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ABSTRACT 

 One of the greatest barriers to curing HIV-1 is the ability of the virus to establish a state 

of latent infection within infected cells. During viral latency, the virus lies dormant in the form 

of an integrated, replication-competent provirus within the infected cell. In this state, the virus 

is undetectable by the host immune system and is unaffected by antiretroviral drugs due to 

extremely weak or null transcription. These viruses, however, can be induced to produce 

infectious virus later on and propagate the infection as well as reseed the latent reservoir. The 

factors that lead to the establishment and maintenance of HIV-1 latency are not all known. 

Current latency reversal methods are unable to effectively purge the latent reservoir in HIV-1-

infected patients, which begs the question whether there are populations of latently-infected 

cells that are not being targeted by present therapeutics. 

 One of our first lines of defense against retroviral infection is the APOBEC3 family of 

cytidine deaminases. These enzymes restrict retroviral infection mainly through 

hypermutation of the proviral DNA, leading to inactivation of the virus. However, it has been 

shown that low levels of mutations do not necessarily inactivate the virus and can sometimes 

be beneficial for the virus by increasing genetic diversity and viral fitness. Sublethal 

mutagenesis has been studied on coding regions of the virus, however, their effects on 

regulatory regions of the virus such as the LTR promoter have been scarcely explored. My 

project aimed to examine the effects of APOBEC3-induced mutations on the activity of the 

HIV-1 LTR promoter and investigate whether these mutations could be generating a subset of 

latently-infected cells. 

 A library of HIV-1 clones with A3G- or A3F-mutated LTRs was generated. We 

discovered that the 5’ LTR is not mutated during the first round of HIV-1 infection in our 

system while the 3’ LTR accumulates mutations. A second round of infection is required for 
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the mutations in the 3’ LTR to be copied over to the 5’ LTR and influence promoter activity. 

The mutations generated a range of effects on the promoter, with some clones being 

completely inactivated and no longer responsive to Tat or PMA/Ionomycin induction, while 

other clones were still highly infectious. The clones of interest were the ones in between this 

spectrum that were weakly-infectious (≤0.25%) prior to stimulation but were able to be 

induced above a given threshold (≥10-fold). We denoted these clones latency-prone viruses 

(LPVs) and were able to identify 10 of these clones within our library. We also explored the 

effects of individual mutations on the promoter and although these clones were highly 

infectious, we identified 8 positions of interest that led to weaker infectivity and fluorescence 

when mutated. The mutations in our library were found to hit important transcription factor 

binding sites and were also identified in a bioinformatics search of HIV-1-infected patient 

sequences, which confirms the relevance of our in vitro-identified mutations in a physiological 

setting. 

 This is the first investigation and evidence of the APOBEC3 proteins contributing to 

the generation of a subset of latent viruses and constitutes an important contribution to the 

understanding of HIV-1 latency and its reversal. This previously uncharacterized pool of 

latently-infected cells could explain why current therapies are ineffective as they do not target 

these molecular modifications but rather focus on reversing epigenetics and reactivation of the 

virus. These newly-discovered latency-prone viruses would be a useful tool in testing 

reactivation drugs and establishes the need to develop novel antiretrovirals that will target a 

broader spectrum of latently-infected cells. This project has effectively illustrated the dual role 

of this host-encoded restriction factor and provided further insight into HIV-1 latency, the 

major hurdle towards a cure for HIV-1.  
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1.0 INTRODUCTION 

1.1 Retroviruses 

Retroviruses are a unique class of RNA viruses in that they form a DNA replication 

intermediate (called a provirus) that becomes integrated into the genetic material of the host in 

which they infect. Prior to their discovery, it was believed that genetic information flowed 

from DNA to RNA to protein, known as the Central Dogma of molecular biology. Retroviruses 

challenge this idea as the information in genes flows from RNA to DNA back to RNA to 

protein. This is made possible due to a virally-encoded RNA-dependent DNA polymerase 

called reverse transcriptase (RT), which allows the virus to generate this DNA intermediate 

from its RNA genome (1). This DNA intermediate is then stably integrated into the host 

genome thereby permanently affecting the host’s genetic composition. Currently, there are 

only two known human retroviruses that cause disease in humans: Human T-Cell Leukemia 

Virus (HTLV) and Human Immunodeficiency Virus (HIV) (2, 3), the latter being the virus of 

study in this thesis.  

1.1.1 HIV-1 

A new disease known as Acquired Immune Deficiency Syndrome (AIDS) was first 

clinically observed in 1981. Patients suffering from this syndrome were characterized by 

having an impaired immunity that allowed opportunistic infections to cause morbidity. The 

cause of the disease was unknown at the time of observation until two competing research 

groups, led by Robert Gallo, and Françoise Barré-Sinoussi and Luc Montagnier, independently 

isolated HIV as the causative agent in 1983 (4). HIV exists as two types: HIV type 1 (HIV-1) 

and HIV type 2 (HIV-2). Both virus types are thought to have developed from a zoonotic 

transmission of a recombinant Simian Immunodeficiency Virus (SIV) from non-human 

primates to humans in Central and Western Africa (5, 6). HIV-1 is the more virulent and 
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transmittable of the two types and is the one we associate most with the HIV/AIDS pandemic. 

It is the result of a zoonotic transmission of SIV from chimpanzees, whereas HIV-2, the less 

virulent and less transmittable of the two, is the result of a zoonotic transmission of SIV from 

sooty mangabeys (5, 6). As of 2017, there is an estimated 36.9 million people worldwide 

currently living with HIV/AIDS (7). Since its identification, it has taken a death toll of over 

35 million people worldwide (7).  

1.1.1.1 Genome and Virion 

HIV-1 is a lentivirus characterized for its slow and chronic infection. It is an enveloped 

retrovirus with a positive-sense, single-stranded RNA (+ssRNA) genome. Its genome size is 

roughly 9.7 kb and encodes for nine genes which produce a total of fifteen proteins (Figure 

1.1). Every retrovirus codes for essential Gag, Pol, and Env polyproteins. The Gag polyprotein 

is further cleaved into the nucleocapsid (NC), capsid (CA), and matrix (MA) structural proteins 

(8). The Pol polyprotein gives rise to the reverse transcriptase (RT), integrase (IN), protease 

(PR), and RNAse H enzymes (8). The Env polyprotein is processed and cleaved into two 

envelope glycoproteins, gp41, a transmembrane (TM) subunit, and gp120, a surface (SU) 

subunit (8, 9). HIV-1 is a complex retrovirus and also codes for six accessory proteins: the 

regulatory proteins, Transactivator of transcription (Tat) and Regulator of expression of virion 

proteins (Rev); and the accessory proteins, Viral infectivity factor (Vif), Viral protein r (Vpr), 

Viral protein u (Vpu), and Negative regulatory factor (Nef). The entire proviral genome is 

flanked by two 634 bp Long Terminal Repeats (LTRs), which serve as the promoter at the 5’ 

end of the genome as well as polyadenylation and transcription termination at the 3’ end of the 

genome (10). Both LTRs are organized in the same architecture, composed of U3, R, and U5 

regions. The U3 region houses the majority of the transcription factor binding sites (TFBS) 

and contains the promoter, enhancer, and other regulatory sequences. The R region marks the 
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start of the viral transcript at the 5’ end and contains the transactivation response (TAR) 

element. At the 3’ end, the R region is also the site of polyadenylation and transcription 

termination.  

The HIV-1 genetic material itself is present as two copies of single-stranded RNA 

contained within a conical-shaped core formed from the CA protein (Figure 1.2). The two viral 

RNA copies, along with viral enzymes RT, IN, and PR, are held together by their association 

with the NC protein. The viral core is surrounded by protective MA protein underneath a lipid 

bilayer envelope that the virus snatches from the host cell membrane. The envelope 

glycoproteins, present as heterotrimers, are then embedded and protrude out of the virus, as 

well as any host proteins that were picked up upon viral egression (8, 11–13).  
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Figure 1.1. HIV-1 Genome Organization. The HIV-1 RNA genome begins from the R region 

of the 5’ LTR and ends after the R region of the 3’ LTR. Upon reverse transcription, a double-

stranded DNA intermediate is formed with duplicates of the LTRs containing U3, R, and U5 

regions at both ends of the viral DNA genome. Depicted are the primer binding site (PBS), Psi 

packaging signal (Ψ), central polypurine tract (cPPT), Rev response element (RRE), 3’ 

polypurine tract (3’PPT), as well as the organization of the various genes and proteins encoded 

by the virus. Reproduced from Reference (14) (Open Access). 
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Figure 1.2. HIV-1 Virion Structure. Schematic representation of a mature HIV-1 virion. 

