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Chapter 1 

Introduction 

1. The retrovirus HIV-1 

1.1 General overview of retroviral replication 

Retroviruses are RNA viruses that use a DNA intermediate in their life cycle. The RNA genome 

of retroviruses is relatively small (approximately 10 kb) and contains the gag, pol and env open 

reading frames encoding the structural proteins and enzymatic functions that are unique for this 

group of viruses. Retroviral particles are enveloped by a lipid membrane and have a diameter of 

approximately 100 nm. The ewv-encoded glycoproteins that mediate adsorption to susceptible 

cells are present at the surface of the virus particle. The virion core consists of several proteins 

encoded by the gag gene and contains the essential pol enzymes protease, reverse transcriptase 

and integrase. Two copies of full-length genomic RNA are co-packaged into the virion core and 

form a dimer. Retroviral infection of a cell is initiated by interaction between the envelope 

glycoprotein on the virus particle and host cell receptors. The membrane of the virion fuses with 

the cellular membrane and the virion core is released into the cytoplasm The viral RNA is copied 

into double-stranded DNA by the viral reverse transcriptase enzyme within this core structure. 

The core migrates to the nucleus and the DNA is integrated in the host genome at a random 

position by the viral integrase enzyme. The integrated provirus subsequently serves as a template 

for the production of RNA by the transcription machinery of the host cell. The RNA encodes the 

viral proteins or functions as genomic RNA that is packaged into the virion. Virus particles 

assemble at the cell membrane and are released by budding, after which they mature by processing 

of the gag and gag-pol precursors proteins by the virus-encoded protease enzyme. An extensive 

overview of retroviral replication can be found elsewhere (34). 

1.2 Classification of HTV-1 

Seven genera of retroviruses have been defined on the basis of genome structure and nucleotide 

sequence relationships (34). The Lentivirus genus consists of the Visna/Maedi Virus, Caprine 

Arthritis-Encephalitis Virus (CAEV), Equine Infectious Anemia Virus (EIAV), Bovine 
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Immunodeficiency Virus (BIV), Feline Immunodeficiency Viras (FW), the Simian 

Immunodeficiency Viruses (SIV) and the Human Immunodeficiency Viruses type 1 and 2 (HIV-1 

and mV-2). These viruses cause several neurological or immunological disorders in their 

mammalian hosts and a characteristic is that disease progression is generally slow. 

1.3 HIV-1 tropism and pathogenesis 

HTV-1 has been recognized as the infectious agent that causes Acquired Immune Deficiency 

Syndrome (AIDS) in humans. The related HTV-2 also causes AIDS, but disease progression may 

be slower compared with HIV-1. HTV replicates in CD4-positive cells (CD4+), including 

monocytes, macrophages and T lymphocytes and enters cells through an interaction of the Env 

glycoprotein of the virion with the CD4 receptor and specific chemokine receptors on the target 

cell membrane (8,52,75,100,101). In general, HIV-1 isolates can infect either monocytes and 

macrophages or T lymphocytes, although some dual-tropic isolates have been described (46). A 

primary determinant for this differential tropism hes within the variable V3 domain of the Env 

glycoprotein (162). The viral Env protein interacts preferentially with the CCR5 chemokine 

receptor expressed by monocytes and macrophages, or the CXCR4 receptor present on T-

lymphocytes. 

The course of HTV infection is characterized by an acute and a steady state phase. The 

virus replicates to high titers after primary infection, coinciding with a rapid decline of CD4-

positive cells (108). This acute infection is eventually controlled by an HTV-specific immune 

response, that leads to a sharp decrease in viral load and a restoration of the CD4+ cell count. 

Following this relatively short period of acute infection, there is a much longer period of clinical 

latency, in which CD4+ lymphocyte count drops slowly and in which a gradual increase in viral 

load is observed. In recent years, a large body of evidence has been generated that demonstrates 

continuous viral replication during this period. It was demonstrated that HTV-1 infection in this 

steady state involves the production and destruction of billions of virus particles and CD4+ cells 

per day (74,134,178). Despite a vigorous cellular and humoral immune response, the infection is 

not cleared and the immune system eventually gets exhausted, making the individual vulnerable 

to opportunistic infections. 
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Figure 1: The HV-I genome. 

The double-stranded DNA proviral genome is flanked by Long Terminal Repeats (LTRs), of which the 5' LTR acts 

as a promoter for the synthesis of viral RNA (the start site of transcription is indicated by an arrow). The positions of 

the HIV-1 open reading frames are indicated. The /ram-acting proteins Tat and Rev are encoded on two exons and 

regulate HIV-1 gene expression. Two important RNA structure motifs, TAR and polyA, are schematically drawn at 

the termini of the viral transcript. 

1.4 HIV-1 genome structure 

The proviral genome of HIV-1 is around 9.5 kb in length and, like all retroviruses, contains genes 

for the Gag, Pol and Env gene products (Fig 1). The integrated provirus is flanked by two 

identical DNA sequences termed the Long Terminal Repeats (LTR's). These direct repeats can 

be subdivided in three regions: U3, R (repeat) and U5 that play distinct roles in viral transcription 

and reverse transaction. fflV-l transcripts contain a copy of the R region at either end, but the 

U3 and U5 sequences are uniquely present at the 3' and 5' end of the RNA, respectively. A 

complex mechanism of reverse transcription is required to regenerate the complete LTR 

sequences at both ends of the provirus. 
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Figure 2: Structure of the HIV-1 virion particle. 

