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Synopsis 

 

The human immunodeficiency virus type 1 (HIV-1) is a complex retrovirus whose 

genome encodes 9 genes coding for 15 different proteins. Many of these proteins are 

required to facilitate the hallmark process of retroviral replication, reverse 

transcription.  Reverse transcription is a complex, multistep process, during which the 

virus converts single stranded RNA genome into a double stranded DNA, which can 

then integrate into the host cell genome.  Many studies have indicated that reverse 

transcription is a tightly-regulated process, with multiple factors contributing to this 

regulation, both viral and cellular.  The research herein examines how different 

factors affect this process. 

 

RNA factors have long been believed to play a role in regulating reverse transcription, 

although the precise mechanisms by which they may regulate the process has never 

been fully characterised.  Chapter two describes for the first time an RNA element 

called the repressor of reverse transcription (RRT) that appears to downregulates 

initiation of reverse transcription immediately following viral entry into the cell. Loss 

of this repression results in severe replication defects in cells.  Results suggest that 

this loss of replication is due to defective formation of the viral pre-integration 

complex following completion of reverse transcription, resulting in degradation of the 

viral cDNA following entry into the nucleus. This study potentially explains previous 

observations that there is a lag between viral entry into the cell and initiation of 

reverse transcription, as well as showing that deregulation of reverse transcription is 

detrimental to viral replication.  

 

Multiple studies have shown that protein interactions with RNA elements are required 

for efficient reverse transcription to occur. Chapter three investigates the role of the 

viral Tat protein in regulating reverse transcription. Multiple studies have suggested a 

role for Tat in reverse transcription, but there are conflicting views on what that role 

may be. In this study an in vitro assay was established to mimic initiation of reverse 

transcription in a cell-free environment.  The results showed that at low 

concentrations, Tat upregulates initiation of reverse transcription, but at high 

concentrations it switches to suppression of the same process. The alternate effects of 
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the Tat protein at high and low concentrations could explain the discrepancy observed 

between various studies.  Further analysis showed that Tat does not interact with the 

RNA template to mediate the effect but instead interacts with the RT protein directly, 

possibly stabilising the heterodimeric form of the protein to allow more efficient 

initiation to occur.  Upregulation required a number of Tat domains, including the 

basic domain, which was surprising since previous studies indicated that this domain 

was not required for Tat to mediate reverse transcription.  

 

The basic domain of Tat is required to mediate several Tat functions. It contains an 

arginine-rich motif (ARM) that contains the RNA binding domain, as well as an 

extra-cellular receptor interaction domain, and the nuclear localisation signal that is 

required for Tat accumulation in the nucleus. Chapter three showed that the basic 

domain is also required for reverse transcription to occur, a finding that was expanded 

upon in chapter four.  A transdominant mutant of Tat, Nullbasic, was made, and the 

effects on viral replication analysed. The results showed that expression of Nullbasic 

significantly suppressed viral production from cells, caused by decreased Env and 

Gag expression.  Nullbasic was found to inhibit Rev mediated export of viral mRNA, 

resulting in the observed reduction in proteins expressed from unspliced or singly-

spliced mRNA transcripts.  Furthermore, virus produced from cells expressing 

Nullbasic was poorly infectious.  These viruses were found to be highly defective for 

reverse transcription, indicating that Nullbasic is impairing efficient initiation of 

reverse transcription in the virion. The multiple inhibitory effects of Nullbasic on viral 

replication indicated that it was a possible candidate for treatment of viral infection. 

To test this principle, Nullbasic was expressed in a reporter cell line and then 

challenged with high dose HIV-1.  Interestingly, Nullbasic caused a greater than 800-

fold decrease in viral replication, indicating that it may potentially be useful as a 

therapeutic in the future, however there are significant obstacles to be overcome 

before this becomes a reality.   

 

Overall, this study addresses the role of multiple factors in regulating reverse 

transcription, while highlighting multiple regions that could provide potential 

therapeutic applications. 
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1.1 Introduction 

The United Nations program on HIV/AIDS (UNAIDS) was formed in 1996 in an 

effort to combat the pandemic of Acquired Immune Deficiency Syndrome (AIDS).  

Since the discovery of the Human Immunodeficiency Virus (HIV) as the causative 

agent of AIDS during the early 1980’s, the disease has spread at an alarming rate, 

with more than 40 million people globally infected with HIV at the end of 2006.  

 

The impact of the pandemic is extensive.  It is estimated that more than 25 million 

people have died in the past 20 years from AIDS related illness (76).  Added to this is 

the cost of treatment of HIV infected individuals.  In particular third world countries 

are struggling under both the financial and humanitarian burdens caused by the 

pandemic.  Debt relief, increases in funding government agencies and commitments 

from non-government charity organisations such as the Bill and Melinda Gates 

Foundation in 2006 have taken a step towards alleviating the pressures faced by 

developing countries, but the impact of the disease continues to grow. 

 

Although intensive research has been carried out globally over the past 2 decades a 

cure or a vaccine for HIV remains elusive.  Advances have been made into 

understanding viral replication, pathology and treatment of infection.  Given the 

plethora of scientific knowledge that has been gained, hope remains that a cure, 

vaccine or more efficient treatments may be found, hopefully slowing the 

humanitarian crisis caused by the AIDS pandemic.   

1.2 Historical Perspective                                    

A research group at the University of California reported 5 cases of an opportunistic 

infection of Pneumocytis carinii pneumonia (PCP) in formerly healthy homosexual 

males (145, 210).  Other outbreaks of opportunistic infections including PCP (354), 

mucosal candidiasis (210), Kaposi’s Sarcoma (145), and ulcerative perianal herpes 

simplex lesions (455) were reported in the same year.  Clusters of rare opportunistic 

diseases were being observed right across the US in particular amongst homosexual 

males and intravenous drug users (92).  Further studies showed the patients all 

appeared to be immune compromised, with no definable aetiology.   
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Initial theories about the causative agent of the disorder ranged from chemicals such 

as amyl nitrate, used as a leisure drug by homosexual males, to a myriad of viral 

candidates, including Cytomegalovirus (CMV), Epstein-Barr virus (EBV) and 

Hepatitis B virus, all of which were isolated from the initial patient cohort (210).  

These were systematically ruled out as causal agents.  Virologic studies of 

symptomatic patients revealed the presence of cytopathic retrovirus similar to Human 

T-cell leukaemia virus (HTLV) with a high T-cell tropism and preferentially infecting 

helper T-cells.  The cytopathic effects on cells and the subsequent destruction of 

immune T-cells meant it was a likely candidate for the immune destruction associated 

with AIDS (34, 192).  

 

In 1983, 2 groups, one in America (192) and one in France (34) were investigating 

whether the disease could be related to HTLV.  The virus was isolated from patients 

exhibiting symptoms of AIDS by both groups.  The Gallo group in the US and the 

Barre-Sinoussi group in France discovered the virus was morphologically, 

biologically and immunologically, related to HTLV. Initially named HTLV III by the 

Gallo group, lymphadenopathy-associated virus (LAV) by the Barre-Sinoussi group, 

then AIDS associated retrovirus (AARV) by a third group the following year (317), in 

1985 an international committee finally renamed the virus Human Immunodeficiency 

Virus, or HIV.   

1.3 Epidemiology 

1.3.1 Incidence and Prevalence 

The joint World Health Organisation and UNAIDS group publishes an annual report 

on HIV-1 epidemiology.  The majority of the data in this section is taken from the 

December 2006 Global AIDS Epidemic Update and associated documents (498).  

Approximately 33 million people (30-36 million) globally are infected with HIV.  Of 

these, approximately 28.4-34 million are adult, 1.9-2.3 million are children, and 14.2-

16.9 million are female.  In 2007 2.7 million (2.2-3.2 million) people acquired HIV 

infection.  The majority of these were adults (1.9-2.8 million).  2.9 million (2.5-3.5 

million) people died from AIDS in 2007, approximately 1.8 million adults (1.6-2.1 

million) and 270,000 children (250,000-290,000).   
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Figure 1.1. Global Prevalence of HIV Infection (498). 

 

Sub-Saharan Africa (SSA) is the main region of infection globally with two-thirds of 

all HIV infected individuals living in this region, and nearly 70% of all AIDS related 

deaths recorded here as well.  Overall approximately 22 million (20.5-23.6 million) 

HIV infected people currently live in SSA.  Of the total number of infected 

individuals in SSA, nearly 50% are female, representing an increase in female 

infection of over 1 million women since 2004 (498).   

 

It is concerning to note that this increase in both new infections and number of people 

living with HIV-1 was mirrored in every region of the world over the past 2 years.  In 

particular Eastern Europe, Central Asia and East Asia showed the number of people 

living with HIV increased by 20% while the number of new infections rose a 

staggering 71%, and deaths from AIDS related illness rose nearly 70%.  In South East 

Asia new infections rose by 15% as did deaths due to AIDS related illness, the Middle 

East and North Africa recorded increases of 12% in total infected individuals and new 

cases of infection, and a 10% increase in the number of deaths due to AIDS.  All other 

regions of the world showed increases across the board in terms of total people living 

with HIV, new infections and deaths due to AIDS related incidence, the sole 

exception being Oceania which showed a decrease in new infections of nearly 10%, 

but increases in all other categories.  It should be noted that while the epidemics in 

regions such as Asia and India show low population prevalence by percentage, the 

absolute number of infected individuals is rapidly approaching the number of infected 

individuals in SSA (498).   
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Total: 33 million (30 – 36 million) 

Western & 
Central Europe

730 000
[580 000 – 1.0 million]

Middle East & North Africa

380 000
[280 000 – 510 000]

Sub-Saharan Africa

22.0 million
[20.5 – 23.6 million]

Eastern Europe 
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South & South-East Asia
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[3.5 – 5.3 million]

Oceania

74 000
[66 000 – 93 000]

North America

1.2 million
[760 000 – 2.0 million]

Latin America

1.7 million
[1.5 – 2.1 million]

East Asia

740 000
[480 000 – 1.1 million]

Caribbean

230 000
[210 000 – 270 000]

Adults and children estimated to be living with HIV, 2007 

 

Figure 1.2. Estimated new HIV infections during 2007 (498). 

1.3.2 Current Issues  

The increases being noticed globally should be of particular concern to governments 

around the world.  Public health and policy research play a massive role in 

determining the best course of action in treating the pandemic, but it would appear 

that the message is being slowly lost.  In response to the increase in mortality and 

morbidity UNAIDS recognises some of the major concerns faced in treating the 

pandemic globally.   

 

Of major concern is the increase in the number of infections among women.  Women 

now make up about 42% of those infected worldwide; over 70% of whom live in sub-

Saharan Africa (498).  Sexual coupling patterns of young women with older men or 

multiple partners, population prevalence of HIV and population mobility are all 

contributing to the trend (456).  A link between binge drinking or drug use and 

infection has also been reported (73).  This is having a flow-through effect on the 

occurrence of mother-child transmission during pregnancy and needs to be seriously 

addressed.   
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It is worrying to note that youths aged 15-24 also account for half of new infections 

recorded for each of the past 4 years making this generation the most highly HIV 

exposed in history (312, 456).  This may be due to an increase in risk activities such 

as unprotected sex and sharing of needles during intravenous drug usage.  This 

suggests that the public awareness campaigns once being pushed by governments 

around the world are failing to reach a new generation.  Opposition from religious and 

political groups to policies which include sex education, promotion of condom usage, 

needle exchange programs, etc. is leading to a breakdown of one of the most 

important aspects of treating the global pandemic: prevention of new infection.  In 

particular in wealthy countries, such as the United States, the emphasis has shifted 

from preventing infection to treating infection.  This will place a massive economic 

and social burden on these countries, one that cannot be matched by undeveloped 

countries, such as those in Africa and Asia.   

 

Globally only 7% of HIV infected individuals receive treatment, the majority of those 

in high-income developed countries (312, 456).  This is due to the high cost of 

pharmaceuticals and the lack of public infrastructure, such as hospitals and treatment 

clinics in undeveloped countries.  The production and distribution of generic 

pharmaceuticals throughout Africa, Asia and Eastern Europe as well as the 

establishment of treatment and diagnosis infrastructure is critical to prevent 

unnecessary early deaths and limitless suffering.   

 

Finally, nearly 12 million children in SSA have been orphaned because of HIV/AIDS, 

becoming homeless and neglected (498).  Without some assistance or education these 

children will likely grow up to be future HIV statistics.   

1.3.3 Transmission  

HIV transmission occurs through the exchange of certain bodily fluids.  Infectious 

HIV is found mainly in peripheral blood leukocytes, but can also be found in other 

tissues and fluids such as blood plasma, saliva and seminal fluids (166).  Intimate 

transferral of the fluids is required for transmission to occur, either directly into the 

blood stream (intravenous drug use, needle stick injury, contaminated blood 

transfusions); or directly into the body via intercourse, either heterosexual or 
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homosexual.  Casual everyday transmission of the virus is rare (184, 185), and it has 

been shown that despite infectious virus in saliva, transmission cannot occur via this 

route due to the presence of protease inhibitors and other factors in the saliva (453, 

454).  Mechanical transmission (i.e. from mosquitos or arthropods) has never been 

demonstrated. 

 

The major route of transmission globally is sexual intercourse, with heterosexual 

transmission accounting for 85% of all new infections (456).  It is interesting to note 

that in developed countries homosexual transmission of the virus is predominant, 

whilst in developing countries heterosexual transmission is more prevalent (498).  

This may be due to the lack of prophylaxis or education due to religious or cultural 

differences, higher levels of infection in the population compared to wealthy 

countries.  Both homosexual and heterosexual transmission occurs via oral sex, giving 

or receptive anal sex, or vaginal sex due to exposure to HIV infected cells or virus in 

mucosal secretions vaginally or seminal fluids (292).  Generally the mucosal 

epithelium and the endocervical epithelium form effective barriers against HIV-1 or 

HIV-1-infected cells; however, breaches in the integrity of these barriers are frequent, 

increasing susceptibility to infection (448).   

 

Outside of sub-Saharan Africa, nearly a third of all HIV-1 infections are acquired 

through injecting drug use, mostly in Eastern Europe, central and South-east Asia 

(24).  The rapid spread of HIV through these regions can be largely attributed to 

increases in this risk behaviour (456, 498).  However, a study in Libya found that an 

outbreak of HIV resulted from improper sterilisation and reuse of needles in a hospital 

(536).  In Africa many clinics exist with inadequate resources and training for 

clinicians, which may result in the reuse of needles in these clinics.  This is 

concerning as a study in a Cameroon hospital showed that 30% of syringes contained 

detectable levels of HIV-1 (16).  A survey of studies from 1995-2005 estimates the 

risk of infection from intravenous drug use at approximately 1.5%, while the 

likelihood of contracting HIV from needles contaminated with HIV at approximately 

3% of limited quality from nosocomial outbreaks in Russia, Romania and Libya (25).  

It should be noted that the likelihood of infection here is higher than that of 
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heterosexual intercourse, indicating the high risk associated with intravenous drug 

users sharing needles.   

 

Less prevalent forms of transmission in modern times include transfusion of infected 

blood products and transmission from mother to child during pregnancy (16, 25, 117, 

184).  Rigorous testing is undertaken on transfused blood products in more recent 

times in developed countries, leading to a reduction in the likelihood of transmission 

via this means.  Undeveloped countries do not share this advantage, and there are still 

cases of transfusion leading to infection in these regions.   

 

Transmission of the virus from mother to child can occur within the womb, during 

birth or through breast-feeding (117).  If the parent is diagnosed with the virus, 

treatment can lead to a reduction in the likelihood of transmission by this mechanism.  

Studies in Africa have shown that treatment with antiretroviral agents such as 

zidovudine, lamivudine or nevirapine during the first 6 months of pregnancy can 

reduce the possibility of transmission to the child (117).  The lack of resources in 

developing countries such as Africa means that diagnosis and treatment may occur too 

late and the child has a strong possibility of being infected.  Caesarean delivery has 

also been used to reduce the likelihood of intrapartum transmission of HIV (412), 

though this may be countered by an increase in post-partum sepsis and mortality of 

the parent.  It is evident that even if antiretroviral therapy is utilised, then intrapartum 

exposure to HIV infection is avoided, the child still faces the risk of infection from the 

mother’s breast milk due to a lack of knowledge on the part of the parents (376).  

Alternatives to breast-feeding have been recommended but poor access to clean 

running water precludes the use of formula feeding in many circumstances (344). 

 

Knowledge of the routes of transmission has allowed formation of policies targeted at 

prevention of HIV infection.  The use of condoms, discouraging intravenous drug 

users from reusing needles, encouraging monogamy, testing for the virus in pregnant 

women and screening of blood products can lead to a reduction in the levels of 

transmission globally.  Education remains essential to any prevention campaign, 

informing the population of both how the virus can be spread, as well as quashing 
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myths about viral spread to reduce the stigma of HIV infection, can only improve the 

prognosis for the global epidemic.   

1.4 Phylogeny and Taxonomy: Retroviral Classification 

and HIV-1 

Retroviruses have been found in all vertebrate families including, reptiles (96, 251), 

amphibians (275, 490), fish (231), and birds (490).  Morphologically, retroviruses 

have an envelope with surface projections and a distinctive inner core shape (109).  

The genome is positive-sense, single-stranded RNA and the presence of reverse 

transcriptase is requisite for retroviral classification (2).  The genome of retroviruses 

can be simple or complex, based on the pattern of mRNA splicing required for 

expression of gene products.  HIV-1 is considered a complex retrovirus, with multiple 

proteins encoded by spliced mRNA products (74).   

 

The Retroviridae family is extensive and has 2 sub-families (orthoretrovirinae and 

spumaretrovirinae) and 7 distinct genera.  These are α-, β-, δ-, γ-, ε-, lenti- and 

spuma-virus (428).  Species within the genera are classified based on differences in 

genome sequences (particularly env, pol, and gag), gene products, natural host range 

and oncogenic potential of the species (74).   

 

HIV is a member of the genus lentivirus of the Orthoretrovirus sub-family.  Virion 

morphology shows a truncated conical core, a concentric nucleoid, with densely 

packed, inconspicuous spiked membrane protrusions (109).  Viruses replicate via a 

DNA replicative intermediate encoded by a single stranded RNA genome.  Several 

regulatory genes and a biphasic mode of gene expression are also characteristic of 

lentiviruses (13).  Five groups of lentiviruses can be clustered on the basis of the hosts 

they infect (bovine, equine, feline, ovine and primate), with HIV-1 is classified as a 

primate lentivirus, along with HIV-2 and SIV (Simian Immunodeficiency Virus) (10).  

HIV and also SIV are further characterised by recognition of CD4 antigen as the 

primary receptor for cell entry, the complex organisation of their genomes and the 

ability of the viruses to persist in a cell in a latent state (390). 
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Figure 1.3. Phylogenetic relationship between mammalian and primate 

lentiviruses (261). 

HIV-1 is distinguished from HIV-2 primarily on the basis of sequence divergence that 

exceeds 50% and the presence in HIV-2 of the vpx gene (10).  HIV-1 is the major 

causative agent of the global pandemic.  HIV-2 represents a less prevalent and 

virulent form of HIV that is endemic only to West Africa.  HIV-2 phylogenetically is 

more closely related to SIV with a viral reservoir being found in the Sooty Mangabey 

monkeys (239), while HIV-1 is more divergent and asymptomatically infects African 

Chimpanzees (161).  Phylogentic analysis suggests that all strains of HIV-1 have 

evolved from a single SIV lineage endemic to chimpanzees, with transmission to 

humans occurring through 11 independent cross-species infections (352). 

 

Four types of categories are used to refer to the major HIV-1 lineages: groups, 

subtypes, sub-subtypes and circulating recombinant forms.  Groups refer to the 

distinctive HIV-1 lineages: M (main), O (outlier) and N (non-M/non-O).  Group M 

viruses are the main viruses that are found in the global epidemic of HIV.  Group O 



 

29 

 

refers to rarely isolated viruses divergent to Group M, and Group N refers to viruses 

that don’t fit into either category M or N (3).   

 

Group M is subdivided into sub-types or clades, currently consisting of A1, A2, B, C, 

D, F1, F2, G, H, J and K.  The clade system is useful to cluster genetically similar and 

geographically associated isolates of HIV-1 (3).  Clades are assigned based on 

sequence similarities genome wide in the viral isolates, particularly in important 

regions such as gag, pol and env, though not limited to these areas.  HIV-1 possesses 

one of the most rapidly evolving genomes known due to the lack of proofreading 

exonuclease ability of the reverse transcriptase enzyme (109).  This not only allows 

the virus to evolve rapidly in response to selective pressures such as drug treatments, 

but results in a huge amount of genetic variation globally. 

 

Given the extent of sampling of strains from the HIV-1 pandemic it is unlikely that 

many more non-recombinant subtype-like lineages will be found, but there are many 

recombinant forms of the virus being isolated regularly, designated circulating 

recombinant forms (CRFs) (428).  CRFs result from either mutation of a virus in a 

host due to the aforementioned errors in reverse transcription, or via recombination 

between multiple strains of HIV-1 within a single host (3).  These sequence variations 

may affect infectivity, transmissibility and immunogenicity.  The ability of the virus 

to recombine and evolve in response to selective pressures, such as anti-retroviral 

therapy, as well as the vast genetic diversity of HIV-1, has a significant influence on 

the spread and treatment of HIV-1 globally. 

1.5 Pathology  

Clinically there are 3 stages of HIV infection: acute (early), asymptomatic (latent) and 

symptomatic (AIDS).  These will be outlined in the following sections. 
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Figure 1.4. Pathology of HIV infection (1). 

1.5.1 Primary Infection and Acute Syndrome 

Primary HIV infection results in a mild disease in 50-90% of individuals (292). The 

time from mucosal infection to viremia generally takes 4 to 11 days and symptoms 

may last 2-6 weeks.  Symptoms may resemble infectious mononucleosis, flu or other 

viral infections.  These symptoms may include loss of appetite, ulcers, fever, 

headache, lethargy, generalised lymphadenopathy, muscle aches and rashes (42).  

Typically symptoms persist for no more than 4 weeks then subside, though the 

lymphadenopathy may persist for longer durations.  More serious symptoms such as 

diarrhoea, arthralgia and encephalitis have also been reported in some cases of 

infection, but these are less common (292).     

 

During acute infection, HIV replicates extensively in the absence of detectable 

adaptive immune response, reaching levels of greater than 100 million copies HIV 
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RNA/mL (359).  During this phase of high viremia, the virus causes the destruction of 

CD4+ T-lymphocytes in lymph nodes (56).  Approximately 6 weeks after infection 

specific antiviral responses can be detected within the patient, humoral and adaptive, 

resulting in a rapid decline in plasma viremia. A temporary stabilisation of the number 

of CD4
+
 T cells is detected and symptoms of acute infection fade.  The levels of CD4 

cells increases, though rarely returns to the pre-infection level.  Patients in the initial 

phases of acute infection are highly contagious due to the high levels of virus in 

blood, plasma and secretions (42). 

 

 

Figure 1.5. CD4 levels and viremia progression during HIV infection (485). 

 

Recent studies have indicated that the initial decline in plasma viremia is associated 

with the appearance of HIV-specific, CD8
+
 cytolytic T cells, whereas the first 

neutralising antibody is not detected for several additional weeks (299). A majority of 

individuals develop detectable antibody responses within 3 months of infection. The 

lack of an antibody response is associated with a rapid progression from acute phase 

to clinical AIDS (46).   
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1.5.2 Chronic Infection and Latent Phase 

Following the acute phase of infection, a long asymptomatic phase which may last 

between 2 and 12 years, although cases of even longer terms have been reported (72, 

221, 328).  The viral load following the acute phase and viremia clearance correlates 

strongly with the length of the latent phase (389).  If untreated the CD4 T lymphocyte 

population remains steady or gradually declines, as the virus continues to replicate at 

low levels in lymphoid tissues.  Viral antigen is generally undetectable in the blood 

plasma during this phase of infection, as the virus replicates at low levels. CD8 T cell 

level remains slightly elevated. There is no evidence during this period of 

opportunistic infection or any symptoms at this point of time, but there is a rapid 

turnover of CD4 cells. This decline is not seen in the small percentage of individuals 

who are long-term non-progressors (72, 221, 328).  There are several lines of 

evidence which show the virus is continuing to replicate. Antibody responses to HIV-

1 are strong, indicating continual production of viral antigen, virus can be isolated 

from PBMCs and viral RNA can be detected in the cell free plasma, indicating that 

clinical latency does not indicate viral latency (389). 

1.5.3 Clinical Disease 

The hallmark of progression from asymptomatic infection to clinical disease is 

preceded by a decrease in CD4 levels to lower than 500 cells/uL, an increase in 

viremia, loss of lymph node architecture and a generalised lymphadenopathy (1).  A 

further decrease to 200 cells/uL signals clinical AIDS, and signals a strong probability 

of the acquisition of an AIDS-related opportunistic infection such as PCP, or 

neoplasia, such as Kaposi’s Sarcoma (312).  Other laboratory symptoms include 

detection of p24 antigen, increases in B2-microglobulin levels, elevated serum IgA or 

increased levels of neopterin in the CSF, blood serum or urine (292).  The appearance 

of these symptoms means that, if untreated, the patient has an average life expectancy 

of less than 2 years.  Physical symptoms of AIDS include muscle atrophy and 

wasting, night sweats, fevers, neurologic disorders and other symptoms related to 

opportunistic infection (292). 
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1.5.4 Viral Cell Target Cells and Tropism  

HIV primarily targets cells expressing the surface CD4 receptor, and can infect a 

variety of cells from the lymphatic, haematopoietic and nervous systems (404, 515).  

CD4 cell types include CD4+ T-lymphocytes, monocytes, macrophages, dendritic 

cells, and Langerhans’s cells.  CD4 lymphocytes are responsible for the secretion of 

cytokines that regulate haematopoietic and lymphoid cells, activation of B-cells, 

macrophages, and cytotoxic T cells (204, 290, 477).  Monocytes and macrophages 

regulate clearance of foreign organisms and phagocytosis, presentation of foreign 

antigens to lymphocytes (262).  HIV infection results in disruption of cell function 

and cell death, resulting in a decrease of CD4 cells and eventually clinical disease. 

 

Two types of HIV-1 have been identified based on the type of cell they replicate in, 

termed T-tropic and M-tropic strains.  The T-tropic strains show a marked preference 

for T-lymphocytes while the M-tropic strains replicate in macrophage derived cell 

lines (106, 404, 515).  Tropism is a function of the co-receptor used by the strains: M-

tropic viruses can use only CCR5 for entry; T-tropic viruses use CXCR4 (106).  The 

Env protein has been shown to be the critical regulator of viral tropism, specifically 

the V3 loop of the gp120 subunit (280, 445, 518).  Even small mutations to this region 

can result in tropism switching.   

1.6 Therapeutics and Prophylaxis 

A variety of therapies have been tested against HIV infection including bone marrow 

transplantation, lymphocyte transfusion, thymic transplantation and plasma 

aphaeresis, all of which failed and were discontinued in the 1980’s.  Currently 

pharmacological agents are used in tandem to treat HIV infection.  These agents can 

be classified as nucleoside reverse transcriptase inhibitors (NRTI), non-nucleoside 

reverse transcriptase inhibitors (NNRTI), protease inhibitors (PI), and fusion 

inhibitors (FI).  Generally several of these agents are used in conjunction in a 

treatment called highly active antiretroviral therapy (HAART).  The rapid mutability 

of HIV-1 causes major problems in treatment of patients as the virus rapidly evolves 

to evade the drug regime being used at a particular time, meaning that the patient 

needs to be constantly monitored and the regimes constantly adapted.  Side effects of 
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many of the drugs may be severe in some instances, particularly over long-term 

treatment. 

1.6.1 HAART Therapy 

Highly active antiretroviral therapy (HAART) is the use of combinations of NRTI, 

NNRTI, PI and more recently FI to treat viral infection.  Various combinations of 

drugs have been tested and the efficacies, adverse reactions, interactions and ease of 

use, in varying stages of infection.  Several drug companies have assembled the 

effective combination therapies into a single pill to help aid compliance among 

patients. HAART therapy has been clinically proven to slow disease progression in 

large cohort  

 

Upon commencement of HAART therapy the viremia levels typically decrease, 

although the immune system seldom recovers completely (1).  The decision to 

commence HAART is based on the CD4 counts and the blood viremia. Several 

studies have been performed to determine outcomes for patients treated with vigorous 

HAART early in infection, generally showing a reduction in the baseline viremia and 

improving the prognosis for the patient (422, 423).  Subsequently, a strong dose of 

HAART as soon as HIV is detected is recommended to try and restrict the baseline 

viremia and CD4 destruction and all international guidelines agree that all 

symptomatic patients as well as patients with less than 350 CD4+ T-cells/µl should be 

treated (1). However the long term side effects of the drugs and potential for viral 

resistance has lead to the philosophy that the treatment should be minimal for patients 

with more than 200 CD4+ T-cells/µl until the symptoms warrant more intense therapy 

(228).  In these patients it is recommended that HAART therapy be commenced 

immediately when the symptoms worsen, but extra time should be taken to ensure the 

patient is fully educated about the treatment and the probable outcomes, to help 

increase long term compliance with drug regimes and to ease the burden of the 

treatment (1). 

1.6.2 �ucleoside Reverse Transcriptase Inhibitors   

Nucleoside analogues function as competitive inhibitors by replacing normal 

nucleosides during reverse transcription with nucleosides that result in chain 

termination of the nascent RNA strand.  These drugs include didanosine (ddI), 
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zalcitabine (ddC), stavudine (d4T), lamivudine (3TC), zidovudine (ZDV) and 

abacavir.  All NRTIs require phosphorylation to an active triphosphate metabolite that 

can be utilised by the RT enzyme (292).  Drug intolerance and toxicity are significant 

problems with the NRTIs, and may induce symptoms such as liver toxicity, which 

may result in abdominal pain, vomiting and nausea, headache, bone marrow 

suppression with anaemia, myopathy and cardiomyopathy, pancreatitis, neuropathy, 

maculovesicular cutaneous eruptions and aphthous oral ulcers (292). 

1.6.3 �on-nucleoside Reverse Transcriptase Inhibitors  

These drugs act via non-competitive binding to a hydrophobic pocket near the active 

site of the RT enzyme. They are most useful when used in combination with other 

antiretrovirals.  Current NNRTIs include nevirapine, delaviridine and efavirenz.  

Primary side effects include skin rashes and hepatotoxicity.  HIV-1 group O viruses 

are less susceptible to treatment with NNRTIs due to a mutation in the RT enzyme at 

Leucine-188 (336).   

1.6.4 Protease Inhibitors 

Protease inhibitors act by preventing the processing of large HIV precursor proteins 

such as gp160, p55 and p40 into their smaller, functional subunits.  The PI family are 

synthetic substitutes for the HIV proteins that compete with viral proteins and 

blocking the action of protease on native viral proteins (1). PIs also decrease CD4 

lymphocyte apoptosis by decreasing caspase-I expression (458, 482).  Saquinivir, 

ritonavir, indinavir, nelfinavir and amprenavir are all well tolerated by the host 

system, reduce plasma RNA levels and cause increases in CD4 lymphocyte counts, 

and work well in conjunction with the NRTIs and NNRTIs (485).  The use of PI may 

result in lipodystrophy, hepatic dysfunction, sensory neuropathy, and rashes amongst 

other side effects.   

1.6.5 Fusion Inhibitors 

Enfurvitide is a synthetic peptide that functions by binding to the C-terminal of the 

HIV-1 gp41 protein, preventing conformational changes that allow the virus to fuse to 

the host cell plasma membrane (281).  This drug is large (36 amino acids) and hence 

must be delivered via injection. It has been shown to prevent vertical transmission of 

HIV from mother to child, though it does not cross the placental membrane (68).  Side 
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effects are minimal including rashes and some lymphadenopathy, and the virus may 

rapidly mutate to evade the drug, although the mutation is usually associated with a 

drop in viral fitness (1).  

1.6.6 Integrase Inhibitors 

Integrase inhibitors are a recent addition to the arsenal of treatments available for 

HIV-1 treatment, aimed at preventing integration of the viral genome into the host cell 

chromosome.  Raltegravir was approved for use by the US FDA in 2008, and targets 

the strand transfer step of integration, preventing the cDNA from annealing to the host 

DNA and resulting in either degradation or recombination of the viral DNA into non-

infectious circular forms (adapted from Merck briefing document, 

http://www.natap.org/2007/HIV/090407_01.htm) 
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Anti-HIV Medications 

Brand �ame  Generic �ame    Other �ames 

 

�on-nucleoside Reverse Transcriptase Inhibitors (��RTIs)  

Rescriptor   Delavirdine     DLV  

Sustiva    Efavirenz     EFV  

Viramune   Nevirapine     NVP  

 

�ucleoside/�ucleotide Reverse Transcriptase Inhibitors (�RTIs) 

Combivir   Lamivudine/Zidovudine  

Emtriva   Emtricitabine     FTC  

Epivir    Lamivudine     3TC  

Epzicom   Abacavir/Lamivudine    Hivid  

Zalcitabine   ddC  

Retrovir   Zidovudine     AZT or ZDV  

Trisivir    Abacavir/Lamivudine/Zidovudine  

Truvada   Emtricitabine/Tenofovir    DF  

Videx (or Videx EC)  Didanosine ddI  

Viread    Tenofovir DF    TDF  

Zerit    Stavudine     d4T  

Ziagen    Abacavir     ABC  

 

Protease Inhibitors (PIs)  

Agenerase   Amprenavir     APV  

Aptivus    Tipranavir     TPV  

Crixivan   Indinavir     IDV  

Prezista   Darunavir     TMC114  

Invirase   Saquinavir     SQV  

Kaletra    Lopinavir/Ritonavir    LPV/r  

Lexiva    Fosamprenavir     FPV  

Norvir    Ritonavir     RTV  

Reyataz   Atazanavir     ATV  

Viracept   Nelfinavir     NFV  

 

Fusion Inhibitors 

Fuzeon    Enfuvirtide     T-20  

Integrase Inhibitors  

Isentress  Raltegravir 

Combination Drugs  

Atripla     Efavirenz/Emtricitabine/Tenofovir DF  

Combivir   Lamivudine/Zidovudine  

Epzicom   Abacavir/Lamivudine  

Trizivir    Abacavir/Lamivudine/Zidovudine  

Truvada   Emtricitabine/Tenofovir DF  

adapted from U.S. Food and Drug Administration's Drugs Used in the Treatment of HIV Infection 

(available at: http://www.fda.gov/oashi/aids/virals.html). 
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1.7 HIV Biology 

1.7.1 Morphology 

The mature HIV-1 virion is roughly spherical in shape and approximately 120nm in 

diameter (109).  The membrane is composed of a phospholipid bilayer derived from 

the host cell from which the virus buds, and subsequently containing many host cell 

proteins such as HLAI/II, ubiquitin, actin and microglobulins (22).  The membrane is 

studded by spike like protrusions, consisting of trimeric envelope glycoproteins.  