Reproduced from Reference (15) (Open Access). 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

1.1.1.2 Replication Cycle 

The infection of HIV-1 begins when the virus finds a suitable target host cell. HIV-1 

primarily infects cells of the immune system such as T lymphocytes, macrophages, dendritic 

cells, and microglial cells (16–20). These cells express CD4 receptors on their surface that the 

viral gp120 SU glycoprotein recognizes and interacts with (21). Upon interaction, a 

conformational change occurs, allowing for the binding to a chemokine co-receptor, either 

CXCR4 or CCR5 (these also dictate the tropism of the virus) (22–26). Once the receptors are 

bound, the gp41 TM glycoprotein is then inserted into the host cell membrane, leading to 

fusion of the two membranes and viral entry into the host cell (21, 27–29). The viral capsid 

remains intact and reverse transcription of the viral genomic RNA takes place inside this core 

(forming a reverse transcription complex (RTC)) (30–33). See Figure 1.3 for a depiction of 

the reverse transcription process. The generation of the minus-strand complementary DNA 

(cDNA) from the viral genomic RNA is primed by a host tRNA3
Lys primer on the primer 

binding site (PBS) located just downstream of the 5’ LTR. Reverse transcriptase (RT) works 

in a 3’ to 5’ orientation and synthesis of the minus-strand temporarily stops at the 5’ end of the 

viral RNA genome. This short fragment is known as the minus-strand strong stop DNA (-

sssDNA) and requires a template switch, known as the minus-strand transfer, to complete its 

synthesis. The strand is transferred to the 3’ end of the same viral RNA strand or to the second 

copy of the genome, where the newly synthesized R region of the -sssDNA binds to its 

complementary sequence at this end. Minus-strand synthesis continues from the R region to 

the PBS and at the same time, the RNAse H activity of the RT digests the RNA in the 

RNA:DNA hybrids created. However, digestion is incomplete as some fragments remain 

intact, namely the polypurine tracts (PPTs). HIV-1 has two PPTs, a central PPT (cPPT) and a 

3’ PPT. The latter is essential and used as a primer during reverse transcription for plus-strand 
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synthesis. Plus-strand synthesis proceeds from the 3’ PPT to the 5’ terminus of the minus-

strand. The small fragment produced is known as the plus-strand strong stop DNA (+sssDNA) 

and similarly, a strand transfer must occur to continue its synthesis. This plus-strand transfer 

allows the PBS of the +sssDNA to anneal to the PBS of the minus-strand. Both DNA strands 

then use each other as templates to complete their own sequence, resulting in two identical 

strands of viral DNA flanked by complete LTRs at each end. This is known as the provirus 

and is now ready for nuclear import. Once reverse transcription is complete, the viral core 

containing the provirus is trafficked to the nuclear pore where it is uncoated and the provirus 

becomes part of a pre-integration complex (PIC) (32). The PIC enters the nucleus and with the 

aid of IN and other cellular proteins, the provirus is then integrated into the host genome (31, 

34–36).  
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Figure 1.3. HIV-1 Reverse Transcription. (A) Minus-strand synthesis begins by annealing 

of a host tRNA primer to the primer binding site (pbs) of the viral RNA (light blue line). (B) 

Minus-strand synthesis progresses until the 5’ end of the viral genome (cDNA shown as dark 

blue line). This short fragment is known as the minus-stand strong stop DNA (-sssDNA). The 

RNA in the RNA:DNA duplex is digested by the RNAse H activity of RT. (C) Minus-strand 

transfer anneals the newly-formed R region of the nascent minus-strand complementary to the 

R region at the 3’ end of the viral genome. (D) Minus-strand synthesis continues until the end 

of the remaining viral genome. RNAse H activity digests the RNA, leaving behind the 

polypurine tract (ppt). (E) The ppt is used as the primer for plus-strand synthesis. Plus-strand 

synthesis progresses until it reaches the sequence of the tRNA primer. This short fragment is 

known as the plus-strand strong stop DNA (+sssDNA). (F) Plus-strand transfer anneals the 

newly-formed pbs of the nascent plus-strand complementary to the pbs of the minus-strand. 

The ppt and tRNA primer are digested by RNAse H. (G) Synthesis of the remainder of each 

strand proceeds until a double-stranded DNA intermediate is produced of the viral genome 

flanked by complete LTRs (U3, R, U5). Reproduced from Reference (37) with permission 

from Cold Spring Harbor Laboratory Press.  
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Once the provirus is integrated into the host genome, it must depend on host cell 

machinery to express its viral genes and replicate its own viral RNA genome (31, 38). Viral 

transcription is driven by the 5’ LTR promoter. Cellular transcription factors (TFs) are 

recruited to the site of transcription and initially, only short mRNA transcripts are generated 

(39, 40). It is not until the accessory protein Tat is produced in sufficient amount that viral 

transcription progresses efficiently (39, 40). Tat returns to the nucleus and binds a stem-loop 

structure on the viral RNA called the transactivation response (TAR) element. This leads to 

the recruitment of the positive transcription elongation factor (P-TEFb) complex, comprised 

of cyclin-dependent kinase 9 (Cdk9) and cyclin T1, which then phosphorylates the C-terminal 

domain (CTD) of RNA polymerase II (41). This increases the processivity of the enzyme and 

allows it to get over the transcription block. Tat transactivation thereby vastly improves 

transcription elongation and efficiency. Another accessory protein, Rev, also returns to the 

nucleus where it binds to the Rev response element (RRE) on newly generated transcripts. 

This allows for the export of unspliced and incompletely spliced transcripts out to the 

cytoplasm (42). Once in the cytoplasm, translation of viral proteins occurs and new virions are 

assembled at the cell surface. Full-length viral RNA genomes are packaged into viral particles 

by their association with the NC domain of Gag via the psi (Ψ) packaging signal located 

downstream of the 5’ LTR (43). The progeny viruses then bud out of the host cell, taking the 

host cellular membrane with it, studded with viral envelope glycoproteins that it catches along 

the way (27–29). Once outside of the cell, the virus is fully matured by protease cleavage of 

the Gag and Pol polyproteins by the viral PR, which then generates the final conical capsid 

shape and viral proteins necessary for the progeny viruses to infect new cells (Figure 1.4) (44, 

45). 
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Figure 1.4. HIV-1 Replication Cycle. Schematic representation of the steps in the HIV-1 

replication cycle beginning with binding of the virus to host cell receptors and ending with 

budding of the virus from the host cell and virus maturation. Reproduced from Reference (46) 

with permission from Springer Nature. 
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1.1.1.3 Pathogenesis 

HIV-1 infection is primarily a sexually-transmitted illness (STI). However, it can be 

transmitted through various forms of contact with infected bodily fluids, such as through blood 

transfusions, unsterile drug use, vertically through childbirth, etc (47–49). As mentioned 

previously, HIV-1 targets cells of the immune system decorated with the CD4 receptor. This 

includes CD4+ T lymphocytes, macrophages, dendritic cells, and microglial cells. Co-receptor 

binding determines the tropism of the virus. The chemokine co-receptor CCR5 is used to 

mainly infect macrophages and memory CD4+ T cells (denoted M-tropic, R5 viruses) during 

initial infection and it is thought that macrophages harbour the initial viruses and contribute to 

their production and expansion when CD4+ T cells start to become depleted (50). Later on 

during infection, there is a switch in co-receptor preference and the chemokine co-receptor 

CXCR4 is used to mainly infect a variety of peripheral T cells (denoted T-tropic, X4 viruses) 

(50). This explains the more adverse impact of the infection later on during its course as T 

cells continue to deplete, ultimately leading to the development of AIDS.  

There are two clinical phases in an HIV-1 infection, an acute phase and a chronic phase, 

ending with the progression to AIDS. During the acute phase, a patient may experience flu-

like symptoms as the virus undergoes intense replication inside the host cells (51). A huge 

portion of the CD4+ T cell population in the peripheral blood and gut-associated lymphoid 

tissue (GALT) becomes depleted during this time due to cytopathic effects from virus 

production, immune response through cytotoxic CD8+ T cells, inflammation, etc (6, 52–56). 

Following this acute phase, levels of CD4+ T cells appear to bounce back in the bloodstream, 

however, cell numbers in the GALT remain depleted throughout the infection (54–56). Viral 

levels peak and then decline, reaching a level that allows the virus to reside in the host for 

many years, spreading slowly. During the chronic phase, CD4+ T cells continue to be depleted 
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and their regeneration declines, leading to immune dysfunction and increased susceptibility to 

opportunistic infections, a hallmark of AIDS (57). 

In its early days following the discovery of the virus, HIV-1 infection and progression 

to AIDS meant certain death. However, with the advent of antiretroviral therapy (ART), the 

life expectancy of an HIV-1 patient is now comparable to that of the general population (58–

60). Today, HIV-1-infected patients undergo a regime known as highly active antiretroviral 

therapy (HAART), a combination therapy consisting of at least three different antiretroviral 

drugs that target different stages of the viral infection cycle (45, 61, 62). Because of HIV-1’s 

rapid evolution, owing in part to the poor fidelity of the RT enzyme (which can introduce up 

to 10 mutations per genome synthesized), it is not surprising that the virus has evolved drug 

resistance mutations (37, 62–68). A combination therapy therefore helps to circumvent this 

problem by reducing the chances of developing resistance because of specific mutations. 

HAART has the capacity to reduce plasma viral loads to below detection limits (<50 

copies/mL) and keep it suppressed for the duration of treatment, thereby greatly enhancing the 

quality of life of infected individuals (69–71). 

1.2 Latency and Persistence 

Despite the effectiveness of HAART, these life-saving drugs are often very toxic to the 

patient in the long-term. Therefore, the current goal to improve HIV-1 therapy is to be able to 

take the patient off of HAART eventually. However, when HAART is ceased, there is rapid 

rebound in the plasma viral loads observed in the patients (72–74). HAART is unable to 

completely eradicate HIV-1 infection because the virus is able to establish a state of latent 

infection within cellular reservoirs (41). In this latent state, the replication-competent provirus 

has successfully integrated into the host genome; however, the virus lies dormant and very 

little transcription takes place (17, 41). This leads to undetectable levels of viral protein or viral 
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particle production, preventing the host immune system from mounting a response to 

successfully clear the pathogen (17). Similarly, antiretroviral therapeutic approaches, which 

target actively replicating virus, are also unable to eliminate the infection (17). The latent virus 

is then able to hide unscathed until the cell becomes activated, thereby causing HIV-1 

transcription to reinitiate. The newly produced virus particles then contribute to further spread 

the infection and re-seed the viral reservoir. This in fact constitutes the biggest obstacle to 

curing HIV-1. Furthermore, the phenomenon of viral latency is not an evolutionary accident 

for the virus and is not merely dependent on cell cycle state (75, 76). There is increasing 

evidence that viral latency is a hardwired strategy embedded in the viral makeup to allow for 

viral persistence and enhance viral transmission (75, 76). What is also troubling is the 

possibility that the latent reservoir is even greater than initially imagined. One study found that 

even after maximum in vitro T cell activation, less than 1% of proviruses were induced to 

produce infectious virus (77). Although much of this can be attributed to defects in the genome 

of the non-induced proviruses, 11.7% of them were found to be replication-competent, 

meaning that they could have the potential to become activated in vivo (77). This would 

drastically increase the size of the latent reservoir (~60-fold) and thus complicate finding a 

cure for HIV-1 (77).  