The lipid membrane that envelopes the virus particle contains the Env glycoprotein products SU-gpl20 and TM-p41. 

The gag-encoded matrix proteins (MA-pl7) line the inside of the lipid membrane, and the capsid (CA-p24) proteins 

form the cone-shaped virion core. The pol-encoded products integrase (IN-p32), protease (PR-plO) and reverse 

transcriptase (RT-p66/p51) are present within this core structure, together with two copies of the viral RNA genome 

and the associated nucleocapsid (NC-p7) proteins. 

1.5 HTV-1 proteins 

The matrix (MA), capsid (CA) and nucleocapsid (NC) proteins that are encoded by the gag gene 

are translated as a Gag polyprotein. After assembly of the virus particle, proteolytic processing 

of this precursor protein by the viral protease enzyme yields the mature proteins that form the 
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core structure of the virion. The matrix protein is associated with the lipid membrane that 

envelopes the core, while the capsid protein forms the inner core structure that surrounds the 

RNA genome (Fig 2) (113). The nucleocapsid protein is associated with the viral RNA and has 

been suggested to be involved in RNA packaging (19), RNA dimer formation (43) and reverse 

transcription (82). 

The pol gene encodes the enzymatic functions protease (PR), reverse transcriptase (RT) 

and integrase (IN). These proteins are produced as a Gag-Pol fusion protein by a mechanism that 

involves ribosomal frameshifting at the end of the gag open reading frame (84). The Gag-Pol 

precursor protein is cleaved into the mature subunits by the viral protease enzyme during 

maturation of virus particles. The reverse transcriptase and integrase enzymes function at a post-

entry step in the viral life cycle and mediate reverse transcription of the viral RNA genome into 

double-stranded DNA and the subsequent integration in the host genome (113). 

HTV envelope proteins are expressed at the surface of the virus particle and mediate the 

attachment to specific cell receptors (CD4 and chemokine coreceptors) and fusion of the viral 

membrane with the cell membrane. The envelope glycoprotein is expressed as a 160 kDa protein 

that is co-translationally translocated into the endoplasmatic reticulum (E.R.) by means of an N-

terminal signal sequence. In the E.R., the signal peptide is removed and the protein is extensively 

glycosylated, specific disulfide bridges are formed and the protein forms trimers. In the Golgi 

apparatus, the gpl60 protein is cleaved into a surface (SU-gpl20) and a transmembrane part 

(TM-gp41) that remain associated through non-covalent interactions, and the proteins are 

transported to the cell membrane (161). 

In addition to the basic set of retroviral genes described above, HTV-1 encodes several 

accessory viral functions that play a role in different steps of the virus life cycle: Vif, Vpr, Vpu 

and Nef Although none of these proteins are absolutely required for HTV-1 replication, cell-type 

specific contributions to virus production and infectivity have been described (for a detailed 

discussion about the function of these proteins, see (164)). The essential Tat and Rev regulatory 

proteins regulate HTV-1 gene expression at the transcriptional and post-transcriptional level, 

respectively, and are discussed in more detail below. 

2. HTV-1 gene expression 

HTV-1 gene expression is dictated by a complex interplay between c/s-acting viral DNA/RNA 

sequences, viral transactivator proteins and host cell proteins. Transcription is controlled by the 
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promoter that is located in the U3/R region of the 5' LTR Since the proviral 5' and 3' LTR are 

identical in sequence and both contain the required signals to promote transcription, the question 

arises whether the 3' LTR is also functional as a transcriptional promoter. RNA transcribed from 

the latter promoter will read into chromosomal sequences downstream of the integrated provirus. 

That the 3' LTR of a retrovirus can function as a promoter was discovered in studies of retroviral-

induced activation of proto-oncogenes. However, it appeared that the transcriptional activity of 

the 3' LTR promoter (expressing the proto-oncogene) is dependent on deletion or inactivation of 

the 5' LTR (56,125,133). A study on the promoter function of the fflV-l 5' and 3' LTRs 

confirmed the results obtained with avian retroviruses. The 3' LTR was active as a promoter, most 

notably upon inactivation of the upstream 5' LTR although absolute levels of transcription remain 

much reduced compared with the functional 5' LTR promoter (103). Because the 5' LTR 

promoter will produce elongation complexes that can prevent or disrupt the assembly of initiation 

complexes at the downstream 3' LTR (39,103), this mechanism was termed transcriptional 

interference or promoter occlusion (3). 

Transcription is executed by the cellular RNA polymerase II (RNA pol IT) enzyme and the 

transcription efficiency is dramatically enhanced by the viral Tat transactivator protein. 

The mechanism of regulated viral transcription is discussed in detail in section 3. The full-length 

transcript is around 9.5 kb in size and functions both as genomic RNA and messenger RNA for 

the synthesis of Gag and Gag-Pol precursors. This transcript is also the precursor for the more 

than 30 differentially spliced, subgenomic mRNA species that encode the other viral proteins. 

Spliced HIV-1 messenger RNA is translated in the cytoplasm to produce the regulatory proteins 

Vif, Vpr, Tat, Rev, Vpu and Nef and the structural Env glycoprotein. Splicing is executed by the 

host cell splicing machinery, but this process is regulated by the viral Rev protein (see below). 

