conformational switch in the rtTA protein, which subsequently can 

bind to the tetO-LTR promoter region and activate transcription of the proviral 

genome. Thus, transcription and replication of HIV-rtTA are critically dependent on 

dox. Since this virus does not require TAR for the activation of transcription, it is the 

ideal tool to study non-transcriptional functions of TAR in virus replication. We here 

present the development of an efficiently replicating HIV-rtTA variant that completely 

lacks the TAR-hairpin. Our results demonstrate that TAR is not essential for 

processes other than transcription during HIV-1 replication. 
 

 

MATERIALS AND METHODS 

Construction of HIV-rtTA variants  

Construction of the HIV-rtTA molecular clone was described previously (15, 17). The 

HIV-rtTA variant used in this study (HIV-rtTAF86Y A209T2∆tetO) contains the 2∆tetO 

promoter configuration in both the 5’ and 3’ LTR (19) and the optimized rtTAF86Y A209T 

gene (20). Deletions in TAR were introduced in both the 5’ and 3’ LTR of the HIV-rtTA 

plasmid in three steps as described below. Briefly, we first introduced the deletions 

by PCR mutagenesis in the 3’ LTR of a shuttle vector encompassing the 3’ half of the 

HIV-rtTA genome, subsequently introduced the mutations in the 5’ LTR of HIV-rtTA, 

and finally combined the 5’ and 3’ LTR mutated fragments. For the construction of 

the A variant, the 3’ LTR sequence was amplified with primers tTA-tetO-1 

(ctccccgggtaactaagtaaggat; sense primer annealing at 3’ end of rtTA gene) and TAR-

A (cagagagctcca-∆-atgctccagagagacccagtacaggc; SacI site underlined; ∆ indicating 

position of deletion), and with plasmid pBlue3’LTRext-∆U3-rtTAF86Y A209T-2∆tetO, 

which includes Env, rtTA and 3’ LTR sequences of the HIV-rtTA genome (20), as 

template. The PCR product was digested with BspEI and SacI, and ligated into the 

corresponding sites of the shuttle vector pBlue3’LTRext-∆U3-rtTAF86Y A209T-2∆tetO-

mPL, which is a derivative of pBlue3’LTRext-∆U3-rtTAF86Y A209T-2∆tetO in which the 

SacI site has been removed from the vector sequence by digestion with BssHII and 

BamHI, blunting of the sticky ends with Klenow polymerase and dNTPs, and 

subsequent religation. The C variant was constructed in the same way, but PCR was 

performed with primers tTA-tetO-1 and TAR-C (cagagagctccaatgctcctttctgg-∆-

cccagtacaggcaaaaagcag). Similarly, for the construction of the B variant, PCR was  
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performed with primers TAR-B (attggagctc-∆-tagggaacccactgcttaagcc) and pLAI-

3’seq (tgtctcatgagcggatacata; antisense primer annealing to vector sequences 

downstream of 3’ LTR), the PCR product was digested with SacI and AatII, and 

subsequently ligated into the corresponding sites of pBlue3’LTRext-∆U3-rtTAF86Y A209T-

2∆tetO-mPL. The D and F variants were constructed in the same way, but with 

primers TAR-D (attggagctctctgg- ∆-cccactgcttaagcctcaata) and TAR-F (attggagctc-∆-

cccactgcttaagcctcaata), respectively. For the construction of the E variant, we used 

primers tTA-tetO-1 and TAR-E (aggcaagctttattgaggcttaagcagtggg-∆-cccagtacagg 

caaaaagca; HindIII site underlined), digested the PCR product with BspEI and 

HindIII, and subsequently ligated this fragment into the corresponding sites of 

pBlue3’LTRext-∆U3-rtTAF86Y A209T-2∆tetO-mPL. For the construction of the double 

mutant AB, we combined the A and B deletions. The A variant of pBlue3’LTRext-∆U3-

rtTAF86Y A209T-2∆tetO-mPL was digested with BamHI and SacI, and the 1463-bp env-

rtTA-LTR fragment was used to replace the corresponding sequences in the B variant 

of this shuttle vector. Similarly, to combine the C and D deletions in the CD double 