1.2.1 Current Models 

HIV-1 primarily establishes a latent reservoir within resting memory CD4+ T cells (41, 

78–81). Latent HIV-1-infected cells represent ~1 in 1 x 106 cells in this population (75, 82). 

These cells are long-lived, allowing the virus to persist in a latent state within the host for many 

years. Early on during HIV-1 infection, activated CD4+ T cells become infected (72, 74, 83, 

84). As the infection progresses, most of the infected cells die off. However, a subset of these 

cells survive long enough to revert to a resting memory state (41). This state is not conducive 
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to viral gene expression due, in part, to the lack of key host cellular transcription factors as 

well as viral regulatory proteins, such as Tat (41, 78, 85). This results in decreased viral 

transcription and viral evasion of the host immune system. HIV-1 also sets up infection in 

macrophages, dendritic cells, and microglial cells and the presence of latent reservoirs in these 

cell populations is still being researched (17–20, 35, 79, 86, 87). Along with these cell types, 

latent reservoirs have also been suggested in privileged anatomical sites such as the central 

nervous system (CNS) and testes where drug penetration is limited (35, 88–90). The 

mechanisms underlying viral latency are complex and poorly understood and are most likely 

due to a combination of factors. Current models for the establishment and maintenance of 

latency include several molecular and epigenetic mechanisms (Figure 1.5) (35, 91). Chromatin 

silencing through epigenetic modifications such as histone deacetylation at the site of provirus 

integration, and DNA methylation of the provirus, are popular mechanisms proposed for HIV-

1 latency as they both lead to transcriptional silencing (35, 41, 79, 91, 92). Sequestering of key 

transcription factors in the cytoplasm of the cell, making them unavailable in the nucleus for 

transcription also leads to silencing of viral gene expression (41, 79). The orientation of 

provirus insertion can result in two scenarios of transcriptional interference: promoter 

occlusion or convergent transcription (17, 35, 41, 79, 85, 93). In the first scenario, a host gene 

promoter is located upstream of the viral promoter, causing the host RNA polymerase II to 

read through the proviral promoter and displace bound transcription factors. In the second 

scenario, the host gene and the provirus are in opposite orientation, causing the RNA 

polymerase II complexes to collide, leading to early transcription termination for both 

promoters or whichever is weakest. As mentioned previously, Tat transactivation is important 

for the generation of full-length viral transcripts. Cyclin T1, one of the proteins that make up 

the P-TEFb complex that is recruited by Tat, is present in low amounts in resting CD4+ T cells 
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(41). This results in a defective P-TEFb complex, leading to lowered Tat transactivation and 

the promotion of HIV-1 latency (35, 41, 79, 92).  
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Figure 1.5. Mechanisms of HIV-1 Latency Establishment. Some of the major mechanisms 

of HIV-1 latency present in CD4+ T cells. See text for details. Reproduced from Reference 

(41) with permission from Elsevier. 
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1.2.2 Latency Reversal 

Due to the importance and burden viral latency places on developing a cure for HIV-1, 

many strategies have been employed in an effort to reverse the latent state of the virus. A 

popular strategy known as the “shock-and-kill” method uses latency reversing agents (LRAs) 

to stimulate the virus out of its latent state, and then relies on the host immune system or 

antiretroviral therapy to clear the activated viruses (17, 79, 94–96). Common LRAs include 

protein kinase C (PKC) agonists, which stimulate the NF-κB signalling pathways to increase 

transcription and gene expression (97); histone deacetylase (HDAC) inhibitors, which block 

the deacetylation of histones thereby opening up the chromatin for transcription (94); DNA 

methyltransferase inhibitors, which have a similar function of making the proviral DNA 

accessible for transcription (94); as well as other compounds that indirectly activate the NF-

κB pathway, leading to T cell activation. Broadly neutralizing antibodies (bNAbs) have also 

been investigated for their use alongside LRAs to purge the latent reservoir (98). Although 

these LRAs and their combinations have had varied success in studies done in vitro, their 

ability to cure latently infected cells in vivo in clinical trials has so far proven ineffective (94, 

99). Therefore, other strategies of latency reversal are also being explored. These include gene 

therapy/gene editing and stem cell transplantation to delete the virus from the cells or to make 

them more resistant to HIV-1 infection (92, 100, 101). However, these approaches are far from 

being easily accessible treatments and their safety and efficacy still need to be studied further. 

1.3 Intrinsic Immunity 

HIV-1, although slow in its method of causing chronic, persistent infections, is very fast 

to infect. It only takes a few hours for the virus to get into the cell and stably integrate its 

genome into the host chromosome. Innate and adaptive immune responses, which take from a 

few days to a few weeks, respectively, to kick in, are thus useless in the initial protection 
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against this virus. Fortunately, we have intrinsic immune defences that come into play when 

encountering these retroviral pathogens. We possess in our cells, host-encoded retroviral 

restriction factors (RFs), that are constitutively expressed and act immediately upon retroviral 

infection. They represent our first line of defence against retroviruses until the innate and 

adaptive immune responses become activated later on. The most effective restriction factors 

against retroviruses are Trim5α, SAMHD1, Tetherin, and APOBEC3. 

1.3.1 Restriction Factors 

Trim5α (tripartite motif 5 alpha) is a cellular protein that acts by directly binding to the 

capsid protein of the retrovirus and orchestrating its premature uncoating once the virus has 

entered the host cell (102–106). This leads to the disruption of reverse transcription as well as 

nuclear import (105). It provides cross-species protection against retroviruses but is poorly 

active against retroviruses of the same host species (107, 108). SAMHD1 (sterile alpha motif 

and histidine/aspartic acid domain-containing protein 1) acts by depleting intracellular pools 

of deoxynucleoside triphosphates (dNTPs) in myeloid lineage cells (105, 106, 109). HIV-1 has 

the special ability to replicate in non-dividing cells and cells with limited concentrations of 

dNTPs, such as resting memory CD4+ T cells, macrophages, and dendritic cells (110–113). 

SAMHD1 further depletes the already-low pools of dNTPs in these cells, making them 

unavailable for reverse transcription (114). Tetherin is a type II transmembrane protein that 

acts by anchoring the progeny viruses to the surface of the cell and preventing their release 

(105, 106, 115). The viruses are then internalized by endocytosis and degraded by lysosomes 

(116, 117). 

1.3.2 APOBEC3 

APOBEC3 (apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3, A3) 

proteins are a family of cytidine deaminases that mutate deoxycytidines into deoxyuridines on 
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single-stranded DNA (118–120). Humans encode for seven APOBEC3 genes located in 

tandem on chromosome 22, denoted APOBEC3A (A3A), APOBEC3B (A3B), APOBEC3C 

(A3C), APOBEC3D (A3D), APOBEC3F (A3F), APOBEC3G (A3G), and APOBEC3H 

(A3H), with only the latter four proteins functioning against HIV-1 in vivo (119, 121–124). 

The prior three are not present at physiological levels or do not encapsidate into viral particles 

or restrict retroviral infection in relevant host cells (125). The APOBEC3 proteins act on 

single-stranded DNA in a 3’ to 5’ processive manner (126). A3F and A3G are the most potent 

of the four A3s against HIV-1 infection and have differing deamination dinucleotide contexts. 

A3G prefers to deaminate cytosines (C) preceded by another cytosine, in a 5’CC deamination 

target motif, whereas A3F and all other A3s prefer to deaminate cytosines preceded by a 

thymine (T), in a 5’TC deamination target motif (121, 126–128).  

The discovery of the A3 proteins came with the observation that certain cell types, 

termed non-permissive cells, were not susceptible to HIV-1 infection in the absence of its 

accessory protein Vif due to a factor present in the cells. Other cell lines, termed permissive 

cells, were able to be infected by this same virus and allowed for the spread of HIV-1 infection 

even in the absence of Vif. A study using cDNAs from a permissive and non-permissive cell 

line as probes in a northern blot analysis of RNAs isolated from various permissive and non-

permissive cells was performed by Sheehy and colleagues to elucidate the factor responsible 

(129). The experiments enriched for a particular cDNA that was expressed in all of the non-

permissive cells but was absent or minimally-expressed in the permissive cells (129). This 

protein was identified as A3G (at the time called CEM15) and soon after, other members of 

the family were discovered based on homology (130, 131). The A3 proteins are characterized 

by a conserved zinc-binding motif (Cis/His)-Xaa-Glu-Xaa23~28-Pro-Cys-Xaa2~4-Cys, where 

Xaa can be any amino acid, in their active sites (119, 130, 131). A3A, A3C, and A3H have 
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one zinc-coordinating domain, while A3B, A3D, A3F, and A3G have two (131). In A3G, the 

C-terminal domain (CTD) is responsible for its deamination activity, while the N-terminal 

domain (NTD) is responsible for non-catalytic activities such as RNA binding, viral 

encapsidation, and Vif interaction (132, 133). For A3F, the CTD is responsible for all of these 

functions (132, 134, 135).  