These trimers incorporate surface (SU), which protrudes from the membrane allowing 

interactions with cell receptors and ligands, and transmembrane (TM), which spans 

the membrane and facilitates signalling and fusion with cells. The interior of the 

phospholipid membrane is lined by approximately 2000 copies of MA proteins (7), 

presumably bound to the virion membrane via embedding of the myristylated heads of 

the MA sub-domain into lipid/cholesterol groups in the membrane (443).  Within the 

virion is a roughly conical core composed of viral CA proteins.  The core contains 2 

copies of viral genomic RNA in dimeric form closely associated with approximately 

2000 copies of NC protein, 20-50 molecules of viral proteins reverse transcriptase 

(RT) and integrase (IN), while viral protease (PR) is located both inside and outside 

the virion core. 

 

 

Figure 1.6. HIV Morphology (109). 
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1.7.2 HIV-1 Genome 

The HIV-1 genome is approximately 9 kb in length and is encoded by a single strand 

positive sense RNA.  Two copies of genomic RNA are packaged into the 

nucleocapsid of each viral particle (109).  The genome is organised such that there are 

9 open reading frames flanked by 5’ and 3’ long terminal repeat sequences (LTR) 

(166).  Following translation of the integrated proviral genomic DNA into viral RNA 

the genome is polyadenylated and capped with a 7-methyl-guanosine cap at the 5’ and 

3’ termini to prevent nuclease degradation. 

 

 

Figure 1.7. Organisation of HIV-1 genome and overview of genes and proteins 

(212). 

 

The genome encodes 3 major genes: gag, pol and env.  Each of these genes encodes a 

polyprotein that is proteolytically processed into smaller proteins during viral 

replication.  The gag gene encodes a polyprotein that is proteolytically cleaved by 

proteases into 4 major proteins: matrix (MA), capsid (CA), nucleocapsid (NC) and p6, 

as well as 2 spacer proteins p2 and p1.  The env gene encodes a single polyprotein that 
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is proteolytically cleaved into 2 proteins; surface (SU) and transmembrane (TM) 

while pol encodes a polyprotein that is cleaved into 3 viral enzymes: protease (PR), 

reverse transcriptase (RT) and integrase (IN) (109).   

 

The viral genome also contains ORFs that code for several accessory and regulatory 

proteins.  The regulatory proteins Tat and Rev are encoded by the overlapping ORFs 

tat and rev, and are essential for regulating viral replication.  Four other genes, nef 

(negative factor), vif (viral infectivity factor), vpu (viral protein U) and vpr (viral 

protein R) encode accessory proteins of the same name that play various roles in viral 

replication. 

 

The integrated proviral genome is significantly longer than the viral RNA genome.  

The 5’ and 3’ untranslated regions contain the U5 and U3 long terminal repeats (LTR) 

flanking the directed repeat sequence R.  The U3 is not entirely untranslated, as the 3’ 

terminal of the region contains a part of nef, which is translated during replication. 

These untranslated regions contain multiple cis- and trans- regulatory elements that 

play roles in transcription, RNA splicing, dimerisation, packaging and poly-

adenylation (109).   

1.7.3 The Viral LTR Regions 

The double stranded proviral LTR can be divided into 3 functionally distinct regions 

designated U3 (-453-+1), R (+1-98) and U5 (+99-185).  The U3 region has 3 

transcriptional domains that encompass the viral promoter: the core, enhancer and 

modulatory domains (166).  

 

 

Figure 1.8. The HIV leader region and sites for regulation of viral replication 

(123). 

The basal promoter contains multiple binding sites for transcription factors including 

the TATA box (-28-24) and 3 SP-1 binding sites. The TATA box is the binding site 
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for cellular transcription machinery, TFIID.  RNA polymerase II, TATA binding 

protein (TBP), and TBP associated factors together form the TFIID complex required 

for transcription to occur (272).   

 

2 NFκB sites are found within the enhancer domain. The NFκB site is required for 

efficient viral gene transcription (338), through interactions with the NFκB protein.  

NFκB in cells controls transcription of several genes such as MHCI and II, IL2, IL2-α 

receptor, TNFα and IgK Light chain (201).   

 

The modulatory domain contains binding sites for cellular factors AP-1, NFAT-1, 

USF-1, ETS-1, LEF and LBP-1 (109).  These sequences may be important for 

replication in T cell lines but they do not appear to significantly contribute to 

promoter activity in vitro or in cell cultures.   

 

The R region encodes the transactivation response element (TAR).  Tat protein 

interactions with TAR regulates viral transcription and is possibly involved in viral 

reverse transcription, dimerisation and RNA packaging (179).  Immediately following 

the R region is the primer-binding site (PBS +182-199) that is required for binding of 

the cellular tRNA
lys3

 primer (109).   
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1.8 HIV-1 Replication 

HIV-1 replication can be divided into an early phase (binding, entry, uncoating, 

reverse transcription and integration) and late phase (expression of integrated viral 

genome, assembly, budding and maturation).  Each of these steps will be outlined in 

the following sections.   

 

Figure 1.9. Lifecycle of HIV Infection (109). 
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1.8.1 Early Phase 

 

Figure 1.10. Early events in the viral replication cycle (212). 

1.8.1.1 Attachment and Entry 

Attachment of HIV to a cell is mediated by interactions between trimeric SU/TM 

spikes on the virion and the cellular CD4 receptor, along with co-receptors on the cell 

surface, including CCR5 and CXCR4 (230).  Each monomer of SU contains a CD4 

binding motif, and binding of a single monomer within the trimer to CD4 will result 

in initiation of conformational changes required for fusion to occur (440).  The 

binding domain for SU to CD4 is located on the amino terminal of the CD4 molecule 

distal to the transmembrane domain.  Binding of SU to viral receptor CD4 triggers a 

cascade of conformational changes within both SU and TM (230) which result in the 

exposure of epitopes for binding to the chemokine receptors CCR5 and CXCR4, 

required for viral entry into the cell.  The V3 epitope of gp120 is the main determinant 

of which co-receptor the virus will use (166).  Following binding to the co-receptors, 

gp120 undergoes a second conformational change that results in the exposure of gp41, 

which assumes a rod-like formation of highly coiled α helices (333, 518).  The N-

terminal domains of the gp41 trimer form a “prong” that extends towards and embeds 

in the target cell host membrane.  Following embedding in the host cell membrane the 

gp41 undergoes a further conformational change resulting in the 3 embedded N-

terminal helical domains pulling 3 virion associated C-terminal helices into close 
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proximity, forming a 6 helix bundle which represents an active fusion core, in a 

coiled-coil conformation (133, 293).  Fusion then occurs when the embedded domains 

coil pull the host cell plasma membrane into contact with the virion membrane.  A 

fusion pore then forms through a yet undefined mechanism, but this allows the entry 

of the HIV-1 core into the cellular cytoplasm. 

1.8.1.2 Uncoating  

Once the fusion pore is formed between the host cell plasma membrane and the 

virion, the MA layer of the virion is exposed to the host cell environment.  The MA 

layer then begins to disintegrate via an unknown mechanism, but possibly due to 

proteins within the cellular cytoplasm or changes in pH compared with conditions 

within the virion (60, 151).  It is likely that the process involves phosphorylation of 

the MA mediated by MAPK (91) and regulated by HIV Nef protein (479).  

Degradation of MA results in the exposure of the viral core, which disassembles in 

the cellular milieu.  The primary cause seems to be changes of pH within a cell 

compared to the virion.  It has been shown that even a small change in pH from 7 to 

6.8 results in dissociation of the CA-CA interaction, resulting in the core breaking 

down (174).  Nef may play a role in uncoating by regulating local pH through 

associations with V-ATPase, a proton pump found within the cell (337).  Dissolution 

of the core results in the release of viral proteins into the cellular cytoplasm, as well as 

the viral RNA genome which subsequently form the reverse transcription complex 

(RTC).  The RTC is then transported towards the nucleus along the host cell actin and 

microtubule network (75, 459).   

 

A second hypothesis of uncoating has been proposed in recent times. Hope et al. used 

fluorescent-labelled virions to observe trafficking of the virus through the cell 

cytoplasm, with the label being attached to the CA component of the virion (357).  

Their results showed that the core remained intact until reaching the cellular 

cytoplasm. Subsequently Arhel et al. demonstrated that the core did not dissociate 

until the DNA flap was formed following completion of reverse transcription, and that 

this required interactions between the core and the nuclear pore complexes (19).  

Together these results suggest that the core remains intact immediately following 

entry into the cytoplasm and traffics along the microtubule network to the perinuclear 

region where interactions between the core and the nuclear pore complex (NPC) 
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trigger an uncoating reaction.  However, aspects of this mechanism require further 

confirmation and analysis.   

1.8.1.3 Reverse Transcription 

Reverse Transcription is a very complex process and will be discussed in detail in 

later sections of this report. 

1.8.1.4 �uclear Import 

Following the completion or reverse transcription, the RTC undergoes a 

conformational change, forming a complex called the pre-integration complex (PIC).  

The PIC plays two important roles in viral replication, firstly to transport the viral 

cDNA into the cell nucleus, and secondly to facilitate integration of the viral genome 

into the host cell chromosome. The precise composition of the PIC is unknown, but 

minimally it is believed to consist of the viral proteins MA, RT, Vpr and IN (77, 160, 

236, 361, 402, 403) and the cellular proteins LEDGF/p75, BAF-1, HMG-1Y, INI-1, 

PML (101, 229, 330, 335, 361, 494) have all been reported to be associated with the  

PIC.   

 

While the precise mechanism of nuclear import is unclear, it appears to be an active 

process (131) that is partially mediated by MA and Vpr proteins, although the 

contribution of each protein is controversial.  The pre-integration complex is 

transported to the nucleus, potentially along an actin/microtubule network mediated 

by LEDGF/p75 (335) into close proximity with NPCs.  Here, Vpr can directly engage 

components of the NPC that form part of a common NLS-mediated nuclear import 

pathway, potentially facilitating PIC entry into the nucleus (175, 267) while matrix 

appears to regulate nuclear import through a separate and distinct karyopherin based 

nuclear import pathway (189, 190).  To further cloud the issue, studies have shown 

that nuclear import can occur when the NLS region of MA is deleted (176, 534) but 

replication is impaired.  Clearly further studies are needed to determine the exact 

mechanism by which matrix and Vpr facilitate nuclear import of the viral cDNA.   

 

Recent studies have indicated that TNPO3/Transportin-SR2 (Transportin-3) may be a 

critical factor in mediating nuclear import of viral cDNA, although the mechanism 

remains to be resolved.  Transportin-3 was one of 250 proteins isolated from a large 
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scale siRNA screen of cell factors that were upregulated during HIV-1 infection (67) 

and is a member of the importin-β superfamily of protein that recognises serine and 

arginine-rich regions within precursor-mRNA splicing factors and transports these 

factors into the nucleus (285, 305).  This suggested that a likely function of 

transportin-3 could be to transport the HIV-1 preintegration complex through the 

nuclear pore into the nucleus.  Studies so far have indicated the transportin-3 function 

occurs after completion of reverse transcription (67), but before integration, indicating 

that transportin-3 is either required for nuclear import or for optimal integration to 

occur, although as yet there has been no published differentiation between the two 

processes.  At a recent conference however, data was presented by Logue et al. 

indicating the 2-LTR circle formation, an indicator of nuclear import in infected cells, 

was significantly reduced in a transportin-3 siRNA experiments (personal 

communication, Retrovirology Conference, 2009).   

1.8.1.5 Integration 

Once within the nucleus the PIC interacts with the host genome, with the host protein 

PSIP1/LEDGF/p75 acting as a tethering agent to bind PIC near the target DNA (334).  

While integration has been shown to favour actively replicating chromosomes and 

“bent” DNA, such as that found in complex with nucleosomes (318, 407), there is no 

specific sequence identified as an integration signal site within the genome, although 

alignment studies have shown multiple sites that are heavily favoured by IN (79).  

The viral DNA made by reverse transcription is initially blunt-ended and is processed 

by the viral IN protein to remove two nucleotides from each 3'-end (321, 361). This 3' 

end-processing step leaves a recessed 3’OH group for covalent linkage to the host 

DNA and exposes a conserved -CA- motif that defines the ends of the integrated viral 

DNA (321).  Following tethering to the genome, IN catalyses a trans-esterification of 

the 3’OH overhang to break the phosphodiester bonds on opposite strands of the 

target DNA, at positions staggered by four to six bases in the 5’direction (109). IN 

then utilises the energy released from the reaction to create a new bond between the 

3’OH group and the broken DNA strand (166). Integration of both ends of the viral 

DNA, followed by melting of the target DNA segments between the joins, yields 

single stranded gaps at each host-virus DNA junction, and a two base overhang 

derived from the viral DNA (71). The manner by which this intermediate is 
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subsequently repaired to yield the fully integrated provirus is unclear, but it is likely 

to involve host polymerases (537). 

1.8.2 Late Phase 

The late phase of viral replication involves regulated expression of integrated Proviral 

products, assembly at the host cell membrane, budding from the cell and maturation.   

 

Figure 1.11. Late events in HIV replication (212). 

1.8.2.1 Transcription of the genome 

Expression of the integrated HIV provirus is dependent on the host cell DNA 

polymerase II but is heavily regulated by HIV-1 Tat and Rev proteins (263).  The 

integrated provirus is significantly longer than the viral RNA, with the untranslated 

regions U5, R and U3 of the LTR containing multiple cis-acting regulatory signals 

that aid in regulating gene expression (109).  Following synthesis of viral mRNA in 

an activated cell, the transcripts are transported from the nucleus to the cytoplasm for 

translation.  Initially synthesis of highly spliced mRNA’s encoding Tat, Rev and Nef 

occurs, as only small, multiply spliced mRNA can be transported from the nucleus.  

 

Tat is a very potent activator of viral gene expression, enhancing LTR directed 

transcription by thousands of fold (66, 179).  Tat acts by binding the TAR RNA 

element of the 5’LTR at a small bulge in the hairpin of TAR (410).  Binding of Tat to 

TAR recruits a cellular protein complex, p-TEFb, comprised of cyclin T1 and CDK9 

kinase. Activation of p-TEFB results in phosphorylation of the C-terminal domain of 

RNA polymerase II and a subsequent increase in polymerase processivity and a 

decrease in pausing (66, 194, 347, 400, 548, 550).   
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Chromatin remodelling has been shown to play a vital role in regulating HIV-1 

transcription.  Tat activation of transcription has been shown to remodel nuc-1, the 

first nucleosomes after the transcription start site, removing a steric block to RNA 

polymerase II processivity along the genome (152, 503).  This is an active process, 

mediated by an ATP-dependent chromatin remodelling complex called SWI/SNF, 

through interactions between Tat and a the core subunit of SWI/SNF, a cellular 

protein called INI-1 (345).  Tat interacts with several other factors, p300/CBP, PCAF 

and GCN5, which play varying roles in chromatin remodelling.  Activation of PCAF 

and p300/CBP results both acetylation of Tat, which partially facilitates recruitment 

of p-TEFb to the TAR RNA (111, 137, 138, 273, 386, 387, 529, 535), as well as 

acetylating lysine residues within H2A, H2B, H3,
 
and H4, which results in 

displacement of nucleosomes from genetic promoter sequences (268). PCAF and 

p300 can also interact with TFIIB and RNA polymerase II, promoting the assembly of 

initiation complexes (105, 163).  

1.8.2.2 Viral mR�A processing and packaging 

The HIV-1 genome contains multiple exons separated by non-coding introns that are 

transcribed as pre-mRNA complexes.  As such several HIV-1 proteins are expressed 

from spliced mRNA.  Splicing is facilitated through a unique major splice donor site 

located at +290 in the 5’ UTR and several minor splice donor and acceptor sites 

located at key locations through the genome that allow for the expression of singly 

and multiply spliced mRNA products.  The major splice donor site is used to generate 

all sub-genomic splice products, and splice acceptor sites at nt 5538 and 7971 allow 

generation of singly and doubly spliced mRNA products (166), in addition to the full 

length, unspliced 9 kb genomic RNA.    

 

Full length, unspliced mRNA has two functions in HIV-1 replication. First it is 

packaged into the virion as genomic RNA, and second it encodes the Gag and Gag-

Pol polyprotein.  A frame-shifting site located at nt 1631-73 contains a “slippery” 

heptanucleotide sequence and a hairpin-loop sequence that results in a –1nt ribosomal 

shift with a frequency of 5-10%, resulting in the fused Gag-Pol transcript (59, 143, 

466).  5 singly spliced mRNA code for Vif, Vpr, Vpu and Env, while Tat, Rev and 

Nef are expressed as doubly spliced mRNA.   
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Doubly spliced mRNA such as tat and rev are small and as such escape the nucleus 

through nuclear pores, allowing for expression of Tat and Rev. This is critical to viral 

replication, since unspliced or singly spliced mRNA are too large to escape the 

nucleus unassisted (166).  The virus overcomes nuclear retention of mRNA by 

utilising a Rev dependent nuclear transport system.  Rev acts as a sequence specific 

RNA export factor through interactions with a cis-acting RNA element called the Rev 

response element (RRE), transporting completely and incompletely spliced RNA to 

the cytoplasm.  Rev contains two domains; an RNA binding domain and a nuclear 

exports signal (NES).  The RNA binding domain interacts with the RRE, recruiting 

Rev to the spliced mRNA.  Rev then interacts directly with CRM-1 (167, 168, 401, 

528), a member of the karyopherin family of transport factors that binds to the Rev-

mRNA complex in the presence of the GTP-bound Ran-GTPase (172, 375), then the 

whole complex transports through the nuclear pore complex to the cytoplasm of the 

cell.  Hydrolysis of the bound GTP to GDP then causes a conformational change in 

the Crm-1 complex, which results in the Rev-mRNA complex being released (169), 

allowing translation to begin.  

 

The LTR also contains packaging signals that are required for incorporation of the 

genomic RNA into the virion.  The Ψ signal (nt 240-350) interacts with the NC 

protein (120, 202, 437) while the dimerisation initiation site (DIS nt 248-270) assisted 

by NC, forms a kissing loop structure with the DIS of a second unspliced mRNA 

forming a tight, 6 base pair helix, resulting in a tightly dimerised viral RNA (54, 202, 

219, 438). 

1.8.2.3 Virion Assembly Budding and Maturation 

The Gag protein complex aggregates at the cell membrane through interaction of the 

myristyl groups of the MA domain with the plasma membrane (211), resulting in 

curvature of the membrane and budding (109).  Env glycoproteins and virion RNA, 

which has been 7-Methyl-Guanosine capped and poly-adenylated, are incorporated 

into the budding virion through interactions with Gag (450).  Gag and Gag-Pol 

polyproteins co-localise at cholesterol- and sphingomyelin-enriched microdomains 

(rafts) on the plasma membrane, where they
 
assemble and bud to form a new virus 

particle (82).   
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In recent studies, Vpu has been shown to be essential for budding of the virus from 

the infected cell, by inhibiting interactions between the virus and a cell protein family 

known as “Tetherins”.  Virus lacking Vpu was found to accumulate at the cell surface 

membrane in vacuoles, but cannot bud from the cell (374).  Subsequent studies have 

identified CD317, an interferon inducible membrane bound protein, as a potential 

tetherin protein (374), and has shown that Vpu depletion of tetherin occurs in the 

trans-golgi network rather than at the membrane (142).  Further analysis has shown 

that Vpu mediated degradation of tetherin is specific to human cells (218), and 

suggests that HIV-1 evolved this mechanism specifically to combat tetherin mediated 

antiviral effects in the cell.  

 

Once released from the cell the virion needs to undergo a process called maturation 

before becoming infectious.  Maturation is the result of protease (PR) processing of 

polyproteins packaged into the immature virion.  PR is initially an active component 

of Gag-Pol and first acts to liberate itself from the larger polyprotein (383).  

Subsequent processing of Gag-Pol by PR results in the production of the viral 

polymerases, reverse transcriptase (RT) and integrase (IN).  GagPr55 contains the 

structural proteins required to form the mature virion and is cleaved by PR into four 

separate proteins: matrix (MA), capsid (CA), nucleocapsid (NC) and p6 (295).  This 

cleavage results in major conformational and morphological changes in the virion, 

with CA condensing into a truncated pyramidal core surrounded by a dense mesh of 

MA (153), while p6 forms a linking layer between MA and the viral envelope, visible 

under electron microscopy (69, 241).  NC interacts with and coats the RNA genome 

condensing the dimeric RNA into a tightly wound configuration packed within the 

CA core (121, 209, 235).  Cleavage of gagPr55 also results in 2 spacer proteins p1 

and p2, the functions of which are unknown, but they appear to act as regulatory 

elements, regulating the timing of the morphological changes observed during 

maturation (182).   
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1.9 Viral Proteins 

1.9.1 Structural Proteins: gag-encoded 

1.9.1.1 MA 

Immature MA is located at the N-terminal of the GagPr55 polyprotein.  In the context 

of GagPr55, myristylation of the MA domain plays an important role in targeting 

GagPr55 and Gag-Pol precursor proteins to the cell membrane prior to viral budding 

(63, 405, 463). The myristyl groups on the N-terminal of numerous MA domains 

promote both multimerisation of GagPr55 (7) and tight binding of the polyprotein to 

the cell membrane (405). MA also plays a role in incorporating Env into the virion 

through interactions with the Env cytoplasmic tail (382).  During maturation, HIV 

protease cleaves gagPr55, which liberates a 132 amino acid MA protein (109).  The 

majority of mature MA then lines the inside of the virion membrane forming a stable 

shell (180).    

 

Both NMR and X-ray crystallography have resolved the structure of MA.  In 

monomeric form residues 1-104 form 5 α helices and 2 short 310 helical stretches 

capped by a 3-stranded mixed β sheet, which then form trimers in physiologic 

conditions (112, 353).  Helices 1-3 and the 310 helical stretches condense about a 

central helix forming a globular domain, which is in turn capped by a final β sheet. 

The final 28 residues form a α helix that may serve to link the MA terminal to the CA 

domain of gagPr55.  A cluster of basic residues in the N- and C-terminal are bought 

into close proximity by the 3-d fold of the protein.  Genetic studies have demonstrated 

the membrane-binding domain is located at the N-terminal of MA and encompasses a 

cluster of basic residues and a myristyl group (549). 

 

MA forms a trimer in physiological conditions (238). The biological relevance of 

trimerisation is unclear, as MA can also remain monomeric in solution (353). 

Trimerisation is thought to be biologically significant as mutation of residues 42-77 

that are responsible for trimer formation results in defective viral assembly.  The front 

face of the trimeric protein is composed of lysine’s 26, 27, 30, 32 is highly basic 
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potentially allowing strong interaction with electronegative lipid head-groups at the 

cell membrane, suggesting that the trimer may assist in membrane binding (549).  

 

In addition to its function in viral assembly, MA facilitates infection of non-dividing 

cell types, principally macrophages (76).  Prior to maturation myristyl groups on the 

N-terminal MA domain assist in localisation and binding to the cell membrane, but 

after protease processing occurs a conformational change results in the MA protein, 

sequestering the myristyl groups within the globular core in a process called myristyl 

switch (388, 462).  It is hypothesised that this results in subpopulation of MA that 

upon entry into a new cell dissociates from the membrane and is incorporated into
 
the 

pre-integration complex (PIC) where they appear to help
 
direct the nuclear 

localisation of the PIC, possibly via a putative nuclear localisation sequence (NLS) 

(191, 361).  Previous studies have shown interactions between the MA NLS and 

cellular proteins facilitating nuclear localisation, but other studies have contradicted 

these findings (176), making the mechanism of facilitation of infection controversial.    

1.9.1.2 CA 

Capsid is the second component of GagPr55 and following PR cleavage forms the 

virion core.  CA plays an essential role in virion assembly and is capable of self-

associating into core-like structures that are critical to viral replication (6, 150).  In the 

GagPr55 precursor protein the N- and C-terminal domains of CA interact with other 

domains of GagPr55 to facilitate virion assembly and budding.  CA-CA interactions 

are required to facilitate core formation during virion maturation, as well as post-

maturation steps of replication including reverse transcription (483) and virion 

uncoating.   

 

Morphologically, the CA core is conical in shape, enclosing the genomic 

RNA/protein complexes.  Formation of this conical core is essential, as virions with 

abnormal core morphology are defective in initiation of reverse transcription and 

exhibit reduced infectivity (483).  CA cores can assume different morphologies 

depending on the pH of the surrounding environment.  CA dimers predominate
 
at pHs 

below 6.6, spheres predominate at pH 6.8, and tube-like structures are
 
the major form 

at pH 7.0, while tube and sphere structures coexist
 
at higher pHs (151).   
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CA has two domains: an N-terminal and a C-terminal domain, the structures of which 

have been characterised using NMR and X-ray crystallography (193, 203, 367).  The 

N-terminal domain consists of five long helices forming a stable coiled-coil structure, 

two short ones, two long hairpins, and a Pro-rich loop.  A group of conserved 

hydrophobic
 
residues that face the interior of the coiled-coil-like structure

 
formed by 

the five long -helices, are important for maintaining the stability of the CA structure 

(367).  There are several functions associated with the N-terminal of CA.  The N-

terminal domain of CA plays a major role in the early steps of the virus life cycle, 

primarily formation of the virion core.  It is interesting to note that the first 56 

residues of the N-terminal can be deleted without adversely affecting virion particle 

assembly (509).  Mutations in the N-terminal
 
domain can result in aberrant core 

morphology by EM that consistently results in loss of viral infectivity (171), 

highlighting the importance of the core structure.  It has been suggested that formation 

of normal cores is essential for normal reverse transcription (483), but this has not 

been fully elucidated.   

The Pro-Rich loop of The N-terminal has been also been implicated in binding to 

Cyclophilin A (CyPA) (178), a cellular protein of which approximately 250 copies are 

incorporated into the virion. CyPA may act as a molecular chaperone facilitating 

correct core conformation during viral maturation and core destabilisation during viral 

entry and uncoating (214).  CyPA also protrudes from the viral membrane, enabling 

interactions with heparans and CD147 prior to gp120/CD4 interactions, so CyPA may 

also play a role in viral targeting of cells (460).   

The C-terminal domain of CA is required for CA dimerisation, Gag oligomerisation, 

and virion formation (61, 486).
 
 Individual C-terminal domains are globular, 

symmetrical homodimers, with each monomer composed of an extended strand with 4 

α-helices, with an extended dimer interface, usually occupied by another CTD (193).  

A stretch of 20 amino acids within the CTD is the only domain of CA conserved 

across all retroviruses, termed the major homology region (MHR) (193, 406).  

Mutations within the MHR result in loss of viral replication and release from viral 

membranes, probably due to a structural breakdown resultant from destabilising the 

aforementioned hydrogen-bond network (406). 
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1.9.1.3 �C 

Nucleocapsid (NC) is a 7kDa product of GagPr55 proteolysis.  Though it is a small 

protein it plays a role in many facets of viral replication.  In the context of Gag, NC 

acts as a nucleic acid binding domain, aiding in the incorporation of the RNA genome 

into the forming immature virion pre-budding by locally aggregating Gag and nucleic 

acids with the cell membrane (57, 114).  The NC domain of GagPr55 plays a role in 

the formation of immature RNA dimers, as well as aiding in the placement of tRNA 

molecules on the PBS of the immature viral genomes (114, 316).   

 

NC has multiple functions during viral replication, most relating to the ability of the 

protein to transiently destabilise RNA structures, allowing them to refold into 

thermodynamically favourable conformations (316, 414).  In this manner NC aids 

maturation of the dimeric RNA genome by transiently unpairing bases, allowing them 

to spontaneously form more stable structures (24, 165).  During reverse transcription 

NC base pair destabilisation melts structures that would result in premature release of 

RT (316).  NC facilitates binding of the tRNA primer to the PBS and RT through 

interactions with a specific sequence in the tRNA that result in exposure of the 

terminal 18nt of the tRNA molecule for binding to the PBS (94, 258, 316).  NC also 

significantly enhances (-) strand transfer during reverse transcription by facilitating 

annealing of the R regions of the 3’ and 5’ LTRs.  NC destabilises hairpin structures 

in the duplicate of the 5’LTR incorporated in the + and - strand DNA product of 

reverse transcription, so that more bases are available for base pairing with the 3’ 

repeat (11, 216, 247, 271, 430, 538).   

 

The mechanism of chaperone activity has yet to be fully elucidated.  NMR studies of 

NC bound to a stem loop region of the HIV-1 LTR show that the zinc-fingers of NC 

specifically interact with specific bases in the bound RNA, whilst the highly basic 

charged domain interacts with the RNA helix, largely through electrostatic 

interactions with the phosphodiester backbone (13, 489).  The ability of the NC 

protein to catalyse conformational rearrangements in nucleic acids appears to be 

independent of the sequence, but several studies have shown a strong sequence 

preference in the NC-nucleic acid interactions (114, 170, 508).   
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1.9.2 Env Proteins 

The HIV-1 env gene, located in the viral genome downstream of the gag and pol 

genes, encodes spike-like glycoproteins that stud the viral lipid membrane.  Env 

glycoproteins are synthesised in the endoplasmic reticulum, processed then 

transported to the plasma membrane along a secretory pathway (382, 522) 

1.9.2.1 Gp160 

The HIV-1 envelope glycoprotein consists of two non-covalently associated subunits, 

gp120 (SU) and gp41 (TM), derived from proteolytic processing of the Gp160 

polyprotein (280).  Gp160 is coded for by singly spliced viral env mRNA sequences 

(109).  Gp160 is synthesised on the rough endoplasmic reticulum (ER) where 

extensive glycosylation occurs.  There are 24 potential glycosylation sites within 

Gp120, all of which are glycosylated, while 3 of 5 sites on Gp41 are glycosylated 

during Env synthesis (315, 531).  Shortly after synthesis, Gp160 monomers 

oligomerise (136, 147), and are transported from the ER to the Golgi complex (522). 

Once in the Golgi, ER-acquired N-linked oligosaccharide side chains are modified to 

more complex forms and subsequently Gp160 is proteolytically cleaved to Gp120 and 

Gp41 (136, 522). Proteolysis at this motif is relatively inefficient and is potentially 

mediated by Furin or a Furin-like protease (220).  Following Gp160 cleavage, the 

oligomeric, non-covalently associated Gp120-Gp41 complexes are transported to the 

cell surface, where they are incorporated into budding virions (166).  Incorporation 

into virions may occur through interactions between GagPr55 and Env, as various 

mutations and deletions in the MA subunit of GagPr55 results in abolition of 

packaging of Env glycoproteins (183), but the precise mechanism of incorporation 

remains controversial.   

1.9.2.2 Gp120 (SU) 

Gp120 is the spike protein responsible for binding to the host cell membrane and 

receptors. The sequence of Gp120 is highly variable across strains of the virus, but the 

variability is non-uniform, and as such there are conserved (C) and variable (V) 

domains in the protein (524).  There are 5 variable domains characterised (V1-V5), 4 

of which form disulfide bond stabilised loops, and 5 conserved domain (C1-C5) 

(166).   
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The core of gp120 is comprised of 5 α helices and 25 β strands that form multiple β 

sheets.  One particular β sheet, the bridging sheet, forms closest to the cell membrane 

when bound, connects the inner domain and outer domain of gp120.  A four-stranded 

anti-parallel β sheet that includes the V1 and V2 stem and 2 β strands derived from 

C4 forms the bridging sheet (302, 426, 531).  

 

Gp120 binds to the amino terminal of the CD4 surface receptor of a host cell (166).  

This results in a conformational change that exposes high affinity binding sites to 

cellular chemokine co-receptors CCR5 and CXCR4.  Following binding of the co-

receptor further conformational changes result in the exposure of the Gp41 domain 

(476). 

1.9.2.3 Gp41 (TM) 

Gp41 is the transmembrane component of the virion spike (166) non-covalently 

bound to Gp120 (109).  Gp41 is responsible for fusion of viral envelope to the plasma 

membrane of the host cell and is essential for HIV-1 entry and replication. Gp41 is 

comprised of an ectodomain projecting from the membrane, a transmembrane domain 

and a long endodomain inside the virion (95).  

 

The gp41 amino terminus is a highly hydrophobic region called fusion peptide, which 

makes the initial contact with the target membrane and can fuse biological membranes 

in the absence of any other Gp41 domains (274).  A pair of heptad repeat regions on 

the amino terminal of the surface projection self-assemble into six-helix bundles, 

consisting of a trimeric coiled-coil interior with three exterior helices packed in the 

grooves of the trimer in an antiparallel manner, which represents the fusion-active 

conformation of Gp41 (95, 302). 