mutant, the BamHI-SacI env-rtTA-LTR fragment of the C variant was used to replace 

the corresponding sequences in the D variant. For the introduction of the TAR-

mutations into the 5’ LTR of HIV-rtTA, we PCR-amplified the LTR region from the 

pBlue3’LTRext-∆U3-rtTAF86Y A209T-2∆tetO-mPL variants A-F with primers U3-Xba-Not 

(acgtctagagcggccgcactggaagggctaattcactc, positions -331 to -313) and U5-Nar 

(ttcgggcgccactgctagagattttccacactg, positions +192 to +160), digested the PCR 

product with NotI and NarI, and used this fragment to replace the corresponding 5’ 

LTR sequences in HIV-rtTA. To construct 5’ plus 3’ TAR-mutated HIV-rtTA variants, 

the BamHI-BglI fragments of the pBlue3’LTRext-∆U3-rtTAF86Y A209T-2∆tetO-mPL 

variants were used to replace the corresponding Env-rtTA-3’ LTR sequences in the 5’ 

LTR-mutated HIV-rtTA variants. All mutations were verified by sequence analysis. 

Proviral DNA analysis and cloning of evolved sequences  

Virus infected cells were pelleted by centrifugation at 4,000 rpm for 4 min and 

washed with phosphate-buffered saline. DNA was solubilized by resuspending the 

cells in 10 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 0.5% Tween 20, followed by 

incubation with 200 µg of proteinase K per ml at 56°C for 30 min and at 95°C for 10 

min. Proviral DNA sequences were PCR amplified from total cellular DNA with primers 

U3-Xba-Not (acgtctagagcggccgcactggaagggctaattcactc, positions -331 to -313) and 

AD-GAG (atggatccgttctagctccctgcttgccc, positions +463 to +442), ligated into the 

pCR2.1-TOPO TA-cloning vector (Invitrogen) and sequenced with primer BB3 

(gagtcctgcgtcgagagagctcctctggtt, positions +245 to +216).For the cloning of the 

evolved ER1-3 sequences into the HIV-rtTA provirus, the U3-R sequences were PCR 

amplified from the corresponding TA clones with primers U3-Xba-Not and AD-GAG. 

The PCR product was digested with NarI and NotI, and used to replace the 

corresponding 5’ LTR sequences in HIV-rtTA. Moreover, the PCR product was 

digested with SalI and HindIII, and used to replace the corresponding fragment in  
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pBlue3’LTRext-∆U3-rtTAF86Y A209T-2∆tetO-mPL. The BamHI-BglI fragment of these 3’ 

LTR-mutated plasmids were used to replace the corresponding sequences in the 5’ 

LTR-mutated HIV-rtTA variants, which resulted in HIV-rtTA variants with ER1-3 

sequences in both the 5’ and 3’ LTR. 

rtTA activity assay  

In the plasmid pLTR-2∆tetO-X/H-lucff the expression of firefly luciferase is under the 

control of the LTR-2∆tetO-promoter of HIV-rtTA. For the construction of this plasmid, 

we isolated the XbaI-HindIII fragment encompassing the LTR-2∆tetO promoter 

sequences (-333 to +82) of HIV-rtTAF86Y A209T2∆tetO, and ligated this fragment into 

the compatible NheI and HindIII sites of the luciferase-reporter construct pGL3-Basic 

(Promega). For cloning purposes, the SalI site in pGL3-basic had been removed by 

digestion with SalI, blunting of the sticky ends with Klenow polymerase and dNTPs, 

and subsequent religation. 

For the introduction of the TAR-mutations into pLTR-2∆tetO-X/H-lucff, we 

PCR amplified the LTR region from the pBlue3’LTRext-∆U3-rtTAF86Y A209T-2∆tetO-mPL 

variants A-F with primers U3-Xba-Not and U5-Nar, digested the PCR product with 

SalI and HindIII, and used this fragment to replace the corresponding sequences in 

pLTR-2∆tetO-X/H-lucff. Plasmid pBlue3’LTR-lucff contains the complete U3 region and 

R sequences up to position +82 of the wild-type HIV-1 LAI proviral DNA coupled to 

the firefly luciferase reporter gene (21). The plasmid pRL-CMV (Promega), in which 

the expression of renilla luciferase is controlled by a CMV promoter, is co-transfected 

into the C33A cells to allow correction for differences in transfection efficiency. 