1.3.2.1 Deaminase-Dependent Restriction 

In Vif-deficient HIV-1 infection of producer cells, A3 proteins in the cytoplasm are 

packaged into budding progeny viruses along with the viral RNA. Upon reaching a target cell, 

the A3s begin to deaminate deoxycytidines into deoxyuridines on the single-stranded nascent 

minus cDNA during reverse transcription (136–140). During synthesis of the complimentary 

plus-strand, these uridines (U) template the incorporation of adenines (A) in the place of what 

would have been guanines (G), and for this reason, the A3 proteins are described as causing 

G-to-A hypermutation of the proviral DNA (Figure 1.6). This hypermutation ultimately leads 

to degradation of the viral genome, or if the provirus is able to integrate, leads to lowered 

fitness of the virus.  
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Figure 1.6. APOBEC3 Deamination of HIV-1. APOBEC3 in the cytoplasm of an infected 

cell gets packaged along with the viral RNA in budding progeny virions. Upon viral entry into 

a susceptible target cell, the encapsidated A3 proteins deaminate cytosines into uracils on the 

nascent minus-strand cDNA during reverse transcription. The uracils template the 

incorporation of adenines in the complementary plus-strand during synthesis and leads to G-

to-A hypermutation of the proviral DNA. The hypermutated proviral DNA is then degraded 

or integrated into the host genome. When the viral protein Vif is present in the infected 

producer cell, it antagonizes A3 by binding to it in the cytoplasm and tagging it for proteasomal 

degradation. Reproduced from Reference (124) with permission from Elsevier. 
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1.3.2.2 HIV Antagonism of Restriction Factors 

In HIV-1 infections where Vif is present, this viral accessory protein antagonizes A3 by 

preventing its encapsidation into progeny viruses (106, 136, 141). It does so by binding to A3 

in the cytoplasm and with the aid of the E3 ubiquitin ligase complex, ubiquitylates it for 

proteasomal degradation through the 26S proteasome (142, 143). Similarly, HIV’s other 

accessory proteins, namely Vpu and Vpx (in HIV-2), also have roles antagonizing specific 

restriction factors. Vpu in HIV-1 antagonizes tetherin by binding to the restriction factor and 

downregulating its expression at the cell surface (106, 144). This prevents it from anchoring 

progeny viruses to the cell membrane, thereby allowing efficient release of the viral particles. 

In HIV-2, Vpx is encoded instead of Vpu. It antagonizes SAMHD1 by inducing its 

proteasomal degradation, thereby freeing up dNTPs for use in reverse transcription (106, 145).  

1.3.2.3 Deaminase-Independent Restriction 

Although the A3s mainly restrict retroviral infection through deamination-dependent 

mechanisms, they have also been shown to restrict retroviral infection in the absence of 

catalysis in vitro (146–151). The mechanisms of deamination-independent restriction have not 

been fully elucidated but it has been proposed that the A3s can inhibit reverse transcription of 

the virus by interfering with primer annealing and reverse transcription initiation, as well as 

through steric hindrance by directly binding to the viral genomic RNA or the RT (124, 152–

157). They can also inhibit integration of the virus by interacting with the IN protein during 

the integration process (158).  

1.3.2.4 A Double-Edged Sword 

As mentioned previously, the A3 proteins are antagonized by the viral protein Vif. 

However, Vif is a protein that accumulates late in the infection due to the requirement of Rev 

for its expression (125). As levels of Vif increase over time, the number of cytosolic A3 
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proteins available to be packaged into progeny viruses decreases, resulting in a short time 

frame of opportunity for sublethal mutagenesis of the virus (149, 159–162). It has been shown 

that sublethal mutation levels can sometimes benefit the virus and increase its overall fitness 

(163–168). This can be achieved by introducing resistance mutations to drugs, by modulating 

their viral epitopes to escape immune clearance, and by increasing genetic diversity (65, 162, 

163, 165, 166, 169–171). In addition, since we specifically look at mutations caused by A3G 

and A3F in this thesis, it is interesting to note that deamination by A3G is often more 

deleterious, given its preferred deamination target motif, as it has the capacity to introduce 

premature stop codons at high frequency, whereas deamination by A3F introduces premature 

stop codons less frequently and has the possibility of generating sublethal mutations pivotal to 

the genetic evolution of the virus (160, 164, 167, 168, 172–174).  
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2.0 RATIONALE, HYPOTHESIS, AND OBJECTIVES 

 

 2.1 Rationale 

  Given that APOBEC3 proteins can mutate HIV-1 and it has been shown in the literature 

that in some instances sublethal mutation levels are compatible with viral infectivity, this data 

supports the possibility that mutations in regulatory regions of HIV-1 may also modulate virus 

expression, and consequently enable a state of proviral latency. 

 

 2.2 Hypothesis 

  We hypothesize that low levels of APOBEC3-induced mutations in the HIV-1 LTR 

promoter generate viruses with compromised transcriptional activity that exhibit a latency 

phenotype.  

 

 2.3 Objectives 

1. Create a library of HIV-1 LTR clones mutated by APOBEC3F and APOBEC3G. 

2. Examine how these mutations affect promoter expression and transactivation by Tat. 

3. Investigate how A3 mutations in the LTR promoter of HIV-1 impact proviral 

expression and responsiveness to induction. 
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3.0 MATERIALS AND METHODS 

 3.1 Cell Culture 

 Human Embryonic Kidney epithelial (HEK 293T and HEK 293) cells were maintained 

in Dulbecco’s Modified Eagle’s Medium (DMEM)/High Glucose medium (Multicell, Wisent 

Inc., St-Bruno, Quebec, Canada) supplemented with 10% fetal bovine serum (FBS) (CellGro, 

Mediatech, Inc., Manassas, Virginia, USA), 100 U/mL penicillin and 100 μg/mL streptomycin 

(penicillin/streptomycin) (Multicell). Human CD4+ T lymphocyte (CEM-SS) cells were 

maintained in RPMI 1640 medium (Multicell) supplemented with 10% FBS and 1% 

penicillin/streptomycin. Human osteosarcoma (GHOST CD4+CXCR4+CCR5+) cells were 

maintained in DMEM/High Glucose medium supplemented with 10% FBS, 1% 

penicillin/streptomycin, 500 μg/mL G418, 100 μg/mL hygromycin, and 1 μg/mL puromycin. 

Stably-transfected HEK 293 cells were kept under selection with 750 μg/mL G418 in addition 

to normal culture medium. All cell lines were propagated in T-75 culture flasks (Corning Inc., 

Tewksbury, Massachusetts, USA) at 37 °C in a 5% CO2 incubator (Forma Series II Water 

Jacket CO2 Incubator) (Thermo Scientific Inc., Burlington, Ontario, Canada).  

     3.2 Plasmids 

 The viral vector encoding single-round HIV-1 (pNL4-3-deltaE-EGFP) was obtained 

through the NIH AIDS Reagent Program (Catalog #11100). The Env gene of this vector has 

been disrupted with the insertion of an enhanced green fluorescent protein (eGFP) reporter 

gene and rendered non-functional. Our lab has further manipulated this vector by inactivating 

the Vif gene via two stop codons introduced by site-directed mutagenesis (SDM) (175) and 

herein referred to as pNL4-3-deltaE-EGFPΔVif. The viral vectors encoding replicative HIV-

1 (pNL4.3-GFP_IRES_Nef WT and pNL4.3-ADA-GFP_IRES_Nef WT) have been 

graciously gifted by Dr. Éric Cohen (Institut de Recherches Cliniques de Montréal) and 
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express the green fluorescent protein (GFP) reporter gene in place of the Nef gene (176, 177). 

The latter vector is R5-tropic through the insertion of ADA Env sequence into the previous 

vector (178, 179). The Vesicular Stomatitis Virus envelope glycoprotein (VSV-g) expression 

plasmid used to pseudotype single-round HIV-1 infections was obtained through Addgene 

(Cambridge, Massachusetts, USA). The expression plasmid encoding the viral protein Tat was 

a gift from Dr. Paul MacPherson of the Ottawa Hospital Research Institute. An HcRed-

expressing Tat plasmid was generated by inserting the Tat coding sequence (CDS) into an 

HcRed expression plasmid (Clontech, Takara Bio USA, Inc., Mountain View, California, 

USA) using the primers HcRedC1-Tat SacII FWD and HcRedC1-Tat BamHI REV (Table A1 

in Appendix). Successful insertion was confirmed through Sanger sequencing using the 

primers Seq Tat in HcRedC1 FWD and Seq Tat in HcRedC1 REV (Table A1). The human 

APOBEC2, APOBEC3G, and APOBEC3F expression plasmids have been described 

previously (175). FLAG-tagged APOBEC proteins were used for transfection and infection 

assays, while eGFP-tagged APOBEC proteins were used to generate APOBEC stably-

transfected HEK 293 cell lines. 

 3.3 Generation of Mutated HIV-1 LTR Libraries 

 3.3.1 Transfection and Infection 

  HEK 293T cells were used to produce the infectious VSVg-pseudotyped HIV-1 viral 

particles with packaged APOBEC3 proteins by co-transfection. 3.0 x 105 cells were seeded 

per well of a 6-well plate in 2 mL of DMEM and incubated for approximately 24 hours until 

they reached 80% confluency. Prior to transfection, the media was replaced with 3 mL of fresh 

DMEM. Co-transfections were performed with 500 ng of pNL4-3-deltaE-EGFPΔVif plasmid, 

200 ng of VSV-g and 150 ng of either APOBEC3G or APOBEC3F plasmid. Expression 

vectors were mixed with GeneJuice transfection reagent (EMD Millipore Corp., Billerica, 
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Massachusetts, USA) and used to transfect the HEK 293T producer cells according to the 

manufacturer's specifications. The cells were then incubated for 48 hours to allow for 

production of infectious virus and packaged APOBEC3 protein. 