1.9.3 Pol Proteins 

1.9.3.1 Reverse Transcriptase 

Reverse transcriptase (RT) is an asymmetric heterodimeric enzyme consisting of a 

560-amino-acid 66kDa subunit (p66) and a 440-amino-acid 51-kDa subunit (p51) 

(297).  RT is generated from the 165 kda Gag-Pol polyprotein, which is generated by 

a ribosomal frame-shift between the Gag and Pol genes.  Initially a 66kda polypeptide 
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containing the polymerase and RNAseH domains is released.  Proteolytic cleavage at 

the Phe 440-Tyr 441 junction of a p66 homodimer results in the removal of the 

RNAseH domain leaving a p51 subunit, and making possible the formation of 

aforementioned heterodimer (329).  The heterodimer contains one active DNA 

polymerisation site, an RNAseH active site and an RNA binding site.   

 

The p66 subunit of RT can be divided structurally into the polymerase
 
and RNase H 

domains.  The polymerase domain can be further divided
 
into subdomains that have 

been described as anatomically resembling a right hand, forming the fingers, palm, 

thumb, and connection subdomains (38, 259, 260, 297, 510). There are 3 polymerase 

domains forming the fingers of the hand, a large cleft running through the centre of 

the protein forming the palm domain and the RNAseH domain flanks the active site 

and forms the thumb (70).  The final domain lies between the polymerase and 

RNAseH domain, and is called the connection domain (416), which is found on both 

the p66 and p51 subunits of RT.  The palm and connection subdomains consist of five 

stranded β-sheets with 2 helices on one side, the thumb domain of a 4 helix bundle, 

and the finger domains of a mixed β−sheet and 3 helices (297).  5 β sheets of the palm 

domain hydrogen bond with the 4 β−strands of the thumb, which in turn hydrogen 

bond to the connection domain β−sheet (31).  In the heterodimer, p66 has an “open” 

conformation, which facilitates binding to the incoming nucleic acid/tRNA complex 

during reverse transcription (260, 296, 297). 

 

The p51 subdomain is a proteolytic product of p66, resulting from cleavage of the 

RNAseH domain from the C-terminal of the p66 subunit.  It is therefore surprising to 

note that p51 forms a assymetric structure to its precursor (510).  While p51 has the 

same polymerase subdomains as p66, the relative orientations of the individual 

subdomains differ markedly. P51 lacks the cleft domain, as the active polymerase site 

is buried within the structure (260).  Subsequently p51 forms a “closed” conformation 

and plays a largely structural role to stabilise the RT heterodimer (12, 244) although 

there is some evidence that the p51 subunit may be required for correct binding of the 

tRNA in the RT binding cleft (421).   
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While the subunits of RT can for homodimers in solution, they lack polymerising 

activity; therefore formation of the p66/p51 heterodimer is critical to viral replication 

(480).  Heterodimeric RT has been shown to have three main contacts between p51 

and p66, including interactions between the connection domains of the two subunits, 

while the majority of the interacting surfaces being hydrophobic in nature (39, 260, 

429, 469, 510).  Interactions between the connectivity domains may be mediated by a 

highly conserved trytophan-repeat motif, which seems to be the site of the initial 

contact between p66 and p51 (135).  Deletion of critical residues in the tryptophan-

repeat motif results in loss of dimerisation between the two subunits and a subsequent 

loss of viral infectivity (480, 481, 511).  

 

During reverse transcription the RNA is bent and “clamped” between the thumb, palm 

and finger subdomains of p66 (40).  The 3’OH of the primer strand is positioned close 

to the active site of p66, ready for a nucleophilic attack on incoming nucleoside 

triphoshphates (260).  

 

RT is a low fidelity enzyme that lacks any exonuclease activity, meaning there is no 

proofreading mechanism during reverse transcription.  This results in a high error rate, 

which in part explains the rapid mutability and vast diversity of the virus. 

1.9.3.2 Protease 

Protease (PR) is an aspartyl protease (360) that cleaves Gag, Gag-Pol and Gag-Pro-

Pol polyproteins during virion maturation, resulting in the release of mature proteins 

MA, CA, NC, RT and IN.  Until catalysis occurs the virion remains non infectious 

(211). 

 

There are over 160 crystal structures of PR, both native and complexed to inhibitors 

(180).  In native form PR forms a symmetrical homodimer similar to other 

characterised aspartyl proteases (65).  Each monomer contains 99 amino acids and is 

conformationally identical.  The monomeric secondary structure contains a single α 

helix and 2 anti-parallel β sheets that are stabilised by aliphatic residues in a 

hydrophobic core and interactions with the second monomer in the dimeric protein 

(514).  The PR catalytic cleft forms between the two domains as part of a four-
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stranded β-turn, with an extended β−hairpin loop and β sheet covering the active site 

like a flap. This flap, formed from residues 46-54, remains flexible and allows for 

hinge-like mobility (432) allowing substrate access to the active site by opening and 

folding the tips into hydrophobic pockets, thus exerting a central role in PR activity.  

 

During proteolysis, the residues in the PR cleft provide pockets into which the 

sidechains of the substrate extend. The substrate binds within an extended β-sheet 

conformation along the hydrophobic charged cleft through extensive hydrogen and 

van der Waals bonding network. Thr26 of the active site remains shielded from 

substrate interaction (452). The basis of substrate recognition is thought to involve the 

interaction of at least six subsites within the cleft with three sub-sites contributed from 

each monomer. Residues Pro81, Val82, Ile84 form the binding pocket. Interestingly, 

the recognition sub-sites are identical in each monomer, yet the amino acids on each 

side of the binding pocket are not (514). 

1.9.3.3 Integrase 

HIV integrase (IN) is a member
 
of the RNase H-like superfamily (419). IN recognises 

signals in the 3’ end of the U5 region and cleaves 2-3 nucleotides leaving 3-OH 

overhangs at the terminal of the DNA (15). The newly exposed 3'
 
hydroxyl groups 

then undergo a transesterification strand
 
transfer reaction across a five-base pair 

stretch in the host DNA,
 
inserting the proviral DNA into the host chromosome (355, 

419). A
 
5' dinucleotide is left hanging at each end of the integrated provirus along 

with a five-base pair
 
repeats at each end. Host DNA repair enzymes presumably repair 

these regions, although IN may be involved in some aspects of the repair (331). 

 

IN is initially a part of the Gag-Pol polyprotein, and is cleaved by viral PR to release 

mature IN.  It consists of a single polypeptide chain that folds in to 3 functional 

domains: N-terminal, catalytic and C-terminal (15).  The N-terminal domain (aa 1-50) 

contains a zinc-binding motif that facilitates protein-protein dimerisation (81).  The 

RNAseH like catalytic domain (aa 50-212) catalyses polynucleotidyl transfer during 

the integration reaction (81) The crystal structure of the catalytic domain shows a 5-

stranded β sheet with 6 α helices (146) comprised of two Asp (D) residues
 
and one 

Glu (E), in a typical D,D,E motif, each of which is required
 
for catalysis (154).  The 
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C-terminal domain (aa 212-288) binds strongly but non specifically to DNA 

potentially aiding in tethering on the IN complex to the target DNA (339).  Each 

monomer of IN contains four α helices in a helix-turn-helix arrangement similar to 

many DNA binding proteins (81) NMR studies have shown that IN forms a 

homodimer with a highly hydrophobic interface between each monomer (81, 146, 

265, 266).  

1.9.4 Accessory and Regulatory Proteins 

1.9.4.1 Rev 

Rev is a 116aa, 18kDa protein that can be divided into 2 discrete domains: the amino 

terminal domain and the carboxyl-terminal domain (109).  The amino-terminal 

domain contains an arginine-rich motif (ARM) that acts as a nuclear localisation 

signal (NLS) and a RNA-binding domain (RBD) (50). The leucine-rich carboxyl-

terminal domain contains the nuclear export signal (NES) (167).   The structure of 

Rev bound to the RRE has been determined using NMR and shows that the protein is 

largely unstructured in solution, but forms an α helix on binding to the stem-loop of 

the RRE (397).  Rev acts to transport the viral mRNA from the nucleus following 

transcription, the mechanism of which is outlined in section 1.8.2.2.   

1.9.4.2 �ef 

Nef is a 27 kDa, 207 aa, N-terminal myristylated protein encoded by nef (109).  Nef 

has three domains: N-terminal, core and C-terminal, but the crystal structure of full-

length Nef has yet to be solved.  The core domain of Nef has been solved by NMR 

and contains 3 α helices and a 5-stranded antiparallel β-sheet, and forms a helix-turn-

helix structure common to many DNA binding proteins (313). The core of Nef 

contains multiple hydrophobic bonds that maintain the structure of the protein (20).  

The Nef CD4 binding domain overlaps the second α helix and acts to link the first 

and second α helices (181).   

 

Although Nef was originally named “negative factor”, subsequent studies have shown 

that it has multiple roles in viral replication (109).  Nef induces endocytosis and 

degradation of CD4 and MHC proteins (398, 525), which prevents recognition of 

infected cells by the immune system (473).  Nef also prevents aberrant incorporation 



 

61 

 

of CD4 into budding virions through premature interaction with Env glycoproteins 

(28, 199).  Nef enhances viral infectivity, although the mechanism is poorly 

understood.  Nef could potentially enhance infectivity by changing cell signalling 

pathways, as it is interacts with the Src family of tyrosine kinase proteins (70, 213). 

Alternatively, Nef is involved in phosphorylation of MA (478) and stimulates Env 

incorporation into the assembling virion (444), so it is possible that Nef enhances 

infectivity by changing the biochemical composition of the HIV-1 virion during 

assembly. 

1.9.4.3 Vif  

Vif is a highly basic, 192aa, 23kDa protein encoded by a singly spliced viral RNA.  

Vif plays a critical function for productive infection of target cells (342).  It functions 

by counteracting the anti-retroviral effects of a cellular protein APOBEC3G (449) 

possibly by inducing APOBEC3G degradation through a ubiquitination-dependent 

proteasomal pathway (332, 358).  In the absence of Vif, APOBEC3G is incorporated 

into newly formed virions making it available to act in the subsequent target cell (208, 

358). In these targets, APOBEC3G has a strong cytosine deaminase activity, inducing 

extensive dC to dU mutations in the viral minus strand DNA during reverse 

transcription, resulting in G to A substitutions in the viral plus strand, rendering the 

new genome essential useless (358).   

 

Vif is encapsulated within the core of the mature virion (109).  The crystal structure or 

NMR structure of Vif has yet to be solved.  

1.9.4.4 Vpu 

Vpu is a small 81aa, 16kDa membrane protein encoded by the vpu gene.  There are 2 

major functions performed by Vpu.  The first function of Vpu is similar to Nef in that 

it associates with CD4 in the endoplasmic reticulum, though at a different site to Nef, 

and recruits ubiquitin ligases to mediate proteosomal degradation of CD4 (348, 523). 

In the absence of Vpu gp160 cleavage to gp120 and gp41 is significantly impaired 

due to the inappropriate incorporation of CD4 into the complex in the ER (348). 

Secondly Vpu expression enhances HIV-1 particle release via an ill-defined Env- and 

CD4-independent mechanism (474).  Without a functional Vpu protein, virus 

accumulates in the cell and has a major cytopathic effect (294).  Oligomerisation of 
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Vpu at the cell membrane
 
results in ion-channel activity that may influence

 
the 

budding process (399).   Furthermore, Vpu counters an antiviral effect in cells by 

degrading cellular tetherin proteins that prevent viral budding from the cells, as 

outlined in section 1.8.2.3 and 1.11.12.   

 

Vpu consists of 2 major domains: an N-terminal transmembrane domain and a C-

terminal cytoplasmic tail.  The N-terminal anchors Vpu into cell membranes and 

forms a cation channel for an as yet undefined purpose (159).  The cytoplasmic tail 

has 2 α helices separated by a conserved phosphorylation site (446).  Both domains 

are required for binding to CD4 to occur (64). 

1.9.4.5 Vpr  

Vpr is a small 96 aa, 14 kDa regulatory protein that is packaged in the HIV-1 virion 

(546). NMR studies of Vpr have shown the Vpr monomer contains three helical 

domains arranged in a twisted-U shape, but under physiological conditions Vpr forms 

a trimer (368).  Vpr plays multiple roles during viral replication primarily through 

regulation of cellular events.  Vpr interacts with the C-terminal of MA in the viral pre 

integration complex (PIC) and contains an NLS, which interacts with nucleoporins, 

proteins that assist in the formation of nuclear pores (475), suggesting that Vpr plays a 

role in nuclear import of the PIC, although this remains controversial.  

 

The effects of Vpr on cell cycle processes are myriad.  Expression of Vpr results in 

deregulation of the cell cycle leading to accumulation of cells in G2M stage of mitosis 

(97), as well as inducing apoptosis by a variety of mechanism (14, 198, 471, 472).  

Vpr induction of apoptosis requires caspase-8 and has been attributed to rapid 

dissociation of mitochondrial transmembrane potential, release of cytochrome C, 

activation of Caspase-3 and interactions with adenine nucleotide translocator, all of 

which have been linked to apoptosis (115). 

1.9.4.6 Tat 

Tat is a 101 aa, 16 kDa protein.  It is encoded by 2 exons within the central and env 

regions of the viral genome, and requires multiple splicing events to generate the full-

length protein (3).  Tat is a highly charged molecule, which has been described as 

natively unfolded (451) with NMR studies indicating it is globular with a conserved, 
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hyper-flexible hydrophobic core region is solution (26, 370, 371).  Tat is composed of 

2 exons.  The first exon (aa 1-72) can be divided into 5 structural domains; acidic (aa 

1-21), cysteine rich (aa 22-37), core (aa 38-48), basic (aa 49-58), and the C-terminal 

domain (aa 59-72) (418).  The second exon of Tat can be of variable length and is 

believed to be a cell adhesion domain.  Tat has two critical functional domains; an 

activation domain (aa 1-48) and an RNA binding domain (aa 49-72).   

 

Tat has numerous functions during viral infection, the best characterised of which is 

regulation of viral gene expression.  This function requires both the activation and 

RNA binding domains of the protein.  The basic domain of Tat contains an arginine 

rich motif (ARM) that binds to the U-rich bulge of the transactivation response 

element (TAR) RNA (195, 516), while the activation domain interacts with cyclin T1, 

which is a part of a larger protein complex called p-TEFB, consisting of cyclin T1 and 

CDK9 (58, 116).  The interaction of Tat and TAR initiates a signal for CDK9 to 

phosphorylate the C-terminal domain of RNA polymerase II, resulting in a dramatic 

upregulation in processivity of the enzyme, allowing for high expression of viral 

genes.  The Tat-TAR interaction is essential to viral replication, with viruses lacking 

either Tat or TAR being several orders of magnitude defective for replication (186, 

284, 347, 517).   

 

The ARM of Tat also contains a nuclear localisation signal (NLS) for Tat, resulting in 

Tat accumulation in the nucleus (493).  This is obviously advantageous to the virus, 

keeping Tat into close proximity to both RNA polymerase II and the integrated viral 

genome. The Tat NLS does not function as a typical NLS, acting more like a nuclear 

retention signal than a localisation signal (88, 90).  Tat is not actively transported into 

the nucleus, rather enters via passive diffusion (88, 90).  However, once inside the 

nucleus Tat is retained there, presumably through interactions with other factors. 

However, Tat plays a number of other roles in the viral life cycle, that require 

trafficking from the nucleus and even secretion into the extra-cellular milieu during 

infection, a seeming paradox for a protein containing an NLS and no obvious nuclear 

export signal (NES).  Pavlakis et al. showed that Tat primarily localises to the nucleus 

of a cell, however when Tat-expressing cells were used in a heterokaryon fusion 

assay, the protein was able to shuttle between the nucleus and the cytoplasm (433, 
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468). Studies have suggested that Tat may need to exit the nucleus through a transport 

partner, such as Rev or nucleophosmin (364, 468).   

 

Multiple studies have shown that Tat is secreted from infected cells and can be 

isolated from patient sera (519, 520, 533).  Extra-cellular Tat can be taken up by 

nearby cells, a function that is regulated by the second exon of the Tat protein (47, 

248) and the ARM of the basic domain.  The ARM domain of Tat can interact with 

heparan sulfate proteoglycans receptors on the surface of cells, which allows for the 

uptake of Tat into non-infected cells (98, 495).  Tat then localises to the nucleus of the 

uninfected cell, potentially priming uninfected cells for infection.   

 

The effects of extra-cellular Tat are wide ranging. It is a strong chemoattractant for 

monocytes, and is capable of inducing production of other monocytic 

chemoattractants from endothelial cells, astrocytes and monocytes themselves (129, 

130, 300, 303, 304, 362, 363, 391).  This recruits susceptible cells to the sight of 

infection, allowing for rapid spread of the virus.  Tat also acts as an angiogenic factor 

and can induce invasion of cytokine stimulated endothelial cells during the formation 

of Kaposi Sarcoma (9, 78, 155) and other AIDS related lymphoma formation (32, 

113, 506).  Tat can bind CCR3 receptor on basophils and mast cells, inducing a strong 

Th2 type response during HIV-1 infection, an effect modulated by the core and 

cysteine rich domains, rather than the basic domain (10, 47, 128, 349, 350, 378).  

 

Tat has also been linked to apoptosis, although the mechanism and relevance remains 

unclear.  Studies have shown that both extra-cellular and intra-cellular Tat can clearly 

trigger apoptosis in both T-cell lines and primary T-cells (35, 319, 356, 409, 519).  

The role of extra-cellular Tat in induction of apoptosis remains controversial since it 

remains to be seen whether the levels of Tat present in an infected individual is 

sufficient to mediate this response.  Within the cell Tat has been shown to interact 

with the αβ-tubulin subunits of polymerised microtubules, subsequently stabilising the 

microtubules and preventing depolymerisation of the microtubule network, an event 

that is a strong inducer of mitochondrial-mediated apoptosis in the cell (100, 127).  

This effect is mediated by a Tat interaction with a cellular protein, LIS1, which is 

known to regulate microtubule dynamics through interactions with dynein and other 
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components of the dynein motor of the microtubule complex (156, 532), however the 

precise mechanism of LIS1-Tat mediated apoptosis is unknown.  Tat is also known to 

regulate a number of other pro-apoptotic pathways, including caspase-8, FasL, 

TRAIL, Bax and Bcl-2 (35, 442, 519, 544), so it is possible that Tat-induced 

apoptosis occurs via multiple pathways.  

 

Studies have also shown a role for Tat in regulating reverse transcription though this 

remains controversial (226, 496).  Harrich et al. showed that virus deleted of Tat 

could not support gene expression or reverse transcription (227).  However after 

multiple rounds of replication several revertant viruses were found that could support 

Tat mediated gene expression, but could not restore viral replication, and were found 

to be defective for reverse transcription. Subsequent analysis has indicated that the 

activation and core domains are required to regulate reverse transcription, while the 

basic domain is not involved in mediating the effect (496).  The mechanism of Tat 

mediated reverse transcription is not known, with several papers suggesting Tat 

activates reverse transcription (18) while several other papers have shown that Tat 

suppresses reverse transcription (327).  This is investigated in chapter 3 of this thesis.   
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1.10 Reverse Transcription  

1.10.1 Overview  

Reverse transcription is the hallmark process of retroviral replication.  During reverse 

transcription the single-stranded viral mRNA genome is reverse transcribed to 

produce a double stranded DNA copy that can be integrated into the host genome. 

Reverse transcription is divided into a series of steps illustrated in Fig. 1.12.  The 

process begins with the synthesis of a short ~200 nucleotide negative strand of DNA 

called strong stop [(-) ssDNA)].  The remaining steps include two DNA strand 

transfer events followed by polymerase elongation so that the final product is a double 

strand of DNA that is capable of integration into the host chromosomes.  Detailed 

aspects of reverse description are described in the following section. 
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Figure 1.12. Overview of Reverse Transcription (109). 

1.10.2 Initiation of Reverse Transcription 

The reverse transcription initiation complex (RTNIC) is a ribonucleoprotein complex 

that is assembled within the core of the virus.  It consists minimally of the viral RNA 

bound to the cellular tRNA primer and the viral reverse transcriptase (RT) enzyme.  It 

is possible that the viral core, composed of capsid protein, plays some role in the 

formation or stability of the complex (483, 484), while nucleocapsid is also 

incorporated into the RTNIC.  The viral matrix, Vif and Nef proteins also play roles 

in reverse transcription, but whether they are incorporated into the RTNIC is 

unknown (77, 177, 207).  
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HIV-1 virions selectively package four major tRNA species including tRNA
Lys1,2

, 

tRNA
Lys3

 and tRNA
Ile

 (269, 270), although other tRNA species are packaged in low 

amounts. Only tRNA
lys3

 can support DNA synthesis (252, 253, 255, 322). The 

tRNA
lys3

 molecule has a cloverleaf structure which is partially denatured by 

nucleocapsid, a viral RNA chaperone protein, to reveal 18 nt at the 3’terminus (anti-

PBS) that can anneal to complementary sequence in the viral genome called the 

primer binding site (PBS) (31). Nucleocapsid is required for efficient binding of the 

tRNA primer to the primer-binding site (PBS) of the RNA genome, as well as 

presentation of the primer:RNA complex to the RT enzyme (114, 122, 271, 311, 530).   

 

Studies have shown that other RNA sequences in the untranslated region that form 

defined stem loop structures or form intra-strand base pairs are required for initiation 

of reverse transcription (125).  For example, a sequence within tRNA
lys3

 can anneal to 

sequences upstream from the PBS called the primer activation signal (PAS).  The 

PAS is an 8 nt region in the lower stem of the PBS stem loop structure that in the 

presence of nucleocapsid (40, 41, 43, 45, 51) interacts with the T C arm of tRNA
lys3 

(40, 41, 45, 51, 255).  Some evidence suggest that an interaction between the 

anticodon loop of tRNA
lys3

 interacts with an apical A-rich loop present the 

untranslated region directly upstream of the PBS sequence (408). Primer placement is 

also facilitated by nucleocapsid, which is believed to unwind the terminal 15nt of 

tRNA
lys3

 and assist in annealing of the primer to the PBS (93, 94, 164, 316).    



 

69 

 

 

 

Figure 1.13. tR�A
lys3 

Structure (40). 

Binding of the primer to the PBS results in recruitment of RT to the viral RNA.  RT 

binds with high specificity to tRNA
lys3

 in the anticodon loop region and is dependent 

on modified bases within this region for selectivity (30, 31, 255, 421).  The primer 

binding domain of RT has been isolated to aa 288-307 (36).  Following annealing to 

the template RT adds nucleotides to the 3’OH group of the primer, leading to chain 

extension (457).  The fingers, palm and thumb domain of p66 form the nucleic acid 

binding channel, in which the RNA-RNA duplex is wrapped.  The binding groove 

accommodates the entire 18 nt duplex with the 3’ end of the primer located near the 

polymerase active site and the last base pair in the vicinity of the RNAseH domain 

active site (297, 421).  The appropriate nucleotide then binds the RT-RNA complex 

and a nucleophilic attack results in the formation of a phosphodiester bond to the 

nascent DNA strand and the release of a pyrophosphate from the complex, before the 

process is repeated (457).  Following the addition of 5-6 nt a transition from the 

initiation phase to the elongation phase of reverse transcription (254, 306, 307). The 

elongation phase differs from the initiation phase, with a much faster polymerisation 

rate and a sharp decrease in the dissociation
 
rate of RT from the primer-template 
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complex (306, 307, 309).  Elongation proceeds from 3`-5` terminating at the terminal 

of the 5` R region, resulting in a relatively short hybrid DNA-RNA molecule 

composed of 258 nucleotides and collectively called negative (-) strand strong stop 

DNA ((-) ssDNA) (109).  The first 182 nucleotides are DNA and correspond to a 

region of the viral genome termed “repeat” (R) region of the viral LTR.  This is 

covalently attached to the tRNA
lys3

 primer.  During -ssDNA synthesised, the RT 

RNase H activity cleaves the viral RNA template approximately 18 nt behind the RT 

catalytic site (526, 527), thus liberating -ssDNA.   

 

Curiously, intact virions are capable of reverse transcription needing only a supply of 

deoxyribonucleotides to initiate DNA synthesis in a process referred to as natural 

endogenous reverse transcription (NERT) (541).  Indeed, some physiological 

environment can support NERT, as viruses cultured in seminal fluids containing high 

concentrations of polyamines and deoxynucleotides make intravirion DNA (539, 540, 

542). Whilst the virion is capable of NERT, very little DNA is detected in virions 

isolated in cell culture or from serum, probably due to the lack of sufficient 

deoxynucleotide concentration, but other mechanism that inhibit initiation are 

possible (539, 543).  Analysis of viruses indicates that they typically have only 2-3 

nucleotides added to the end of the primer RNA (308).  The initial RTNIC consists of 

RT bound to RNA: RNA primer-template.  The addition of deoxynucleotides results 

in synthesis of an RNA: DNA hybrid product.  It is possible that the conformational 

switch from RNA-RNA duplex to RNA-DNA duplex is inefficient in virions (457), 

RNA structures in the LTR prevent premature extension from occurring, or viral 

proteins may play a role in prevention of premature reverse transcription.     

1.10.3 Strand transfer and synthesis of negative strand full length 

HIV D�A 

To continue reverse transcription, (-) ssDNA must translocate to the R region located 

on the distal 3´-OH end of the viral genome.  The actual process of first-strand 

transfer is not well understood, but may be mediated by interactions between the R 

regions of the -ssDNA interacting with the R region of the 3’LTR (109).  During (-) 

ssDNA synthesis, the RNase H domain of RT digests the RNA template of the newly 

synthesised heteroduplex into small fragments (447).  This results in the exposure of 
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the viral DNA as a single-stranded region that is complementary to the 3′-end of the 

RNA genome (395).  The (-) ssDNA is then ready to be transferred to the 3’LTR. 

 

Two mechanisms have been proposed for first strand transfer called the primer 

terminus switch initiated mechanism (PTS) and the acceptor invasion initiated 

mechanism (AI).  The PTS pathway requires RNase H mediated release of full length 

(-) ssDNA, which then anneals to the 3’R region as a whole (501).  In contrast, the AI 

mechanism suggests strand transfer starts before the (-) ssDNA has been completed, 

with the 3’R region binding the (-)ssDNA during RNaseH hydrolysis before release of 

the full length (-) ssDNA (103). 

 

The process of strand transfer is relatively inefficient in cell free systems compared to 

reverse transcription measured in infected cells, suggesting that one or more viral or 

cellular factors may play a role in regulating strand transfer, either by facilitating 

translocation of the -ssDNA or by relieving blocks to the transfer mechanism (242, 

512).  Nucleocapsid is believed to be important in regulating strand transfer, as 

addition of NC to in vitro systems results in increases in the efficiency of the process 

by several orders of magnitude (29, 310, 314, 414).  This could occur via several 

mechanisms. The chaperoning activity of NC could assist in annealing of the (-) 

ssDNA to the highly structured 3’LTR by altering the conformation to a more 

energetically favourable state (11, 140).  Increasing the rate of strand transfer also has 

the added benefit of preventing self-priming of the (-) ssDNA, which occurs when the 

R region folds back onto itself and then RT synthesises a second strand of DNA (141, 

215). 

 

RNA structural features of the R regions may also help facilitate efficient strand 

transfer (52).  The R region is 97 nucleotides long and contains 2 conserved RNA 

stem loop structures: the TAR and polyA hairpins.  Structural interactions between 

the anti-TAR DNA and TAR RNA hairpins may play a role in first strand transfer.  

Mutating the TAR loop results in a 5-fold decrease in the efficiency of strand transfer, 

and it has been hypothesised that the TAR DNA and RNA loops can form a kissing-

loop cDNA-RNA duplex structure to facilitate reverse transcription (56).   
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Following strand transfer, RT completes the full-length -strand using the annealed (-) 

ssDNA as the primer.  RT synthesises the negative strand from the 3’terminal of the 

annealed (-) ssDNA and terminates at the end of the 5’U5 region (109). 

 

 

Figure 1.14. Models of Strand Transfer (103). 

1.10.4 Synthesis of plus-strand D�A 

Plus-strand DNA synthesis initiates from two well-defined sites within the HIV-1 

genome: the 3′ and central polypurine tracts (PPTs) (411, 441).  The PPTs are small 

regions of RNA that are resistant to RNase H activity and thus remain annealed to the 

newly made –strand full length DNA.  These are referred to as 3´PPT and cPPT 

respectively (109). DNA synthesis from the 3´PPT makes plus-strand strong stop 

DNA (+ssDNA) while synthesis from the cPPT completes the 3´ LTR and removes 

the tRNAlys3 molecule (109, 411). When RT reaches the first modified nucleotide of 

the anti-PBS loop of the tRNA the RNAse H domain degrades the primer (255), 

exposing the PBS sequences that can now anneal to initiate second strand transfer. 

1.10.5 Second strand transfer and completion of plus-strand D�A 

synthesis 

Second strand transfer occurs through base pairing of complementary PBS sequences 

located on the 3´end of plus-strand strong stop DNA, and on the 5´ end of negative 
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strand full length DNA.  RT continues to elongate plus-strand DNA to the central 

terminal signal (CTS) which is located downstream of the cPPT (99, 411).  The CTS 

consists of the overlap of approximately 100nt of (+) DNA resulting from the 

previous cDNA synthesis from the cPPT (411).  The overlap results in RT 

disengaging from the template leaving 2 separate segments of DNA separated by the 

CTS (99).  Degradation of the overlap by cellular enzymes including FEN-1 is 

required before the 2 segments can be joined to seal the full-length +DNA (436).     

 

The completed proviral DNA is a blunt ended product that can have a variety of fates.  

As discussed in earlier sections, IN can process the terminals ready for integration 

into the host genome.  Alternatively the blunt ends can be ligated to form circular 

provirus with either 1 or 2 LTRs that are not utilised further by the virus (15, 361).   

1.10.6 Summary 

HIV reverse transcription is a complex process.  Following initiation, -ssDNA is 

synthesised and used in the first strand transfer event.  Subsequent synthesis of –

cDNA is completed by RT before a second strand transfer event results in the 

synthesis of the complementary +DNA and the completion of integration competent 

proviral DNA.  As outlined in this section a number of viral proteins including RT, 

MA, CA, Vif and Vpu may play roles in regulating reverse transcription, and it is 

likely that cellular factors play a role at various points throughout the reaction.  Also, 

the complex secondary structure of the RNA template is likely to play a role in 

regulating multiple steps of reverse transcription, possibly in the initiation and strand 

transfer events.  The TAR element in particular plays a role in regulation of reverse 

transcription, though no mechanism has been determined.  This role will be 

investigated in the current project.  

1.11 The role of cell factors in reverse transcription 

1.11.1 Dependency Factors 

During infection there are a number of interactions between the virus and host cell 

proteins that are required for replication to occur. These are known as viral 

dependency factors, and play roles at each stage of the viral lifecycle, including 

reverse transcription, nuclear import, integration, nuclear export, assembly and 
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budding from the cell membrane. Three recent studies took a genome wide approach 

to viral infection, in an attempt to isolate all the factors that are active during viral 

infection (67, 298). These factors were then examined using siRNA knockdown 

experiments to determine the effect on viral infection. Between the three studies 

approximately 850 proteins have been identified as viral dependency factors, as 

knockdown resulted in a loss of viral infectivity.  Of these factors approximately 35 

were associated with a loss of reverse transcription in infected cells, indicating an 

interaction between these factors and the reverse transcription complex.  These factors 

have not been fully characterised as yet, but the number of proteins detected indicates 

the dependence of the virus of cell factors to mediate reverse transcription. 

1.11.2 Restriction Factors 

In contrast to dependency factors, restriction factors actively prevent infection from 

occurring. These are factors that are expressed by the cell that stop infection through a 

number of mechanisms, including inhibition of reverse transcription (APOBEC 

family protein and Trim-5α) and release of viral particles from an infection cell 

(Tetherins).   

 

APOBEC3G can be packaged into the virion of budding viruses and acts as a cytidine 

deaminase during reverse transcription, converting C to U, causing numerous 

mutations in the virus that results in a loss of viral replication (188, 257, 431).  HIV-1 

counters this effect through Vif-mediated ubiquitination of APOBEC, resulting in 

proteasomal degradation of the protein (208, 358).  APOBEC also has a deaminase-

independent activity during reverse transcription, directly inhibiting DNA elongation 

during reverse transcription, potentially through a direct steric inhibition of the 

elongation reaction (257).  Trim-5α is a protein in the cytoplasm simian cells that 

recognises specific motifs in the viral capsid protein, preventing uncoating and 

subsequent reverse transcription from occurring (460).  The mechanism of Trim 

function is not fully characterised, but is mediated in some way by the proteasome 

pathway, and it is believed that cyclophilin A is required to nullify the effect in human 

cells   
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Clearly there are a number of interactions between cell factors and viral factors that 

are required to mediate viral infection.  This thesis aims to investigate the mechanisms 

by which factors such as RNA elements, viral or cell factors may mediate reverse 

transcription. 

1.12 The role of viral elements in regulating reverse 

transcription: TAR and U5 

A number of other elements have been shown to regulate initiation of reverse 

transcription, though the mechanisms remain unknown.  One of these elements is the 

transactivation response element (TAR).  

 

TAR is a hairpin loop structure encoded by the first 57nt of the viral RNA.  The stem 

of TAR consists of 24-paired bases with a 6nt loop at the apex and a small pyrimidine 

rich bulge at position 23-25.  TAR is a part of the R region of the viral LTR and as 

such is encoded in both the proviral DNA and the RNA.  

 

TAR is best known for its role in regulating transcription through interactions with the 

Tat protein (134, 179).  During gene expression TAR recruits the Tat/CyclinT1/CDK9 

complex to the RNA LTR, leading to the phosphorylation of the C-terminal domain of 

RNA polymerase II, which in turn results in an increase in transcription rates of viral 

proteins (66).  Tat binds to TAR at the kink in the RNA bulge region (134).  Here the 

bulge residues form a local distortion in the major groove of the RNA stem, allowing 

Tat to interact with the u23 and form hydrogen bonds with nucleotides both upstream 

and downstream of the bulge domain at dispersed sites throughout the major groove 

(4, 5).   