Like most cellular mRNAs, HIV-1 transcripts are capped at the 5' end and polyadenylated 

at the 3' end (136). Capping involves the enzymatic addition of a cap group (m7G5'pppN) to the 

most 5' nucleotide of the viral RNA which is at the base of the TAR hairpin structure (Fig 4). 

Capping is important for recognition of the RNA by components of the cellular translation 

machinery (108). Polyadenylation of the viral RNA is also executed by host cell enzymes. The 

AAUAAA (polyA) signal that directs polyadenylation at the 3' end of the RNA is present in the 

R region of the viral RNA and is thus repeated at both the 5' and the 3' end of the transcript. 

Polyadenylation at the 5' site will yield a short, non-coding RNA and will reduce the amount of 

full-length viral RNA To prevent premature polyadenylation, HTV-1 has developed a regulatory 

mechanism which involves occlusion of the polyA signal in a stable RNA structure (42,99). This 
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suboptimal setting allows both complete suppression of the 5' signal due to 5' specific inhibitory 

elements and full activity of the 3' signal due to 3' specific enhancer elements (42). 

The primary HTV-1 transcript contains splice signals that can be used by the splicing 

machinery to generate one of the more than 30 different HTV-1 mRNA species. HTV-1 splicing 

is regulated by the affinity of the different splice signals for components of the splicing machinery 

(for a review, see (136)). Early after infection, multiply spliced transcripts are produced 

predominantly, which encode the regulatory Tat, Rev and Nef proteins. Expression of the viral 

Rev protein shifts the balance toward the appearance in the cytoplasm of singly spliced and 

unspliced RNAs that encode the structural Gag, Pol and Env proteins. Rev interacts with an 

extensively folded RNA motif in the env coding region, termed the Rev-responsive element 

(RRE). Binding of Rev to the RRE initiates the multimerization of Rev on the RNA and promotes 

nuclear export of RRE-containing (unspliced or singly spliced) RNA (136). 

2.1 HTV-1 Transcription 

Viruses are obligatory parasites and are optimally adapted to use the host cell machinery for the 

production of new virus particles. This is also true for HTV-1 and the LTR promoter contains ex

acting regulatory signals that are recognized by host cell transcription factors. Thus, HTV-1 

transcription is executed by the same enzyme system that expresses cellular genes, that is the 

cellular RNA polymerase II (RNA pol H). We will first provide a brief overview of the mechanism 

of eukaryotic transaction and subsequently discuss the HTV-1 promoter including the TAR motif 

(section 3.1) and the Tat transactivator protein (section 4) that control viral gene expression. 

The basic factors required for RNA pol II transcription described below have been 

identified in reconstituted in vitro transcription reactions with purified protein fractions and 

represent a minimal transcription system. Transcription in vivo is much more complex and 

requires a large number of cofactors in addition to those described below. At promoters that are 

transcribed by RNA pol II assembly of the pre-initiation complex at the TATA-box is started by 

an interaction of the TATA-box binding protein (TBP) with the DNA TBP associates with TBP-

associated factors (TAF's) to form the TFIID complex (26). Subsequently, transcription factor 

TFEB binds the TFUD-DNA complex and recruits the RNA pol II holoenzyme with its associated 

TFITF complex (25). The TTDE and TFTIH transcription factors also bind to the initiation 

complex and mediate the melting of the DNA duplex around the start site of transcription (76). 

This open complex allows for the synthesis of the first phosphodiester bonds. The TFHH enzyme 
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is thought to be involved in the subsequent process of promoter clearance, either through its 

helicase activity (63) or by phosphorylation of the C-terminal domain of RNA pol II by the 

TFIIH-associated kinase (CDK7) (5). Promoter clearance marks the switch from transcription 

initiation to elongation, and the basal transcription factors leave the elongating RNA pol II 

complex, with the exception of HILF. General transcription elongation factors such as P-TEFb 

promote efficient transcription and prevent the RNA pol II complex from arrest (138). 

Transcription termination is coupled to 3' end processing, which involves cleavage of the 

transcript and pory(A) addition (65). Recent reports indicate that transcription by RNA pol II and 

pre-mRNA processing are linked in a number of ways, since essential subunits for mRNA capping, 

splicing and poryadenylation associate with the RNA pol II enzyme during transcription (reviewed 

in (127)). 

3 The HTV-l LTR promoter 

The HTV-l promoter is located mainly in the U3 region of the LTR and contains a large number 

of c/'s-acting sequences that control basal and activated transcription. Part of this region also 

encodes the Nef protein that is essential for viral replication in primary cell types. Transcription 

starts at the U3/R border, such that the R-U5 sequences form the 5' end of the RNA The 

downstream R-U5 region also contains elements that are important for HTV-l transcription. One 

transcription motif is active as part of the viral transcript: the extreme 5' end of the messenger 

RNA folds a hairpin structure termed TAR (trans-acting response region) that forms the binding 

site for the viral Tat transactivator protein (see below). 

The HTV-l core promoter maps to sequences -80 to -1 (relative to the start site of 

transcription) and contains the TATA box (position -28 to -24) and three binding sites for the Sp 1 

transcription factor (positions -78 to -45). The TATA box serves as the assembly site for the 

transcription initiation complex and positions the RNA pol II complex to start transcription at the 

U3/R border. 