  Twenty-four hours prior to infection, 3.0 x 105 HEK 293T cells were seeded per well of 

a 6-well plate in 2 mL of DMEM and incubated until they reached 50-60% confluency. Prior 

to infection, the media was replaced with 3 mL of fresh DMEM plus polybrene (Sigma-Aldrich 

Canada Co., Oakville, Ontario, Canada) at a final concentration of 8 μg/mL. 48 hours post-

transfection, virus-containing supernatants from HEK 293T producer cells were collected and 

cleared by centrifugation at 2000 RPM for 10 minutes in a Sorvall ST40R centrifuge (Thermo 

Scientific). The HEK 293T target cells were infected with equal volumes of the viral 

supernatants by spinoculation at 2000 RPM for 1 hour and then incubated at 37 °C. At 48 

hours post-infection, infectivity was analyzed by monitoring expression of the integrated eGFP 

reporter gene by flow cytometry using the CyAN ADP9 flow cytometer (Beckman Coulter, 

Inc., Brea, California, USA). 

 3.3.2 Western Blotting 

  Forty-eight hours post-transfection, HEK 293T producer cells were harvested and 

washed in cold 1X phosphate buffered saline (PBS) prior to being lysed with RIPA lysis buffer 

(50mM Tris pH 8.0, 150mM NaCl, 1% NP-40, 0.2% Sodium Dodecyl Sulphate (SDS), 0.5% 

Na-Deoxycholate and 1mM EDTA) supplemented with 1X cOmplete, EDTA-free, protease 

inhibitor cocktail (Roche Diagnostics Corp., Indianapolis, Indiana, USA). The cell lysates 

were syringed and incubated on ice for 30 minutes before being spun at 17000 x g at 4 °C in a 

Sorvall Legend Micro 17R microcentrifuge (Thermo Scientific) to remove any insoluble 

material. The cleared lysates were transferred to new 1.5 mL microcentrifuge tubes (Eppendorf 

Canada, Mississauga, Ontario, Canada) and a portion of each lysate was mixed with 5X 
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Leammli loading buffer (0.5M Tris pH 6.8, 0.2% (v/v) glycerol, 20% (w/v) SDS, 0.16% (w/v) 

bromophenol blue) supplemented with 5% β-mercaptoethanol (Sigma-Aldrich) at a 3:1 

lysate:loading buffer ratio and boiled for 5 minutes at 100 °C. The lysates were incubated on 

ice for 2 minutes prior to loading on 10% SDS-polyacrylamide gel electrophoresis (PAGE) 

acrylamide gels (Bio-Rad Laboratories (Canada) Ltd., Mississauga, Ontario, Canada) and run 

at 175 V for 1 hour in 1X running buffer (190mM glycine, 0.1% (w/v) SDS, 25mM Tris-base). 

After the proteins were resolved, the samples were transferred at 0.35 mA for 1 hour in 1X 

Novex transfer buffer (190mM glycine, 25mM Tris-base, 20% (v/v) methanol) onto 0.45 μm 

pore Immobilon polyvinylidene fluoride (PVDF) membranes (EMD Millipore). The 

membranes were briefly washed twice in 1X PBS and blocked with 5% skim milk in 1X PBS-

T (0.1% Tween 20) (Acros Organics, Fair Lawn, New Jersey, USA) for 1 hour at room 

temperature on an orbital shaker. The membranes were quickly rinsed in 1X PBS-T prior to 

probing with antibodies. Monoclonal anti-FLAG M2-peroxidase horse radish peroxidase 

(HRP)-conjugated antibody (Sigma-Aldrich) at a 1:3000 dilution was used to blot the FLAG-

tagged APOBEC proteins. Primary anti-eGFP antibody (Clontech) at a 1:3000 dilution was 

used to blot the eGFP-tagged APOBEC proteins, with an anti-mouse secondary antibody (Cell 

Signaling Technology, Inc., Danvers, Massachusetts, USA) at a 1:3000 dilution. Primary anti-

p24 antibody (Abcam Inc., Cambridge, England, UK) at a 1:2000 dilution was used to blot 

HIV-1 p24 capsid protein, with the anti-mouse secondary antibody. Subsequently, polyclonal 

anti-β-tubulin HRP-conjugated antibody (Abcam) at a 1:20,000 dilution was used as a loading 

control. All antibody dilutions were prepared in 5% skim milk in 1X PBS-T from a 1 mg/mL 

antibody stock. The membranes were blotted for 1 hour at room temperature or overnight at 

4°C on a shaker (primary antibody only) and then washed three times for 10 minutes in 1X 

PBS-T and quickly rinsed in 1X PBS prior to detection. The proteins were detected using the 
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Clarity Western ECL Substrate kit (Bio-Rad) and exposed on CL-XPosure imaging films 

(Thermo Scientific) or using the ImageQuant LAS 4000 digital imaging system (GE 

Healthcare, Buckinghamshire, England). 

 3.3.3 Polymerase Chain Reaction (PCR) 

 In addition to flow cytometry analysis on the infected HEK 293T target cells, a portion 

of the cells was collected and lysed for genomic DNA (gDNA) extraction. The gDNA was 

extracted using the Wizard Genomic DNA Purification Kit (Promega Corp., Madison, 

Wisconsin, USA) according to manufacturer’s specifications. Following gDNA extraction, a 

semi-nested PCR was performed on the gDNA to specifically amplify both the 5’ and 3’ LTRs 

of the integrated proviruses. All PCR reactions were performed in a total reaction volume of 

50 μL with (final) 1U PrimeSTAR HS DNA polymerase (TaKaRa), 1X PrimeSTAR buffer 

(Mg2+), 200 μM dNTPs, 200 nM of each forward and reverse primers, and 10 ng of gDNA 

template for the first round (2 μL of a 1:25 dilution of the 1st round PCR products for the 

second round). The primers used to specifically amplify the 5’ LTR were HIV LTR FWD deg 

2 and HIV LTR REV 1 for the first round, and HIV LTR FWD deg 2 and HIV LTR REV 3 

deg for the second round (Table A1). The primers used to specifically amplify the 3’ LTR 

were HIV 3’ LTR FWD 1 and HIV 3’ LTR REV deg for the first round, and HIV 3’ LTR 

FWD 2 deg and HIV 3’ LTR REV deg for the second round (Table A1). The second-round 

primers for both LTRs were designed to include restriction endonuclease sites (AseI and NheI) 

for downstream cloning applications. All primers were ordered from Sigma-Aldrich. The 

cycling conditions were as follows: an initial denaturation at 98 °C for 1 minute, followed by 

32 cycles of denaturation at 98 °C for 10 seconds, annealing at 56 °C for 15 seconds (58 °C 

for 30 seconds for the second round), elongation at 72 °C for 1.5 minutes (1 minute for the 
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second round), and a final elongation at 72 °C for 2 minutes. All PCRs were performed in an 

Eppendorf mastercycler Pro S series thermocycler.  

     3.3.4 Cloning 

 Figure A1 in Appendix 

 The PCR products were resolved on 1% (w/v) agarose gels containing 1% ethidium 

bromide and visualized under UV light using the AlphaImager MINI Gel Imaging System 

(Alpha Innotech Corp., San Jose, California, USA) and accompanying software. The correct-

sized bands (639 bp prior to digestion) were excised and gel purified using the Wizard SV Gel 

and PCR Clean-Up System (Promega) according to manufacturer’s specifications. The 

purified PCR products were then digested with the enzymes AseI and NheI (New England 

Biolabs Ltd. (NEB), Whitby, Ontario, Canada) for 6 hours at 37 °C, column purified, and 

phosphorylated with T4 polynucleotide kinase (NEB) according to manufacturer’s 

specifications. The peGFP-C3 expression vector was digested with the same enzymes as the 

PCR insert and dephosphorylated using Antarctic phosphatase (NEB) according to 

manufacturer’s specifications prior to gel purification. Using T4 DNA ligase (NEB) according 

to manufacturer’s specifications, the digested and phosphorylated PCR inserts were ligated in 

the place of the Cytomegalovirus (CMV) promoter upstream of the eGFP reporter gene of the 

similarly digested and dephosphorylated peGFP-C3 vector at varying ligation ratios 

(commonly 1:1, 1:3, and 1:5 vector:insert ratios). The ligations were performed in a total 

reaction volume of 10 μL and incubated at 16 °C or 4 °C overnight. The next day, the ligation 

reactions were mixed with 100 μL of DH5α competent E. coli cells, incubated on ice for 30 

minutes prior to heat-shocking in a 42 °C water bath for 1.5 minutes and incubated on ice for 

3 minutes. 900 μL of Luria Bertani (LB)-only broth was added to each of the transformation 

tubes and grown for at least one hour with shaking at 37 °C. The transformations were lightly 
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pelleted at 1000 RPM for 5 minutes in a Sorvall Legend Micro 17 microcentrifuge (Thermo 

Scientific), resuspended in the remaining broth after decanting, and plated onto LB-Agar plates 

supplemented with 30 mg/mL kanamycin (KAN) for selection and incubated overnight at 

37°C. 