 

TAR is also the viral target of cellular proteins such as TRBP-1 and 2, which also aid 

in activation of gene expression and more recently have been implicated in aiding 

viral escape from RNA degradation by cellular Dicer protein (196).   

 

Harrich et al. have showed that while mutations to TAR result in decreases in gene 

expression of over 1000 fold, restorative mutations cannot fully restore viral 

replication to normal levels (226, 496).  Viruses with mutations affect the orientation 
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of the upper stem and loop regions of TAR show a greatly reduced ability to initiate 

reverse transcription, whilst gene expression remains normal (496).  The mechanism 

of TAR action is unknown.  TAR may be interacting with downstream RNA elements 

to stabilise the reverse transcription initiation complex.  Analysis of the viral genome 

reveals a region in U5, which shows significant sequence complementarity and 

structural similarity to TAR, (U5 in Fig. 1.15).  The effects of this region on viral 

replication have not been fully characterised, with studies indicating that the poly A 

sequence (nt 166-169) plays a role in assisting with tRNA primer placement, while 

the terminal 10 nt (nt 172-181) contain integrase recognition sequences that facilitate 

integration (413).  This project aims to elucidate the role of this region in regulating 

viral replication and reverse transcription, with the contention that the U5 and TAR 

regions interact to form an RNA scaffold, which stablises the RT initiation complex. 

This is investigated in chapter 2.    

 

Alternatively TAR may aid in the recruitment of cellular and viral factors to the 

reverse transcription initiation complex, much as its role during initiation of gene 

expression.  TAR is clearly a target for a number of cellular proteins, as outlined 

previously, so it is possible that during initiation of reverse transcription a similar 

interaction with cellular or viral proteins occurs that is required for efficient initiation 

of reverse transcription to occur.  Previous studies have indicated that the Tat protein, 

which interacts with the TAR RNA during transactivation of gene expression, is also 

required for efficient initiation of reverse transcription (222, 226, 496).  It is possible 

that Tat could be interacting with TAR to recruit components of the RT initiation 

complex.  This contention is investigated in chapter 3.  Findings from chapter 3 lead 

to the identification of a mutant Tat protein, Nullbasic, which was shown to 

negatively affect both reverse transcription and subsequently significantly impaired 

viral replication. The mechanism of this inhibition is investigated in chapter 4. 
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Figure 1.15. TAR, poly A and PBS stem loop R�A structures (adapted from 

Wilkinson et al. (521)) 
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CHAPTER 2 

 

A U5 REPRESSOR OF REVERSE TRA�SCRIPTIO� 

I�ITIATIO� IS REQUIRED FOR OPTIMAL HIV-1 

I�FECTIVITY A�D REPLICATIO� 
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2.1 Introduction  

Reverse transcription is the hallmark process by which retroviruses convert single 

stranded genomic RNA into double stranded DNA.  HIV-1 reverse transcription 

requires at least the viral RNA (vRNA) genome, a cellular tRNA
Lys3

 that serves as 

primer, and the reverse transcriptase enzyme.  The fact that surprisingly little viral 

DNA (vDNA) is found in HIV-1 virions in serum or other media has lead 

investigators to hypothesise that initiation of reverse transcription is highly regulated 

(326, 488, 492).  This is partially due to the low nucleotide levels in virions that are 

insufficient to complete even the early reverse transcription DNA product named 

negative strand strong stop DNA ((-) ssDNA). Although vDNA offers a replication 

advantage to foamy viruses (417), the value to HIV-1 replication is controversial with 

reported positive and negative effects on virus replication (488, 543). Following 

infection by HIV-1, a delay in the initiation of reverse transcription in the target cell is 

evident but the exact reason is unclear (282, 487).  It has been hypothesised that RNA 

structures formed by annealing of the viral RNA genome and tRNA
Lys3

 combined 

with low levels of deoxynucleotides present in the cellular cytoplasm play a role in 

this delay, but cellular factors regulating steps after entry, such as uncoating of the 

viral core and reverse transcription, may be critical (23, 67, 298, 373, 512, 547).  

 

Studies indicate that the virion-encapsidated reverse transcription initiation complex 

is not limited to the annealing of the last 18 nts of tRNA
Lys3

 to a 5’ region of the 

vRNA called the primer binding site (PBS), but contains several additional 

intermolecular interactions between vRNA and tRNA
Lys3

 (42, 255, 256, 258, 323, 

521).  This complex is thought to form an RNA “scaffold” bound by reverse 

transcriptase, nucleocapsid and possibly other viral and cellular proteins, which as a 

whole form the reverse transcription initiation complex (205, 256).  In vitro, the 

kinetics of reverse transcription are biphasic, characterised by a slow initiation phase 

in which 3 to 6 DNA bases are added to tRNA
Lys3

, followed by a more rapid 

elongation phase (254).  There are several RNA regions upstream of the PBS 

important for initiation of reverse transcription.  A single-stranded A-rich region 

upstream of the PBS is implicated in regulation of tRNA primer selection and 

initiation of reverse transcription (250, 252, 325, 377), at least in some isolates or 
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when alternate tRNA primers are used (205, 424), and additional sequences upstream 

of the A-rich sequence are required for initiation in vitro when nucleocapsid is present 

(258).  A primer activation signal (PAS), comprised of sequences located 50 nts 

upstream of the PBS, has been proposed to enhance usage of tRNA
Lys3

 and to regulate 

the initiation reaction (42).  Generally, disruption of any of these RNA elements 

negatively affects the initiation reaction.   

 

Curiously, similar disruptive effects on reverse transcription initiation are observed 

when the distally located transactivation response (TAR) RNA stem-loop structure is 

mutated (223).  TAR comprises the first 57 nts of the viral mRNA and is critical for 

Tat-mediated activation of HIV-1 gene expression.  Altered orientation of the upper 

TAR stem-loop or a mutation of the TAR loop sequence strongly reduced reverse 

transcription initiation by a mechanism that is not well defined (223).  It was possible 

that the upper TAR stem-loop may form alternate intermolecular interactions via the 

TAR loop with RNA in U5 to promote efficient initiation. This project investigated if 

sequences between +130-181, adjacent to the PBS, might facilitate an alternative 

loop-loop interaction with TAR RNA.  Two highly conserved regions in U5, +143-

145 and +151-153 were identified, that are triple C sequences in a bulge or loop 

region in a proposed U5 stem-loop structure (Fig. 2.1) (37, 256, 521), which could 

conceivably interact with the TAR loop, perhaps transiently and prior to initiation of 

reverse transcription.  Although subsequent experiments failed to support this 

hypothesis, analysis of virus harbouring CCC to GGG mutations in U5 produced 

unexpected outcomes.  First, HIV-1 carrying these mutations had greatly reduced 

infectivity and replication capacity. Secondly and surprisingly, the mutant viruses 

demonstrated dramatically higher ability to initiate reverse transcription. Structural 

probing analysis of the wild-type and mutant RNAs revealed that the CCC to GGG 

mutations had a greater effect on the RNA structure than expected and that 

destabilisation of the U5 stem-loop could explain the loss of regulation of reverse 

transcription initiation observed ex vivo. This effect was not observed in vitro where, 

in the absence of cellular components, all the RNA templates displayed similar 

patterns of reverse transcription initiation. The results showed that although there was 

no defect in the overall reverse transcription efficiency, integration was markedly 



 

82 

 

reduced. In fact, decreased virus replication was due to substantial degradation of the 

LTR regions.  

 

This is the first description of a negative regulatory element affecting the initiation of 

reverse transcription ex vivo and following cell infection. More importantly, the 

implication is that regulated reverse transcription is essential so that ordered transition 

from a reverse transcription complex to a pre-integration complex is possible, which 

protects proviral DNA from cellular nucleases prior to integration. 
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2.2 Methods and Materials 

2.2.1 Plasmid Constructs.  

The pGCH infectious molecular clone is a chimeric HIV proviral plasmid which 

expresses authentic HIV-1 RNA using the CMV immediate early promoter.  The 

plasmid consists of a pGEM7z (-) (Promega) backbone containing the CMV promoter 

fused so that the transcription initiation site uses the correct HIV-1 +1 position. With 

respect to the HIV-1 transcription start site, the pGCH contains HIV-1 sequences +1 

to +933 (SphI) from the pNL4-3 proviral plasmid, +934 to +8015 (BamHI) from the 

HIV-1 clone BH10, and +8016 to +9251 (XbaI) from pNL4-3 (which also includes 

additional 3` flanking DNA) (Fig. 2.1.).  Two shuttle plasmids were made so that 

mutations could be made in the 5` or 3` LTR and placed back into pGCH. The 5` 

shuttle contains a MluI (-604, containing the CMV promoter) and SphI (+993) 

fragment from pGCH cloned into pNEB193. The 3` HIV-1 shuttle contains a BamHI 

(+7065) and XbaI (+8704) fragment from pGCH cloned into pNEB193.  Mutant 

constructs and U51-U53 were assembled using Quikchange ® site-directed PCR 

mutagenesis as per manufacturer’s instructions (Stratagene) on the shuttle vectors 

described above.  The 5` and 3` shuttle vectors were used as templates for the PCR 

reactions, and the primers used were as follows; U51 Fwd-5`-CTG TTG TGT GAC 

TCT GGT AAC TAT CAG TCC CTC AGA CCC TTT TAG TCA GT-3`; U51 Rev-

5`-ACT GAC TAA AAG GGT CTG AGG GAC TGA TAG TTA CCA GAG TCA 

CAC AAC AG-3`; U52 Fwd-5`-GAC TCT GGT AAC TAG ACA TGG GTC AGA 

CCC TTT TAG TCA GTG TGG A-3`; U52 Rev 5`-TCC ACA CTG ACT AAA AGG 

GTC TGA CCC ATG TCT AGT TAC CAG AGT C-3` U53 Fwd-5`- GTA ACT 

AGA GAT CCC TCA GAG GGT TTT AGT CAG TGT GG-3`; U53 Rev 5`- CCA 

CAC TGA CTA AAA CCC TCT GAG GGA TCT CTA GTT AC-3`; U54 Fwd 5`- 

GTT TTA GTC AGT GTG GAA AA-3`; U54 Rev 5`-CCT CTG ACC CAT CTC 

TAG-3; T3 Fwd 5`- CCA-GAT-CTG-AGC-CTC-CCA-GCT-CTC-TGG-CT-3`; T3 

Rev 5`-AGC-CAG-AGA-GCT-GGG-AGG-CTC-AGA-TCT-GG-3`.  Shuttle vectors 

were then sequenced and inserted into the full-length proviral constructs.  The 

plasmids used to make in vitro transcribed RNA were made by amplifying the 

proviral LTR from +1-315 by PCR, with the forward oligonucleotide incorporating a 

T7 promoter and a BamHI restriction site (5`-CGG GAT CCT ACG ACT CAC TAT 
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AGG GTC TCT CTG GTT AGA CC-3`) and the reverse primer (5`-CGG CTG CGC 

GCT TCA GCC ATA TGA GTC CTG CGT CGA GAG-3`).  The PCR fragment was 

ligated into pGEM-T (Promega).  The fragment was then extracted with BamHI and 

EcoRI and ligated into pUC19 (NEB). 

2.2.2 Cells, cell lines and virus stocks.  

HeLa, HEK293T, and Jurkat cell lines were maintained in RN10 media (RPMI1640 

supplemented with 10% newborn calf serum (NBS, Invitrogen), penicillin (100 

U/ml), streptomycin (100 µg/ml) at 37°C in 5% CO2.  Peripheral blood mononuclear 

cells (PBMCs) were isolated from a buffy coat (supplied by the Australian Red Cross 

Blood Service) using Ficoll-Paque extraction and purification as per manufacturer’s 

instructions. After 48 h recovery in RN10 media, cells were activated with 10 µg/ml 

IL2 and 5 µg/ml PHA for a further 48 h. Virus stocks were made by transfecting 

HEK293T cells with proviral plasmids using Fugene 6 (Roche) transfection reagent as 

per manufacturer’s instructions.  Virus-containing supernatants were harvested 48 h 

post-transfection, clarified using 0.45 µM PES filters and aliquoted for storage at -

80
°
C.  The amount of virus in the supernatants was measured using both the 

RetroTek® HIV-1 p24 ELISA kit (Zeptometrix Corporation) and the HIV RT 

colorimetric assay (Roche Applied Biosciences). 

2.2.3 HIV-1 replication assays.  

Activated PBMCs (2x10
6
) or Jurkats cells (1x10

6
) were seeded into 24 well plates in 

duplicate wells and then infected with viruses having identical amounts of RT 

activity, along with uninfected controls for each experiment. The infections were 

followed over a 14-day period with samples taken every 3 to 4 days.  Cells were 

passaged as required during the course of the experiment to maintain equivalent cell 

densities. Samples were assayed for HIV-1 p24 levels by ELISA (Zeptometrix Corp). 

Each experiment was performed in triplicate.  

2.2.4 MAGI infectivity assay.  

HeLa-CD4-LTR-β-Gal cells (MAGI cells) (289) were infected for 2 h with viruses 

having identical amounts of RT activity.  The cells were washed with PBS to remove 

the virus and incubated for a further 48 h at 37°C.  Cells were lysed using Reporter 

Lysis Buffer (Promega) for 30 min on ice and assayed for β-galactosidase activity 
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using a CPRG assay (158).  Bradford assays were used to determine the protein 

concentration in each lysate, and the β-galactosidase level was normalised to the total 

protein in the reaction. Each experiment was performed in triplicate. 

2.2.5 Virion R�A Packaging Assay 

Viral supernatants were supplemented with 10 mM MgCl2 and DNase I treated for 2 h 

at 37°C.  The virus was pelleted through a 20% sucrose cushion by centrifugation at 

100,000 x g for 2 h at 4°C.  The viral pellets were resuspended in PBS and the virion 

RNA was extracted using Trizol Reagent (Invitrogen), adding 10 ng of Kanamycin 

Cassette RNA (KmR)(Promega) to control for the efficiency of the RNA extraction 

and subsequent analysis. cDNA synthesis was performed using the Superscript III 

RT-PCR kit (Invitrogen) and 5mM random hexamer primers (QIAGEN). The DNA 

products were measured by quantitative PCR assay using primers flanking the HIV-1 

major splice donor site (SD) (Fwd 5`- GCG CGC ACA GCA AGA GGC GA -3`; Rev 

5`-GAC GCT GTC GCA CCC ATC TCT-3`).  RNA recovery from the pelleted virus, 

as well as RT-PCR efficiency were controlled for by using primers directed to the 

kanamycin cassette RNA  (Fwd 5`-GGC TCG CGA TAA TGT CGGG-3`; Rev 5`-

GAT GGT CGG AAG AGG C-3`), and all results were normalised to KmR recovery. 

All assays were performed in triplicate. 

2.2.6 Viral and Cellular Protein Expression Analysis 

HEK293T cells were transfected with equal amounts of proviral plasmid using 

Fugene 6 (Roche) transfection reagent as per manufacturer’s instructions and then 

incubated for 48 h at 37°C.  Viral supernatants were harvested and filtered through 

0.45 uM PES filters.  Cells were harvested and lysed in whole cell lysate buffer (PBS; 

0.1% Triton X-100; 1X Protease Inhibitor Cocktail (Roche)), and clarified by 

centrifugation at 10,000 x g for 5 min at 4
o
C.  Total protein concentration in each 

lysate was assayed using a modified Bradford assay.  Equal amounts of protein were 

then boiled in Laemmli sample buffer (5% SDS, 0.12 M Tris (pH 6.8) 20% glycerol, 

0.01% bromophenol blue, 0.2 M DTT) and frozen for later use.  

 

Viral particles were partially purified through a 20% sucrose cushion by 

centrifugation at 100,000 x g at 4°C. The pellets were washed in PBS, resuspended 



 

86 

 

and boiled in 2x Laemmli sample buffer. The proteins were separated by 12.5% SDS-

PAGE and analysed by western blot.  Briefly, after electrophoresis, proteins were 

transferred to a PVDF membrane (GE Healthcare) using a semi-dry transfer apparatus 

(Bio-Rad).  The blots were stained with HIV-IG anti-serum (NIAIDS Research and 

Reference Reagent Program) and HRP-conjugated goat anti-human IgG anti-serum 

(Sigma-Aldrich). The antibody-stained proteins were visualised with SuperSignal 

West Pico chemiluminescent substrate (Pierce Biotechnology). 

2.2.7 HIV-1 Transactivation Assay 

Transactivation was assayed using a Tat-activated luciferase reporter assay.  Proviral 

LTR regions from +1-315 were amplified by PCR and inserted into pGL-3 Basic 

vector (Promega).  The vectors were then co-transfected into HeLa cells with or 

without a Tat expression vector using Fugene 6 (Roche) transfection reagent and then 

incubated for 24 h at 37
o
C.  To control for transfection efficiency a B-galactosidase 

expression vector was included in the co-transfection.  Cells were lysed in Reporter 

Cell Lysis Buffer (Promega) as per manufacturers instructions and then combined 1:1 

with Steady-Glo-Lysis Reporter Substrate (Promega), incubated for 5 min at room 

temperature and then luciferase luminescence measured with a Wallac® Micro-Beta 

Counter (Wallac Inc).  Transfection efficiency was normalised using a B-

galactosidase CPRG assay and total protein concentration in the lysates normalised 

using a modified Bradford assay.  Experiments were performed in triplicate. 

2.2.8 Detergent-free endogenous reverse transcription assay.  

Reverse transcription products were generated by addition of viral particles to a 

mixture containing 10 mM Tris, pH 7.4, 10 mM MgCl2, 500 U/ml DNase I and 200 

µM of mixed dNTPs in RPMI1640 to a final volume of 50 µl.  A no-nucleotide 

control reaction was always included to control for plasmid contamination. Reactions 

were allowed to proceed for a designated time period before being stopped by the 

addition of 0.1 mM EDTA. DNA products were extracted and purified once with 

phenol:chloroform:isoamyl alcohol (25:24:1) and once with chloroform:isoamyl 

alcohol (24:1). The extracts were ethanol precipitated, washed with 70% ethanol, 

dried and resuspended in nuclease-free water. The purified reaction products were 

added to the reaction mix containing 0.4 µM of each primer, SYBR Green, 30 U/ml 

Platinum Taq polymerase, 20 mM Tris-HCl pH 8.4, 50 mM KCl, 3 mM MgCl2, 200 
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µM each dNTP, 20 U/ml uracil-N-glycosylase (Invitrogen) in a final volume of 15 µl. 

A no-DNA control (nuclease free water) was also included. Standard primer sets used 

for amplification were: minus strand (-) strong-stop DNA (FWD 5`-GGG TCT CTC 

TGG TTGACC AGA-3`; REV 5`-ACA CAA CAG ACG GGC ACA CAC-3`).  The 

reaction mixtures were subjected to cycling: [50°C, 2 min; 95°C, 2 min] 1 [95°C, 15 

sec; 65°C, 30 sec]40 on a Rotor-Gene 6000 thermo-cycler (Corbett) set to collect 

SYBR fluorescent signal after the 65°C step. Copy number was determined by 

reference to a standard curve prepared by dilution of plasmid DNA (pGCH strain). 

2.2.9 Analysis of reverse transcription in cells by quantitative PCR.  

Virus stocks were adjusted to 10 mM MgCl2 and DNase I treated for 2 h at 37
o
C. 

Control samples of each stock were heat-inactivated at 95°C for 20 min. Equal 

amounts of active virus or heat-inactivated virus (by RT activity) were used to infect 2 

x 10
6 

Jurkat cells by spinoculation as per the protocol of O’Doherty (379)for 2 h at 

37
o
C at 1200 x g. Virus was removed by washing with PBS and then incubated for 16 

h at 37
o
C, and the low molecular weight DNA was harvested using the method of Hirt 

(240). Briefly, the cell pellet was resuspended in TE (10 mM Tris pH 7.4, 10 mM 

EDTA), and resuspended in lysis buffer (10 mM Tris pH 7.4, 10 mM EDTA, 1.2 % 

SDS, 100 µg/ml Proteinase K). NaCl (final concentration 0. 5M) was added to the 

lysates, and allowed to precipitate over night in ice. The precipitate was pelleted by 

centrifugation at 12,000 x g for 30 min and the supernatant was collected. The 

supernatant was treated with phenol: chloroform: isoamyl alcohol (25:24:1) followed 

by chloroform: isoamyl alcohol (24:1). The DNA was precipitated with two volumes 

of ethanol and pelleted by centrifugation. The DNA pellet was washed with 70% 

ethanol, dried and resuspended in 0.1 mM EDTA. Reverse transcription products 

were measured by TaqMan quantitative PCR using a Corbett Rotor-Gene 6000 

(Corbett Scientific) that included (-) strong stop (ss) DNA, first (1
st
) strand transfer 

(ST), second strand (2
nd

) ST DNA, and 2-LTR circle DNA using the following 

primers: (-) ssDNA Fwd 5`-GGG TCT CTC TGG TTA GAC CAG ATC T-3`; Rev 

5`-ACA CAACAGACG GGC ACA CAC-3`; 1
st
 ST Fwd 5`-AGC AGC TGC TTT 

TTG CCT GTA CT-3`; Rev 5`- ACA CAA CAG ACG GGC ACA CAC-3`; 2
nd

 ST – 

FWD 5`-CCT GCGTCG AGA GAG CTC CTC TGG-3`; REV 5`-AGC AGC TGC -

TTT TTG CCT GTACT-3`; LTR Fwd 5`-AAG AGG AAG AGGTGG GTT TTT CC-
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3`; Rev 5`-CCG CTA GTC AAA AAT TGG CG-3`; 2-LTR Fwd 5`-AGA CCC AGT 

ACA GGCAAA AAG CAG CTG CTT ATT ATG CAG CAT CT-3`); Rev 5`-GGG -

TCT CTC TGG TTA GAC CAG ATC TGA GCC TGG GAG CTC TC-3).  A 

fluorogenic probe was targeted to the R region (5`-FAM-CCT CAA TAAAGC TTG -

CCT TGA GTG CT-DTAM-3`) that is found in all reverse transcription products 

analysed in this experiment. Total cell number and DNA recovery were normalised to 

mitochondrial DNA using primers targeting cytochrome oxidase as described 

previously (226). The protocol was adapted to qPCR format by incorporating a 

Taqman® qPCR probe (5`-FAM-GGT GAT AAG CTC TTC TAT GAT AGGGGA 

AGT-TAMRA-3`) and the products were quantified using a Rotorgene 6000 

Thermocycler and associated software as described above (Corbett Scientific). 

Experiments were performed at least 3 times; the means and standard deviation 

compared to the wild type samples were calculated.  

2.2.10 Isolation and sequencing of circular D�A products. 

Jurkat’s cells were infected by spinoculation with equal amounts of virus, as 

determined by an RT assay, for 2 h at 37°C.  The virus was removed and the cells 

were grown in RN10 for 48 h at 37°C. The cells were then lysed using the method of 

Hirt as previously described. Circular DNA products were amplified using primers 

located in nef (A1 5`-AAG AGG AAG AGGTGG GTT TTT CC-3`) and gag (A2 5`-

CCG CTA GTC AAA AAT TGG CG-3`). The PCR amplicons were separated by 2% 

agarose gel electrophoresis and then extracted using a PureLink® Gel Extraction Kit 

(Invitrogen). The amplicons were cloned into pCR®2.1-TOPO® vector using the 

TOPO® TA Cloning Kit (Invitrogen) and transformed into One Shot ® Mach-1™ 

T1R competent cells (Invitrogen) as per manufacturers instructions. Plasmid DNA 

from up to 36 colonies was extracted using the Wizard® Miniprep Kit (Promega) and 

sequenced using a commercial M13 forward primer (Invitrogen) and BigDye 3.1 

Terminator Matrix (Abi Technologies) and an AbiPRISM sequencing machine (Abi 

Technologies)  as per manufacturer’s instructions. All sequences were compared to 

the wild type sequence of pNL4-3 using Emboss software.   

 

A nested PCR approach based on the protocol of Cara et al. (85, 87) was used to 

separate 2-LTR circular DNA from the total circular DNA population. The initial 
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PCR population generated from primers A1 to A2 was subjected to a second round 

PCR with primers targeted to the 5` U3-R junction (B1 5`-AGA CCC AGT ACA -

GGCAAA AAG CAG CTG CTT ATT ATG CAG CAT CT-3`) and the 3`R region 

(B2 5`-GGG TCT CTC TGG TTA GAC CAG ATC TGA GCC TGG GAG CTC TC-

3) to amplify the junction between U5 and U3 in 2’LTR circular viral DNA. DNA 

products were then isolated and sequenced using the same protocol as described 

above. The resulting sequences were aligned against reference 2-LTR junctions from 

pNL4-3 using Emboss software.  

2.2.11 Alu-PCR analysis of viral integration.  

MAGI cells were infected with equal amounts of virus for 2 h at 37°C.  The virus was 

removed by washing the cells three times with PBS and the cells were incubated for 

24 h at 37°C.  Cellular genomic DNA was harvested from infected cells as well as 

from an uninfected control using the PureLink® Genomic DNA Extraction Miniprep 

Kit (Invitrogen) as per manufacturer’s instructions.  The Genomic DNA was used in a 

nested Alu-PCR assay using a protocol and primers adapted from Benkirane et al. 

(48), followed by a quantitative PCR assay using 0.4 µM of each primer targeted to 

the viral R region (Fwd 5`-GGG TCT CTC TGG TTG ACC AGA-3`; Rev 5`-ACA 

CAACAG ACG GGC ACA CAC-3`), SYBR Green, 30 U/ml Platinum Taq 

polymerase, 20 mM Tris-HCl pH 8.4, 50 mM KCl, 3 mM MgCl2, 200 µM each 

dNTP, 20 U/ml uracil-N-glycosylase (Invitrogen), in a final volume of 15 µl. A no-

DNA control (nuclease free water) was also included in each experiment.  A parallel 

quantitative PCR assay targeting human actin using primers (Fwd 5`-CTG GCA TCG 

TGA TGGACT CCG-3`; Rev 5`-GCA GGT CCC GGC CAG CCA GGT-3`) was 

used normalise for the amount of DNA in each reaction. 

2.2.12 Chemical modifications of viral R�A.  

Wild type and mutant RNA templates were made by in vitro transcription using T7 

RNA polymerase and T7 promoter plasmids described above that were linearised with 

EcoRI (351). RNAs were purified by gel filtration. DNA primers were chemically 

synthesised and 5` end-labelled with [γ-
32

P]ATP (Perkin Elmer) and polynucleotide 

kinase from phage T4 (Fermentas). For DMS modifications, viral RNA (8 pmoles) 

was incubated in water for 2 min at 90°C, cooled on ice, and incubated at room 
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temperature for 20 min in 50 mM sodium cacodylate (pH 7.5), 300 mM KCl and 5 

mM MgCl2. Total tRNA (2µg) from baker’s yeast (Sigma) was added prior to 

modification with 2 µl of DMS diluted 20-fold in ethanol. Modifications were 

performed for 4, 8 and 12 min. For CMCT modifications, synthetic RNA was 

denatured in water as previously described but refolding was in 50 mM sodium borate 

(pH 8), 300 mM KCl and 5 mM MgCl2. After the addition of 2 µg of total tRNA, 2 µl 

of CMCT (42 mg/ml) was added for 10, 15 and 20 min. Reactions were stopped by 

the addition of 70 µl of ethanol and 3 µl of 3M sodium acetate containing 2 µg/µl of 

total tRNA as a carrier. After precipitation, modified bases were detected by primer 

extension, as described previously (37), using primers complementary to the primer 

binding site (5`-GTC CCT GTT CGG GCG CCA-3`) or to the 3` end of the viral 

RNA ( 5`-AGCAAG CCG AGT CCT GCG-3`).  

2.2.13 In vitro reverse transcription assays.  

Wild-type and mutant RNAs were prepared as described above. Natural tRNA3
Lys

 was 

purified from beef liver as previously described (46) and was a kind gift of G. Bec. 

tRNA3
Lys

 (0.5 µg) was labelled at its 3` end with 100 µCi [α-
32

P]ATP (Perkin Elmer) 

and ATP (CTP):tRNA nucleotidyltransferase (also called CCase) in 50 mM Tris-HCl 

(pH 8.1, 20°C), 3 mM PPi, 3 mM MgCl2, 5 mM DTT, for 40 min at 20°C. The 

labelled tRNA was gel purified prior to use. For in vitro reverse transcription 

experiments, template RNAs were hybridised with labelled primer (ODN 

(complementary to the PBS : 5`-GTC CCT GTT CGG GCG CCA 3`, labelled as 

described above) or tRNA3
Lys

) at a 3:1 molar ratio. Hybridisation efficiency was 

verified on a native 12% polyacrylamide gel. Primer/template duplexes (10 nM final 

concentration) were pre-incubated with RT (30 nM final concentration) at 37°C for 4 

min, in 50mM Tris-HCl pH 8.3 (37°C), 50 mM KCl, 6 mM MgCl2 and 1 mM DTT. 

Reverse transcription was initiated by the addition of 50 µM of each of the four 

dNTPs. Reactions were stopped at 30 sec, 1, 5, 15 30 and 60 min by the addition of 

formamide and reaction products were analysed on a denaturing 8% polyacrylamide-

urea gels and quantified with a Fuji FLA-5100 phosphorimager.  
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2.3 Results  

2.3.1 Mutations in U5 result in defective virus replication and 

infectivity 

Studies have shown that mutating the TAR loop triple G sequence causes defective 

reverse transcription and reduces viral replication and infectivity (225, 227).  The 

initial aim of the project was to test if the TAR loop may transiently interact with U5 

loop or bulge regions (shown in Fig. 2.1A), which are complementary to the TAR 

loop, to facilitate initiation of reverse transcription.  Mutations called U51 and U52 

changed two triple C sequences at +142-144 and +150-152 respectively to triple Gs 

(Fig. 2.1B) were introduced in the 5’ and 3’ HIV-1 U5 region, while a third mutation, 

U53.was created which would be expected to completely destabilise the lower U5 

stem loop and potentially disrupt a crucial RT contact point in the initiation complex 

(206, 256).  Equivalent amounts of wild type and mutant HIV-1 were used to infect 

activated peripheral blood mononuclear cells (PBMCs) or Jurkat cells.  The U51 and 

U52 mutations caused a substantial defect in virus replication, leading to an 18 to 25-

fold decrease in virus levels by day 14 in PBMCs (Fig. 2.2A), and slightly smaller 

defects in Jurkat cells (Fig. 2.2B).  U53 had a more modest effect on replication, 

resulting in a 5 to 7-fold defect in replication, while T3 resulted in a 20 to 25 fold 

defect in replication, which are similar to results seen in previous studies (223).  
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Figure 2.1. A schematic model of the 5’untranslated region (UTR) and the 

mutations introduced into U5.   

A) Structure of the 5’UTR adapted from Wilkinson et al. (521).  B) Three mutations 

called U51 (CCC to GGG, +142-144), U52 (CCC to GGG, +150-152) and U53 

(GAGA to UCAG, +137-140) were inserted into the U5 region as indicated.  The 

modelled structures shown were generated using the M-FOLD algorithm (552).  A 

forth mutant, T3, changed the triple G domain of the TAR loop +31-33 to triple C, 

(not shown) 
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Figure 2.2. U5 mutations cause defective replication and infectivity.   

A) HIV-1 replication was assayed using (A) activated peripheral blood mononuclear 

cells or (B) Jurkat cells.  Each infection used equivalent amounts of HIV-1 measured 

using a standard RT assay.  Samples were taken as indicated and the amount of HIV-1 

p24 was measured by ELISA.  All infections were performed in duplicate and the 

values shown are the average of duplicate samples.  Representative data from 

independent infection experiments performed at least three times are shown.    
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Infection assays were then performed using MAGI cells to determine if the mutations 

caused an early replication defect.  MAGI cells are a HeLa cell line that support HIV-

1 entry via CD4 and CXCR4, and have an integrated HIV-1 LTR promoter fused to a 

β-galactosidase gene (289).  During infection the virus enters the cell and integrates 

into the host genome and then produces the Tat protein, which activates transcription 

of the LTR- β-galactosidase construct, resulting in production of β-galactosidase, 

which is then measured to assess viral infectivity.  Following a 2 h infection, the virus 

was removed and the cells were incubated for a further 48 h. The U51 and U52 

mutations caused a 10 to 20-fold decrease β-galactosidase expression suggesting that 

U5 mutations resulted in an early replication defect (Fig. 2.3).  As expected T3 

resulted in a 20-fold infectivity defect, as reported in previous studies (223-225), 

while U53 resulted in a more modest 2-3 fold defect in infectivity, indicating that this 

region does not have as significant a role in mediating viral infectivity compared to 

U51 and U52.   
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Figure 2.3. Mutations to U5 result in significant defects in HIV-1 infectivity.   

MAGI cells were infected with equal amounts of virus (normalised to RT) for 2 h.  A 

cell lysate was made 48 h post-infection and the amount of β-galactosidase activity in 

the lysate was measured in triplicate.  The values shown are normalised to total 

protein added to each assay.  The experiment shown is representative of three 

independent experiments performed in triplicate. The mean values and standard 

deviations are indicated.  
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2.3.2 Mutations to U5 do not affect packaging of viral R�A into the 

virion 

The levels of viral genomic RNA packaged into HIV-1 virions are critical 

determinants of viral reverse transcription and replication.  This process is dependent 

on the Psi sequences, located in the 5’UTR of the viral genome, while a number of 

other sequences in the UTR are also required to facilitate packaging of the viral RNA 

(107, 124, 223, 288, 420).  Therefore it was possible that mutations in the U5 region 

could have a negative impact on viral RNA packaging.  To address this the levels of 

genomic RNA were assayed using an RT-PCR approach.  Equal amounts of virus 

were concentrated through a 20% sucrose cushion by ultra-centrifugation and then the 

RNA extracted from the viral pellets.  The viral RNA was used in a random-primed 

RT-PCR reaction and the resultant cDNA quantified using qPCR with primers 

targeted to a site upstream of the major splice donor site (MSD) to quantify full-length 

viral RNA packaged into the virion.  The results showed that mutations to U5 did not 

have any significant effect on virion RNA, packaging between 75% and 90% of wild-

type levels of RNA, while mutation T3 caused 3 to 5-fold defects in packaging, 

similar to results seen in other reports.  Therefore, defective RNA packaging was not 

responsible for the observed replication defects obtained in previous experiments.  
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Figure 2.4. Packaging of viral R�A is not affected by mutations to U5.   