C33A cells were cultured in 2-cm2 wells and transfected with 20 ng pLTR-

2∆tetO-lucff construct (TARm and mutants A-F) or 20 ng pBlue3’LTR-lucff (TARwt; ), 0.4 

ng rtTA-expression plasmid pCMV-rtTAF86Y A209T (20) and 0.5 ng pRL-CMV. pBluescript 

was added to the transfection mix to have a total of 1 µg of DNA. The cells were 

cultured after transfection for 48 hours with 0-1000 ng/ml dox (Sigma D-9891). Cells 

were lysed in Passive Lysis Buffer and firefly and renilla luciferase activities were 

determined with the Dual-Luciferase assay (Promega). The expression of firefly and 

renilla luciferase was within the linear range and no squelching effects were 

observed. The promoter activity was calculated as the ratio between the firefly and 

renilla luciferase activities, and corrected for between session variation (22). 

Cells and viruses 

SupT1 T cells were cultured and transfected by electroporation, as previously 

described (20). To assay virus replication, 5 x 106 SupT1 cells were transfected with 

1 µg of the proviral constructs and cultured in 5 ml medium with 1 µg/ml dox. For 

the selection of viruses with improved replication capacity, virus-cell cultures were 

continued for up to 168 days. When virus-induced cytopathic effects were observed, 

high level virus replication was maintained by passage of the cell-free culture 

supernatant onto uninfected SupT1 cells. Cell and supernatant samples were stored 

at -80°C for subsequent analysis. C33A cervix carcinoma cells (ATCC HTB31) were 
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cultured in 2-cm2 wells and transfected with 1 µg HIV-rtTA construct by calcium 

phosphate precipitation, as previously described (20). Virus production was 

measured by CA-p24 ELISA on culture medium samples (23). 

RNA analysis 

For the isolation of viral transcripts, C33A cells were cultured in 10-cm2 wells and 

transfected with 5 µg HIV-rtTA construct. After 48 hours, cells were washed with 

PBS, shortly incubated with 0.5 ml 0.05% trypsine-EDTA (Invitrogen) till cells 

detached, resuspended in 1 ml 10% FBS-containing medium to inactivate trypsine, 

and subsequently centrifuged at 2750 x g for 5 min. Cells were washed in 1 ml PBS, 

centrifuged at 2750 x g for 5 min, lysed in 0.6 ml RLT buffer (Qiagen), and 

homogenized with a QIAshredder column (Qiagen). Total cellular RNA was isolated 

with the RNAeasy kit (Qiagen) and contaminating DNA was removed with RNAse-free 

DNAse during isolation (Qiagen). When indicated, RNA was de-capped with tobacco 

acid pyrophosphatase (Epicentre Biotechnologies, BIOzymTC, Landgraaf, The 

Netherlands). 

We used the 5’ RACE (rapid amplification of cDNA ends) system Version 2.0 

(Invitrogen) to analyze the 5’ end of the RNA transcripts. Briefly, the primer AD-GAG 

was annealed to the viral RNA at 85°C for 2 min and 70°C for 10 min. The RNA was 

reverse transcribed with SuperScript II reverse transcriptase (RT; Invitrogen) at 

50°C for 50 min. After inactivation of RT at 70°C for 15 min, RNA was degraded with 

RNase H and RNase T1. The cDNA product was purified with the QIAquick PCR 

purification kit (Qiagen) and dA-tailed with terminal deoxynucleotidyl transferase 

(TdT) and dATP. After inactivation of TdT at 65°C for 10 min, the dA-tailed cDNA was 

amplified by PCR with primers AD-SD (catggatccagtcgcctcccctcgcctc, positions +290 

to +270) and 3’RACE Abridged Primer (ggccacgcgtcgactagtac[t]17), and ligated into 

the pCR2.1 TA-cloning vector. Cloned cDNA fragments were sequenced with the 

primer BB3. 