The ubiquitously expressed Spl transcription factor is required for basal LTR 

transcription, as was determined by mutational analysis of the Spl binding sites (17,67,91). In 

addition, Spl was shown to be essential for Tat-mediated activation of transcription from the 

HTV-l promoter (15,17) and directly interacts with Tat in vitro and in vivo (88). 
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Figure 3: Transcription elements in the HIV-1 LTR promoter. 

The U3, R and U5 regions of the LTR and binding sites for several transcription factors, as well as other sequence 

elements are indicated (see text for furlher details). The arrow at the U3-R border denotes the start site of transcription. 

The spacing between the Spl sites and the HIV-1 TATA box is critical for optimal Tat 

transactivation and thus provides functional evidence for a role of Spl in Tat-mediated 

transactivation of the HTV-l promoter (80). 

Another factor that interacts with sequences in this region is the LBP-1 protein. Three 

binding sites for this factor are present at the U3-R border around the start site of transcription 

(-17 to +22). In the same area, a regulatory element has been described that directs the synthesis 

of short transcripts in the absence of the Tat transactivator protein (inducer of short transcripts 

(1ST); (151)). This region also contains sequences that resemble an initiator (Inr) element, a non-

TATA DNA element that can trigger transcription and that for instance is present in the promoter 

ofme terminal transferase gene (141). The role ofthe 1ST and Inr elements in HTV-l transcription 

is not well understood and analysis of these elements is obscured by the presence of overlapping 

elements that regulate transcription (such as TAR). 

The upstream U3 region ofthe HTV-l LTR that is positioned upstream from the core 

promoter (positions -454 to -80) contains binding sites for a large number of transcription factors, 

that either positively or negatively regulate HTV-1 transcription. The most well-studied factor that 
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binds to sequences in this region is NF-KB, for which two binding sites are present in most HTV-1 

isolates (positions -105 to -96 and -91 to -82). The regular NF-KB transcription factor is a 

heterodimer of two members of the NF-KB/Rel family of transcription factors, NF-KB-1 (p50) and 

RelA Other combinations (hetero- and homodimers) of NF-KB/Rel family proteins can be formed 

that have different DNA-binding and transactivation properties (for a review, see (155)). NF-KB 

is ubiquitously expressed, but its function is negatively regulated by IKB proteins that form a 

complex with NF-KB in the cytoplasm of unstimulated cells, preventing nuclear localization of 

NF-KB. A number of cell stimuli induce the degradation of IKB, permitting free NF-KB to enter 

the nucleus and target promoters that contain binding sites for this transcription factor. Such 

stimuli include several cytokines, T-cell activation signals and physical/chemical stress. 

HTV-1 transcription is dependent on the integrity of the NF-KB binding sites in the U3 

enhancer, as was determined in subgenomic transfection experiments (17,123). In these analyses, 

NF-KB elements were shown to be required for basal promoter activity and dispensable for Tat-

activated transaction. Studies on the role of the NF-KB elements in HTV-l replication either do 

(7,31) or do not (107,142) support an essential role for these enhancer elements in virus growth. 

The promoter-distal U3 region contains binding sites for several transcription factors that 

are commonly found in T lymphocyte nuclei Most of these binding sites are not highly conserved 

among viral isolates, and their importance for HTV-1 gene expression is still largely unknown. 

Starting from the 5' end of the U3 enhancer region, two binding sites for the AP-1 (a fos/jun 

heterodimer) and/or COUP transcription factors are present at positions -357 and -324 

(35,112,129). Binding sites for the NFAT transcription factor are present at positions -254 to -

216. USF-1 is able to bind to a site between positions -173 to -159 (157). The region between 

nucleotides -149 to -141 functions as a binding site for the Ets-1 transcription factor (156). A 

sequence immediately downstream from this position (-143 to -122) is recognized by the TCF-lcc/ 

LEF-1 transcription factor (153). Numerous cooperative interactions between the above 

mentioned factors have been described, and further testing of replicating virus in different cell 

types is required to learn more about these interactions within the HIV-1 enhancer region. 

Deletion studies have demonstrated a small negative effect of the upstream enhancer region on 

HTV-1 transcription (111). No effect on replication was measured in a study where the upstream 

enhancer region of the SFv* LTR was extensively mutagenized, leaving the nef coding potential 

intact (83). 
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3.1 The /ram-acting responsive (TAR) RNA element 

The TAR sequence element is part of the repeated R region of the viral LTR It is now well 

established that TAR functions primarily at the RNA level in activation of HIV-1 transcription 

(18,45), although some studies also indicated a role for sequences within the TAR-encoding DNA 

(57,92,182). TAR RNA folds into a hairpin structure that is present at the extreme 5' end of viral 

transcripts and is repeated at the 3' end. 

TAR 

Figure 4: The TAR RNA element 

RNA secondary structure model of the TAR element present in the R region of all HIV-1 transcripts. The three-

nucleotide bulge domain forms the binding site for the Tat protein, and the nucleotides that are crucial for the Tat/TAR 

interaction are shaded. The six-nucleotide loop forms the binding site for cyclin T, the cellular factor that is involved 

in Tat-mediated transactivation through the TAR motif. Nucleotides are numbered from the start site of transcription 

(+1). 
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In the 5' context, TAR serves as the binding site for the viral Tat protein and cellular cofàctors 

in the process of transcriptional activation (18,45). TAR is transcriptionally active as part of the 

nascent transcript, which has important implications for the mechanism of Tat-mediated 

transactivation (18). The 5' TAR RNA hairpin is formed by basepairing of sequences between 

position +1 and + 57 relative to the start site of transcription (Fig 4). Important features of TAR 

are the highly conserved 3-nucleotide pyrimidine bulge in the stem and the apical 6-nucleotide 

loop. Tat binds specifically to the bulge domain of TAR (reviewed in (163), see below) and 

mutation of the bulge or the flanking basepairs abolishes Tat-mediated transactivation 

(14,16,145). 