Genomic viral RNA was extracted from sucrose purified wild type or mutant HIV-1.  

Random primed RT-PCR was then used to produce viral cDNA, which was 

quantitated using quantitative PCR with primers flanking the major splice donor site.  

A synthetic kanamycin cassette RNA was added to the samples during extraction and 

used to control for recovery and RT-PCR efficiency.  Results shown are the mean and 

standard deviation of three experiments with duplicate samples in each.   
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2.3.3 Mutations to U5 R�A do not affect HIV-1 gene expression 

The HIV-1 LTR plays important roles in regulating viral gene expression, primarily 

via the TAR RNA element, as discussed in chapter 1.  However, there are a number of 

transcription factor binding sites located in other regions of the 5’UTR, including 

three AP-1 sites, an AP3-like motif, a downstream binding factor (DBF) that are also 

required for efficient viral transcription (500).  Given the proximity of U5 to the AP-1 

binding sites, the possibility that the U5 mutations were affecting gene expression was 

investigated.  The LTR region of the U5 mutant or wild type proviruses was inserted 

into a vector containing the luciferase gene.  Vectors were then transfected with or 

without a Tat expression plasmid and then levels of gene expression measured by 

quantitating luciferase luminescence.  The results shown in Fig. 2.5 indicated that the 

U5 mutations had no effect on transactivation of gene expression, while mutations to 

the TAR element caused significant defects as previously reported. 
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Figure 2.5. Transactivation of gene expression is not affected by mutations to U5.   

The effect of U5 mutations on HIV-1 gene expression was determined using a HIV-

LTR luciferase reporter system.  A luciferase reporter plasmid containing the wild 

type, U51-3 or T3 LTRs were co-transfected into HeLa cells with or without a Tat 

expression plasmid. A β-galactosidase expression plasmid was included to control for 

transfection efficiency. Lysates were made 24 h post-transfection and the level of 

luciferase expression was determined and normalised to β-galactosidase levels in the 

cell lysate.  The experiment was performed three times and the standard deviation is 

indicated. 
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2.3.4 Initiation of reverse transcription is increased in MAGI cells 

infected with U51 or U52 mutant virus. 

The MAGI infectivity results indicated that there was a defect in the early stages of 

viral replication.  As U51 and U52 mutations did not significantly affect gene 

expression or virion RNA packaging, it was possible that the decreased replication 

and infectivity was due to a defect in reverse transcription.  To address this, MAGI 

cells were infected with equal amounts of either wild type or U5 mutant HIV-1 and 

after 16 h the cells were lysed and reverse transcription products isolated and 

quantified using quantitative PCR.   Early reverse transcription was determined by 

quantifying the levels of (-) ss DNA products in the lysates.  Unexpectedly mutations 

U51 and U52 caused a 5 to 8 fold increase in the amount of (-) ss DNA.  This 

suggested that the U5 region was acting to repress reverse transcription initiation post-

infection.  In contrast, mutation U53 modestly decreased (-) ss DNA levels, indicating 

that the repressive effect of the U5 element is restricted to the upper region of the 

stem-loop structure, from +140-170.  The T3 mutation resulted in a 3 to 5 fold 

reduction of  (-) ss DNA levels, similar to those reported in previous reports (223, 

227), which correlates with the observed decrease in RNA packaging, suggesting that 

T3 does not directly impact reverse transcription.  Thus the U51 and U52 mutation 

actions are mechanistically distinct from T3, indicating firstly that no interaction 

occurs between TAR and the U5 stem loop, and secondly that the U5 stem acts 

independently to repress reverse transcription initiation following infection.  

Subsequently the U5 region was labelled as a repressor of reverse transcription 

initiation (RRTI).   
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Figure 2.6. Mutations to U5 result in increased reverse transcription in infected 

MAGI cells.   

MAGI cells were infected with equivalent amounts of virus for 16 h and then the cells 

were lysed and (-) ss DNA was isolated from the cell lysates.  (-) ssDNA was then 

quantified by qPCR as described in methods and materials as a measure of reverse 

transcription in the infected cells.  Experiments were repeated three times with 

duplicate samples in each.  Results shown are the mean and standard deviation of the 

three experiments.  
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2.3.5 Endogenous reverse transcription is regulated by the RRTI.  

The previous experiment indicated that the RRTI regulates initiation of reverse 

transcription, therefore a detergent free endogenous reverse transcription assay (512), 

was used to monitor early steps of viral DNA synthesis.  (-) ssDNA levels were 

monitored as previously described but using different concentrations of dNTPs, or 

omitting dNTPs as a control.  Using 200 µM dNTPs in the assay, the U51 and U52 

mutant virus accumulated 3 to 5-fold more (-) ssDNA after 30 min. The mutant 

viruses obtained maximal (-) ssDNA levels between 30 and 60 min post-initiation, 

whereas the wild type required between 60 and 120 min (Fig. 2.7A).  No additional 

DNA was made after the 2 h time point (data not shown) as previously observed 

(512).  The experiments were repeated but using 40 µM dNTPs (Fig. 2.7B).  Under 

these conditions U51 and U52 accumulated 15 to 20-fold more (-) ssDNA than wild 

type after 30 mins, and all reactions reached maximal DNA levels after 4 h.  These 

results support the notion that the U5 stem loop regulates reverse transcription 

initiation (42, 205, 258), and that U51 and U52 most likely interrupted a repressor 

element.   
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Figure 2.7. The rate of (-) ssD�A synthesis is dramatically increased in U5 

mutant virions in a cell-free reverse transcription assay.   

Reverse transcription of concentrated, purified virions was measured in a cell-free, 

detergent-free endogenous reverse transcription assay.  Reaction mixes containing 

either (A) 200 µM or (B) 40 µM dNTPs were added to equal amounts of virus and 

samples taken at the indicated time points.  Samples were then assayed for the 

presence of (-) ssDNA as previously described.  Results shown are the mean and 

standard deviation of three separate experiments 
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2.3.6 The overall efficiency of reverse transcription in infected T-

cells is not affected by the disruption of the RRTI.   

Given that reverse transcription is a complex process involving two DNA strand 

transfer events that cannot be fully investigated in a cell free assay, experiments were 

performed that investigated if the (-) ssDNA made by U51 and U52 HIV-1 completed 

reverse transcription in a cell infection assay.  Jurkat cells were incubated with 

equivalent amounts of wild type, U51 or U52 virus for 2 h and parallel infections with 

heat-inactivated virus were used to monitor for DNA contamination.  Low molecular 

weight nucleic acids were extracted from the infected cells at 2, 6 and 16 h post 

infection.  The reverse transcription products in each sample were measured by 

quantitative PCR assay using oligonucleotides specific for (-) ssDNA, first strand 

transfer (1
st
ST) and second strand transfer (2

nd
ST) DNA.  As in previous experiments, 

it was observed that HIV-1 U51 and U52 made much higher levels of (-) ssDNA than 

if infected by wild type (Fig. 2.8A).  Analysis of U51 and U52 1
st
ST DNA showed no 

significant differences in efficiency compared to the wild type virus at any time point 

(Fig. 2.8B and C). While there was an insufficient level of 2
nd

ST DNA at the 2 h time 

point, analysis of the 6 and 16 h samples showed that U51 and U52 did not affect the 

efficiency of reverse transcription through 2
nd

ST step (Fig. 2.8D and E).  This 

indicated that U51 and U52 mutation imparted an infectivity and replication defect 

(Fig. 2.1 and 2.2) that was not directly related to the overall efficiency of reverse 

transcription.  The implication was that the infectivity defect imparted by U51 and 

U52 occurred after reverse transcription.  



 

110 

 



 

111 

 

 

 



 

112 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. HIV-1 with U5 mutations displays abnormally high levels of reverse 

transcription in infected T-cells.   

A) Jurkat cells were infected with equal amounts of either wild type or mutant HIV-1 

normalised to total RT activity, or with heat inactivated virus.  Cytoplasmic nucleic 

acids were recovered and the amount of  1
st
ST DNA (B) and 2

nd
ST DNA (C) in each 

sample was measured by quantitative PCR.  The efficiency of 1
st
ST (D) or  2

nd
ST (E) 

relative to the cognate (–) ssDNA is shown.  The experiments were performed at least 

three times in duplicate.  A representative experiment is shown. The mean values and 

standard deviation are indicated. 
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2.3.7 U51 and U52 mutations result in a mild destabilisation of the 

U5 stem-loop structure. 

In order to investigate the effect of the CCC to GGG mutations on the overall RNA 

structure, in vitro probing experiments were carried out using DMS and CMCT, on 

the wild type and mutated viral RNAs (Fig. 2.9). Figure 2.9B summarises the 

reactivity changes occurring on both mutant RNAs compared to the wild type.  No 

differences in reactivity were observed in the first 130 nt that included TAR and the 

poly A stem loop RNA (data not shown), indicating that U51 and U52 mutation did 

not affect distal RNA structures.  In the U51 RNA, mutations in the central bulge, 

which were not expected to induce any major structural changes, promoted reactivity 

increases in the lower part of the U5 stem-loop, at nucleotides 135-UA-136, U172, 

C175 and A177 as well as some changes near the apical loop of the U5 stem-loop, 

mainly a strong reactivity increase of A149. These changes were associated with 

reactivity decreases of A133, at the junction immediately before the entrance of the 

lower stem, in the apical loop of the U5 hairpin and of nucleotides U165 and A168. In 

the case of the U52 mutant, reactivity increases were observed at nucleotides A-136, 

138 and 140 and 172-UC-173, C175 and A177, showing destabilisation of the lower 

part of the U5 stem, with a slightly different pattern as compared to the U51 mutant. 

There were also some changes in the upper part of the stem-loop, with a strong 

reactivity increase of A149 to DMS and some more subtle increases of 155-UU-156 

and A161 reactivity. It is remarkable that both mutations destabilise the lower stem of 

the U5 hairpin and produce similar reactivity changes close to the apical loop, 

including a strong reactivity increase at A-149, indicating that the A-149/U-159 base-

pair is disrupted.  
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Figure courtesy of Celine Ducloux, C�RS, France 
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Figure courtesy of Celine Ducloux, C�RS, France 
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Figure 2.9. Effect of U51 and U52 mutations on R�A structure.  

A) Chemical probing of the N-1 and N-3 positions of Adenines and cytosines 

respectively, of wild type, U51 and U52 HIV-1 RNAs with DMS. Modifications were 

as described in the materials and methods section. Lanes 1, 5 and 9 were controls 

without DMS. RNA were incubated with DMS for 4 min (lanes 2, 6 and 10), 8 min 

(lanes 3, 7 and 11) and 12 min (4, 8 and 12). Sequencing reactions were run in 

parallel. (B) The probing results are reported as reactivity increases or reactivity 

decreases with respect to the WT RNA. Red and blue symbols correspond to 

reactivity increases and decreases, respectively and are representative of three 

independent experiments 
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2.3.8 The RRTI is not functional in vitro. 

In vitro reverse transcription assays were performed using either the natural tRNA3
Lys

 

as a primer (to mimic the biphasic synthesis of (-) ssDNA) (Fig. 2.10) or a DNA 

primer complementary to the PBS. When tRNA3
Lys

 was used as a primer (Fig. 2.10A), 

the wild-type RNA template allowed a slightly higher efficiency of primer extension 

(71% after 15 min of reaction compared to 53% and 61% for the U51 and U52 

templates, respectively) (Fig. 2.10B, upper panel). However, the efficiency of (-) 

ssDNA synthesis was very similar for all templates, varying between 19 and 23% 

(Fig. 2.10B, lower panel). In the case of the U51 mutant, disappearance of the pausing 

products during the initiation phase (addition of the first 2 to 5 nts) could be explained 

by the opening of the bottom of the stem, as evidenced by the in vitro probing 

experiments (Fig. 2.9). Hence, the up-regulated initiation of reverse transcription that 

was observed ex vivo was not observed in vitro, when only purified components 

(primer, template, dNTPs and RT) were used for the assay.  
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Figure courtesy of Celine Ducloux, C�RS, France 
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Figure 2.10. In vitro synthesis of (-) ss D�A.  

A) Extension of 10 nM of tRNA3
Lys

 annealed to WT, U51 or U52 HIV-1 RNAs, in the 

presence of 30 nM of RNAse H (-) HIV-1 RT and 50 µM of each of the four dNTPs. 

The reaction products were separated on a denaturing polyacrylamide gel and 

quantified using a Fuji FLA 5100 phosphorimager. (B) Quantification of the fraction 

of extended primer and (-) ss DNA products. The fraction of extended primer (upper 

panel) and (-) ss DNA (lower panel) is plotted versus time. 
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2.3.9 A U5 double mutation suggests U51 and U52 act by a common 

mechanism.   

The reverse transcription phenotypes of U51 and U52 suggested that they affected a 

common factor.  Alternatively, it was possible that combined mutations might have an 

additive or synergistic effect.  It was observed that the CCC to GGG mutations in U51 

and U52 had the potential to facilitate an alternative RNA structure as illustrated in 

Fig. 2.11A. To address these possibilities, a mutant virus was assembled containing 

both U51 and U52 mutations called U54 (Fig. 2.11A).  This disrupted the potential 

interaction between the U51 and U52 regions.  The infectivity of U54 was compare to 

U52 and wild type HIV-1 using the MAGI cell assay.  Like U52, U54 imparted a 

strong negative effect on infectivity (Fig. 2.11B), while still greatly enhancing (-) 

ssDNA synthesis (Fig. 2.11C). These results suggest that the U51 and U52 mutation 

act through a common factor resulting in enhanced initiation of reverse transcription.  

Importantly, the enhancement is probably not due to serendipitous formation of 

alternative U5 RNA structure that favours initiation of reverse transcription, in 

agreement with the findings of chemical probing experiments. 
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Figure 2.11. The dual mutant U54 has similar affects on infectivity and reverse 

transcription.  

A) There was a possibility that the mutations introduced at U51 or U52 could form an 

alternative interaction through sequence complementarity (demonstrated with dotted 

lines).  A U54 mutant virus was assembled containing both the U51 and U52 

mutations to prevent this potential interaction, and the mutant virus was assayed for 

B) infectivity in MAGI cells and C) (-) ssDNA synthesis in Jurkat’s cells as described 

in earlier experiments. Results shown are the mean and standard deviation of three 

experiments with duplicate samples in each. 
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2.3.10 U5 mutations result in defective proviral integration.  

The previous experiments indicated that the U51, U52 and U54 mutations inhibited 

virus replication after reverse transcription.   Therefore, the ability of HIV-1 with U51 

U52 or U54 to integrate into the cellular genomic DNA was investigated.  Jurkat cells 

were infected with equivalent amounts of wild type, U51, U52 and U54 HIV-1 and 

total genomic DNA was isolated 18 h post-infection.  A semi-quantitative Alu-PCR 

assay indicated that the level of integrated HIV-1 DNA for U51 and U52 was only 6 

to 10% of wild type levels (Fig. 2.12). These results indicate that defective replication 

observed for HIV-1 U51 and U52 is due to inefficient integration of the proviral 

DNA, suggesting that either the pre-integration complex was defective for either the 

ability to insert the DNA into the genome or to traffic into the nucleus of the cell.  
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Figure 2.12. U51 and U52 mutations cause significant defects in proviral 

integration.  

Jurkat cells were infected with equal amounts of either wild type or mutant HIV-1 and 

then the genomic DNA was isolated and used in a semi-quantitative nested Alu-PCR 

assay. Results shown are the mean and standard deviation of three experiments with 

duplicate infections in each. 
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2.3.11 U51 and U52 mutations are associated with deletions in 1-

LTR and 2-LTR circle D�A.   

Circular HIV-1 DNA is sometimes used as a surrogate marker for nuclear proviral 

DNA. 2-LTR circle DNA results from full-length proviral DNA, which is believed to 

be blunt end ligated by cellular enzymes.  1-LTR circle DNA result in part from 

homologous recombination between the two viral LTRs resulting in deletion of an 

entire LTR.  Quantification of 1-LTR and 2-LTR circle DNA showed that the U5 

mutations had no significant effect on the levels of either of these products (Fig. 

2.13), indicating that the efficiency of nuclear transport was not affected.  Therefore, 

the integrity of the viral 1-LTR and 2-LTR circle DNA was investigated.  A nested 

PCR method was used to isolate and sequence the 1-LTR and 2-LTR circle DNA 

from 4 independent low molecular weight DNA samples prepared from Jurkat cells 

24 h post-infection.  Initially, oligonucleotide primers A1 and A2 were used (Fig. 

2.14A), which targets all possible forms of HIV-1 DNA circles.  Overall this 

generated mostly 1-LTR circle DNA.  The DNA sequences were obtained for 20 wild 

type and 36 each of U51 and U52 1-LTR circle isolates. For the wild type 1-LTR 

circles, 19 out of the 20 had an intact LTR, with one isolate having a 7 base poly-G 

insertion at position 350 in U3. In contrast to wild-type, HIV-1 U51 and U52 had 

significant deletions in the U3 region ranging from 100-350 nt (55 out of 72) as 

indicated in Fig. 2.14A, while only 13 isolates had an intact LTR. Four isolates had 

deletions that extended into nef while 4 others had deletions that extended into the R 

region.   

 

As the wild type HIV-1 primarily made typical 1-LTR circles, it was possible that the 

deletions were not the result the recombination process but caused by degradation of 

the viral cDNA. If this were true then deletions in 2-LTR circle DNA should also be 

observed.  2-LTR circle DNA was isolated using the oligonucleotide primers B1 and 

B2 (Fig. 2.14B) and then 20 wild-type 2-LTR circles were sequenced, and results 

showed that 13 had intact 2-LTR junctions with the expected junction sequence 

GTAC. The remaining 7 contained an additional 6-7 G nucleotides inserted in the 

junction.  This type of insertion has been previously described and at a similar 

frequency (86, 87).  In contrast, 12 of U51 and 13 of U52 2-LTR circle DNA were 
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sequenced and results showed that of the 25 isolates sequenced only 5 contained an 

intact 2-LTR junction, while 4 isolates contained poly-G or poly-A insertions in the 

junction.  The remaining 16 constructs contained deletions in the 3'-LTR ranging from 

10-200nt spanning U5 and the R region.  In a single instance a U52 isolate had a 

deletion in the 3' LTR region as well as a large deletion in the 5' LTR U3 region.  It 

seems plausible that more extensive deletions were made but would not be obtained 

using the B1 and B2 oligonucleotide primers.  Overall, the results indicated that while 

the viral cDNA could traffic into the nucleus, it was susceptible to degradation, which 

most likely accounts for the low replication and infectivity of the mutant HIV-1. 

Taken together the data indicates that although U51 and U52 mutations support robust 

initiation of reverse transcription, the viral DNA is susceptible to degradation 

primarily detected at the 3' terminal of the proviral DNA.  

 

In conclusion, we have described mutations in the HIV-1 U5 stem loop region that 

support greatly increased initiation of HIV-1 reverse transcription.  Although reverse 

transcription is robust, HIV-1 with these mutations replicate poorly.  This is due to 

greatly reduced proviral DNA integration into cellular chromosomes caused by 

degradation of the proviral DNA in the LTR regions.   
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Figure 2.13. U51 and U52 mutations do not affect the levels of circular D�A 

detected in infected cells.   

Jurkat cells were infected with equal amounts of either wild type or mutant HIV-1 and 

incubated for 24 h at 37
o
C.  The infected cells were then lysed and low molecular 

weight cDNA was extracted by as described in methods and materials.  The amount 

of (A) 1-LTR or (B) 2-LTR circle DNA in each lysate was measured using Taqman 

qPCR and the efficiency of circular DNA formation relative to the cognate 2
nd

 ST 

DNA is shown.  The experiments were performed three times in duplicate and the 

mean values and standard deviations are indicated.  
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Figure 2.14. Large deletions are observed in the LTR regions of circular D�A in 

U51 and U52 mutant viruses.  

A) A schematic of 1-LTR circle junction is shown from nef to gag regions and the 

nucleotide positions are indicated below. The numbers below the schematic indicate 

nucleotide position where 1 is at the beginning of the U3 region. The PCR primers A1 

and A2 used to obtain the 1-LTR circle DNA are indicated with arrows.  The black 

bars indicate the relative location of the deletions, and the frequency of the deletion is 

shown.  Nearly all wild type 1 LTR circle DNA were full length but one isolate had a 

small insertion (not shown). The 1-LTR isolates from U51 are indicated by a dashed 

line, and U52 by a dotted line. The summary table indicates the frequency and nature 

of the alteration (truncation or insertion). B) A schematic of 2-LTR circle DNA and a 

double arrow indicates the junction, normally GTAC.  Arrows indicate the A1 and A2 

PCR primers and nested 2-LTR specific primers B1 and B2.  The numbers below the 

schematic indicates nucleotide position where 1 indicates the start of U3 region in the 

5' LTR. Base insertions are indicated by text and black bars indicate deletions.  Wild 

type isolates (solid line), U51 isolates (dashed line) and U52 isolates (dotted line) are 

shown.  The frequency of the insertions or deletions is indicated.  A summary table of 

the results is shown at the bottom. 
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2.4 Discussion 

This study showed evidence, for the first time, of a repressor of reverse transcription 

initiation, the RRTI, located within the proposed U5 stem loop structure (Fig. 2.1) 

(252, 521) that is critical to viral replication.  The RRTI function became evident 

when small substitutions located at +142-144 (U51) and +150-152 (U52) were 

introduced in U5.  These mutations strongly increased the ability of HIV-1 to initiate 

reverse transcription after cell infection and in an endogenous RT assay (Fig. 2.2 and 

2.3).  The experiments indicated that RRTI effects were restricted to the synthesis of 

(-) ss DNA since the overall efficiency of reverse transcription was not changed (Fig. 

2.4).  In contrast with mutations U51 (+142-144) and U52 (+150-152), substitutions 

of nucleotides +137-140 (i.e. mutant U53, see Fig. 2.1) had a modest negative effect 

on (-) ss DNA synthesis, suggesting that the RRTI is confined in the upper part of the 

U5 stem-loop. A dual mutant virus U54, which combined the U51 and U52 mutations, 

had a reverse transcription phenotype nearly identical to a single mutation.  The lack 

of additive or synergistic effects on DNA synthesis indicates that both mutations act 

by a common mechanism.   

2.4.1 Is RRTI function structure or factor dependent? 

RRTI function could depend on either the structure of the RNA region, or an 

interaction between cellular or viral factors and the RNA.  It was observed that the 

sequence of the single mutations could possibly facilitate the formation of an 

alternative RNA structure (Fig. 2.5A), which was not possible in U54. Experimental 

analysis of the secondary structure of the U51 and U52 mutant RNAs by chemical 

probing showed that this alternative structure did not form, in keeping with the 

observation that mutations U51, U52, and U54 have similar effects on (-) ss DNA 

synthesis. In addition to a number of local effects, probing data showed that both 

mutations unexpectedly disrupted the lower part of the U5 stem. However, as mutant 

U53, which was specifically designed to destroy this stem, showed no enhancement of 

(-) ss DNA synthesis, this is not likely to be the origin of the effect of the U51 and 

U52 mutations. The destabilisation of the apical part of the upper stem, reflected by 

the strong reactivity increase of A-149, is probably more important with respect to the 

effects of mutations U51 and U52 on (-) ss DNA synthesis. This common effect of the 
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mutations on the RNA structure may explain why they have a similar effect on 

reverse transcription. 

 

Several intermolecular interactions between the primer tRNA
Lys3

 and the U5 stem-

loop or the region immediately adjacent have been described: the TψC arm of 

tRNA3
Lys

 was proposed to bind to a region referred to as the primer activation signal 

(PAS) (nucleotides +125-131) (42, 44), and the anti-codon arm of tRNA
Lys3

 can base 

pair in some HIV-1 isolates with the upper U5 stem loop at +142-146 and +167-170 

(205, 521).  Mutation U51 might directly interfere with binding of the anticodon stem 

of tRNA
Lys3

, but mutation U52 is not expected to affect this interaction. In addition, 

previous studies showed that mutations that disrupt the U5/anticodon stem interaction 

or the PAS/antiPAS interaction inhibit initiation of reverse transcription (40, 545). 

Thus it seems unlikely that mutations U51 and U52 affect the RRTI function by 

disrupting intermolecular RNA/RNA interactions. It is possible that by affecting the 

stability of the upper U5 stem both mutations might facilitate the interaction of the 

tRNA
Lys3

 anticodon loop with the +167-170 A-rich internal loop, which would 

enhance initiation of reverse transcription. This interpretation is not favoured for two 

reasons. First, this interaction does not seem to be required for efficient initiation of 

reverse transcription of subtype B isolates (205).  Second, mutations U51 and U52 

dramatically enhanced (-) ssDNA synthesis in infected cells and in an endogenous 

reverse transcription assay, but not in an in vitro assay using purified viral RNA, 

tRNA
Lys3

 and RT, strongly suggesting that a viral or cellular (co-)factor is involved. 

This situation contrasts with previous studies on the U5/anticodon stem interaction 

and the PAS/antiPAS interaction in which mutations strongly affected in vitro reverse 

transcription, even more so that in infected cells in the case of the PAS/antiPAS 

interaction (40).  

 

A potential model that would explain the phenotype is that an unidentified cellular or 

viral factor, required for repression of reverse transcription, binds to the apical part of 

the upper U5 stem (and possibly the U5 apical loop). A number of RNA binding 

proteins with no obvious role have been detected in highly purified virions (covered 

in  385). By disrupting the A-149/U-159 base pair and affecting the structure of the 

co-factor binding site, mutations U51 and U52 would prevent binding and enhance (-) 
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ssDNA synthesis. In wild type HIV-1 virions, primer tRNA
Lys3

 is predominantly 

extended by 2-3 nucleotides (250), indicating that the RRTI likely exerts its function 

at a later stage of (-) ssDNA synthesis, as the mutations are located 15 bases upstream 

of the PBS.  

 

The cellular or viral factor binding to the U5 hairpin might negatively regulate (-) 

ssDNA synthesis by either a directly or indirect mechanism. RT foot-printing on the 

vRNA/tRNA
Lys3

 complex (256) and mutagenesis studies (206) suggested that RT 

interacts with RNA helixes flanking the PBS, in particular with the lower stem of the 

U5 hairpin. Subsequent high-resolution foot-printing showed that the p66 RT fingers 

sub-domain contacts the vRNA/tRNA
Lys3

 complex within the U5 region (301).  Thus, 

the cellular or viral factor bound to the apical part of the upper U5 stem might 

constitute a direct steric block very early in the reverse transcription process. Similar 

roadblocks must be overcome by RNA polymerases in bacteria and eukaryotes were 

DNA binding proteins inhibit the elongation of transcripts, some of which requiring 

interacting processivity factors for optimal transcription (62, 415).  

 

Alternatively, this factor might indirectly block reverse transcription by preventing 

structural rearrangements of the reverse transcription complex. Indeed, structural 

studies performed at different stages of the initiation of reverse transcription showed 

that the initiation complex undergoes dramatic structural rearrangements that extend 

up to 14 nucleotides upstream of the RT catalytic site (308). If this is the case, the 

RRTI and its associated cellular or viral factor would resemble prokaryotic repressor 

proteins that bind multiple points in DNA, causing distortion of the transcription 

initiation site (197, 396).  An example of a similar mechanism would be the NikR 

protein from H.pylori, a transcriptional repressor that has two semi-palindromic 

recognition sequences separated by an 11 base pair linker. When bound as a repressor 

the protein bends the DNA into a conformation that prevents DNA polymerase II 

from progressing past the repressor. When the concentration of nickel is appropriate, 

NikR detaches from the repressor site and transcription can proceed as normal (139). 

Similar mechanisms are observed in E.coli, with regulation of multiple processes 

dependent on repressor proteins that bind multiple points in the DNA (197, 396).  The 

binding of a cellular factor to RRTI could be modulated in a similar fashion, with the 
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factor disengaging when the cellular conditions are optimal for infection to proceed in 

the cell.  

2.4.2 The transition from RTC to PIC is critical to viral replication. 

Although U51 and U52 mutations support robust and complete reverse transcription, 

they resulted in sharply decreased infectivity and virus replication.  This unexpected 

outcome was not attributed to a defect in reverse transcription, transcription, viral 

RNA packaging, and virion protein composition (not shown).  The experiments 

pointed to a defect after reverse transcription. Alu-PCR analysis of integration showed 

that U5 mutant viruses were 90-95% defective for integration compared to wild type 

viruses.  These defects largely account for the observed replication defects suggesting 

that there is a link between increased the rate of reverse transcription and integration.  

This was most likely caused by defective formation of the viral pre-integration 

complex.   

 

The pre-integration complex (PIC) forms following completion of reverse 

transcription, and serves two functions. First it is required to traffic the viral cDNA 

into the nucleus through interactions with the nuclear pore complexes (NPC) and 

second to facilitate integration of the viral cDNA into the host cell chromosome.  

Following entry into the nucleus, the viral cDNA has a number of possible fates. The 

most favourable outcome for the virus is integration, but the cDNA can also interact 

with cell factors and undergo a process called circularisation, either through 

recombination or simple end-to-end ligation (287).  These circular forms of cDNA, 

termed 1-LTR or 2-LTR cDNA, have been shown to form at high levels during viral 

infection (86, 87) and are retained in the nucleus of infected cells for a very long 

period of time, years in some cases (80, 200). Sequence analysis of U51 and U52 1-

LTR and 2-LTR circular DNA revealed substantial deletions in the LTRs.  1-LTR 

circular DNA had deletions primarily in U3, while 2-LTR circular DNA had deletions 

almost exclusively in the 3'-LTR U5 and R region. In agreement with previous 

studies, large LTR deletions were not observed in wild type HIV-1 although some 

HIV-1 2-LTR circles had abnormal junctions (86, 87).  Analysis of the 2-LTR circular 

DNA revealed that even though the U51 or U52 mutations were duplicated during 

reverse transcription (along with the U5 region), the deletions were not.  They were 
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most likely produced after synthesis of HIV-1 positive strand ssDNA rather than as a 

consequence of the mutations per se.  Several 2-LTR circles which contained human 

chromosomal DNA fragments, from chromosomes 1, 6 and 20 were also isolated 

(data not shown), which are indicative of abortive integration events (380), further 

supporting the formation of defective pre-integration complexes.   

 

The most likely explanation is that the increased reverse transcription induced by the 

U51 and U52 mutations decoupled reverse transcription and assembly of effective 

pre-integration complex. There is a possibility that the mutations in the U5 region 

may exert a separate and distinct effect on reverse transcription and PIC formation or 

integration, but this is less likely since HIV-1 integrase makes specific contacts with 

the terminal 30 nucleotides on either the U3 or U5 DNA substrates (49, 157), while 

the U51 and U52 mutations are located 31 to 33 and 39 to 41 nucleotides, 

respectively, from the U5 DNA terminus. In addition, it would be difficult to explain 

how these two mutations can induce similar deletions and have the same overall effect 

on integration if the integration defects were not linked to the enhancement of reverse 

transcription. Finally, ineffective PIC formation could be due to abnormal RTC/PIC 

trafficking.  According to Arhel et al., formation of the DNA flap at the completion of 

reverse transcription is the signal for the viral capsid core to disintegrate and the RTC 

to mature to the PIC before import into the nucleus (19).  If this is the case then the 

increased rate of reverse transcription in the U5 mutant viruses will result in the 

formation of the DNA flap significantly earlier than the wild-type virus, which will 

result in disassembly of the capsid core in the wrong cellular environment and 

formation of a poorly functional PIC.  It is interesting to note that previous studies 

have shown that reverse transcription is delayed in quiescent primary T cells, and that 

during infection these cells form more 2-LTR circular DNA relative to activated T 

cells, however they have aberrant junction formation and LTR deletions similar to 

those observed in U51 and U52 HIV-1 (502).  This may support the contention that 

temporal disregulation of reverse transcription, either up or down, can result in the 

disruption of PIC formation.    

 

An evident temporal gap between receptor binding and reverse transcription 

suggested that the initiation step was somehow stalled (282, 487).  There is increasing 
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evidence that optimal HIV-1 replication requires negative regulation of reverse 

transcription. The wild type HIV-1 nucleocapsid protein (NC) prevents premature 

reverse transcription in the producer cell, which is detrimental to viral infectivity 

(132, 245, 488).  The HIV-1 viral infectivity factor (Vif) may also contribute to 

preventing premature reverse transcription by inhibiting initiation of reverse 

transcription and the NC-mediated first strand-transfer (237). As Vif is mostly 

excluded from viral particles, its negative effects would be relieved after budding of 

the viral particles, thus allowing spatio-temporal regulation of reverse transcription 

(237). While these mechanisms negatively regulate reverse transcription in the 

producer cell, the RRTI described here and its associated host or viral factors 

negatively regulate initiation of reverse transcription in the viral particle and in the 

target cell. Synthesis of the (-) ssDNA is probably stalled until an activation event 

dissociates the cellular or viral factor from the RRTI. This regulation seems to be 

required to ensure proper conversion of the RTC into a functional PIC.  Such a 

regulation has not been previously described in any retrovirus, indicating the 

significance and novelty of this report. . 
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CHAPTER 3 

 

THE HIV-1 TAT PROTEI� STIMULATES REVERSE 

TRA�SCRIPTIO� I� VITRO 
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3.1 Introduction 

Studies have revealed that many HIV-1 proteins including integrase, Vif, Vpr, Nef, 

and Tat can influence the ability of reverse transcriptase (RT) to initiate and complete 

the process.  Some factors appear to influence virion morphology while others affect 

RT activity by as yet unknown mechanisms (reviewed in 222).  Although Tat is well 

known to enhance transcription from the integrated HIV-1 genome by binding to the 

HIV-1 RNA stem loop structure called TAR (284), a role for Tat in reverse 

transcription remains controversial.  A direct role for Tat in reverse transcription 

would require the presence of Tat in the virion, and the presence of Tat in virions has 

in the past eluded detection.  However, the detection of Tat in highly purified virion 

particles made by macrophages (104) now implies that Tat could have a role in 

reverse transcription.  Nevertheless, the current data on Tat’s effects on reverse 

transcription remains contradictory (226, 276, 277, 327, 496).   