 

RESULTS 

Deletions in TAR do not affect gene expression 

HIV-rtTA carries multiple nucleotide substitutions in TAR (TARm in Fig. 1B) that 

completely abolish trans-activation of the viral promoter by Tat. This virus no longer 

requires the Tat-TAR axis for the activation of gene expression, but the TAR stem-

loop structure may still have other roles in viral replication. Previous attempts to 

identify such secondary functions of TAR were complicated by the indispensability of 

the wild-type TAR structure for the activation of transcription. We therefore set out to 

determine if the TAR structure in the HIV-rtTA variant is required for viral replication, 

and introduced more rigorous mutations in the hairpin motif. Partial deletion of the 

left-hand side (mutants A and C) or the right-hand side (mutants B, D and F) of the 
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TAR stem severely reduces the stability of this hairpin (Fig. 1B). Combination of 

these deletions in the double mutants AB and CD results in truncated stem-loop 

structures. In the most rigorous mutant E, we deleted nearly the complete TAR 

structure except for the bottom two base pairs, which were left in place to preserve 

the G residues at the transcription initiation site. 

To determine the effect of these TAR deletions on gene expression, we made 

plasmid reporter constructs in which the LTR-tetO-promoter of HIV-rtTA, carrying the 

original (TARm) or mutated TAR sequence (A-F), was coupled to the luciferase 

reporter gene. We assayed dox-responsiveness of these constructs upon co-

transfection with an rtTA-expression plasmid into C33A cervix carcinoma cells (Fig. 

2A). The TARm construct demonstrates low basal luciferase expression in the absence 

of dox, and this activity gradually increases with increased dox concentration. Similar 

dox-dependent expression levels are observed for the mutants A-F, demonstrating 

that the TAR deletions do not affect gene expression in this promoter context. A 

control construct with the wild-type HIV-1 LTR promoter (TARwt) obviously does not 

respond to dox. We also assayed Tat-responsiveness of these promoter-luciferase 

constructs upon co-transfection with a Tat-expression plasmid. As anticipated, TARm 

and all TAR-deletion constructs (A-F) are not activated by Tat, and only the control 

TARwt promoter construct is greatly responsive to Tat (data not shown). 

Replication of TAR-deleted variants 

To reveal additional roles of TAR in viral replication, we introduced the TAR deletions 

A-F into the HIV-rtTA genome. The TAR sequence is part of the 97-nt repeat (R) 

region that is present at both ends of the viral RNA genome and plays an important 

role in the first strand-transfer during reverse transcription (24). Since sequence 

differences between the 5’ and 3’ R regions may hamper the reverse transcription 

process, we introduced the TAR mutations at both ends of the proviral genome. We 

transfected these HIV-rtTA plasmids into C33A cells, which support HIV-1 gene 

expression and virion production, but not HIV-1 infection due to a lack of CD4 

receptor. Cells were cultured for 48 hours with dox, and we subsequently measured 

CA-p24 production in the culture supernatant. The TARm and TAR-deletion variants all 

produced a high CA-p24 level (data not shown), which confirms that viral gene 

expression is not significantly affected by partial or complete deletion of TAR. 

We transfected the HIV-rtTA plasmids into the HIV-1 susceptible SupT1 T-

cell line to determine the effect of the TAR deletions on viral replication. These cells 

support efficient replication of the original HIV-rtTA in the presence of dox (Fig. 2B, 

TARm). While replication of the variants with a deletion in either the left or right hand 

side of the TAR stem (A, B, C, D and F) was below the detection level, the double 

mutants AB and CD replicated as efficiently as the original HIV-rtTA, and the TAR-

deleted E mutant showed delayed replication kinetics. These results demonstrate that 

whereas destabilization of TAR abolishes viral replication, truncation or complete 

removal of TAR does not, or only moderately, affect viral replication. 
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Figure 2. Effect of TAR mutations on gene expression and virus replication. (A) The LTR-tetO 

promoter region of HIV-rtTA with the original (TARm) or mutant TAR sequence (A-F) was placed 

upstream of the firefly luciferase gene. To determine dox-responsiveness, C33A cells transfected with 

these plasmid reporter constructs and an rtTA-expression plasmid were cultured at different dox levels 