Although the TAR loop is not directly involved in the Tat-TAR interaction, the integrity 

of this domain is important for Tat transactivation, suggesting that a cellular cofactor recognizes 

these unpaired nucleotides (51,145). Several cofactors that bind to this loop have been identified: 

p68 (115), TRP-185 (181,183), p83 (71) and Ku (93). In addition, numerous factors have been 

identified that bind either the TAR bulge: (TRP-2 (152), TARBP-b (137), BBP (10)), or the TAR 

stem (TRBP (59), SBP (143), PKR (144), LA (30), pl40 (66), RNA pol H (184)). Furthermore, 

at least 7 TAR-binding factors are induced upon UV-treatment of cells (28). Although some of 

these factors do stimulate Tat-mediated transactivation in a variety of transcriptional assays, the 

significance of these factors for FflV-1 replication remains to be established. 

Several studies demonstrated that TAR primarily serves to recruit Tat to the promoter. 

First, transactivation by Tat is abolished when TAR is placed further downstream of the HTV-1 

transcription initiation she. This is in line with a model in which the Tat-TAR complex loops back 

to activate events at the promoter, rather than modifying the actively elongating RNA pol II 

complex to which it is attached (148). Second, Tat can transactivate the HTV-1 LTR promoter 

when fused to heterologous DNA- or RNA-binding proteins and recruited to the promoter via 

the corresponding DNA/RNA binding sites (17,149,158). 

Several studies indicated a role for the 5' TAR element in regulation of translation of the 

HTV-1 mRNAs (21,22,37,132,150,172). Specifically, the stable TAR RNA structure was shown 

to inhibit efficient mRNA translation. This translational block was overcome in the presence of 

the Tat transactivator protein. Several mechanistic explanations have been postulated to explain 

this inhibitory effect. For instance, the TAR hairpin may block ribosomes that are scanning the 

mRNA Alternatively, the stable TAR hairpin may occlude the cap structure and thus inhibit the 

binding of translation initiation factors (132). TAR was also shown to activate the double-

stranded RNA-dependent kinase PKR, which phosphorylates and inactivates eTF-2, a factor that 

is essential for translation initiation (150). 
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Apart from its role in transcription and translation, the TAR element has also been described to 

be involved in other steps of the viral life cycle (102). Specifically, both the 5' and 3' TAR hairpins 

contribute to optimal packaging of the viral transcript into virions (41,120), but most 5' TAR 

mutants exhibit a transcription defect, and part of the reduction in virion RNA is likely to be 

caused by reduced HTV-1 RNA levels in the cell (41,171). A role for TAR in reverse transcription 

was reported in one study (69). However, it may be that the observed reduction of reverse 

transcription products following infection of cells with HTV-1 TAR mutant viruses can be fully 

attributed to a decreased genomic RNA content of the mutant virus particles (41). 

4 The HTV-1 Tat protein 

The Tat protein of HTV-1 is encoded on two exons and consists of 86 to 101 amino acids, 

depending on the viral isolate (Fig 5). Like many transcriptional activators, Tat has a modular 

structure, with an RNA-binding domain and an activation domain. The latter domain is encoded 

within the first 48 amino acids of the protein and can be subdivided into three regions. The N-

terminal region of 21 residues contains several acidic amino acids and proline residues and is 

termed the acidic domain. This region is the least conserved part of the activation domain and is 

predicted to form an amphipathic a-helical structure. Next, the cysteine-rich region (residues 22 

to 37) contains 7 highly conserved cysteine residues, of which 6 are critical for Tat function (147). 

The central core region (residues 38 to 48), the most conserved domain of Tat, is an essential part 

of the activation domain and adds specificity to TAR RNA-binding (33,170). The RNA-binding 

domain (residues 49-58) consists of a stretch of positively charged amino acids that interact with 

the TAR RNA hairpin that is present at the 5' end of all viral transcripts (175). Part of this motif 

also forms the nuclear localization domain that is required to direct Tat to the nucleus (72,160). 

The C-terminal part of Tat (residues 59-86/101), that is partially encoded on a second exon, 

contributes marginally to Tat activity, and may also contribute to RNA-binding (33,168). 
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Figure 5: The Tat domain structure 

The Tat domain organization was proposed on the basis of several mutational studies, as well as phylogenetic 

comparison of Tat proteins from different lentiviruses (105). The N-terminal 48 amino acids form the activation 

domain and putativery interacts with the transcription machinery. The basic domain, that mediates binding to the TAR 

RNA element, also functions as a nuclear localization signal. The C-terminal domain, that is partially encoded by the 

second coding exon of Tat, contributes marginally to Tat function. 

The second coding exon of Tat encodes the C-terminal 14-29 amino acids. The strong 

conservation of the second Tat coding exon suggests an important function in the viral life cycle. 