     3.3.5 High Resolution Melt (HRM) 

 Individual colonies from the transformations were diluted in 250 μL of sterile water in 

96-well plates. 8 μL of each colony dilution was added to another 96-well plate containing 

(final) 1X MeltDoctor HRM Master Mix (AmpliTaq Gold 360 DNA Polymerase, MeltDoctor 

HRM Dye, dNTP blend, Mg2+, buffer) (Applied Biosystems, Life Technologies Corp., 

Burlington, Ontario, Canada), 0.3 μM of each Seq peGFP-C3 LTR FWD and Seq peGFP-C3 

LTR REV primers (Table A1), and topped up to 20 μL with sterile water. The reaction plate 

was briefly spun down at 2000 RPM for 2 minutes in a Sorvall centrifuge to bring all contents 

to the bottom of the plate. The cycling conditions for the quantitative real-time PCR (qPCR) 

reaction were as follows: an initial denaturation at 94 °C for 2 minutes, followed by 40 cycles 

of denaturation at 95 °C for 30 seconds, annealing at 55 °C for 45 seconds, and extension at 

72 °C for 1 minute. Following the qPCR reaction, the samples underwent a melting curve 

analysis whereby each amplicon was heated up from 72 °C to 95 °C and fluorescence of the 

intercalated dye was measured in increments of 0.025 °C. The melting curves were aligned 

and samples that appeared to the left of the unmutated control curves were selected for Sanger 

sequencing to confirm G-to-A mutations. All HRM reactions were performed in a ViiA 7 real-

time PCR system (Applied Biosystems). 

     3.3.6 Sequencing 

 The wells of the 96-well plate that contained the colony dilutions corresponding to the 

samples of interest from the HRM reaction were resuspended and each added to 1.5 mL of LB 



38 
 

broth supplemented with kanamycin (minipreps). The minipreps were grown overnight for 

approximately 16-20 hours at 37 °C in a shaking incubator. The next day, the minipreps were 

processed using the Wizard Plus SV Minipreps DNA Purification System (Promega) 

according to manufacturer’s specifications. 8 μL of each purified prep was sent out to the 

Nanuq Sequencing Facility at McGill University and Genome Quebec Innovation Centre for 

Sanger sequencing along with 10 μL of the forward and reverse sequencing primers, Seq 

peGFP-C3 LTR FWD and Seq peGFP-C3 LTR REV, respectively at 5.0 μM (Table A1). Upon 

receiving the sequencing results back from the facility, the sequences were aligned using 

Sequencher 4.10.1 software (Gene Codes Corp., Ann Arbor, Minnesota, USA) and analyzed 

for G-to-A mutations in an APOBEC3 deamination context using the wildtype (wt) pNL4-3-

deltaE-EGFPΔVif LTR (5’ or 3’ as applicable) sequence as a reference.  

 3.4 Functional Assays with LTR-eGFP Reporter Constructs 

  Uniquely-mutated clones as analyzed by sequencing were selected to generate a library 

of APOBEC3-mutated LTR-eGFP reporter constructs. HEK 293T cells were seeded at 1.0 x 

105 cells per well of a 24-well plate in 0.5 mL of DMEM 24 hours prior to transfection until 

they reached approximately 80% confluency. Prior to transfection, the media was replaced 

with 1 mL of fresh DMEM. The cells were transfected with 100 ng of each clone alone as well 

as co-transfected with 100 ng of the Tat expression plasmid using GeneJuice transfection 

reagent according to manufacturer’s specifications. 48 hours post-transfection, the cells were 

harvested and the functionality of the mutated promoters was assessed by measuring the 

expression and fluorescence intensity of the eGFP reporter gene using flow cytometry on a 

CyAN ADP9 flow cytometer.  
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 3.5 Mutation Analysis of HIV-1 Patient Sequences in Database 

  HIV-1 patient sequences for both the 5’ and 3’ LTR regions were downloaded from the 

HIV Database (http://www.hiv.lanl.gov/content/index) on September 21st, 2015 using their 

Sequence Search Interface. 5’ LTR sequences were defined as nucleotides 1-633 and the 3’ 

LTR sequences were defined as nucleotides 9086-9719. Downloaded sequences were subject 

to strip gap handling. Each subtype was aligned separately (except for indicated CRF subtypes 

which were grouped) using the contig automatic assembly feature from Sequencher 4.10.1 

software. All were processed using the default assembly parameters (Minimum Match 

Percentage-85%; Minimum Overlap-20) except for the group of CRF-08-12 (which used a 

Minimum Match Percentage of 70%). 

 3.6 Generation of Reconstituted Heavily Mutated Clones 

  Figure A2 in Appendix 

 3.6.1 HIV-1 Vector Backbone 

  A fragment of the viral vector pNL4-3-deltaE-EGFPΔVif was PCR amplified using 

(final) 2.5U Bestaq DNA polymerase (Applied Biological Materials Inc. (abm), Richmond, 

British Columbia, Canada), 1X PCR buffer (Mg2+), 200 μM dNTP mix, 200 nM of each of the 

primers pNL4-3 XhoI 3’ LTR FWD and pNL4-3 NaeI-SacII 3’ LTR REV (Table A1), 20 ng 

of template, and topped up to 50 μL with sterile water. The reverse primer incorporated an 

additional restriction endonuclease site (SacII) and spacer within the viral sequence for 

downstream cloning. The PCR conditions were as follows: an initial denaturation at 94 °C for 

3 minutes, followed by 30 cycles of denaturation at 94 °C for 10 seconds, annealing at 58 °C 

for 30 seconds, extension at 72 °C for 30 seconds, and a final extension at 72 °C for 5 minutes. 

The amplicon was then digested with the restriction enzymes XhoI and NaeI (NEB), 

phosphorylated, and ligated into another pNL4-3-deltaE-EGFPΔVif vector previously 

http://www.hiv.lanl.gov/content/index
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digested with the same restriction enzymes and dephosphorylated. The ligations were 

transformed on LB-Agar plates supplemented with 100 mg/mL ampicillin (AMP) and 

minipreps were grown in LB+AMP broth and processed as previously described in Section 

3.3.4. This intermediate vector was further digested with the restriction enzymes SacII and 

NaeI (NEB) and dephosphorylated in order to create the HIV-1 vector backbone in which the 

heavily mutated LTRs from the eGFP reporter library would be reconstituted. This HIV-1 

vector backbone was sent for Sanger sequencing to confirm successful ligation of the 

intermediate fragment using the primer Seq HIV int-mut 3’ LTR FWD (Table A1). 

 3.6.2 Heavily Mutated LTR Inserts 

  The heavily mutated LTRs from the LTR-eGFP reporter library were PCR amplified 

using the same PCR reagents and conditions as above with the exception of the primers used 

(peGFP-C3 SacII 3’ LTR FWD deg and peGFP-C3 NaeI 3’ LTR REV deg (Table A1)) and 

the extension time during cycles (45 seconds). The amplicons were then digested with the 

restriction enzymes SacII and NaeI, phosphorylated, and ligated into the HIV-1 vector 

backbone generated previously. The clonings were processed as described previously and 

successful reconstitution was confirmed through Sanger sequencing with the primers Seq HIV 

mut 3’ LTR FWD and Seq HIV mut 3’ LTR REV (Table A1) using each heavily mutated LTR 

from the eGFP reporter constructs as references for the reconstituted clones. 

 3.7 Generation of Reconstituted Revertant Clones 

  Figure A3 in Appendix 

  Site-directed mutagenesis was performed on Clone D9 of the LTR-eGFP reporter library 

to individually revert nine of its G-to-A mutations back to wildtype guanine residues. SDM 

was performed on 10-, 50-, and 100 ng of plasmid DNA template with (final) 5U Bestaq DNA 

polymerase, 1X PCR buffer (Mg2+), 200 μM dNTP mix, 125 ng of each of the forward and 



41 
 

reverse primers (Table A1), 3% dimethyl sulfoxide (DMSO) (Sigma-Aldrich), and topped up 

to 50 uL with sterile water. The PCR conditions were as follows: an initial denaturation at 95 

°C for 1 minute, followed by 18 cycles of denaturation at 95 °C for 50 seconds, annealing at 

58 °C for 50 seconds, extension at 68 °C for 5 minutes, and a final extension at 68 °C for 7 

minutes. Following the SDM reaction, the PCR products were digested with the enzyme DpnI 

(NEB) for 1.5 hours to chew up any methylated template DNA, leaving only the mutated 

unmethylated PCR product behind. The SDM reactions were then further cleaned up through 

isopropanol precipitation to concentrate the DNA. Each SDM reaction was transferred from 

its current PCR tube to a 1.5 mL microcentrifuge tube and neutralized with 5 μL (1:10) of 3M 

sodium acetate pH 5.2 before being topped up with 1 mL of cold 100% isopropanol. The tubes 

were mixed and incubated on dry ice for 30 minutes or overnight at -80 °C. The samples were 

then centrifuged at 17000 x g at 4 °C for 30 minutes to pellet the DNA. The isopropanol was 

decanted and the samples were washed with 1 mL of cold 70% ethanol to remove any salts. 