 

Trans-complementation experiments performed using tat expression vectors and HIV-

1 lacking a functional tat gene suggested that Tat directly stimulates reverse 

transcription.  In those studies, an HEK293 cell line was stably transfected with an 

HIV-1 proviral construct that lacked a tat gene, but which produced measurable 

quantities of HIV-1 in culture supernatant (226).  HIV-1 virions lacking tat displayed 

a 3 to 5-fold defect in reverse transcription compared to wild type HIV-1, as 

determined by quantitative PCR analysis of HIV-1 DNA made after infection of T 

cells, or after endogenous reverse transcription reactions (496). However reverse 

transcription could be fully restored in HIV-1 if the producer cell line was transfected 

with a tat expression plasmid.  Only the first 60 amino acids (aa) of Tat was essential 

in this activity (226).  Furthermore, two mutations showed that the dual function of 

Tat in transactivation and reverse transcription could be segregated genetically.  A Tat 

mutation, C27S, was inactive for transactivation but fully supported reverse 

transcription (496), whereas another Tat mutation, Y47D, primarily affected reverse 

transcription and not transactivation (17).  Together these results indicate that 

defective reverse transcription did not correlate to transactivation, suggesting that Tat 

directly stimulated reverse transcription.  
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In apparent contrast to the afore mentioned studies, an in vitro study reported that 86 

aa Tat (Tat
1-86

) could inhibit RT activity (277).  The experiments were performed 

using 72 aa Tat (Tat
1-72

) and Tat
1-86

 along with HIV-1 RT in a reconstituted cell-free 

reverse transcription reaction.  Tat
1-86

, but not Tat
1-72

, when used at >500 nM was 

found to inhibit RT activity, suggesting the effects might be due to the second-exon.  

As a Tat/RT complex could not be detected by immunoprecipitation, the authors 

suggested that the inhibitory effect of Tat was due to a non-specific interaction 

between Tat and the RNA template via a zinc-finger like structure contained in the 

cysteine-rich domain of Tat.   

 

To address the discrepancy between the viral genetic and in vitro studies, we 

investigated whether in vitro experimental conditions may have contributed to the 

conclusion that Tat inhibits RT activity.  Here we confirm that N-terminal histidine-

tagged recombinant Tat
1-86

 and Tat
1-72

, when used at 400 nM in vitro, significantly 

suppressed RT activity.  Importantly, however, when used at 20-200 nM both Tat
1-86

 

and Tat
1-72

 actually stimulated reverse transcription by HIV-1 RT by 2-3 fold.  

Furthermore, Tat was shown to interact directly with RT using pull-down, co-

immunoprecipitation and mammalian two-hybrid systems, with Tat binding appearing 

to increase RT activity by increasing the association between RT and the Primer-

Template (P/T).  Given that the absence of Tat activity during reverse transcription 

appears to be associated with severe defects in HIV-1 replication (17), this newly 

described Tat:RT interaction may provide a viable new HIV-1 drug target. 
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3.2 Methods and Materials 

3.2.1 �ucleic acids and plasmids.   

The HIV-1 template RNA composed of the first 248 nucleotides of HIV-1 mRNA 

was transcribed using T7 RiboMAX
TM

 Express kit (Promega).  The plasmid pBKRSV 

(Stratagene Inc.) was linearised with the restriction enzyme Nhe I and synthesised 

RNA was made also using T7 RiboMAX
TM

 Express kit (Promega).  A DNA and 

RNA oligonucleotides complementary to the HIV-1 primer binding site sequences 

were purchased from Sigma-Genosys and Integrated DNA Technologies respectively. 

An oligonucleotide complementary to the PBK-RSV derived RNA was made with the 

sequence 5’-GCGGATAACAATTTCACA.  `Polyribose A:oligo dT was purchased 

from GE Healthsciences.  Tat86 or Tat72 cDNA, derived from HIV-1NL4.3, was 

inserted into pDEST-17 and pDEST-42 using the Gateway™ system (Invitrogen).  

All Tat constructs were inserted into pDEST-40 or pDEST-26 and transactivation 

ability was confirmed by transient transfection (data not shown).  The plasmid 

pcDNA3.1+-Tat101-FLAG was constructed from HIV-1BH10 by removing the 

premature stop codon in the original construct.  The mammalian two hybrid vectors 

were constructed using Gateway Multisite™ technology (Invitrogen).  Briefly, a 

CMV major late promoter was inserted into pDEST-QM (pDEST-CMVQM).  The 

pENTER plasmids containing VP16AD, Gal41-147, SV40 poly A signal, RT p66, RT 

p51, or Tat86 were combined as recommended by the manufacturer and the final 

constructs are described in the text. 

3.2.2 Recombinant proteins. 

Tat proteins were expressed in the E. coli strain BL21–AI™ as recommended by the 

manufacturer (Invitrogen).  E coli cell lysates were prepared in 6M guanidine-HCl pH 

8.0 and 0.5% NP40 using a modified protocol (283, 393), and Tat was purified using 

Magna-His magnetic beads (Promega).  Briefly, the purified Tat was dialyzed for 30 

min at room temperature in refolding buffer (20 mM Tris-acetate pH 5.0, 150 mM 

NaCl, 1 mM β-mercaptoethanol, 20 µM ZnO4, 10% (v/v) glycerol), then for an 

additional 60 minutes at 4 °C.  Tat was dialyzed twice more for 90 min each  at 4 °C 

in Tat storage buffer (20% glycerol (v/v), 50 mM Tris-HCl pH 8.0, 1 mM ZnO4) 

adding fresh 2 mM 1,4-Dithioerythritol (DTE) every 30 min.  The purified Tat 
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protein, typically at a concentration of 100-300 µg/ml, was stored in small aliquots in 

a liquid nitrogen cryogenic storage tank.  Tat activity in transactivation was confirmed 

using a HeLa MAGI reporter cell line (NIH AIDS Research and Reagent Program) 

expressing β-galactosidase from the HIV-1-LTR (data not shown).  Recombinant 

HIV-1 RT was purchased from GE Healthsciences.  Moloney murine leukemia virus 

(MoMuLV) RT was purchased from Promega. 

3.2.3 MAGI transactivation assay. 

Tat activity in transactivation was confirmed using a HeLa MAGI reporter cell line 

(NIH AIDS Research and Reagent Program) expressing β-galactosidase from the 

HIV-1-LTR as described in chapter 2, methods and materials. 

3.2.4 Reverse transcription assays.  

Recombinant proteins were diluted from concentrated stocks.  The Tat or BSA protein 

was diluted in 1X PBS containing 2 mM 1,4-Dithiothreitol (PBS/DTT) and the RT 

was diluted in RT storage buffer (20 mM potassium phosphate pH 7.1, 1 mM DTT, 

and 50% glycerol) as recommended by the manufacturer.  Each reaction used 3 µl of 

diluted Tat (6.67 x the final concentration described for each experiment in the text) 

and 2 µl of 100 nM RT.  The Primer-Template (P/T) substrate for reverse 

transcription consisted of a T7 RNA polymerase transcribed HIV-1 RNA template 

that was heat-annealed at a 1:2 ratio to either a DNA or RNA oligonucleotide 

complementary to the HIV-1 primer binding site as previously described (276).  The 

P/T was annealed in RT assay reaction buffer (143 mM Tris-HCl pH 7.5, 143 mM 

KCl, 14.3 mM MgCl2, and 5.7 mM DTT) at a concentration of 186 nM.  The final 

concentration of the P/T in the reaction was 65 nM.  The final concentrations of 

nucleotides in each reaction were 200 µM each of dATP, dGTP, dTTP, and 1.6 µM 

dCTP (including 62.5 nM 
32

P-α dCTP, 400 Ci/mmol, GE Healthsciences). 

Components were combined as described in the text and the total volume of each 

reaction was 20 µl, which were incubated at 37 °C for 15 minutes.  The molecular 

traps sodium heparin (Sigma) or poly rA:dT15 (GE Healthsciences) were added as 

described.  Reactions were terminated by extraction with phenol:chloroform (37:1) 

solution, and denatured at 95 °C in formamide loading buffer (10 mM EDTA, pH 8.0; 

98% (v/v) deionised formamide; 0.025% (w/v) bromophenol blue; 0.25 (w/v) xylene 

cyanol) at a 1:1 ratio.  Samples were separated through a 5% denaturing 
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polyacrylamide gel and dried.  The dried gel was exposed on a storage phosphor 

screen.  The screen was developed using a Typhoon Imager (GE Healthsciences) and 

the signal intensity of radiolabeled DNA was measured using ImageQuant TL 

software (GE Healthsciences).   

3.2.5 Pull-down assays.  

His-tagged Tat86 or His-tagged GST proteins were bound to MagZ™ beads 

(Promega) prior to incubation with RNase A-treated whole cell lysates prepared from 

HIV-1 infected CEM (human leukemic lymphoblast) cells.  Bead-bound Tat was 

incubated with whole cell lysates for 1 hr at 4 °C.  The captured proteins were washed 

5 times with MagZ™ washing buffer provided by the manufacturer.  The captured 

protein was separated by 12.5% SDS-PAGE followed by western analysis using 

antibodies described in the text.  The antibodies were used at concentrations as 

follows: a sheep anti-Tat polyclonal (BioDesign Intl.) at a 1:5000 dilution, a HIV 

Immunoglobulin (HIV-Ig) antibody (NIH AIDS Research & Reference Reagent 

Program (NARRRP) # 3957) at a 1:1500 dilution, a rabbit anti-GST polyclonal 

antibody at a 1:1500 dilution (Sigma), and a anti-FLAG M2 antibody (Sigma Aldrich) 

at as 1:1400 dilution as indicated.  Each antibody was detected using an appropriate 

horse radish peroxidase (HRP) -conjugated secondary antibody and SuperSignal West 

Pico chemiluminescent substrate (Pierce).   

3.2.6 Co-immunoprecipitation assay.  

Human embryonic kidney (HEK) 293T cells were grown in a 10 cm dish to 70% 

confluence and then transfected with 2 µg of pCDNA3+ plasmid expressing Tat101-

FLAG, 10 µg of pNL43, or 2 µg of empty pCDNA3+ vector as indicated in the text.  

The cells were harvested and lysed in Reporter Gene Lysis Buffer (Promega) 

containing 0.1 mg/ml RNase A and 1X Complete™ protease inhibitor cocktail 

(Roche).  The lysate was pre-cleared by incubation with Protein-A Sepharose Fast 

Flow (GE Healthsciences Anti-FLAG M2 antibody (5 ug) was added to 

approximately 750 µg of RNase A-treated total protein and incubated overnight at 4 

°C with mixing.  An aliquot was removed and antibody-complexes were recovered 

using protein G sepharose (GE Healthsciences) as recommended by the manufacture.  

The recovered antibody complexes were analyzed by western blot using antibodies as 

described. 
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3.2.7 Mammalian two-hybrid assay.  

HEK293T cells were grown in 6 well dishes in RPMI 1640 supplemented with 10% 

newborn calf serum and 1% penicillin-streptomycin.  The cells were transfected when 

70% confluent using plasmids as indicated in the text including: 1 µg p5X-GAL-CAT 

(the reporter plasmid), 0.5 µg pCMV-NLSVP16-RTp66, 0.5 µg pCMV-NLSVP16-

RTp51 0.5 µg pCMV-NLSRTP51, 0.1 µg pCMV-Tat86-GAL41-147, 0.2 µg pCMV-β-

galactosidase, and sufficient pDEST-CMVQM to total 3 µg.  The transfected cells were 

harvested after 48 h in 1x CAT ELISA lysis buffer (Roche).  The efficiency of each 

transfection experiment was normalised to β-galactosidase activity and total protein 

concentration in the lysate.  A commercial CAT ELISA assay was used to measure 

CAT protein levels (Roche).  
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3.3 Results 

3.3.1 Recombinant Tat stimulates reverse transcription in an in 

vitro assay. 

To study the effect of Tat on RT activity, a reconstituted cell-free RT reaction system 

was established that was similar to previously described system (277).  N-terminally 

His-tagged Tat
1-72

 and Tat
1-86

 were produced by a modified denaturation:renaturation 

method, which has been demonstrated to yield active Tat protein (283, 393).  SDS-

PAGE indicated that the Tat proteins were greater than 95% pure, and western 

analysis using a Tat polyclonal antibody confirmed the identity of the proteins (Fig. 

3.1).   

 

 

 

Figure 3.1. Recombinant Tat proteins.  

SDS-PAGE analysis of purified recombinant His-tagged Tat72 and Tat86 made in E 

coli (left panel), and western blot analysis of these proteins using a sheep anti-Tat 

polyclonal serum (right panel). 
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Reverse transcription assays were performed using 10 nM recombinant HIV-1 RT 

pre-incubated with the indicated concentrations of Tat
1-72

 or Tat
1-86

.  As a control, RT 

was pre-incubated with an equivalent concentration of bovine serum albumin (BSA).  

The proteins were added to the primer-template (P/T), which consisted of a 248 

nucleotide (nt) RNA template derived from the 5′ end of HIV-1 RNA, annealed to a 

DNA oligonucleotide primer that base pairs with the RNA primer binding site on the 

RNA template (Fig. 3.2).   

 

 

 

Figure 3.2. 5’ HIV-1 untranslated R�A was used as a template for RT reactions.  

Schematic of the oligonucleotide primer (dotted arrow) annealed to the primer-

binding site of the HIV-1 RNA template composed of nucleotides +1 to +248 derived 

from HIV-1 SF2. 

 

DNA synthesis was initiated by the addition of nucleotides and two main DNA 

products were synthesised (Fig. 3.3A and B).  The larger cDNA species corresponded 



 

148 

 

to a ≈200 nt full length cDNA product, and the smaller ≈140 nt cDNA product was 

consistent with DNA synthesis terminating near the TAR RNA stem loop (Fig. 3.2).  

Phosphor-imaging densitometry analysis of the 
32

P-labelled 200 and 140 nt DNA 

products indicated that 2 to 3-fold higher levels of cDNA were made in the presence 

of both Tat
1-72

 and Tat
1-86

 compared to control reactions (Fig. 3.3B and C; lanes 4-6 

compared to lanes 1-3, respectively).  This result was observed in 12 independent 

experiments (data not shown).  The enhanced cDNA synthesis was also apparent 

using an RNA oligonucleotide primer (Fig. 3.3C).  Enhanced DNA synthesis was 

observed in reactions containing up to ~200 nM Tat
1-86

.  However, 400 nM of Tat
1-86

 

significantly inhibited reverse transcription (data not shown), in agreement with a 

previous study (277).  These experiments thus demonstrate that recombinant Tat does 

stimulate HIV-1 reverse transcription by several fold in vitro, but that this effect is 

lost when higher concentrations of Tat are used.  Finally, Tat did not enhance 

Moloney murine leukemia virus (MoMuLV) RT activity indicating Tat enhancement 

is likely to be specific for HIV-1 RT (Fig. 3.3D). 
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Figures C) and D) Courtesy of Ann Apolloni 
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Figure 3.3. Tat stimulates reverse transcription in an in vitro assay.   

(A and B) In vitro reverse transcription reactions were performed as described in the 

Materials and Methods. Reactions using a DNA primer and 20, 40, or 160 nM BSA 

(A and B, lanes 1-3), His-tagged Tat72 (A, lanes 4-6 respectively) or Tat86 (B, lanes 

4-6 respectively) are shown. The amount of radiolabeled cDNA synthesised in the 

reactions was measured by PhosphorImager analysis of the dried PAGE gel. The fold 

activations were calculated by comparing DNA signal levels of the 140nt and 200 nt 

band in the Tat lane compared to the appropriate BSA control lane. Three experiments 

using His-tagged Tat72 and 7 experiments using His-tagged Tat86 were performed 

with similar results. (C) In vitro reactions using an RNA primer and 25, 50, or 100 

nM BSA (lanes 1-3), or Tat86 (lanes 4-6) are shown. The results were analyzed as 

described above. Three experiments using His-tagged Tat86 were performed with 

similar results. (D) Tat specifically activates HIV-1 RT in vitro. In these in vitro 

reactions, Mu-MLV RT was used instead of HIV-1 RT. RT was premixed with 25, 

50, or 100 nM BSA (lanes 1-3), His-tagged Tat86 (lanes 4-6). The 200 nt full length 

DNA product is indicated. No measurable difference was observed in the level of 

cDNA products made by Mu-MLV in the presence or absence of his-tagged Tat86. A 

representative of three independent experiments giving similar results is shown 
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3.3.2 Tat protein enhances reverse transcription by increasing the 

affinity of reverse transcriptase with the primer:template 

complex. 

The results so far suggested that the increase in cDNA synthesis in the presence of Tat 

was due to increased initiation of multiple rounds of reverse transcription, given that 

each reaction contained excess primer:template complexes (65 nM) compared to RT 

(10 nM).  Therefore molecular traps were incorporated into the in vitro reactions, 

which were able to bind to any unliganded RT, thereby restricting DNA synthesis to a 

single round.  As before, the RT/PT complexes were formed prior to addition of a 

molecular trap.  Two traps were used separately that could bind unliganded RT; (i) 

heparin that could bind to both Tat and RT, or (ii) polyribose A:oligo dT-15mer (poly 

rA:dT15) that could only bind to unliganded RT.  First, it was verified that the 

concentration of trap was sufficient to block DNA synthesis if mixed with RT or 

RT/Tat mixtures prior to addition of the primer template (Fig. 3.4, right column).  As 

observed previously (Fig. 3.2), Tat increased the amount of DNA made in reactions 

lacking a trap (Fig. 3.4B and C, lane 4 compared to lane 2).  Addition of the 

molecular traps decreased DNA synthesis consistent with completion of a single 

round of DNA synthesis (Fig. 3.4B and C, lanes 2 and 4 compared to lanes 1 and 3, 

respectively).  Analysis of the 200 and 140 nt cDNA products suggested two related 

Tat effects.  Firstly, Tat increased the number of pre-formed RT:P/T complexes 

slightly (Fig. 3.4B and C, compare lane 3 to lane 1), however the major effect 

appeared to be an increase in successive rounds of reverse transcription compared to 

reactions lacking Tat (Fig 3.4B and C, lane 4 compared to lane 2).  These experiments 

suggest that a Tat and RT interaction has a functional ability to increase overall 

reverse transcription by increasing the association of RT for the P/T.   
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Figure Courtesy of Ann Apolloni 
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Figure 3.4. Competition analysis using molecular traps for RT suggests that Tat 

improves RT binding to the P/T.  

In vitro reverse transcription reactions were performed in the presence or absence of 

molecular trap competitors capable of binding to RT, Tat, or both. In vitro reverse 

transcription reactions were performed using the HIV-1 P/T, and the order of reagent 

addition as indicated in (A). In the right panel, the proteins were mixed along with a 

molecular, either (B) heparin or (C) poly rA:dT trap prior to addition of a P/T and 

nucleotides mixture. In the left panel, the trap was added along with nucleotides. A 

representative of three independent experiments giving similar results is shown. The 

amount of radiolabeled cDNA made is shown in PhosphorImage (PI) units as 

measured using a GE Healthscience Typhoon PhosphorImager and ImageQuant 

software. 
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3.3.3 Tat enhancement of reverse transcription occurs prior to 

primer:template interactions 

In the previous experiments, Tat was mixed with RT prior to the addition of P/T and 

nucleotides.  To determine if the type of preformed complex was an important factor 

for Tat-enhanced reverse transcription, the order of addition of reagents were changed 

to favour alternative complexes.  Reactions were established that combined Tat:P/T or 

RT:P/T prior to initiation of reverse transcription by adding the remaining 

components (Fig. 3.5).  When P/T and Tat were pre-incubated followed by addition of 

RT and nucleotides (Fig. 3.5A), the level of DNA made in the presence of Tat was 

again >2-fold higher than the control reactions, comparable to the enhancement seen 

previously (Fig. 3.3).  However, when RT:P/T complexes were formed prior to the 

addition of Tat and nucleotides, the enhanced DNA synthesis was not observed, 

suggesting that a pre-existing RT:P/T complex was resistant to Tat enhancing activity 

(Fig. 3.5B).  These experiments indicated that enhancement of reverse transcription 

by Tat requires formation of a Tat: RT complex prior to binding to the P/T.   
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Figure B) Courtesy of Ann Apolloni 

 

 

Figure 3.5. Tat must form a complex with RT, not with R�A, to stimulate 

reverse transcription.  

(A) Tat was added to the P/T prior to addition of RT and nucleotides (left panel), or 

(B) RT was added to the P/T prior to addition of Tat and nucleotides. A representative 

experiment is shown from one of three experiments performed with similar results. 

. 
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3.3.4 Tat does not require TAR to mediate RT initiation. 

Previous studies by Kameoka et al. demonstrated the existence of a Tat-RT:P/T 

complex (277), and these studies now suggest that this complex is critical for 

enhanced cDNA synthesis.  To determine if Tat had to bind TAR RNA in order to 

stimulate reverse transcription, a mutated TAR RNA template was made that does not 

bind to Tat (284).  RT reactions were performed using wild type and TAR mutated 

RNA templates.  Tat was able to stimulate cDNA synthesis using either template, 

indicating that increased RT activity occurred in a TAR-independent manner (Fig. 

3.6C).  Subsequently, in vitroreactions using a non-HIV-1 RNA template derived 

from the plasmid pBKRSV also showed that Tat was able to enhance reverse 

transcription (Fig. 3.6D), illustrating that Tat increases RT activity in an RNA-

independent manner.   
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Figure 3.6. Tat does not require the TAR element to mediate reverse 

transcription.  

In vitro reverse transcription reactions were performed in duplicate as described in the 

Materials and Methods using a wild type or mutated RNA template. A U to C 

transition at +22 in TAR inhibits Tat binding to TAR RNA [6] The reactions were 

performed as described in the Materials and Methods using 50 nM Tat86 or BSA. 

Both wild type and mutant products enhanced reverse transcription products to similar 

levels. The experiment was performed three times with similar results. (B) Duplicate 

reactions were performed as described in (A) but using an RNA derived from the 

plasmid pBKRSV, with a predicted full-length cDNA product of 220 nt. A 

representative of two experiments is shown. 
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3.3.5 Mutant Tat has varying effects on reverse transcription in 

vitro 

To test directly if Tat-mediated enhancement of reverse transcription in vitro 

accurately modeled the process described in previous trans-complementation 

experiments (16, 34), three mutant Tat
1-72

 proteins were produced: Tat
1-72

 with a 

singly mutated cysteine to serine at aa position 27 (Tat-C27S); Tat
1-72

 with 4 cysteine 

residues (C22, C27, C31, and C34) mutated to serine (Tat
1-72

-cysALL), and one where 

the basic domain (aa 49 to 57) was mutated to glycine or alanine (Tat
1-72

-null-basic) 

(Fig. 3.7A).  These mutations were selected because previous genetic trans-

complementation experiments demonstrated that the Tat
1-72

-C27S mutant, but not the 

Tat
1-72

-cysALL, the Tat
1-72

-null-basic mutant, nor Tat
1-72

-Y47D could enhance reverse 

transcription in HIV-1 lacking a functional tat gene.  All protein preparations had 

similar purity (>95%) and concentration (Fig. 3.7B).   

 

In vitro reverse transcription reactions performed using Tat
1-72

 and Tat
1-72

-C27S 

protein increased DNA synthesis >2-fold compared to the control reactions, while 

Tat
1-72

-cysALL was not stimulatory (Fig. 3.7C).  The ability of Tat
1-72

 and Tat
1-72

-

Csy27S, but not Tat
1-72

-cysALL or Tat
1-72-

Y47D, to stimulate reverse transcription 

mirrored previous results obtained using trans-complemented HIV-1 and cell 

infection.  The good correlation between the genetic and these in vitrostudies for these 

mutants supports a role for Tat in the enhancement of reverse transcription.  However, 

the ability of the Tat
1-72

-null-basic mutant partially to stimulate DNA synthesis in 

three independent experiments (Fig 3.7C) was at odds with the complete inability of 

this tat mutant to stimulate reverse transcription in trans-complementation 

experiments (17, 496).  Conceivably, the loss of the nuclear localisation signal, which 

overlaps the basic region in the Tat-null-basic mutant (119, 233, 435), results in 

excessively high cytoplasmic concentrations of this Tat species, thereby 

compromising its ability to enhance reverse transcription in cell culture.   
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Figure 3.7. Tat mutants have varying effects on reverse transcription in an in 

vitro assay.  

In vitro reverse transcription reactions using wild type or mutant Tat protein. 50 nM 

of mutant Tat72 proteins in in vitro reverse transcription reactions along with the 

same concentration of wild type Tat72, or BSA. The mutant Tat proteins included a 

single C27S substitution, a four serine for cysteine substitution mutation (combined 

C22S, C25S, C27S, or C34S mutations), a multiple glycine/alanine substitution 

mutation in the basic domain (A, see schematic). SDS-PAGE analysis of the mutant 

proteins is shown (B). The amount of radiolabeled cDNA made is shown in 

PhosphorImage (PI) units as measured using a GE Healthscience Typhoon 

PhosphorImager and ImageQuant software (C). The number of experiments 

performed and the standard deviation of the mean are indicated. A heteroscedastic 

Student’s t-test was performed comparing wild type and mutant Tats as indicated (*). 
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3.3.6 Tat interacts with directly with RT in an in vitro system. 

To confirm that Tat could bind to RT, pull-down experiments were performed using 

uncoated beads or beads bound with N-terminally His-tagged Tat
1-86

 or GST protein 

(Fig. 3.8).  The beads were incubated with an RNase A-treated whole cell lysate made 

from HIV-1 infected CEM T-lymphoblastoid cells.  RNase A treatment of the lysate 

was used to eliminate the possibility that any interaction involved an RNA 

intermediate.  The beads were washed extensively and bound proteins were eluted 

with SDS-PAGE protein loading buffer.  The eluate was analyzed by western blot 

using an anti-HIV immunoglobulin (HIV-Ig) antibody (Fig. 3.8A, top panel), an anti-

Tat polyclonal antibody (Fig. 3.8A, bottom panel), and an anti-GST monoclonal 

antibody (data not shown).  HIV-Ig identified 5 HIV-1 proteins present in the cell 

lysate including RT p66, pr55
Gag

 (the major HIV-1 structural protein), RT p51, 

pr41
Gag

 (a processed form of pr55
Gag

), and CAp24 (also derived from pr55
Gag

) (Fig. 

3.8A, top panel lane 4).  The identity of each protein was confirmed using monoclonal 

antibodies specific for each HIV-1 protein (data not shown).  Pr55
Gag

 bound non-

specifically to the beads whether they were coated with protein or not (Fig. 3.8A, 

lanes 1 and 3), irrespective of experimental conditions (data not shown).  Importantly, 

the Tat
1-86

-coated beads bound to the HIV-1 RT p51 protein (Fig. 3.8A, lane 2), 

whereas the control beads did not (Fig. 3.8A, lane 1 and 3) in three independent 

experiments.  Thus these pull-down experiments provide evidence for a direct 

interaction between RT p51 and Tat
1-86

.   

 

To further investigate potential binding of Tat to RT, HEK293T cells were transfected 

with either (i) a plasmid expressing Tat101 fused to the FLAG epitope (Tat101-

FLAG) (Fig. 3.8B, lane 1), (ii) The Tat101-FLAG plasmid plus the pNL4-3 proviral 

HIV-1 plasmid that expresses all HIV-1 proteins (Fig. 3.8B, lane 2), or (iii) the pNL4-

3 proviral HIV-1 plasmid alone (Fig. 3.8B, lane 3).  (Western blot analysis using an 

anti-FLAG antibody showed that the Tat101-FLAG construct was expressed at higher 

levels compared to a similar Tat
1-86

 construct fused to FLAG - data not shown).  To 

verify that the HIV-1 proteins and Tat101-FLAG were expressed, RNase A-treated 

whole cell lysates were prepared from the transfected cells and subjected to western 

blot analysis using an equivalent amount of total protein (Fig. 3.8C).  The whole cell 
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lysates were incubated with an anti-FLAG M2 antibody, and the antibody-protein 

complexes recovered using Protein G Sepharose beads.  The RT p51 protein was the 

only HIV-1 protein detected in the antigen-antibody complex (Fig. 3.8C).  Another 

faint band, possibly RT p51, was detected in the HIV-1NL43 alone lane, but the 

intensity of this band was reduced compared to the RT p51 by >10-fold as determined 

by densitometry analysis (Fig. 3.8C, lane 3 compared to lane 2).  The co-

immunoprecipitation (co-IP) experiments thus agree with the results obtained by pull-

down experiments and illustrate that Tat is capable of direct interaction with the RT 

p51 subunit.   
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Figure 3.8. Tat interacts directly with RT.  

Tat can bind to the RTp51 subunit. (A) Pull-down experiments were performed using 

MagZ™ beads alone (lane 1) or saturated with either 6xHis tagged Tat86 (lane 2) or 

GST (lane 3). The beads were mixed with a cell lysate made from HIV-1 infected 

CEM T-cells after which they were extensively washed then eluted in SDS-PAGE 

protein loading buffer. A small amount of the cell lysate was run in parallel with the 

eluted protein for comparison (lane 4). Western analysis was performed using a 

polyclonal HIV-Ig. Each HIV-1 protein detected by this antibody was previously 

confirmed using specific monoclonal antibodies (data not shown). It was consistently 

observed that RTp51 bound Tat86 (lane 2), but not GST-coated beads (lane 3) or the 

uncoated beads (lane 1). The experiment was performed three times with similar 

results. (B) HEK293T cells were transfected with plasmids expressing HIV-1NL4-3 

and Tat101-FLAG as indicated. Western analysis was performed using whole cell 

lysates prepared from the transfected cells using a HIV-1 polyclonal antibody or a 

anti-FLAG monoclonal antibody as indicated. (C) Whole cell lysates were pre-cleared 

with Protein A Sepharose™ Fast Flow beads before addition of a anti-FLAG M2 

antibody. Immune complexes were captured with protein G beads and analyzed by 

SDS-PAGE and western blot analysis using the same anti-HIV-1 polyclonal antibody 

used previously, or a sheep anti-Tat polyclonal serum. Tat101-Flag and RTp51 could 

be coimmunoprecipitated using the anti-FLAG M2 antibody in these experiments, 

which was performed twice with similar results. 
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3.3.7 Tat interacts with both subunits of the RT heterodimer 

The in vitro reverse transcription reactions were consistent with a model where Tat 

interacts with the RT heterodimer (Fig. 3.2, 3.3, 3.4 and 3.5), while the pull-down and 

co-IP experiments indicated that Tat bound to the RT p51 subunit (Fig. 3.8A and C).  

To further explore the interaction between Tat and RT, a series of mammalian two-

hybrid expression vectors were constructed (118, 162).  This system uses a 

chloramphenicol acetyl transferase (CAT) reporter construct consisting of 5 tandem 

GAL4 DNA binding sites that are located upstream of a minimal promoter containing 

a TATA box sequences derived from the adenovirus E1b promoter (Fig. 3.9A, 

pGAL4-CAT).  CAT transcription is activated if GAL4 DNA binding domain fused 

to “bait” protein can recruit a “prey” protein fused to the herpes simplex virus VP16 

activation domain, so that transcription form the TATA box is induced. 

 

A plasmid was constructed that encoded Tat
1-86

 protein C-terminally fused to the 

Gal4
1-147

 DNA binding domain (Fig. 3.9A, pTat86-GAL4).  The Tat86-GAL4 protein 

binds the GAL4 promoter site and represents the “bait” protein.  The “prey” proteins 

comprised RT p51 or RT p66 N-terminally fused to VP16 and were encoded by 

pVP16-RTp51 and pVP16-RTp66 (Fig. 3.9A).  Tat86-GAL4 contains the Tat nuclear 

localisation signal (NLS), and pVP16-RTp51 and pVP16-RTp66 also included the 

SV40 core antigen NLS, ensuring that all proteins traffic to the nucleus.  An 

interaction between Tat and an RT subunit would result in CAT expression from the 

reporter plasmid due to recruitment of the VP16 transcriptional activating domain to 

the E1b minimal promoter.  Using equivalent amounts of total plasmid DNA, the 

plasmids were co-transfected into HEK293T cells together with a β-galactosidase 

expression plasmid to correct for transfection efficiency.  Tat86-GAL4 consistently 

induced higher levels of CAT expression when co-transfected with pVP16-RTp51 or 

pVP16-RTp66 (Fig. 3.9B, lane 6 and 8 respectively), indicating that Tat was able to 

bind both RT p51 and RT p66. 

 

As these experiments indicated an interaction of Tat with both RT subunits, we sought 

to determine whether the presence of both subunits in this assay would increase Tat 

interaction with RT.  When pNLS-RTp51 (Fig. 3.9A. pRTp51) was co-transfected 
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with pTat86-GAL4, pVP16-RTp66 and the reporter construct, this combination 

consistently gave the highest induction of CAT expression, suggesting that the 

interaction of Tat with RT is enhanced when both RT subunits are present.   

 

Basal level of CAT expression (ie reporter alone, Fig. 3.9B, lane 1) was comparable 

to the levels observed when it was co-transfected with pVP16-RTp66, pVP16-RTp51, 

pNLS-RTp51, or the former and latter combined (Fig. 3.9B, lanes 2, 3, 4, or 7, 

respectively).  This result demonstrated that the expression of the “prey” or NLS-

RTp51 proteins were not able to activate transcription from the reporter construct 

directly.  The Tat86-GAL4 construct modestly activated the reporter construct (Fig. 