Several studies proposed specific roles for the second coding exon of Tat: transactivation of 

chromosomalry integrated LTR promoters (87), interaction with PKR (121), downregulation of 

MHC class 1 expression (78) and entry of extracellular Tat into cells (RGD motif) (23). It has 

been suggested that virus isolates that encode a 86 amino acid Tat protein have been adapted to 

growth on transformed T lymphocytes, and that full-length Tat (101 residues) is required for 

optimal virus replication in vivo (128). However, a stopcodon at the end of the first coding exon 

(position 72) was observed in several natural isolates of SIV, suggesting that the second Tat 

coding exon is not essential for virus replication (89). Therefore, the presence of an early 

stopcodon at codon position 87 in some virus isolates may represent natural variation rather than 

adaptation of the virus to growth in tissue culture (128,168) and is possibly dictated by the 

overlapping env and rev sequences. 
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4.1 Structural studies on Tat 

A typical feature of the Tat protein of all HTV/SIV isolates is a cluster of cysteine residues in the 

activation domain. Mutational studies demonstrated the importance of this cysteine-rich domain 

for Tat function (105,140,146). Though the primary sequence of this part of the activation domain 

does not predict a classical zinc-finger motif, zinc was demonstrated to form a complex with Tat 

in a 2:1 molar ratio (53,104). A structure model of Tat was presented, in which two Tat 

molecules cooperatively coordinate four zinc ions (53). However, the biological function of zinc-

binding was not addressed in this study. The binding of Zinc to Tat was confirmed in another 

study, but this interaction was found to inhibit Tat function and it was proposed that the essential 

cysteine residues of Tat are involved in intramolecular disulfide bridge formation (104). 

Biophysical studies on the Tat protein revealed little structural detail sofar 

(54,64,110,122). This type of analysis is frustrated by the poor solubility properties of Tat and 

the readily oxidizing cysteine residues in the activation domain. The best resolution NMR picture 

obtained sofar is provided by Paul Rosch and coworkers from the University of Bayreuth (12). 

The core domain and the C-terminal domain of Tat contain stable secondary structure and are 

surrounded by flexible loops of the cysteine-rich and basic domains. 

4.2 Tat-binding proteins 

Transactivation of the HTV-1 promoter by Tat requires cellular factors, and a large number of 

proteins has been identified that interact with Tat. For instance, Tat was found to bind the Spl 

transcrkrtion factor (88), RNA polymerase H (119), TBP (TFHD) (97), TAP (187), a zinc-finger 

protein (55), TAK (73)/P-TEFb (177), TBP-1 (126), p36 (44), MSS1 (154), TIP30 (186), Tip60 

(95), p300/CBP (77,118) and TAFII250 (179). Although some of the interactions were 

demonstrated to be functional in transcription assays, e.g. Tat binding to Spl, p300/CBP and 

TAK/P-TEFb, no conclusive data has been provided on the role of these interactions during a 

natural HTV-1 infection. 
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4.3 The Tat/TAR interaction. 

The interaction of Tat with the TAR RNA element was first analyzed using in vitro binding assays 

with Tat and TAR mutants. These analyses revealed epitopes on Tat and TAR that mediate the 

interaction. Tat binds to TAR via a stretch of basic amino acids, termed the basic domain 

(residues 49-58) in a 1:1 complex. This Tat domain interacts with nucleotides of the highly 

conserved TAR bulge domain (Fig 4). Nuclear Magnetic Resonance (NMR) spectroscopy studies 

on the free TAR RNA reveal that this hairpin is rather flexible, especially in the bulge area (1,2). 

The triple pyrimidine bulge distorts the RNA helix and introduces a bend in the RNA, thereby 

opening the major groove. It is thought that this widened groove allows for hydrogen-bonding 

between TAR residue G26 and Arg52 of Tat (24,27). Other positively charged amino acids in the 

basic domain of Tat possibly interact with the negatively charged phosphate backbone of the 

RNA thereby increasing the RNA-binding affinity (176). Amino acid sequences flanking the basic 

domain also contribute to the affinity of Tat for TAR (33). Binding of Tat to TAR induces a 

conformational shift that straightens the RNA helix and stabilizes the TAR structure (130). 

4.4 Putative additional functions of Tat 

In addition to its role in regulation of HTV-1 transcription, Tat has been suggested to function in 

other steps of the virus life cycle, to affect expression of cellular genes of both infected and 

uninfected cells and to induce apoptosis and T cell anergy. 

A role of Tat in stimulation of translation of HTV-1 messenger RNAs was suggested by 

several groups (see section 3.5). In a study that employed complementation of transcription of 

a Tat-minus virus by other viral transactivators, it was suggested that Tat has a role in virion 

infectivity (81). Similarly, it was described that virions of a Tat-defectfve HTV-1 mutant are 

defective in reverse transcription and that this defect could be complemented by Tat (68). 

Tat influences the expression of several cellular genes, most notably the expression of 

cytokines (reviewed in (29)). For example, Tat was implicated in the downregulation of the MHC 

class 1 promoter (78), but this effect was found to be transient and limited (168). In addition, Tat 

decreases the production of C-C chemokines that inhibit HTV-l replication (188), and increases 

the expression of chemokine receptors that mediate infection by HTV-1 (79). 