The ethanol was decanted and any residual ethanol was pipetted off before being air dried for 

10 minutes. The DNA pellet was then resuspended in 10 μL of sterile water and rehydrated at 

65 °C for 10 minutes. After cooling to room temperature, the SDMs were transformed as 

previously described and plated onto LB-Agar+AMP plates. Minipreps were grown and 

processed as similarly described in Section 3.6 and sent for Sanger sequencing using the 

sequencing primers from Section 3.3.6. The rest of the protocol to reconstitute the reverted 

LTRs follows the same instructions as in Section 3.6.2 but using Clone D9 from the LTR-

eGFP reporter library as the sequencing reference. 
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 3.8 Generation of Reconstituted Single/Double Point Mutants 

  Figure A4 in Appendix 

  The viral vector pNL4-3-deltaE-EGFPΔVif was digested with the restriction enzymes 

XhoI (sticky) and NaeI (blunt) to separate the 3’ LTR and the rest of the viral vector. Both 

fragments were retained for downstream cloning. The vector pBlueScript II SK (+) (pBSK) 

(Stratagene, La Jolla, California, USA) was digested with the restriction enzymes XhoI (sticky) 

and EcoRV (blunt) (NEB) and dephosphorylated. The 3’ LTR fragment from the viral vector 

was phosphorylated and ligated into the pBSK vector for subcloning. The ligations were 

transformed as previously described and plated onto LB-Agar+AMP plates previously spread 

with 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) (Sigma-Aldrich) and 

isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich) for blue-white screening. The 

positive recombinants (white colonies) were processed and sent for Sanger sequencing using 

the primers Seq HIV 3’ LTR SDM FWD and Seq HIV 3’ LTR SDM REV (Table A1). SDM 

was performed as similarly described in Section 3.7 on this intermediate vector to introduce 

single and double G-to-A point mutations into the viral 3’ LTR (Table A1). In the case of the 

double mutants, the point mutations were introduced sequentially (ie. after confirmation of 

successful mutation of the first SDM, the second SDM would be performed on that same 

clone). The clones were transformed, processed, and sent for Sanger sequencing using the 

same primers as above. The successfully mutated SDM subclones were digested with the 

restriction enzymes XhoI (sticky) and SmaI (blunt) (NEB) and phosphorylated. The large 

fragment from the vector pNL4-3-deltaE-EGFPΔVif that was digested earlier was 

dephosphorylated and used for the reconstitution of the mutated LTRs from the subclones. The 

ligations were transformed onto LB-Agar+AMP plates and processed as described previously. 
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Reconstituted SDM clones were sent for Sanger sequencing with the same sequencing primers 

used throughout this section. 

 3.9 Stimulation Assays with Reconstituted Clones 

  HEK 293T producer cells were seeded at 1.0 x 105 cells per well of a 24-well plate in 

0.5 mL of DMEM 24 hours prior to transfection until they reached approximately 80% 

confluency. The following day, the media of the producer cells was replaced with 1 mL of 

fresh DMEM and the cells were transfected with 100 ng of each reconstituted clone (heavily 

mutated, revertant, SDM) and 60 ng of VSV-g using GeneJuice transfection reagent according 

to manufacturer’s specifications. The cells were incubated for 48 hours to allow for virus 

production. 24 hours prior to infection, HEK 293T target cells were seeded at 1.0 x 105 cells 

per well of a 24-well plate in 0.5 mL of DMEM until they reached approximately 50-60% 

confluency. 48 hours post-transfection, the viral supernatants from the producer cells were 

harvested and spun down at 2000 RPM for 10 minutes in a Sorvall centrifuge to pellet any cell 

debris. Prior to infection, the media of the target cells was replaced with 1 mL of fresh DMEM 

plus polybrene. The target cells were then infected with equal volumes of viral supernatant 

(two wells per clone) and spinoculated at 2000 RPM for 1 hour. 24 hours post-infection, the 

media of one set of infections was replaced with 1 mL of fresh complete DMEM plus 10 ng/μL 

of phorbol myristate acetate (PMA) (Sigma-Aldrich) and 1 μM ionomycin (Sigma-Aldrich) 

for stimulation. The media of the other set of infections was replaced with 1 mL of fresh 

complete DMEM alone. 24 hours after media replacement/stimulation, the cells were 

harvested in fluorescence-activated cell sorting (FACS) sort buffer (1X PBS Ca/Mg2+ free, 

1mM EDTA, 25mM HEPES pH 7.0, 1% FBS heat inactivated), fixed with 4% 

paraformaldehyde (PFA), and measured for eGFP expression and fluorescence intensity by 
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flow cytometry on a BD LSRFortessa or BD FACSCelesta flow cytometer (BD Biosciences, 

Mississauga, Ontario, Canada).  

 3.10 Generation of U3 mut/R-U5 wt Clones 

  Figure A5 in Appendix 

  The APOBEC3-mutated U3 region of each of the heavily mutated constructs was cloned 

into a peGFP-C3 expression plasmid containing wildtype R and U5 regions.  

 3.10.1 Wildtype R and U5 Regions from pNL4-3-deltaE-EGFPΔVif 

  A semi-nested PCR was performed to amplify the R and U5 regions of the 3’ LTR of 

pNL4-3-deltaE-EGFPΔVif. The PCR reagents and conditions were the same as those 

described in Section 3.3.3 except for the extension time of 30 seconds and the second-round 

primers used: HIV 3’ LTR R-U5 wt FWD and HIV 3’ LTR R-U5 wt REV (Table A1). The 

second-round forward primer included an additional restriction endonuclease site (NotI) for 

downstream cloning. The PCR product was digested with the restriction enzymes AseI and 

NheI and phosphorylated.  

 3.10.2 Intermediate peGFP-C3 Plasmid Containing Wildtype R and U5 Regions 

  The CMV promoter of the peGFP-C3 expression plasmid was cut out using the 

restriction enzymes AseI and NheI and the leftover vector was dephosphorylated. The 

amplicon from the previous step above was ligated into this expression plasmid and 

transformed as previously described onto LB-Agar+KAN plates. Minipreps were grown and 

processed as described previously and sent for Sanger sequencing to confirm successful 

insertion. The plasmid was then further digested with the restriction enzymes AseI and NotI 

(NEB) and dephosphorylated. 
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 3.10.3 Mutated U3 Regions from LTR-eGFP Constructs 

  The U3 region of each heavily mutated LTR-eGFP reporter construct was PCR amplified 

using the primers peGFP-C3 U3 mut FWD and peGFP-C3 U3 mut REV (Table A1) and the 

same PCR reagents and conditions as above except for an extension time of 45 seconds. Each 

of the amplicons was digested with the restriction enzymes AseI and NotI and phosphorylated. 

The amplicons were then ligated into the intermediate plasmid created above and transformed 

as previously described onto LB-Agar+KAN plates. The clonings were processed as described 

previously and sent for Sanger sequencing using the same sequencing primers as in Section 

3.3.6 using each heavily mutated LTR as reference sequences. 

 3.11 Functional Assays with U3 mut/R-U5 wt Clones  

  The protocol follows the same procedures outlined in Section 3.4 except that the HcRed-

expressing Tat plasmid was used. The samples were analyzed on a BD LSRFortessa or BD 

FACSCelesta flow cytometer. The data obtained from these clones was compared to those 

obtained in the original LTR-eGFP reporter library. 

 3.12 Statistical Analysis 

  All functional, stimulation, infectivity and restriction assays were performed at least 

three times from at least three independent transfections and the results were presented as the 

mean relative to the wildtype control plus standard error of the mean (SEM) or standard 

deviation (SD). All statistical analyses were performed using GraphPad Prism 7 software 

(GraphPad Software, La Jolla, California, USA).  
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4.0 RESULTS 

 4.1 Mutations in the 3’ LTR (not 5’ LTR) Influence HIV-1 Promoter Functionality 

  In order to investigate the effects of APOBEC3 deamination on the activity of the HIV-

1 promoter, the 5’ LTR of HIV-1 proviruses produced in the presence of A3G or A3F was 

cloned upstream of an eGFP reporter gene. Out of 83 clones sent for Sanger sequencing for G-

to-A hypermutation, 73 returned mutated, with 32 (16 clones each from 5’ LTRs of HIV-1 

mutated by A3G and A3F) uniquely mutated and deposited into our library. Each clone 

returned with between 1 to 4 G-to-A mutations at five different positions in the 5’ LTR 

(positions 2, 6, 7, 16, and 620, if we designate the first base of the LTR as position 1). In order 

to test the effects of these mutations on the activity of the promoter, a functional transfect ion 

assay was performed with the library of 5’ LTR-eGFP reporter constructs (Figure 4.1). Each 

clone was transfected in the absence and presence of the viral regulatory protein Tat (as Tat 

transactivation is important for efficient HIV-1 transcription) to visualize both basal as well as 

Tat-inducible transcription, respectively. Promoter functionality was assessed by measuring 

the expression of the eGFP reporter gene under the control of the A3-mutated promoters. The 

results were normalized to a wildtype control that was not exposed to A3 (100% eGFP 

expression was normalized to the wildtype control + Tat). Half of the cells transfected with 

the wildtype control expressed the eGFP reporter gene in the absence of Tat, demonstrating 

that a basal level of transcription was detectable from the promoters. With the addition of Tat, 

the percentage of cells that expressed the eGFP reporter gene increased, confirming the 

functionality of the Tat plasmid in our system as well as the protein’s importance in viral 

transcription activation. At the basal level of transcription (without Tat), the mean level of 

eGFP fluorescence was quite low, around 10% for the wildtype control. With Tat induction, 

the mean fluorescence intensity (MFI) of eGFP dramatically increased. All clones in both the 
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A3G and A3F sets behaved similarly to the wildtype control. From this, we gathered that the 

few mutations generated in the 5’ LTR by the A3 proteins had a negligible effect on promoter 

activity. When looking at the positions of the mutations that were induced, they were located 

at the immediate beginning and end of the 5’ LTR. Upon further inspection, it became apparent 

that the mutations that were obtained were actually an artifact of the G/A; C/T degenerate 

primers designed to amplify the 5’ LTR. Therefore, surprisingly, the 5’ LTR was not mutated 

by the APOBEC3 proteins in this single-round infection system. At this point, it would appear 

that the A3s were not targeting the HIV-1 promoter for deamination. We also conclude that 

the putative deamination target sites that were mutated because of the degenerate primers had 

no impact on promoter activity. 
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Figure 4.1. Functional transfection assays with 5’ LTR-eGFP reporter constructs. The 5’ 

LTR of HIV-1 proviruses produced in the presence of A3G (A and B) or A3F (C and D) was 

cloned upstream of an eGFP reporter gene. HEK 293T cells were transfected with each clone 

in the presence and absence of the viral protein, Tat. 48 hours post-transfection, the 

functionality of the promoter was analyzed using flow cytometry to measure the percentage of 

cells expressing eGFP (left) as well as the mean eGFP fluorescence intensity (right). The 

results were normalized to the wildtype (wt) control that has not been exposed to A3. The 

orange dashed line indicates the wt standard in the absence of Tat, while the green dashed line 

indicates the wt standard in the presence of Tat. Clones are ordered from least number of 

mutations (1) to most number of mutations (4). Three independent transfections were 

performed and the results are presented as mean + standard error of the mean (SEM). 
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  However, it is known in the literature that there is a gradient of mutations from the 5’ 

end (less mutated) to the 3’ end (more mutated) of the viral genome due to the processivity of 

the APOBEC3 proteins (126, 139, 180). During reverse transcription, the 3’ end of the viral 

DNA remains single-stranded longer than the 5’ end, leading to the 5’→3’ intensifying 

gradient of APOBEC3-induced mutations observed in the viral genome. Therefore, we 

postulated that perhaps there may be more mutations generated in the 3’ LTR of the virus. 