3.9B, lane 5).  This effect has been previously described in other studies where Tat 

was artificially directed to upstream DNA enhancer binding sites in other synthetic 

promoters (53, 279, 461), where it can recruit transcription factors.   

 

Thus in three separate systems (pull down, co-immunoprecipitation and mammalian 

two-hybrid) an interaction between Tat and RT could be demonstrated. 
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Figure 3.9. Mammalian two hybrid experiments demonstrate a Tat-RT 

interaction in vivo.  

(A) A schematic of the two hybrid constructs used in the experiment. A RTp51 

expression construct was N-terminally fused to the NLS derived from the SV40 core 

antigen. A Tat86 gene was fused to the first 147 aa derived from the DNA binding 

domain of the yeast GAL4 transcription factor at its C-terminus. Finally, the RT p66 

or p51 proteins were N-terminally fused to the activation domain derived from herpes 

simplex VP16 protein and the SV40 NLS. The reporter plasmid is a synthetic 

promoter containing 5 tandem GAL4 consensus-binding sites, a TATA box taken 

from the adenovirus E1b promoter, and a CAT gene. (B) HEK293T cells were 

transfected with plasmids as shown. A pDEST-CMVQM plasmid was included to 

normalise total plasmid DNA for each transfection, and each transfection included 

pCMV-β-galactosidase to monitor transfection efficiency. A whole cell lysate was 

prepared and the level of CAT protein was measured by ELISA. The standard 

deviation of the mean from three transfection experiments is shown. A heteroscedastic 

Student’s T-test was performed comparing CAT induction by pTat86-GAL4 and 

when this plasmid was co-transfected with the RT fusion proteins as indicated (*). 



 

171 

 

3.4 Discussion  

This project showed for the first time in vitro evidence that Tat functions directly to 

assist in the initiation of reverse transcription, supporting previous genetic studies 

which illustrated a role for Tat in regulating reverse transcription (226). Recombinant 

Tat significantly increased DNA synthesis in vitro, upto 3-fold, a result similar to the 

effect seen in genetic studies, while mutant Tat proteins also behaved in the in vitro 

assay in a similar manner to previous genetic studies. Results showed that the Tat 

protein stimulates reverse transcription by increasing the association of the RT 

enzyme with the primer:template complex, rather than interacting with the RNA 

template directly. Finally three separate systems confirmed a direct interaction 

between the Tat protein and RT, as well as showing domains of the protein that are 

essential for binding to the RT heterodimer.  

3.4.1 Tat inhibition vs Tat activation 

In previous studies Tat has been shown to inhibit reverse transcription (278). In 

contrast to these results, it was observed in this project that at low concentrations, Tat 

had a strictly stimulatory effect.  However, at high concentrations, greater than 400 

nM, Tat did indeed inhibit reverse transcription. Furthermore, both Tat-72 and Tat-86 

were inhibitory at these concentrations, in contrast to previous studies that showed 

only Tat-86 as being inhibitory (277). Why Tat would have an inhibitory effect at 

high concentrations in unknown, however given the highly charged nature of the 

protein, it is possible that Tat may sequester essential proteins required for reverse 

transcription to occur. Another possibility is that this may be part of a negative 

feedback loop regulating reverse transcription. When a sufficient level of transcription 

and translation is reached, such that the Tat protein is abundant in the cell the Tat 

protein may be utilised to downregulate reverse transcription. Tat plays a similar role 

in feedback loops regulating the lytic cycle (372) so it may play a similar role 

regulating reverse transcription.  
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3.4.2 Tat interacts directly with RT not R�A components of the RT 

initiation complex 

During the experiments it was apparent that the order of addition of components to the 

in vitro system played a crucial role in the outcome of the experiments. If RT was 

added to the primer:template complex first then there was no effect on reverse 

transcription, whilst if the protein was pre-complexed with the RT the enzyme 

stimulated the reaction. This was somewhat surprising, since following the first round 

of synthesis the Tat protein would disengage from the primer:template complex, and 

would then be able to interact with the RT and would presumably be able to 

upregulate reverse transcription.  

 

The explanation for this may lay in the structure of the RT enzyme. RT is comprised 

of 2 subunits, p66 and p51, which interact to form a heterodimer. The p66 subunit can 

be split into three domains, the structure of which can be likened to an open hand 

consisting of a palm, finger and thumb domain, while the p51 subunit forms a lid over 

the top, joined by the connectivity domain (110). Upon binding to a substrate, the 

thumb domain of p66 undergoes a considerable conformational rotation allowing it to 

“clasp” the RNA template, closing the conformation of the enzyme (246, 343, 392, 

425). Therefore, it is possible that once the closed conformation is formed, the site of 

Tat interaction may be inaccessible, thereby preventing any upregulation from 

occurring. When Tat is added to the reaction before the RT interacts with the ligand 

the heterodimer is still open allowing activation to occur. The interaction between Tat 

and RT seems to form a stable complex that is more processive over multiple rounds 

of reverse transcription, suggesting it is a tight interaction. It would be interesting to 

compare the structure of RT in the presence and absence of Tat to see if the 

conformation is indeed changed by addition of the protein.   

3.4.3 Which subunit does Tat interact with? 

Three separate methods were utilised to determine whether Tat and RT directly 

interact and if so where the interactions occur: a mammalian-2-hybrid system, 

immunoprecipitation and pulldown assays. Interestingly only the mammalian-2-

hybrid assay showed an interaction between Tat and the heterodimeric RT protein, 

with the other 2 assays showing that the interaction was more consistently between 
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Tat and the p51 subunit alone. This was an interesting observation as RT forms a 

heterodimer in solution, so if the Tat could interact with p51 it should be able to 

interact with the heterodimer as well. It is therefore possible that the Tat protein could 

be interacting with a region in the connectivity domain, or somewhere similar that is 

inaccessible following heterodimer formation. It should also be noted that the 

concentration of Tat in the mammalian-2-hybrid assay was substantially lower than 

the concentrations used in the pull-down and immunoprecipitation assay, as it was 

necessary to titrate Tat to the point that it did not activate the CAT reporter non-

specifically, once again highlighting the potential that Tat has separate and distinct 

functions at high and low concentrations. The results suggest that at high 

concentrations the Tat protein interacts preferentially with the p51 subunit of RT, so  

there is a possibility that Tat may prevent p51 from interacting with p66, thus 

inhibiting heterodimer formation, a possible mechanism by which Tat may inhibit 

reverse transcription.  

 

Several Tat mutants have been studied for their role in regulating reverse transcription 

in previous genetic experiments (217, 226, 277, 496). A number of these mutants 

were added to the in vitro system to determine what effect they have on reverse 

transcription in the absence of any cell factors. The results largely agreed with 

previous studies, with a C27S Tat mutant not affecting reverse transcription, while 

CysALL and Y47D could not, as previously reported (226, 496). However, a mutant 

which was deleted of the basic domain for AA49-57 (Nullbasic), was also found to be 

necessary for optimal reverse transcription, a result which differs from previous trans-

complementation experiments, which showed that a Nullbasic mutant could not 

support reverse transcription in cell culture (496). Tat is primarily a nuclear protein, 

and it is conceivable that the tat-null-basic mutation, which encompasses the Tat 

NLS, resulted in over expression of Tat in the cell cytoplasm hence inhibiting reverse 

transcription. This hypothesis is supported by the fact that a second Tat mutation 

where amino acids 49 to 52, constituting the minimal Tat NLS, were mutated to 

AAAA also failed to support enhanced reverse transcription in cell culture. Thus, it is 

likely that the Tat basic domain is contributory, but is not required, for enhanced 

reverse transcription in vitro.  
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3.4.4 The relevance of Tat-mediated reverse transcription. 

In the context of reverse transcription in a cell, the ability of Tat to improve the 

association of RT for the RNA template could be crucial. Reverse transcription is a 

complex process and during the synthesis of the DNA genome RT is believed to 

disengage often from the template. After entry of the viral core into a cell, the core 

structure, composed mostly of the Capsid p24 protein, is believed to partially or 

completely disassemble so that reverse transcription can begin. Under these 

circumstances the concentrated content of the viral core could become rapidly diluted. 

Factors that facilitate binding of RT to the viral template would be advantageous in 

order to facilitate the completion of reverse transcription. A similar function for Nef 

has been observed in vitro (177, 207, 286, 369, 381). Whether this is the function of 

Tat requires further investigation, but the in vitro experiments described in this study 

provide evidence that Tat could be a member of the reverse transcription complex 

along with other viral and possibly cellular proteins, which facilitates more efficient 

reverse transcription. 

 

Tat function in reverse transcription would require that it be packaged in virions so 

that it could enhance RT activity following infection. Chertova et al. used highly 

purified, micelle-free preparations of HIV-1 made in macrophage and reported that a 

Tat specific peptide derived from a protein with the appropriate mass was detected by 

mass spectrometry analysis (104).  This is the first report of Tat detected in HIV-1 

virions, and lends credence to the possibility that Tat could affect reverse 

transcription. Unfortunately, no information was available on the amount of Tat that 

was present in the virion preparation described by Chertova et al. In this study, at 

least a 2:1 ratio of Tat to RT was required to observe increased RT activity. Given 

that the specific activity of the recombinant Tat used in these experiments cannot be 

calculated, it is difficult to address whether the amount of Tat used here accurately 

reflect a biologically significant amount of Tat in the virion. Nevertheless, the 

presence of Tat in virions supports a role for Tat in reverse transcription, and some 

evidence points out this function may be critical for virus replication. Given the long-

term need to identify novel drug targets and new anti-retroviral compounds to combat 
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HIV-1/AIDS, this study provides evidence that a Tat interaction with RT may be an 

important new drug target. 
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CHAPTER 4 

 

POTE�T I�HIBITIO� OF HIV-1 BY A 

TRA�SDOMI�A�T TAT PROTEI�. 
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4.1 Introduction 

Tat is an essential HIV-1 regulatory protein whose best-described role is to promote 

high levels of viral gene expression (126, 234). Tat is encoded by two exons and is 

most often composed of 101 amino acids. The first exon is organised into two major 

domains: the activation domain (amino acids 1 – 48), which interacts with numerous 

cellular proteins including cyclinT1, and the basic domain (amino acids 49 –57) 

comprised primarily of arginine and lysine residues. The basic domain is responsible 

for many of Tat’s functions including nuclear localisation (233, 435) and RNA 

binding, where specific recognition of the HIV-1 transactivation response element 

(TAR) RNA enables transactivation of viral gene expression (55). The basic domain 

can also facilitate other Tat functions such as membrane transduction (505), and 

augmenting integrin receptor binding (33).  Tat has also been shown to play a role in 

optimal HIV-1 reverse transcription (17) The previous chapter indicated that the Tat 

protein interacts with the reverse transcriptase enzyme to regulate reverse 

transcription. The basic domain of Tat played a role in this function, since deletion of 

this domain resulted in downregulation of Tat mediation of reverse transcription.  

 

Engineered Tat proteins with altered basic domains possess transdominant negative 

phenotypes against wild type Tat. A transdominant negative mutant is typically an 

altered form of a protein that can inhibit the normal function of its wild type 

counterpart. Most Tat transdominance studies have used one-exon tat mutants 

encoding 72 amino acids or shorter, truncated forms. For example, Tat truncated at 

residue 53 can suppress transactivation initiated by wild type Tat (394). This is 

despite the mutant localising mainly to the cytoplasm of the cell in contrast to wild 

type Tat, which localises to the nucleus. One-exon tat mutants with a deleted basic 

domain or where the basic domain has been substituted with neutrally-charged amino 

acids also recapitulate the transdominant negative effect (384, 497). Localisation of 

Tat mutants to the nucleus, via fusion of the Tat nuclear localisation signal to their 

carboxy termini, retains the transdominant negative phenotype (384). Moreover, 

mutations in the activation domain of the Tat mutant, which normally suppress the 

transactivation function of wild type Tat, can suppress transdominance. 
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The mechanism of transdominance of Tat basic domain mutants is unknown. While 

several hypotheses were proposed, studies suggest a model by which Tat mutants 

sequester one or more cofactors required for Tat-mediated transactivation (365, 384). 

Binding of cofactors by transdominant Tat mutants may be mediated by an intact 

activation domain, but due to the disrupted basic domain, Tat mutants are incapable of 

recruiting the cofactors to the site of transactivation. For example, cyclin T1 is an 

important cofactor for transactivation. Recruitment of cyclin T1 to the site of 

transactivation is mediated by a ternary complex between Tat’s activation domain and 

cyclin T1, between Tat’s basic domain and the bulge region of TAR, and between 

cyclin T1 and the loop region of TAR (55, 517). The lack of interaction with TAR 

could therefore enable Tat mutants to compete with wild type Tat for transactivation 

cofactors, thereby manifesting as transdominance. However, such cofactors have not 

been identified in the transdominant phenotype. Furthermore, the transdominant effect 

of two-exon, 101 amino-acid Tat mutants is largely unexplored, as are the effects of 

Tat mutants on viral processes other than transactivation. 

 

This chapter investigates whether a Tat mutant called Nullbasic, composed of both tat 

exons with the entire basic domain mutated, could inhibit HIV-1 replication. Results 

show that Nullbasic can potently inhibit three different steps in HIV-1 replication. 

First, Nullbasic decreased viral gene expression at two levels; it inhibited Tat-

mediated transactivation as expected, but unexpectedly it also inhibited Rev-mediated 

transport of HIV-1 mRNA. The expression of Nullbasic in virus producer cells also 

greatly reduced virion infectivity by sharply decreasing their ability to undergo 

reverse transcription. Exploiting these inhibitory effects, we show that expression of 

Nullbasic in a model cell line for viral infectivity protected the cells from high-dose 

HIV-1 challenge. Long term, identification of the cellular and viral factors interacting 

with Nullbasic could expose new targets for therapeutic intervention. 
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4.2 Materials and Methods 

4.2.1 Cell culture and transfections 

HeLa and HEK293T cells were cultured in RPMI 1640 medium supplemented with 

100 U/ml penicillin, 100 µg/ml streptomycin and 10% (v/v) newborn bovine serum 

(Invitrogen Corporation). HeLa-CD4-LTR-β-gal (MAGI) cells (289) were obtained 

from Michael Emerman through the NIH AIDS Research and Reference Reagent 

Program, Division of AIDS, NIAID, NIH. The cells were maintained in the same 

medium as above but supplemented with 0.2 mg/ml G418 and 0.1 mg/ml hygromycin 

B. All cells were incubated at 37°C under a humidified atmosphere of 5% CO2 in air. 

Transfections were performed with Lipofectamine 2000 (Invitrogen) or Fugene 6 

(Roche) transfection reagents according to the manufacturers’ instructions. 

Transfections were performed in 6-cm dishes for reporter assays and western blotting, 

and 10-cm dishes for HIV-1 virion production. 

4.2.2 Plasmids 

The plasmid expressing the two-exon, 101 amino-acid, BH10 clone of Tat fused to 

the FLAG epitope (pcDNA3.1/Tat-FLAG) was a gift from Monsef Benkirane, Institut 

de Génétique Humaine, France. Nullbasic was created by firstly removing the basic 

domain sequence (corresponding to amino acids 49 – 57 in Tat) in pcDNA3.1/Tat-

FLAG by inverse PCR before complementary oligonucleotides encoding the amino 

acid sequence, Gly–Gly–Gly–Gly–Gly–Ala–Gly–Gly–Gly were annealed and ligated 

to form pcDNA3.1/Nullbasic. Correct orientation of the insert was determined by 

DNA sequencing. To create the Nullbasic-EGFP-encoding lentivector pLOX-

CW/Nullbasic-EGFP, the EGFP gene from pIRES2-EGFP (Clontech Laboratories) 

was cloned onto the 3′ end of Nullbasic before the Nullbasic-EGFP cassette was 

subcloned to replace gfp in pLOX-CWgfp (439). The Tat-transactivation luciferase 

reporter pGL3-LTR consists of the long terminal repeat from HIV-1 clone SF2 cloned 

into pGL3-basic (Promega) via BamHI and HindIII restriction enzyme sites. The LTR 

spans nucleotides –180 to +81, relative to the start of transcription. The Rev-

independent Gag expression construct pCMV5-Gag (491) was a gift from Marilyn 

Resh and George Pavlakis, National Cancer Institute, Maryland, USA. The FLAG 

epitope sequence was added to the 3′ end of gag by inverse PCR mutagenesis. A 
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plasmid expressing the BRU clone of Rev (pRSV-Rev) was a gift from Damian 

Purcell, University Melbourne, Australia. The MYC epitope sequence was added to 

the 5′ end of rev by inverse PCR mutagenesis before the Myc-Rev cassette was 

subcloned into pcDNA3.1+ (Invitrogen). The β-galactosidase expression plasmid 

pCMVβ (340) was used as a transfection control in various experiments as indicated. 

β-galactosidase activity was measured by the chlorophenol red-β-D-galactopyranoside 

(CPRG)-based assay (158). The HIV-1 proviral expression vector pGCH will be 

described elsewhere (see chapter 2). 

4.2.3 Indirect immunofluorescence 

HeLa cells were grown on coverslips and transfected with plasmids as above. Cells 

were fixed 24 h later in 3% (w/v) paraformaldehyde, quenched with 50 mM NH4Cl, 

permeabilised with 0.1% (v/v) Triton X-100 and blocked in 10% (v/v) normal goat 

serum (Millipore Corporation). Tat-FLAG and Nullbasic were probed with mouse 

anti-FLAG M2 monoclonal antibody (Sigma-Aldrich Incorporated) and FITC-

conjugated goat anti-mouse antibody (Invitrogen). Myc-Rev was probed with rabbit 

anti-MYC polyclonal antibody (Cell Signalling Technology) and Cy3-conjugated goat 

anti-rabbit antibody (Invitrogen). Nuclei were stained with 1 µM 4′,6-diamidino-2-

phenylindole (DAPI; Invitrogen) and coverslips were mounted onto slides with 

SlowFade Gold mounting medium (Invitrogen). Images were acquired with a Leica 

TCS SP2 confocal system (Leica Microsystems) using an oil-immersion 63 × 

objective lens and standard lasers and filters for FITC, Cy3 and DAPI (two-photon) 

fluorescence. 

4.2.4 Transactivation assay 

HeLa cells were co-transfected with 200 ng of Tat-FLAG, 500 ng of pGL3-LTR, 

300 ng of pCMVβ and either 200 ng, 2 µg or 4 µg of Nullbasic plasmid. Cells were 

harvested 24 h post-transfection and cell lysates prepared with phosphate-buffered 

saline (PBS) containing 0.5% (w/v) Triton X-100 and protease inhibitors (Roche). 

Lysates were assayed for luciferase activity using the Steady-Glo luciferase assay 

system (Promega). 
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4.2.5 HIV-1 virion infectivity 

For the effect of Nullbasic on virion infectivity experiment, HEK293T cells were 

transfected with 5 µg of pGCH provirus and either 4 µg or 8 µg of Nullbasic or Tat-

FLAG plasmids, resulting in a 2:1 or a 4:1 molar excess of Nullbasic or Tat to virus. 

Supernatants were collected 48 h post-transfection, filtered through 0.45 µm filters 

and virion concentrations were determined by RT colorimetric assay (Roche). MAGI 

cells were infected with 20 ng RT-equivalent of virions for 2 h and allowed to 

incubate for a further 48 h. Cells were then lysed and assayed for β-galactosidase 

expression using the CPRG assay (158). Total cellular protein amounts were 

measured using the Bradford assay (65), and was used to normalise β-galactosidase 

expression. For the effect of Nullbasic on CA:RT ratio experiment, HEK293T cells 

were transfected with 5 µg of pGCH and either 4 µg or 8 µg of Tat-FLAG or 

Nullbasic plasmids. Viral supernatants were collected 48 h post-transfection, filtered, 

and CA and RT concentrations were determined by ELISA (Zeptometrix Corporation) 

and colorimetric enzyme assay, respectively. 

4.2.6 Western blot 

For the western blotting of cell lysates, HEK293T cells were transfected with either 

5 µg of pGCH provirus or 2 µg of pCMV5-Gag-FLAG. Cells were also co-transfected 

with 250 ng of pCMVβ and either Tat-FLAG or Nullbasic plasmids as indicated. 

Cells were lysed 24 h post-transfection and assayed for β-galactosidase and total 

protein concentrations as above. Lysates equivalent in β-galactosidase activity were 

boiled in sample buffer and electrophoresed in a sodium dodecylsulfate-containing 

polyacrylimide gel according to the methods of King and Laemmli (291). Proteins 

were electroblotted to a polyvinylidene difluoride (PVDF) membrane (GE 

Healthcare) using a semi-dry transfer system (Bio-Rad). Tat-FLAG, Nullbasic and 

Gag-FLAG were detected with mouse anti-FLAG M2 monoclonal antibody (Sigma-

Aldrich). HIV-1 Env and SU were detected with mouse anti-gp120 monoclonal 

antibody (a gift from Andy Poumbourios, Burnet Institute, Australia). Other HIV-1 

proteins were detected with HIV-IG anti-serum (AIDS Research and Reference 

Reagent Program, Division of AIDS, NIAID, NIH). Mouse primary antibodies were 

detected with horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody 



 

 183

(Invitrogen), and HIV anti-serum was detected with HRP-conjugated goat anti-human 

IgG anti-serum (Sigma-Aldrich). 

4.2.7 Virion R�A packaging assay 

HEK293T cells were co-transfected with 5 µg of pGCH provirus and 4 µg of either 

Tat-FLAG or Nullbasic plasmids. Culture supernatants were harvested and treated 

with DNase I to remove contaminating plasmid DNA before being ultracentrifuged 

through a 20% (v/v) sucrose cushion at 100 000 × g for 2 h. Packaged RNA from the 

virion pellets were extracted with Trizol reagent (Invitrogen) before being reverse 

transcribed with random hexamers and Superscript III MMLV RT (Invitrogen) 

according to the manufacturer’s instructions. cDNA was measured by quantitative 

PCR with Platinum SYBR Green qPCR supermix (Invitrogen) on the Rotor-Gene 

6000 (Corbett Life Science) using primers, 5′–TCT CTA GCA GTG GCG CCC GAA 

CAG GG and 5′–GTC GCC GCC CCT CGC CTC TTG. To control for reaction 

efficiency, kanamycin cassette control RNA (Promega) was added to the extracted 

RNA mixture and assayed as above with primers, 5′–GGC TCG CGA TAA TGT 

CGG G and 5′–GAT GGT CGG AAG AGG C. Quantitated kanamycin cDNA levels 

were used to normalise viral cDNA levels. 

4.2.8 �orthern blot and R�A splicing assay 

HEK293T cells were transfected with 5 µg of pGCH provirus and 4 µg or 8 µg of 

either Tat-FLAG or Nullbasic plasmids. Total RNA was extracted 48 h post-

transfection using Trizol reagent (Invitrogen) according to the manufacturer’s 

instructions. Twenty micrograms of RNA samples were electrophoresed in a 1% 

(w/v) agarose gel containing 0.6 M formaldehyde and either stained with ethidium 

bromide to visualise ribosomal RNA, or blotted to a nitrocellulose membrane using a 

TurboBlotter transfer system (Schleicher and Schuell). RNAs were cross-linked to the 

membrane with ultraviolet light, and HIV-1 mRNA species were detected with a 
32

P-

labelled probe corresponding to the BamHI–XhoI fragment in the 3′ LTR of HIV-1. 

Hybridisations were visualised with a Typhoon 8600 imager (GE Healthcare). For the 

RNA splicing assay, total RNA obtained for the northern analysis was used as a 

template for quantitative RT-PCR as described above. The primers used to detect 

unspliced, singly-spliced and multiply-spliced viral mRNA have been previously 
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described (21). Kanamycin cassette control RNA, as described above, was included in 

the assay to normalise for reaction efficiency. 

4.2.9 Rev reporter assay 

HEK293T cells were co-transfected with 5 µg of pGCH, 2 µg of pDM128 (249), 

100 ng of pCMVβ-galactosidase and 4 µg of either Tat-FLAG or Nullbasic plasmids. 

Cells were harvested and lysed 48 h post-transfection before CAT expression was 

assayed by ELISA (Roche) according to the manufacturer’s instructions. 

4.2.10 Establishment of the MAGI/�ullbasic-EGFP cell line 

Nullbasic-EGFP-encoding lentivirus particles were generated by co-transfecting 

HEK293T cells with pLOX-CW/Nullbasic-EGFP lentivector, pCMV∆R8.91 (551) 

and pHEF-VSV-G (a gift from Sabine Piller, Westmead Millennium Institute, 

Australia). Control lentivirus expressing EGFP, expressed from pLOX-CWgfp (439), 

was similarly derived. MAGI cells were transduced with lentivirus particles in the 

presence of hexadimethrine bromide (8 µg/ml; Sigma-Aldrich) for 48 h before 

transduction was confirmed by fluorescence microscopy. Highly expressing cells 

were isolated by FACS using a MoFlo cell sorter (Beckman Coulter Incorporated), 

and expression of Nullbasic was confirmed by western blot analysis. 

4.2.11 Flow cytometry of cell-surface receptor levels 

MAGI/Nullbasic-EGFP and nontransduced MAGI cells were incubated with mouse 

anti-CD4 or mouse anti-CXCR4 monoclonal antibodies (R&D Systems) followed by 

Cy5-conjugated goat anti-mouse antibody (Invitrogen). Receptor levels were 

quantitated by measuring Cy5 fluorecence using a FACScalibur flow cytometer 

(Becton Dickinson), counting 10
5
 cells per sample. 

4.2.12 Detergent-free endogenous reverse transcription assay 

HIV-1 virions from HEK293T cells co-transfected with 5 µg of pGCH provirus and 

4 µg of either Tat-FLAG or Nullbasic plasmids were assayed for endogenous 

(intravirion) reverse transcription as previously described (512). Virions were 

normalised for equivalent RT activity before assay. The primers used to quantitate 

minus-strand strong-stop DNA were, 5′–GGG TCT CTC TGG TTG ACC AGA and 

5′–ACA CAA CAG ACG GGC ACA CAC. 
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4.2.13 Viral replication kinetics 

MAGI/Nullbasic-EGFP, MAGI/EGFP and nontransduced MAGI cells were infected 

with high doses (500 ng CA-equivalent) of pGCH-derived HIV-1 for 2 h. Non-

adsorbed virions were removed by washing cells with PBS before infected cells were 

incubated for a 14-day period. Culture supernatants were periodically sampled for 

virion production by CA ELISA in triplicate. 

4.2.14 Statistical analyses 

Welch’s t-test against a two-tailed distribution was used to evaluate null hypotheses, 

with significant difference defined as p < 0.05. 
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4.3 Results 

4.3.1 �ullbasic is a transdominant Tat mutant 

To investigate the molecular effects of transdominant Tat mutants, a novel mutant 

termed Nullbasic was created. Unlike previous studies, the 101 amino-acid form of 

Tat formed the basis of the mutant because it was shown that two-exon Tat was 

expressed at greater levels that one-exon Tat in most cell lines, and that two-exon Tat 

is the primary form expressed by HIV-1 clinical isolates (264). Nullbasic was 

engineered from the BH10 clone of Tat (101 amino acid variant) by replacing the 

basic domain with a glycine/alanine sequence and fusing the FLAG epitope tag to its 

carboxy terminal (Fig. 4.1A).  Previous one-exon transdominant Tat mutants with 

altered or deleted basic domains localised predominantly to the cytoplasm of cells 

(233, 384, 394). To see if Nullbasic similarly localises to the cytoplasm, HeLa cells 

expressing Nullbasic or the parental Tat-FLAG fusion were visualised by indirect 

immunofluorescence microscopy using anti-FLAG antibody to detect both proteins. 

Nullbasic was mainly localised in the cytoplasm in contrast to Tat-FLAG, which 

showed strong nuclear staining (Fig. 4.1B). 
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A) 

 

 

B) 

 

Figure Courtesy of Haran Sivakumaran 
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Figure 4.1. �ullbasic is a HIV-1 Tat mutant that localises to the cell cytoplasm. 

(A) Amino-acid sequence alignment of Nullbasic (upper rows) against the BH10 

clone of Tat (lower rows). Vertical bars indicate amino acid identity and dots indicate 

engineered substitutions. The solid box highlights the engineered basic domain 

mutations in Nullbasic, while the dashed box indicates a FLAG epitope tag added to 

the carboxy terminal. (B) HeLa cells expressing Nullbasic (top row) or Tat-FLAG 

(botton row) were visualised by confocal microscopy using anti-FLAG/FITC 

antibodies. Nuclei were stained with DAPI. 
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The defining feature of transdominant Tat mutants is their ability to suppress 

transactivation by wild type Tat. To confirm this ability with Nullbasic, HeLa cells 

were co-transfected with equal amounts of Tat-FLAG plasmid, a luciferase-based 

transactivation reporter, a constitutive β-galactosidase expression vector and 

increasing amounts of Nullbasic plasmid. The molar ratios of Tat-FLAG to Nullbasic 

plasmids assayed were 1:1, 1:10 and 1:20. At the 1:10 and 1:20 ratios (Fig. 4.2, lanes 

3 and 4, respectively), Nullbasic significantly suppressed transactivated luciferase 

expression compared to Tat transactivation in the absence of Nullbasic (lane 1). This 

effect was specific to Tat since Nullbasic did not significantly affect the CMV 

promoter-driven expression of β-galactosidase (data not shown). Thus Nullbasic is a 

transdominant inhibitor of Tat transactivation. 



 

 190

 

 

 

 

Figure 4.2. �ullbasic inhibits Tat-mediated transactivation. 

Increasing amounts (200 ng, 2 µg and 4 µg) or Nullbasic expression vector were 

titrated into cells co-transfected with constant amounts of Tat-FLAG plasmid, a 

luciferase reporter of Tat transactivation (HIV-1 LTR promoter) and a constitutive β-

galactosidase expression plasmid (CMV promoter). Luciferase values (CPS, counts 

per second) were normalised to β-galactosidase activity (µU). Asterisks indicate 

significant decreases (p < 0.05) in transactivation compared to uninhibited Tat-FLAG 

(first column). Columns represent the means and standard deviations of three 

independent experiments. 
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4.3.2 Expression of �ullbasic in cells inhibits HIV-1 production 

The effect of Nullbasic on virus production was next examined. It was anticipated that 

co-expression of Nullbasic would render Tat-dependent HIV-1 expression difficult 

due likely to sequestration of critical transcription cofactors, as suggested for other 

transdominant Tat proteins (384). To overcome this problem, a modified HIV-1 

proviral construct was used, pGCH, in which the 5′ LTR U3 region was replaced by 

the CMV immediate-early promoter, thereby enabling viral gene expression 

independent of Tat activity. Virions were generated in HEK293T cells co-transfected 

with 1:2 and 1:4 molar ratios of pGCH provirus to Tat-FLAG, Nullbasic or empty 

vector plasmids. Virion samples were then assayed for capsid (CA) and reverse 

transcriptase (RT) concentrations by ELISA and colorimetric enzyme assay 

respectively. The results showed a decrease in the average CA concentration of virus 

co-expressed with Nullbasic compared to virus co-expressed with Tat-FLAG 

(Fig. 4.3). There was a proportional decrease in RT concentration so that the CA:RT 

ratios between the Nullbasic and Tat-FLAG samples were similar, indicating that 

Nullbasic decreased overall virus production. Neither Tat-FLAG nor Nullbasic had 

significant effects on expression of the CMV-β galactosidase control plasmid (data 

not shown), implying that Nullbasic inhibited virion production by a mechanism 

independent of Tat transactivation. 
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Figure 4.3. �ullbasic inhibits HIV-1 virion production. 

Virions produced in HEK293T cells co-transfected with 1:2 and 1:4 molar ratios of 

HIV-1 plasmid (pGCH) to Tat-FLAG, Nullbasic or an empty control plasmids were 

assayed for capsid (CA) and reverse transcriptase (RT) concentrations. The CA 

concentrations (black columns) and CA:RT ratios (white columns) are shown. The 

results from both molar ratios in each treatment were averaged and their means and 

standard deviations from two independent experiments are shown. The asterisk 

indicates a significant difference (p < 0.05) in CA concentrations between Nullbasic 

and Tat-FLAG samples.  
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4.3.3 �ullbasic down-regulates production of HIV-1 Gag and Env 

but does not affect virion R�A levels 

The production of viral proteins was analysed to further elucidate the effects of 

Nullbasic in HIV-1-expressing cells. Western blotting was performed on β-

galactosidase-equalised lysates of cells co-expressing pGCH provirus, β-galactosidase 

and either Nullbasic or Tat-FLAG. Fig. 4.4A shows that provirus-expressed Gag 

levels were reduced in the presence of Nullbasic (lanes 4 and 5) compared to Tat-

FLAG (lanes 2 and 3). Gag-related proteolytic products, specifically HIV-1 p41
gag

 

(MA-CA) and CA, were proportionally reduced. This is consistent with the reduction 

in virion CA levels of virions produced in the presence of Nullbasic observed in Fig. 

4.3. Expression of HIV-1 envelope (Env) in the lysates was also reduced in the 

presence of Nullbasic. The decrease in Env levels by Nullbasic appeared to be greater 

than the decrease in Gag levels, but this was most likely due to differences in antibody 

sensitivities. Subsequent western blot analysis of purified virions showed that the 

surface antigen (SU) component of Env was present at levels proportional to CA 

when HIV-1 was co-expressed with either Nullbasic or Tat-FLAG (Fig. 4.4B). 

Finally, co-expression of Nullbasic did not significantly affect packaging of viral 

genomic RNA into HIV-1 virions compared to co-expression of Tat-FLAG 

(Fig. 4.4C). These experiments demonstrate that Nullbasic potently inhibits HIV-1 

gene expression, leading to decreased production of the viral structural proteins 

without altering the protein or RNA compositions of virions. 
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Figure 4.4. �ullbasic does not impair virion composition.   