(0-1000 ng/ml). A plasmid constitutively expressing renilla luciferase was co-transfected to correct for 

differences in transfection efficiency, and the ratio of the firefly and renilla luciferase activities 

measured two days after transfection reflects the promoter activity. A construct with the wild-type HIV-

1 LTR promoter (TARwt) was included as a control. Average values of three transfections are shown with 

the error bars indicating the standard deviation. (B) SupT1 T cells were transfected with the original 

HIV-rtTA (TARm) and TAR-mutated variants (A-F), and cultured with 1 µg/ml dox for several weeks. CA-

p24 in the culture supernatant was measured by ELISA. No virus replication was observed in the 

absence of dox (not shown). This experiment has been repeated three times with similar results. 
 

Improved replication of TAR-deleted HIV-rtTA upon viral evolution  

Although the complete removal of the TAR structure does not abolish replication, the 

E mutant replicates much slower than the original HIV-rtTA (TARm), and we 

anticipated that this mutant could evolve to a better replicating variant when cultured 

for a prolonged period. We therefore started three long-term cultures of the E mutant 

and passaged the virus onto fresh cells at the peak of infection when massive 

syncytia were observed. We noticed that the time interval between infection and the 

appearance of syncytia became shorter upon prolonged culturing, suggesting that the 

viral replication capacity was improved. Sequence analysis of the proviral genome 

present in these long-term cultures revealed that the E mutant had acquired multiple 

nucleotide substitutions, deletions and insertions at the U3-R boundary in cultures I 

and II, while part of the R sequence had been duplicated in culture III (Fig. 3A). 

To demonstrate that these mutations improve viral replication, the 

sequences that were most abundant in culture I at day 104 and 168 were re-cloned 

into the HIV-rtTA proviral genome (variants ER1 and ER2, respectively). Similarly, we 

re-cloned the duplicated R sequence observed in culture III at day 97 (variant ER3). 

Upon transfection of these plasmids into C33A cells, a similarly high CA-p24 

production was observed with the original construct (TARm), the TAR-deleted E 

mutant and the evolved ER1, ER2 and ER3 variants (data not shown). Replication of 

these HIV-rtTA variants was assayed in the SupT1 T-cell line. The ER1, ER2 and ER3 

variants replicated much more efficiently than the E mutant, and almost as efficient 

as the original HIV-rtTA (TARm)(Fig. 3B). These results demonstrate that the 

mutations selected during evolution at the U3-R boundary of the E mutant 

significantly improve replication of this virus. 
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Figure 3. Evolutionary repair of a hairpin structure at the 5’ end of the viral RNA. (A) The TAR-

deleted E virus was cultured for up to 168 (cultures I and II) or 97 days (culture III). Cellular proviral 

DNA was isolated at 104 and 168 days (culture I), at 99 and 168 days (culture II) or at 97 days 

(culture III), and the LTR region was subsequently PCR amplified and cloned into the TA-cloning vector. 

The nucleotide sequence of the TAR region was determined for 3-7 clones for each sample. The -10 to 

+78 region (with +1 indicating the transcription initiation site) is shown for the original HIV-rtTA 

(TARm), the E mutant and the evolved viruses (with the frequency at which each sequence is observed 

indicated on the left; #). Nucleotide substitutions, insertions and deletions (∆) are boxed in grey. 

Arrows indicate the duplicated R sequence observed in culture III. At the right, ER1, ER2 and ER3 

indicate the evolved sequences re-cloned into the HIV-rtTA virus. (B) To assay replication of the original 

HIV-rtTA (TARm), the E mutant and the evolved variants (ER1, ER2 and ER3), SupT1 T cells were 

transfected with  the proviral constructs and  cultured with 1 µg/ml dox. This experiment  has  been re- 
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Evolutionary repair of a hairpin structure at the 5’ end of the viral RNA 

Transcription of the proviral genome starts at the U3-R boundary in the 5’ LTR 

promoter. Both in wild-type HIV-1 and in HIV-rtTA, the 5’ end of the RNA transcript 

will fold the TAR and polyA hairpin structures (25), with the 5’ terminal nucleotides 

being included in the base-paired TAR stem (Fig. 3C). It has previously been shown 

that the sequence GG+1GTCT (with +1 indicating the major transcription start site) is 

an important element for initiation of HIV-1 transcription (26). Deletion of TAR 

created the GGGCCC sequence at this position in the E variant, which may have 

affected the transcription process. The multiple mutations selected near the U3-R 

border do indeed suggest an evolutionary adaptation of the transcription start site. 