HTV-1 Tat is actively secreted from cells by a still unidentified mechanism that does not 

require the presence of a signal sequence (50) and exerts a pleiotropy of effects on neighboring 
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cells. Tat has been proposed to bind the integrin receptors via an RGD peptide motif encoded by 

the second tat exon. However, this motif is absent in several HTV-1 Tat sequences, and trans-

celhdar effects were demonstrated to be independent of the second coding exon (169). Tat was 

shown to promote the growth of spindle cells derived from Kaposi Sarcoma, an angioproliferative 

disease frequently observed in AIDS patients (6,11,49). Also, extracellular Tat was able to induce 

or sensitize cells to undergo apoptosis (109,180). 

Several reports link HTV-1 Tat protein to perturbation of the immune response. For 

instance, Tat may induce the generation of suppressor cells in populations of uninfected T cells, 

that downregulate the immune response (188). This report was preceded by a study that 

demonstrated Tat-mediated inhibition of antigen-induced lymphocyte proliferation (173). Two 

other observations also suggest a role for Tat in HTV-1 pathogenesis. First, high anti-Tat antibody 

titers are correlated with long term survival of HTV-1 infection (139). Second, Tat-specific CTL 

frequencies inversely correlate with progression to AIDS (165). Further studies are required to 

confirm these findings on the role of Tat in dysregulation of the immune system. 

4.5 Mechanism of Tat action 

The identification of the stage of transaction at which Tat exerts its function has generated much 

debate. Depending on the system used, effects were found at an early step (transcription initiation) 

or a later step (transcription elongation/anti-termination), or both (20,86,87,96,106). It is likely 

that the Tat effect on transcription initiation is largely dependent on the level of basal LTR 

transcription (98). In systems in which the LTR promoter directs a high basal level of 

transcription, Tat mainly stimulates transcription elongation, and no increase in initiation of 

transcription can be measured. For instance, the HTV-1 LTR directs a high basal level of 

transcription in in vitro reconstituted transcription reactions, and no increase in transcription 

initiation is measured upon addition of Tat protein in this system (86,116,131). Similarly, in 

transient transfection assays of COS cells with LTR reporter constructs containing the SV40 

origin of replication, basal transcriptional activity of the LTR is dramatically amplified through 

replication of the reporter plasmid (96,98). In these artificial assay systems, Tat acts 

predominantly at the level of transcriptional elongation. 

The in vivo situation, in which a single integrated provirus is transcribed, may be much 

more complex. Although the basal promoter activity of an integrated HTV-1 provirus may depend 

on the site of integration (124), basal transcription levels in this setting are characteristically low, 
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and rate-limiting steps different from those observed in in vitro transcription reactions may apply 

(87). Experiments that employ such integrated templates demonstrate that transactivation by Tat 

has a predominant effect on transcription initiation (87). An alternative explanation for an effect 

of Tat on transcription initiation could be that Tat may indirectly stimulate transcription initiation 

by increasing promoter clearance, since promoter clearance in one round of transcription can 

facilitate initiation complex formation in the next (185). 

4.6 Tat interacts with a CTD kinase that phosphorylates the RNA pol II C-terminal domain 

A well-studied factor that controls elongation of transcription in mammalian cells is the RNA 

polymerase II (RNA pol IT) holoenzyme itself The C-terminal domain (CTD) of the largest RNA 

pol II subunit contains 52 repeats of the Tyr-Ser-Pro-Thr-Ser-Pro-Ser motif Phosphorylation of 

the serine, threonine and tyrosine residues in these repeats is correlated with the elongation 

capacity of the enzyme (40). The unphosphorylated form of the RNA polymerase (RNA pol Ha) 

is associated with paused polymerase complexes, whereas the phosphorylated form (RNA pol Ho) 

is found in elongation-competent RNA pol II complexes. 

It was demonstrated that the requirement of the CTD in transcription by RNA pol II is 

promoter-dependent (60). The HTV-1 LTR promoter, unlike for instance the HTLV-1 LTR 

promoter, was found to depend on the integrity of this RNA pol II domain for activated 

transcription (32). This study also demonstrated that Tat associates in vitro with a kinase activity 

that can phosphorylate the C-terminal domain of RNA pol H It was further shown that the kinase 

inhibitor staurosporine was able to reduce CTD phosphorylation and Tat-mediated activation of 

transcription in in vitro assays. Interestingly, Tat transactivation of the HTV-1 promoter through 

TAR was also found to be sensitive to treatment with the purine nucleoside analog 5,6-dichloro-

1-ß-D-ribofuranosyl-benzimidazole (DRB) (116). In particular, the formation of long transcripts 

by elongation-competent RNA polymerase II complexes was inhibited. DRB, like staurosporine, 

inhibits kinases that can phosphorylate the RNA pol II CTD. In addition, all compounds that were 

identified in a screen for inhibitors of Tat transactivation contained kinase inhibitory activity (114). 

It was therefore postulated that Tat recruits a kinase to the promoter that phosphorylates the CTD 

of RNA pol n to stimulate transcription elongation. 

Two kinases have been implicated in transcriptional activation of the HTV-1 LTR promoter 

by Tat/TAR- the cyclin-dependent kinases CDK7 and CDK9. CDK7 is associated with cyclin H 

in the CAK and TFHH complexes (90). CDK9 (TAK or PITALRE) was recently shown to 
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interact with cyclin T in the human P-TEFb complex (177). Using Tat column chromatography 

purification of HeLa nuclear extract, a protein fraction was isolated with CTD kinase activity. 

This fraction was shown to contain several TFIIH components and increased Tat-mediated 

activation of transcription in in vitro reactions (58) The TFIIH complex is involved in an early 

step of transcription, that is the formation of the open complex and/or promoter clearance (63). 