(A) Cell lysates from HEK293T cells expressing pGCH provirus normalised to RT 

concentration, either alone (lane 1) or co-expressing either Tat-FLAG (lanes 2 and 3; 

1:2 and 1:4 molar ratios, respectively) or Nullbasic (lanes 4 and 5; 1:2 and 1:4 molar 

ratios, respectively) were immunoblotted with a monoclonal antibody against HIV-1 

SU (upper panel), anti-serum against HIV (middle panel) and a monoclonal antibody 

against FLAG (lower panel). (B) Culture supernatants were collected from HEK293T 

cells expressing pGCH alone (lane 6) or co-expressing either Nullbasic (lane 7) or 

Tat-FLAG (lane 8). Virions in the supernatants were concentrated by 

ultracentrifugation before samples containing 50 ng of total CA were immunoblotted 

with anti-SU and anti-CA antibodies. Data in (B) and (C) are representative of three 

independent experiments. (C) Packaged genomic RNA was isolated from virions 

produced by HEK293T cells expressing pGCH alone or co-expressing Tat-FLAG or 

Nullbasic before being quantitated by RT-PCR. The means and standard deviations of 

duplicate assays in two independent experiments are shown, with values expressed as 

a percentage of the “No Tat” sample. 
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4.3.4 �ullbasic can inhibit HIV-1 infectivity and reverse 

transcription 

The infectivity of virions produced in the presence and absence of Nullbasic was 

analysed using the multinuclear activation of a galactosidase indicator (MAGI) assay 

in which HeLa-CD4-LTR-β-gal cells (hereafter referred to as MAGI cells), which 

contain a stably-integrated LTR-β-galactosidase expression cassette, report productive 

HIV-1 infection following Tat expression and transactivation (289). Virion samples 

tested in the assay were always normalised for RT activity. The results showed that 

HIV-1 virions produced in the presence of Nullbasic, but not in the presence of Tat-

FLAG, were significantly reduced in infectivity (Fig. 4.5A). This was evident when 

the molar ratio of pGCH to Nullbasic plasmid was 1:2 and 1:4. Nullbasic therefore 

reduces HIV-1 infectivity when expressed in the virus producer cells.  

 

The results obtained in the MAGI infectivity assay indicated that Nullbasic affected 

an early step of viral replication, somewhere between reverse transcription and 

translation of viral proteins, so a detergent-free endogenous reverse transcription 

assay was used to determine if Nullbasic-affected viruses were able to initiate reverse 

transcription. There was an 18-fold decrease in minus-strand strong-stop DNA (–

ssDNA) synthesis, an early product of reverse transcription, in virions produced in the 

presence of Nullbasic compared to virions produced in the presence of Tat-FLAG 

(Fig. 4.5B). These data indicate that the suppression of virion infectivity was most 

likely due to a Nullbasic-induced defect in reverse transcription. 
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Figure 4.5. �ullbasic inhibits HIV-1 infectivity and endogenous reverse 

transcription. 

(A) The infectivity of HIV-1 produced by HEK293T cells co-expressing pGCH 

provirus and increasing amounts of Nullbasic or Tat-FLAG (at 1:2 and 1:4 molar 

ratios) were determined by the MAGI assay. The indicator cells were infected with 

virion samples equalised for reverse transcriptase activity before cell lysates were 

assayed for β-galactosidase production 48 h later. Asterisks indicate significant 

differences (p < 0.05) in infectivity compared to the “No Tat” sample (first column). 

Columns represent the means and standard deviations of three independent 

experiments and are expressed as a percentage of the “No Tat” sample. (B) Detergent-

free endogenous reverse transcription assays were performed with the same virus 

samples as in A. The amount of negative-strand strong-stop DNA (–ssDNA) was 

quantitated by PCR, and normalised to the RT activity in each sample. The asterisk 

indicates a significant difference in –ssDNA synthesis relative to the “No Tat” sample 

(p < 0.05), and columns represent the means and standard deviations of duplicate 

assays in three independent experiments.ption. 
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4.3.5 �ullbasic downregulates unspliced and singly-spliced HIV-1 

mR�A levels in cells 

Expression of HIV-1 Gag and Env require nuclear export of unspliced and singly-

spliced mRNA, respectively, by the viral Rev protein. Since transcription from pGCH 

is Tat independent, the observed downregulation of Env and Gag protein levels in Fig. 

4.3B could thus be due to Nullbasic interfering with HIV-1 mRNA nuclear export. To 

test this possibility, northern blot analysis was performed to determine the relative 

proportions of HIV-1 mRNA species produced in the presence of Nullbasic. HIV-1 

mRNA from HEK293T cells co-expressing pGCH provirus and either Tat-FLAG or 

Nullbasic were detected with a single probe capable of binding to the unspliced, 

singly-spliced and multiply-spliced classes of HIV-1 transcripts. Fig. 4.6 shows that 

both unspliced and singly-spliced mRNA had reduced intensities in the presence of 

Nullbasic (lanes 4 and 5) compared to a no Tat control (lane 1) or wild type Tat-

FLAG (lanes 2 and 3). In contrast, multiply-spliced transcript levels were relatively 

unaffected by Nullbasic. To confirm these results, quantitative RT-PCR was used to 

measure the effect of Nullbasic on the viral mRNA levels (Fig. 4.6B). Compared to 

viral mRNA levels in the absence of overexpressed Tat, Tat-FLAG caused a modest 

decrease in all mRNA classes. Strikingly, however, Nullbasic induced strong 

suppression of unspliced and singly-spliced transcripts with little effect on multiply-

spliced mRNA, in close agreement with the northern blot analysis (Fig. 4.6A). 

Nullbasic therefore reduces the steady state levels of Rev-dependent viral mRNA. 
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Figure 4.6. �ullbasic downregulates the levels of unspliced and singly-spliced 

HIV-1 mR�A expressed in cells. 

(A) Northern blot analysis of total RNA from HEK293T cells expressing pGCH 

provirus alone (lane 1) or co-expressing increasing amounts of Tat-FLAG (lanes 2 

and 3; 1:2 and 1:4 molar ratios, respectively) or Nullbasic (lanes 4 and 5; 1:2 and 1:4 

molar ratios, respectively). An untransfected control was also included (lane 6). 

Unspliced, singly-spliced and multiply-spliced HIV-1 mRNA were detected with a 

single HIV-1-specific probe. 28S and 18S ribosomal RNA (rRNA) species 

demonstrate equal sample loading. Data are representative of four independent 

experiments. (B) Total RNA was extracted from HEK293T cells expressing pGCH 

alone or co-expressing Tat-FLAG or Nullbasic (1:2 molar ratios for both) before RT-

PCR reactions were performed using primers specific to unspliced, singly-spliced and 

multiply-spliced viral mRNA. The means and standard deviations of duplicate assays 

in three independent experiments are shown, with values for each mRNA class 

expressed as a percentage of the pGCH alone sample. 
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4.3.6 �ullbasic can inhibit Rev function and alter Rev subcellular 

localisation 

HIV-1 Rev promotes the nuclear export of unspliced and singly-spliced viral mRNA 

by directly binding to these transcripts through the Rev response element (RRE). 

Rev:mRNA complexes then traffic from the nucleus to the cytoplasm via the CRM1 

export pathway. In the absence of Rev, multiply-spliced viral mRNA predominates in 

an infected cell. Therefore, Nullbasic was assessed to whether it downregulated the 

mRNA export function of Rev by utilising a Rev reporter assay that makes use of the 

pDM128 plasmid (Fig. 4.7A) (243). In the absence of Rev, the host-cell splicing 

machinery removes the chloramphenicol acetyltransferase (CAT) open reading frame 

from mRNA transcripts expressed by the plasmid’s SV40 promoter (Fig. 4.7A), 

resulting in no production of CAT protein. In the presence of Rev, the splicing 

machinery is bypassed when Rev interacts with the RRE element present in pDM128 

transcripts, thereby allowing CAT protein expression. When pGCH provirus was used 

to provide Rev in the reporter assay, it was observed that co-expression of Nullbasic 

resulted in a decrease in CAT protein levels compared to when Tat-FLAG was co-

expressed (Fig. 4.7B). Downregulation of CAT expression was not caused by 

diminished steady state levels of proviral Rev (data not shown). To reinforce the 

hypothesis that Nullbasic inhibits Rev mRNA export function, a Gag-FLAG fusion 

protein expressed from a plasmid in which inhibitory sequences had been silenced to 

allow Rev-independent Gag production (491) was co-expressed with Nullbasic. We 

observed by western blotting analysis that the steady state levels of Gag-FLAG were 

the same in the presence of both Tat-FLAG and Nullbasic (Fig. 4.7C), indicating that 

Nullbasic has no effect on Gag expression when the requirement for Rev is bypassed. 

Together, the data therefore show that Nullbasic interferes with the mRNA export 

function of HIV-1 Rev. 
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Figure 4.7. �ullbasic inhibits the R�A export function of HIV-1 Rev. 

(A) Schematic diagram of the Rev-dependent CAT expression cassette in plasmid 

pDM128. The chloramphenicol acetyltransferase (CAT) gene exists within an 

artificial intron bounded by splice donor (SD) and splice acceptor (SA) sequences. 

Successful expression of CAT protein requires binding of Rev to the Rev response 

element (RRE) to avoid intron splicing and to enable nuclear export of the CAT 

mRNA transcript. SV40: simian virus 40; 3′ LTR: HIV-1 long terminal repeat 

(contains polyadenylation signal). (B) HEK293T cells were co-transfected with 

pDM128 and pGCH provirus alone (column 1) or along with either Tat-FLAG 

(column 2) or Nullbasic (column 3) plasmids. A pDM128 only transfection was 

included as a negative control (column 4) and a constitutive β-galactosidase plasmid 

was included in all transfections to account for variations in transfection efficiencies. 

CAT expression was measured by ELISA and is expressed relative to β-galactosidase 

activity (ng/U). Columns represent means and standard deviations of three 

independent experiments. (C) Cell lysates from cells expressing a Rev-independent 

Gag-FLAG fusion protein alone (lane 1) or co-expressing either Tat-FLAG (lanes 2 

and 3; 1:2 and 1:4 molar ratio, respectively) or Nullbasic (lanes 4 and 5; 1:2 and 1:4 

molar ratio, respectively) were immunoblotted with anti-FLAG antibody to detect all 

three proteins. Data are representative of three independent experiments. 
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4.3.7 �ullbasic indirectly alters the subcellular localisation of Rev 

Rev traffics between the nucleus, nucleolus and cytoplasm to execute its mRNA 

export function, and previous reports implied that Tat and Rev share common 

trafficking mechanisms (324, 493). Nullbasic could therefore interfere with Rev 

localisation. To test this hypothesis, indirect immunofluorescence was performed on 

HeLa cells co-expressing Myc-Rev (a fusion between HIV-1 Rev and the MYC 

epitope tag) and either Nullbasic or Tat-FLAG using anti-MYC/Cy3 and anti-

FLAG/FITC antibodies. Fig. 4.8 shows that Myc-Rev expressed alone accumulated in 

nuclear structures consistent with nucleoli, as previously observed (144). Co-

expression with Nullbasic, however, caused Myc-Rev to substantially redistribute to 

the nucleoplasm and cytoplasm (Fig. 4.8, row 2). In contrast, co-expression with Tat-

FLAG did not change Myc-Rev nucleolar localisation (Fig. 4.8, row 3). These 

patterns of Myc-Rev distribution were frequently observed throughout the entire 

slides and were confirmed in two independent experiments. The results therefore 

demonstrate that Nullbasic can alter the subcellular localisation of Rev. However, 

immunoprecipitation analyses implied no substantial interaction between Myc-Rev 

and Nullbasic (data not shown). Together these data indicate that Nullbasic can alter 

Rev subcellular localisation by an as yet determined mechanism, and that this is the 

likely cause of Nullbasic interference of Rev function. 
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Figure Courtesy of Haran Sivakumaran 

 

Figure 4.8. �ullbasic alters the subcellular localisation of HIV-1 Rev. 

HeLa cells expressing a Myc-Rev fusion protein alone (top row), Myc-Rev with 

Nullbasic (middle row) or Myc-Rev with Tat-FLAG (bottom row) were visualised by 

confocal microscopy using anti-Myc/Cy3 and anti-FLAG/FITC antibodies. Nuclei 

were stained with DAPI. Images are representative of at least five fields per slide 

from three independent experiments. 
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4.3.8 HIV-1 replication is inhibited in a permissive cell line stably 

expressing �ullbasic 

Experiments were performed to determine if expression of Nullbasic in permissive 

target cells can confer resistance to HIV-1 infection. To enable convenient monitoring 

of Nullbasic expression, enhanced green fluorescent protein (EGFP) was fused to the 

carboxy terminal of Nullbasic. Fusion of EGFP to Nullbasic did not alter its antiviral 

activity compared to unfused Nullbasic (Fig. 4.9A). Nullbasic-EGFP was stably 

introduced into MAGI cells via lentivirus-mediated transduction (439), and highly 

expressing cells were isolated by fluorescence-activated cell sorting (FACS). A 

control cell line expressing only EGFP (MAGI/EGFP) was similarly derived. Stable 

expression of Nullbasic-EGFP and EGFP was still observed in the respective cell 

lines after several passages, by both fluorescence microscopy and western blotting 

(data not shown), and lentiviral transduction was determined by flow cytometry not to 

alter either transgenic CD4 (Fig. 4.9B) or endogenous CXCR4 (Fig. 4.9C) receptor 

levels in the MAGI/Nullbasic-EGFP cell line. 

 

Parental and transduced cell lines were challenged with equal amounts of HIV-1 

virions (500 ng CA-equivalent per 10
6
 cells) and cultured the lines for up to 14 days. 

Virus production from the cells was monitored over several time points by CA ELISA 

of the culture supernatants. The results showed a rapid increase in virus production in 

both the parental MAGI and MAGI/EGFP cell lines over the first 9 days before 

syncytia formation and cell death were observed (Fig. 4.9D). In contrast, a greater 

than two-log reduction in virus production was observed in the MAGI/Nullbasic-

EGFP cell line, with no syncytia formation or cell death being apparent even at the 

end of the experiment. These results were confirmed in two independently derived 

MAGI/Nullbasic-EGFP cell lines. Expression of Nullbasic in permissive cells is 

therefore protective against HIV-1 challenge and suppresses viral spread. 
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Figure 4.9. Expression of �ullbasic-EGFP in permissive target cells suppresses 

HIV-1 infection and spread. 

(A) The ability of Nullbasic-EGFP to inhibit HIV-1 infectivity was compared to 

Nullbasic in a MAGI assay similar to Fig. 4.4A (using a 1:2 molar ratio only). 

Columns represent the means and standard deviations of three independent 

experiments and are expressed as a percentage of the “No Tat” sample. (B) Cell 

surface expression of transgenic CD4 receptors was quantitated in MAGI (black) and 

MAGI/Nullbasic-EGFP (red) cells by flow cytometry using an anti-CD4 monoclonal 

antibody. (C) Cell surface expression of endogenous CXCR4 receptors was 

quantitated in MAGI (black) and MAGI/Nullbasic-EGFP (red) cells by flow 

cytometry using an anti-CXCR4 monoclonal antibody. (D) The MAGI (black circles), 

MAGI/EGFP (black diamonds) and MAGI/Nullbasic-EGFP (white diamonds) cell 

lines were infected with equal amounts of pGCH-derived virions (500 ng CA-

equivalent per 10
6
 cells) before viral replication was monitored over a 14-day period. 

Log values of virion CA levels measured in the culture supernatants are shown plotted 

against time. Obelisks (†) indicate observations of syncytia and cell death in the 

MAGI and MAGI/EGFP cell lines at 9 days post-infection. Data points represent the 

means and standard deviations of triplicate assays in two independent experiments. 
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4.4 Discussion 

This project showed for the first time that a transdominant Tat mutant, Nullbasic, is a 

strong suppressor of viral production and replication.  Nullbasic expression interferes 

with Rev-mediated export of RNA, which subsequently results in significant 

reductions of viral production. Furthermore, virus produced from Nullbasic 

expressing cells show significantly reduced levels of reverse transcription ex vivo. 

Finally stable expression of Nullbasic in target cells produced a strong protective 

effect against HIV-1 infection, suggesting that Nullbasic could potentially be of 

therapeutic benefit, although there are significant hurdles to be overcome before this 

becomes a reality.  

4.4.1 �ullbasic is a transdominant Tat inhibitor 

Transdominant-negative Tat mutants to date have mainly been defined by their ability 

to suppress the transactivation function of HIV-1 Tat (148, 384, 394, 434, 497) or to 

induce latency during HIV-1 infection (27, 83). In this project a full-length, 101 aa 

Tat mutant, termed Nullbasic (Fig. 4.1A) was used whereas other studies have used 

72 aa or 86 aa Tat (8, 27, 394, 434). Analysis of Nullbasic showed that it was a 

transdominant inhibitor of transactivation (Fig 4.2).  The precise mechanism by which 

basic domain mutations in Tat inhibit gene expression is unknown, but it has been 

suggested that transdominant Tat molecules inhibit gene expression by sequestering 

critical transcription factors (366, 384).  The sequestration mechanism of inhibition is 

supported by previous studies showing that transdominant Tat mutants with 

alternative nuclear localisation signals, which accumulate in the nucleus, are effective 

inhibitors of HIV-1 gene expression (384).  Nullbasic also lacks the Tat NLS, and 

confocal microscopy confirmed that Nullbasic accumulates in the cytoplasm rather 

than the nucleus.  Its seems unlikely that Nullbasic could affect localisation of wild 

type Tat by a transdominant mechanism, as previous studies have shown that similar 

basic domain Tat mutants co-expressed with wild type Tat maintained cytoplasmic or 

nuclear localisation, respectively (366). Regardless of the mechanism, Nullbasic was 

a strong inhibor of HIV-1 gene expression.   
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4.4.2 �ullbasic inhibits Reverse Transcription 

Virus produced in the presence of Nullbasic was severely defective for (-) ss DNA 

synthesis in endogenous reverse transcription assays (Fig. 4.5B), which is the likely 

explanation for the inability of the mutant viruses to infect permissive cells 

(Fig. 4.5A).  Expression of Nullbasic did not affect packaging of the HIV-1 genome 

into the virion (Fig. 4.4C) therefore it must interfere with some aspect of reverse 

transcription. Its unclear exactly how Nullbasic inhibited reverse transcription but 

both direct and indirect mechanisms are possible.  

 

A direct mechanism would imply that Nullbasic was packaged in the virion.  

Although only small amounts of Tat are present in virions (104), the high cytoplasmic 

levels of Nullbasic (Fig. 4.1B) in virus producing cells make non-specific packaging 

highly likely.  Once in the virion, Nullbasic could have a number of detrimental 

effects on reverse transcription. Nullbasic may interfere with nucleocapsid activity, 

which was recently reported to precisely regulate reverse transcription by regulating 

binding of tRNA to the PBS (245).  Nullbasic lacks an RNA binding domain, so it is 

unlikely to interfere with tRNA placement directly, but it retains the highly charged 

protein interaction domain, and may therefore sequester nucleocapsid, preventing 

correct priming from occurring.  Alternatively, in the previous chapter Tat was shown 

to interact with RT directly to enhance RT function, and that this function was 

mediated to some extent by the basic domain.  Nullbasic may therefore compete with 

wild type Tat resulting in reduced reverse transcription.  

 

Another possibility is that Nullbasic may bind other crucial intra-virion factors and 

indirectly disrupt the regulation of reverse transcription. In a recent study Chertova et 

al. found over 251 cellular proteins in the virion, several of which could play roles in 

reverse transcription (104).  Nullbasic could sequester one or more of these proteins 

and interfere with these activities, resulting in decreased reverse transcription (104, 

385).  In any case, affected virions were determined to have low infectivity in a 

single-cycle infection assay (Fig. 4.5A), which was most likely due to a reverse 

transcription defect (Fig. 4.5B). 
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4.4.3 �ullbasic and Rev 

In addition to suppressing Tat transactivation and reverse transcription, Nullbasic 

reduced HIV-1 virion production in cells by suppressing the expression of Gag and 

Env from HIV-1 provirus (Fig. 4.3B). These proteins are both coded by singly-spliced 

or unspliced mRNA that are dependent on Rev to export their mRNA from the 

nucleus to the cytoplasm during viral production.  Quantitation of the viral mRNA by 

two different assays confirmed that Nullbasic reduced levels of unspliced and singly-

spliced viral mRNA (Fig. 4.6).  Subsequent functional assays showed that Nullbasic 

inhibited Rev mRNA export function (Fig. 4.7) and altered Rev subcellular 

localisation (Fig. 4.8), indicating that Nullbasic impairs Rev function during infection.  

 

Rev normally binds the Rev response element (RRE), an RNA structure located 

within HIV-1 env, to facilitate export of unspliced and singly-spliced mRNA from the 

nucleus using the CRM-1 nuclear export pathway (173, 187, 465).  Confocal 

microscopy experiments indicated that Nullbasic disrupts Rev subcellular localisation 

(Fig. 4.8). The nucleolar localisation of Rev appears to be important for its function 

(108, 144), so the Nullbasic-induced redistribution of Rev from nucleolus to 

nucleoplasm and cytoplasm is likely to be responsible for the observed inhibition of 

Rev function. There are reports that Tat and Rev share common nuclear trafficking 

pathways involving importin β (493) and B23 (nucleophosmin) (144, 324), so it is 

possible that Nullbasic may directly interfere with Rev trafficking. Tat trafficking, 

however, remains controversial, with conflicting reports that Tat nuclear 

accumulation requires active, factor-dependent pathways (149) or passive, factor-

independent mechanisms (89). Moreover, interactions between Nullbasic and Myc-

Rev were not observed in immunoprecipitation experiments (unpublished 

observations). Therefore, it seems likely that Nullbasic interferes with Rev trafficking 

by indirect mechanisms.  

 

Transdominant Tat mutants have not previously been linked to Rev-mediated RNA 

export, however a dominant-negative Rev mutant called M10 has been described that 

was shown to inhibit wild type Rev function (346). The M10 mutant protein is 

dominant negative because it retains the ability to bind the HIV-1 RRE but is unable 

to support export of the bound mRNA from the nucleus, thereby inhibiting HIV-1 
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replication (346, 467).  It seems unlikely that M10 and Nullbasic affect Rev function 

through the same mechanism, since Rev M10 competitively binds to the RRE, but is 

not capable of multimerising thus preventing Rev from interacting with components 

of the Crm-1 pathway.  However, Nullbasic may instead sequester cellular factors 

(such as importins) normally required for Rev nucleolar targeting in a similar 

hypothesis to how Tat transdominance is proposed to function (384). However the 

mechanism, disruption of Rev trafficking and therefore HIV-1 mRNA export function 

represents a major antiviral activity of Nullbasic. 

4.4.4 Therapeutic Potential and Obstacles 

Given the multiple inhibitory activities of Nullbasic, it was hypothesised that it may 

confer strong resistance against HIV-1 infection if expressed in target cells, rather 

than producer cells.  To test this hypothesis, Nullbasic-EGFP was expressed in HIV-1 

target cells before viral infection (Fig. 4.9). HeLa-CD4-LTR-β-gal (MAGI) cells were 

used in this proof-of-principle study as a model cell line for HIV-1 infection as they 

are robust, easily transduced and provide a simple readout for infectivity using a β-

galactosidase-CPRG assay.  Expression of Nullbasic-EGFP in the cells had no effect 

on receptor levels (Fig 4.9B and C) or cell growth suggesting that the protein is well 

tolerated by the cells. 

 

At 9 days post-infection, Nullbasic-EGFP protected cells from high-dose HIV-1 

infection (500 ng CA-equivalent virions per 10
6
 cells) by greater than two orders of 

magnitude compared to cells transduced to express EGFP (Fig. 4.8D). Furthermore, 

MAGI/Nullbasic-EGFP cells were protected against HIV-1-induced syncytia 

formation and cell death, indicating that Nullbasic-EGFP had protected the cells 

against spreading infection. It is likely that all three of the previously described 

antiviral activities of Nullbasic (inhibition of transactivation, Rev function and reverse 

transcription) conspired to suppress this spreading infection.  

 

MAGI cells are an excellent reporter cell line, however to take the experiments further 

would require expression of Nullbasic-EGFP in more biologically relevant cell types, 

such as T-cell lines or peripheral blood mononuclear cells. Multiple attempts were 

made to transduce various T and monocytic cell lines with Nullbasic-EGFP-encoding 

lentivirus in order to establish stable Nullbasic-EGFP expression in these relevant 
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HIV-1 target cells. Unfortunately, based on fluorescence microscopy, only weak or 

transient expression of Nullbasic-EGFP was detected in a small proportion of cells in 

all tested cell lines. Others have successfully expressed wild type Tat in the Jurkat T 

lymphoblastoid cell line (84), however it is likely that Tat was made at low levels, 

which may prevent the negative effects attributed to Tat expression in cell lines, most 

notably apoptosis caused by over expression of Tat (320, 341), an effect not seen 

when Nullbasic is expressed.  

 

The pLOX-CW lentivector used in these experiments is based on HIV-1 and therefore 

requires Tat transactivation, Rev-mediated mRNA export and reverse transcription to 

produce transducible virions (439). It is therefore likely that co-expression of the 

Nullbasic-EGFP transgene from the lentivector was inhibiting virion synthesis and 

target cell infection. This deficit could potentially be overcome by using high titre 

lentivirus and optimise transduction conditions. Alternatively, in future studies it may 

be necessary to use an alternative delivery system, such as adenovirus, or Kunjin 

replicon viral vectors (84, 232) that could bypass the negative effect of Nullbasic on 

RNA export and reverse transcription on HIV-1 based vectors, allowing for greater 

expression in the target cells. Alternatively, it may be possible to use an inducible 

expression system, such as the Tet system used by Verhouf et al. (504), to regulate the 

expression of Nullbasic to such a level that the lentiviral vectors could form, while 

still retaining the anti-viral activity in cell culture.  

 

In conclusion, this study demonstrates the potent antiviral activity of a transdominant 

Tat mutant and show that multiple steps in the HIV-1 replication cycle are targeted. In 

addition to negative effects on viral gene expression, for the first time Nullbasic is 

shown to also inhibit Rev-dependent viral mRNA transport and intravirion reverse 

transcription. Moreover, these inhibitory effects combine to reduce virus production 

as well as viral infection, thereby positioning Nullbasic as a highly effective agent for 

therapeutic development. In the long term, identification of the cellular or viral factors 

that interact with Nullbasic to induce Rev and reverse transcription inhibition could 

reveal novel antiretroviral drug targets. 

 

As a result of the multiple inhibitory activities of Nullbasic, expression of Nullbasic in 

permissive cells conferred strong resistance against high-dose HIV-1 challenge and 
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the reduction by greater than two orders of magnitude of a spreading viral infection 

(Fig. 4.9). To our knowledge, this is the first demonstration of a transdominant Tat 

mutant that targets multiple, distinct steps in the HIV-1 replication cycle: proviral 

gene transcription, Rev-dependent mRNA transport and reverse transcription. 
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CHAPTER 5 

 

CO�CLUDI�G REMARKS A�D FUTURE DIRECTIO�S 
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Reverse transcription is the hallmark process of HIV-1 replication.  Many studies 

have been aimed at fully elaborating the mechanism of this process, but as yet there 

are many aspects that have not been fully characterised.  This study aimed to 

determine the role of the viral untranslated RNA in mediating reverse transcription, 

particularly as it pertains to the initiation reaction.  Multiple studies have suggested 

that temporal and spatial regulation of reverse transcription is critical to viral 

infectivity.  Chapter 2 presented direct evidence for the first time that an RNA 

element, RRTI, represses the initiation of reverse transcription, and that loss of this 

repression results in loss of viral replication.  The mechanism of repression has not 

been fully characterised, but there are multiple avenues through which RRTI may 

function.  The effect was not observed in an in vitro reverse transcription system, 

indicating that cell factors may be involved in mediating the effect. Structural studies 

revealed only subtle effects on the apical loop of the RNA hairpin, which on their own 

would not seem to be sufficient to de-repress reverse transcription.  Together these 

results suggest a mechanism that requires the binding of a cell factor to the RRTI, 

potentially through the apical loop of the structure.  Further studies are required to 

determine what factors may be involved. Recent genome-wide siRNA screens have 

shown that over 800 cell factors are activated following HIV infection of the cell, 

indicating the scope of the challenge in isolating a single factor (67, 298, 499, 547), 

however the observation that reverse transcription is de-repressed within the virion 

when RRTI is mutated narrows the field to factors that are packaged into the virion.   

 

Alternatively, a proteomics-based approach could be utilised to determine the factors 

involved in mediating RRTI effect.  A system has been established which allows for 

the isolation of complete reverse transcription complexes (RTCs) from infected cells 

and virions (512, 513).  Isolating and comparing RTCs from RRTI mutant virions by 

mass spectrometry may help to elucidate what factors are present or absent in the 

RRTI mutant complexes.  A second approach to isolating the factor involves affinity 

chromatography, using a synthetic RNA coupled to a biochemical tag, such as biotin, 

immobilised on an affinity column, and then this to “trap” factors from a cell lysate, 

then eluting and identifying the proteins associated with the RNA.  Identification of 

the factor and the mechanism by which it suppresses reverse transcription would lead 

to a greater understanding of the temporal regulation of reverse transcription by both 

the virus and the cell. 
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Recent studies have shown that viral and non-microbial DNA interacts with 

cytoplasmic DNA receptors to trigger a number of innate immune pathways that 

result in the secretion of pro-inflammatory cytokines, in particular interleukin-1β (IL-

1β), anti-viral type I interferons (IFNα/β) (470) and cell death in susceptible cells, 

such as macrophages (427, 464).  Therefore it is possible that the temporal regulation 

of viral cDNA production could be essential for HIV-1 to evade a cellular defence 

mechanism.  Studies are underway to determine whether the high levels of reverse 

transcription observed in RRTI mutant viruses correlate with an increased expression 

or secretion of IL-1 in cell culture, as this would provide strong evidence for the 

biological relevance of tightly regulated reverse transcription.  

 

A second observation from the RRTI study is that integration is significantly impaired 

in viruses with mutations to RRTI.  This presents two possibilities, either deregulation 

of reverse transcription impairs the ordered transition from RTC to pre-integration 

complex (PIC); or alternatively RRTI has a separate and distinct function during 

integration or PIC formation.  In vitro integration assays utilising synthetic RRTI 

mutant DNA, would potentially determine whether RRTI has a direct effect on 

integration.  It has been shown in vitro that a complex forms at the terminal of the 

vDNA, called the intasome, which protects the vDNA from degradation by nucleases 

(102, 507). It is possible that some components of the intasome may bind in the RRTI 

region, thus conferring resistance to cellular nucleases if such a complex forms in 

vivo.  Isolating PICs from infected cells, then using them in an in vitro system would 

further determine whether the decreased integration was due to a defect in the actual 

integration mechanism, or whether the observed degradation at the terminals of the 

viral cDNA, that resulted in the loss of the 3` terminal of the R region containing the 

integrase recognition signals, was responsible for the observed integration defect.   

 

In addition to the discovery of the RRTI, this study addressed the role of the viral Tat 

protein in mediating reverse transcription, while uncovering a Tat mutant, Nullbasic, 

which inhibited multiple viral processes.  At low concentrations Tat interacts with RT 

to enhance the activation of reverse transcription by assisting with the placement of 

RT on the RNA template. However at high concentrations Tat appears to inhibit 

reverse transcription in vitro.  This would suggest the presence of a feedback loop in 
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regulating reverse transcription, which could once again be explained by the necessity 

for temporal regulation of reverse transcription.  The low concentrations of Tat 

present pre-integration could contribute to enhancing reverse transcription to ensure 

viral cDNA synthesis.  However, once the viral DNA has integrated and high 

concentrations of Tat are present in the cell, then Tat may act to suppress reverse 

transcription, possibly to prevent excess reverse transcription from occurring, since 

excess reverse transcription is detrimental to viral replication, as shown in chapter 2.  

Studies investigating the role of Tat in mediating reverse transcription are ongoing, 

targeted at determining precisely what role Tat plays in stabilising the RT enzyme.  

 

The results presented in chapter 4 indicated the strong antiviral potential of Nullbasic 

when used in a model cell line (MAGI cells), and future studies will aim to duplicate 

these results in a biologically relevant cell line such as THP-1 cells, or in primary 

cells.  Alternative pathways to express Nullbasic in target cells are being considered, 

because Nullbasic appears to suppress the expression of the lentiviral expression 

constructs used in chapter 4 when introduced into other cell lines.  Two systems being 

considered for use are the Kunjin replicon expression system (232), and an adenovirus 

expression system.  These would both be resistant to inhibition by Nullbasic as neither 

system relies on reverse transcription or Rev-function to express the protein of 

interest.  Once the expression difficulties have been overcome, additional Tat mutants 

incorporating mutations into the basic domain will be incorporated into the system to 

determine the minimal domain of Tat that is required to induce an antiretroviral effect.  

 

Nullbasic was also shown to impair Rev-mediated RNA transport, although the results 

suggested that there was no direct interaction between the two proteins. This indicates 

that there may be a third protein mediating Tat and Rev interactions in the cell.  

Currently studies are underway to determine what the partner-proteins may be, since 

disruption of this interaction appears to be detrimental to viral infection. 

Nucleophosmin and SAM68, both of which have been shown to interact with Rev 

during nuclear export of RNA, are possible candidates for mediating this effect, and 

as such experiments are underway to determine whether either of these proteins could 

be involved in mediating the Tat-Rev interaction.  Identification of the partner protein 

would enhance the understanding of the viral RNA export pathway, while potentially 



 

 225

leading to therapeutic applications targeted at disrupting Rev export of the viral 

mRNA.  

 

Overall, this study has uncovered several new aspects of the regulation of reverse 

transcription and has presented multiple avenues for further study.  RRTI function and 

Nullbasic are both novel factors that provide insight into viral replication, while 

potentially providing avenues for therapeutic applications in the future.   
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