We therefore set out to identify the transcription initiation site for the E mutant and 

the evolved ER1, ER2 and ER3 variants. 

We transfected the proviral clones into C33A cells and analyzed the 5’ 

terminal sequence of the RNA transcripts by 5’ RACE (rapid amplification of cDNA 

ends). As a control, we identified the transcription initiation site for the original HIV-

rtTA clone (TARm), which corresponds with the wild-type G+1 start (results not 

shown). Transcripts of the E mutant were also found to initiate at this G+1 residue or 

the adjacent G+2 residue (Fig. 3D). The 5’ end of the E transcript is predicted to fold 

the polyA hairpin structure, but the 5’ terminal nucleotides (GGCC or GCC) will 

remain single stranded (Fig. 3C). Transcription initiation of the ER1 variant was more 

diffuse. This variant used the original start site (ER1a) and the position three 

nucleotides further downstream (ER1b), corresponding to nucleotide +59 in the 

original HIV-rtTA, with a similar efficiency (Fig. 3D). The ER2 variant predominantly  

initiated transcription at this A+59 position. Whereas the ER1a transcript is predicted 

to fold the polyA hairpin with two single stranded nucleotides at the 5’ end, the 

ER1b/ER2 transcript can fold the nearly complete polyA hairpin but effectively 

removed the 5’ dangling end (Fig. 3C). 

The ER3 variant did not change the transcription initiation site (Fig. 3D). 

Nevertheless, this variant was able to remove the 5’ dangling end by alternative 

means, as the sequence insert triggers the formation of a novel mini-hairpin 

immediately upstream of the polyA hairpin (Fig. 3C). These results demonstrate that 

the nucleotide substitutions, deletions and insertions at the U3-R boundary observed 

during evolution of the E mutant either cause a reallocation of the transcription 

initiation site (culture I, ER1 and ER2 variants) or introduce a new hairpin structure 

 
 

 

peated two times with similar results. (C) Secondary structure of the 5’ end of the viral RNA transcripts. 

(D) Determination of the transcription initiation site. C33A cells were transfected with HIV-rtTA proviral 

clones carrying the mutant E or the evolved ER1, ER2 or ER3 sequence. After 2 days of culturing with 1 

µg/ml dox, intracellular RNA was isolated and de-capped, and the 5’-terminal sequence of the viral RNA 

transcripts was analyzed by 5’ RACE. The cDNA fragments were cloned in the TA-cloning vector and 5-

11 clones were sequenced for each sample. The transcription start site (>) observed for each clone is 

shown on the corresponding proviral U3-R sequence (*: Transcription of the E mutant may have started 

one nucleotide downstream of the indicated position because the corresponding RNA sample had not 

been de-capped prior to reverse transcription, and RT may have copied the cap-G nucleotide into cDNA 

(36)). 
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at the 5’ end of the RNA transcripts (culture III, ER3 variant). Both evolutionary 

routes effectively result in inclusion of the 5’ terminal nucleotides of the transcripts in 

a base-paired stem structure. 

 These results demonstrate that the nucleotide substitutions, deletions and 

insertions at the U3-R boundary observed during evolution of the E mutant either 

cause a reallocation of the transcription initiation site (culture I, ER1 and ER2 

variants) or introduce a new hairpin structure at the 5’ end of the RNA transcripts 

(culture III, ER3 variant). Both evolutionary routes effectively result in inclusion of 

the 5’ terminal nucleotides of the transcripts in a base-paired stem structure. 