TFDH consists of a number of proteins, some of which have enzymatic activity. In addition to two 

helicase subunits, TFHH contains a kinase activity, CDK7, that is able to phosphorylate the CTD 

of RNA pol n (47). Several studies have demonstrated a direct and specific interaction of Tat 

with CDK7-containing complexes (36,58,131). Interestingly, all studies that indicate a role for 

TFHH in Tat-activated transcription describe an effect on transcription elongation, a step of 

transcription that has sofar not been associated with TFHH activity. 

The P-TEFb complex was first identified in Drosophila nuclear extract and shown to act 

as a positive transcription elongation factor in in vitro transcription assays (117). This multi-

subunit complex contains a kinase activity that is able to phosphorylate the RNA pol II CTD in 

a DRB-sensitive manner. Cloning of the kinase subunit ofDrosophila P-TEFb revealed homology 

to human PITALRE, a member of the family of cyclin-dependent kinases (189). Independently, 

Rice and coworkers identified a Tat-associated kinase (TAK) that controlled Tat-mediated 

activation of transcription and that was indistinguishable from PITALRE (62). Phosphorylation 

of the RNA pol n CTD by PITALRE/TAK is also DRB-sensitive. A recent study identified cyclin 

T as the partner of this cyclin-dependent kinase and PITALRE/TAK was subsequently renamed 

CDK9 (177). Cyclin T, a component of the P-TEFb complex, was shown to bind Tat directly and 

to greatly enhance the affinity and specificity of the Tat-TAR interaction. 

It was previously recognized that Tat transactivation requires sequences in the loop of 

TAR that are not recognized by Tat. Combined results from several studies indicated that the loop 

sequences recognize a cellular factor that is recruited to TAR by Tat (reviewed in (38)). 

Additional evidence for a loop binding factor that is essential for Tat transactivation comes from 

studies of the LTR promoter in rodent cell lines. In these cells, transactivation of LTR 

transcription by Tat is severely impaired, but no longer TAR-loop dependent (9,70). 

Complementation studies using human-rodent hybrid cells demonstrate that a factor encoded on 

human chromosome 12 can partially rescue Tat transactivation in rodent cells. This 

complementation also restored specificity for the loop of TAR (70). The cyclin T component of 

the P-TEFb complex is a probable candidate for this loop-binding factor, because it is encoded 

on human chromosome 12 and leads to protection of the TAR loop in RNA probing assays in the 
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presence of Tat (177). Furthermore, overexpression of human cyclin T in rodent cell lines restored 

the Tat response. 

The combined results from the above mentioned biochemical and genetic studies suggest 

that Tat functions at a post-initiation step of transcription. It remains to be determined which 

cyclin-CDK complex is functional in vivo. It remains possible that TFHH and P-TEFb are utilized 

in a sequential manner to promote phosphorylation and hyperphosphorylation of the RNA pol II 

CID, respectively (85,90). 

4.7 HIV-1 transcription in vivo requires chromatin remodeling 

It is important to note that HTV-1 transcription in vivo involves an integrated viral DNA template, 

while most HTV-1 transcription studies utilize reconstituted in vitro transcription reactions or cells 

that are transiently transfected with episomal plasmid DNA Recently, more attention has been 

given to transcription from an integrated HTV-1 provirus that is packaged into chromatin. 

Nucleosomes are the basic subunits of chromatin and consist of DNA wrapped around a core of 

histone proteins. Nucleosomes restrict the ability of transcription factors to access the DNA and 

thereby inhibit transcription. It has been recognized that chromatin remodeling is a likely 

prerequisite for efficient transcription from a chromosomal template (94). In particular, the 

integrated HTV-1 LTR promoter seems to require chromatin remodeling, since transcription is 

almost completely silenced in this context (87,135) when compared to its activity in in vitro 

transcription assays (131). 

Chromatin remodeling requires the acetylation of core histones by Histone Acetyl-

Transferase (HAT) enzymes (159). Alternatively, inhibitors of histone de-acetylase enzymes can 

induce general hyper-acetylation of histones and resolve repressive chromatin structure. Such 

inhibitors have been shown to activate the HTV-1 LTR promoter and induce virus production 

from transcriptionally silent proviruses, demonstrating the importance of chromatin remodeling 

for HTV-1 transcription (166). 

The HTV-1 LTR promoter is packaged into two nucleosomes, independent of the site of 

chromosomal integration. In detail, the two nucleosomes flank a nuclease hypersensitive region 

that includes the HTV-1 TATA box and Sp 1/NF-KB binding sites. While the upstream nucleosome 

is consistently nuclease-resistant, the downstream nucleosome becomes nuclease sensitive upon 

activation of the promoter by Tat (167). Thus, Tat protein can mediate the transition from 

repressive to active chromatin structure (48). 
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Several recent papers demonstrate that Tat associates with a known cellular HAT enzyme, 

p300/CBP (13,77,118). The interaction was observed in vitro and in in vivo by means of co-

immunoprecipitation assays and required the basic domain of Tat (77,118). Functional assays with 

reporter constructs demonstrate a synergistic increase in HTV-1 promoter activity upon co-

expression of Tat and p300 (13,77,118). These findings may shed new light on the long-standing 

notion that HIV-1 Tat affects transcription initiation in addition to increasing the processrvity of 

RNA pol H (118). 
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