 

DISCUSSION 

The TAR hairpin, which is present at the 5’ and 3’ ends of the HIV-1 genomic and 

messenger RNAs, has been extensively studied in the past decades. The best-studied 

function of TAR is its essential role in the activation of transcription from the 5’ LTR 

promoter. Multiple studies in which replication of TAR-mutated HIV-1 variants in T-

cell lines was analyzed, suggested several additional functions of TAR in other 

processes during viral replication, including translation, dimerization, packaging and 

reverse transcription. However, most of these studies are hampered by the fact that 

mutation of TAR significantly reduced Tat-mediated activation of transcription, which 

made it difficult to distinguish effects on other replication processes. In this study, we 

demonstrate that complete deletion of TAR does not abolish replication of an HIV-1 

variant that does not require TAR for the activation of transcription. This result 

demonstrates that TAR has no essential function in HIV-1 replication other than to 

accommodate Tat-mediated activation of transcription. However, our studies focused 

on replication in T-cells and we cannot exclude that TAR may have an accessory 

function under specific conditions or in specific cell types in vivo. 

Our results suggest that efficient HIV-1 replication requires a stable stem-

loop structure at the start of the viral transcripts, in which the 5’ terminal nucleotides 

are base-paired. This structure can either be the wild-type or truncated TAR hairpin 

(AB and CD mutant), the polyA hairpin (ER1 and ER2 variant) or a new stem-loop 

structure (ER3 variant), indicating that the nucleotide sequence of this 5’ hairpin is 

not important. These results are in agreement with a previous forced evolution study 

in which HIV-1 replication was significantly reduced by opening of the lower TAR 

stem, and a strong evolutionary pressure restored the base-pairing of this TAR region 

(27). Furthermore, structure analysis of multiple HIV-1, HIV-2 and SIV isolates 

revealed that the 5' end of the RNA is always base-paired, despite variation in overall 

leader and TAR structures (28). 

Whereas truncation of TAR in the double-mutated variants (AB, CD) had no effect on 

virus replication, destabilization of this stem-loop structure in the single-mutated 

variants (A, B, C, D, F) blocked replication. The untranslated RNA leader region can 

fold either an extended duplex through long-distance base pairing (long distance 
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interaction; LDI) or a branched conformation in which the RNA locally folds into 

hairpin structures (branched multiple hairpin; BMH) (29). Although both 

conformations have the TAR hairpin, the unpaired nucleotides in the destabilized 

structure may interact with other regions of the leader and alter the LDI-BMH 

equilibrium, and thus indirectly affect viral replication (29, 30). Similarly, the 

unpaired nucleotides present at the 5’ end of the transcripts of the E mutant may 

affect the leader structure and this may explain the reduced replication capacity of 

this variant. Alternatively, the presence of a stable stem-loop structure at the 5’ end 

of the transcripts may be important for RNA longevity, as previously described for 

bacterial and organelle mRNAs (31-34). 

The TAR DNA sequence in the proviral 5’ LTR promoter region has been shown to 

bind various cellular transcription factors (reviewed in (35)). We observed efficient 

replication of the evolved E variants in which TAR was replaced by non-related 

sequences or completely removed. Thus, although the binding of transcription factors 

to TAR DNA may be important for Tat-controlled transcription, these interactions are 

apparently not essential for virus replication in T cells when transcription is controlled 

by rtTA. 

During reverse transcription the sequence complementarity between the 5’ and 3’ R 

regions facilitates the first strand transfer in which a cDNA copy of the 5’ R-U5 region 

(strong-stop minus-strand DNA) is translocated to the 3’ end of the viral RNA 

genome. Our results demonstrate that for this function the R region can be 

significantly shorter than the 97-nt wild type element. The shortest R region, only 39 

nt, is observed in the efficiently replicating ER2 variant. These results are in 

agreement with a previous study that demonstrated that strand transfer can be 

efficient with a minimal R-overlap region of approximately 30 nt (24).  

The dox-dependent HIV-rtTA variant was proposed as a novel strategy toward a safe 

live attenuated HIV vaccine. In this study, we used HIV-rtTA to clarify the role of TAR 

in virus replication, which demonstrates that this variant can also be a powerful tool 

to study HIV-1 biology. 
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