During reverse transcription when strand transfer occurs, the mutations in the 3’ LTR would 

be copied over to the 5’ end of the genome and influence promoter activity. Thus, the above 

experiments were repeated with the 3’ LTR. After cloning the 3’ LTR of HIV-1 proviruses 

produced in the presence of A3G and A3F into the eGFP expression vector, the identification 

of mutated clones was facilitated by utilizing a technique called high resolution melt (HRM). 

HRM is a technique used to quickly detect transition mutations in double-stranded DNA (174). 

It incorporates an intercalating dye, such as SYBR Green, which binds only to double-stranded 

DNA and fluoresces. The process starts with PCR to amplify the region of interest (in our case, 

the LTRs of the clones). Afterwards, there is a melting process whereby the amplicon is 

gradually heated and the level of fluorescence is measured in real-time. Eventually, a 

temperature will be reached where the two strands in a sample melt apart and the level of 

SYBR Green fluorescence drops. Because the A3s cause G-to-A hypermutation, mutated 

samples would be more AT-rich than less mutated ones and would require lower temperatures 

to melt than the control. The control in this case is HIV-1 produced in the presence of 

APOBEC2 (A2), a member of the APOBEC family known to have no deamination activity 

(124). The results of the HRM would then be plotted as aligned melt curves. The samples with 

melt curves to the left of the control (ie. melted at lower temperatures than the non-mutating 
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A2 control) would be the ones we select to send for sequencing as they are the most likely to 

contain mutations. 

  Out of 94 3’ LTR HIV-1 A3F clones sent for Sanger sequencing, 56 returned mutated, 

with 26 uniquely mutated and deposited into our library. Each clone returned with between 1 

to 7 G-to-A mutations at 32 different positions along the 3’ LTR. Unlike the 5’ LTR clones, 

the mutations in the 3’ LTR were found along its entire length. A functional transfection assay 

was then performed with the library of 3’ LTR HIV-1 A3F clones (Figure 4.2). Similar to the 

wildtype control, in the absence of Tat, half of the cells for each of the clones expressed the 

eGFP reporter gene. With the addition of Tat, the percentage of cells expressing eGFP in the 

clones increased similarly to the wildtype control. It is only when we look at the mean eGFP 

fluorescence intensity of the clones that we are able to observe the slight modulation that some 

of the A3F-induced mutations have on the activity of the promoter. At the basal level of 

transcription, the mean level of eGFP fluorescence was once again quite low, around 10% for 

all of the clones, with some slightly higher and lower than the wildtype control (clones F1, 

F10b, H9b and E3, F4, C9c, respectively). With Tat induction, the MFI of eGFP greatly 

increased, but not to the same extent for all clones. Clones H5, B7, F4, C6b, D3, and C9c, for 

example, did not induce to quite the same extent as some of the other clones or the wildtype 

control. Furthermore, there were some clones that possessed mutations that appeared to allow 

them to reach an even higher level of fluorescence than the wildtype (clones C11, B1b, F1, 

F10b, H9b).  
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Figure 4.2. Functional transfection assay with 3’ LTR-eGFP HIV-1 A3F reporter 

constructs. The 3’ LTR of HIV-1 proviruses produced in the presence of A3F was cloned 

upstream of an eGFP reporter gene. HEK 293T cells were transfected with each clone in the 

presence and absence of the viral protein, Tat. 48 hours post-transfection, the functionality of 

the promoter was analyzed using flow cytometry to measure the percentage of cells expressing 

eGFP (A) as well as the mean eGFP fluorescence intensity (B). The results were normalized to 

the wildtype (wt) control that has not been exposed to A3. The orange dashed line indicates 

the wt standard in the absence of Tat, while the green dashed line indicates the wt standard in 

the presence of Tat. Clones are ordered from least number of mutations (1) to most number of 

mutations (7). Five independent transfections were performed and the results are presented as 

mean + standard error of the mean (SEM). 
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  Out of 31 3’ LTR HIV-1 A3G clones sent for Sanger sequencing, all 31 returned 

uniquely mutated and were deposited into our library. Each clone returned with between 2 to 

37 G-to-A mutations at 65 different positions along the 3’ LTR. Once again, unlike the 5’ LTR 

clones and similar to the A3F set of 3’ LTR clones, the A3G-induced mutations were found 

along the entire length of the 3’ LTR. It was striking to see how abundantly mutated the 3’ 

LTR was by A3G. To investigate whether these numerous mutations had an effect on promoter 

activity, a functional transfection assay was performed using the library of 3’ LTR HIV-1 A3G 

clones (Figure 4.3). We discovered that the mutations caused by A3G on the 3’ LTR had a 

wide effect on the activity of the promoter. Unlike in the previous experiments where without 

Tat half of the cells in the clones were still able to express the eGFP reporter gene, with the 

A3G-induced mutations, the basal transcription capability of some of the clones was 

compromised when compared to the wildtype control. Most notably, the cells transfected with 

clones A2, H9, D9, C8, A1, C2, D1, and E8 were not able to express the eGFP reporter gene 

as well as the wildtype control in the absence of Tat (about a third to one half less cells 

expressing eGFP). With the addition of Tat, the percentage of cells able to express eGFP in 

the clones increased, but not to the same extent as the wildtype control. In fact, most of the 

clones expressed eGFP only marginally better with Tat induction. Clones A2, D9, C2, D1, and 

E8 were not able to reach even wildtype basal levels of eGFP expression. However, what is 

more significant is the level at which these cells fluoresce. In the absence of Tat, as with the 

previous experiments, there was a basal level of transcription with a mean level of eGFP 

fluorescence that was quite low. The mutations caused by A3G were able to affect the basal 

transcription of the clones and most clones had a reduced mean level of eGFP fluorescence 

compared to the wildtype control. The basal transcription of a few clones appeared to increase 

slightly with the A3G-induced mutations that they possessed (ie. clones B1, D2), while others 
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were dramatically reduced (ie. clones A8, G7, A2, H9, D9, C8, C2, D1, E8). With Tat 

induction, the mean level of eGFP fluorescence increased to varying degrees. A few clones 

were induced to higher levels than the wildtype control (ie. clones B1, D2, H1). However, the 

majority of clones did not reach induction levels as high as the wildtype and were impaired by 

50% or more. Some clones were no longer responsive to Tat-induction with the mutations that 

they acquired and could not reach even wildtype levels of basal transcription (ie. clones D9, 

C8, D1, E8). These promoters were inactivated by their mutation burden. Still, there were 

clones that carried mutations that substantially weakened their transcription capability, yet 

were still Tat-inducible (ex. clones A8, G7, H7, A2, G8, A1, C2). These clones are of potential 

interest in searching for latency-inducing mutations. One should also note that some clones 

that had fewer cells expressing eGFP did not necessarily fluoresce the dimmest and vice versa. 

For example, clones B1 and D2 fluoresced brighter than the wildtype control despite having 

less cells expressing eGFP. Similarly, clones G9 and B10 had as many cells expressing eGFP 

as the wildtype control yet did not fluoresce as brightly. This is because the percentage of cells 

expressing eGFP represents the percentage of clones induced to transcribe, while the mean 

fluorescence intensity represents the level at which these clones transcribe, which can be 

exclusive entities. For most of the clones though, the percentage of cells expressing eGFP did 

track well with the intensity of fluorescence of the cells (ie. their induction capacity correlated 

with their transcription capability). 
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Figure 4.3. Functional transfection assay with 3’ LTR-eGFP HIV-1 A3G reporter 

constructs. The 3’ LTR of HIV-1 proviruses produced in the presence of A3G was cloned 

upstream of an eGFP reporter gene. HEK 293T cells were transfected with each clone in the 

presence and absence of the viral protein, Tat. 48 hours post-transfection, the functionality of 

the promoter was analyzed using flow cytometry to measure the percentage of cells expressing 

eGFP (A) as well as the mean eGFP fluorescence intensity (B). The results were normalized to 

the wildtype (wt) control that has not been exposed to A3. The orange dashed line indicates 

the wt standard in the absence of Tat, while the green dashed line indicates the wt standard in 

the presence of Tat. Clones are ordered from least number of mutations (2) to most number of 

mutations (37). Five independent transfections were performed and the results are presented 

as mean + standard error of the mean (SEM). 
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 4.2 Mutations are Present under Transcription Factor Binding Sites 

  To determine whether the mutations were affecting transcription factor binding sites 

(TFBS), a map of transcription factor binding sites in the HIV-1 LTR was created from 

sequences and positions obtained in the literature (181–185). The sites were mapped to scale 

above a tick plot of putative deamination target sites in the LTR. The mutations for each 

individual clone were then distributed in separate tick plots underneath. A combined tick plot 

of all sites actually targeted among the clones was then created. Separate maps were created 

for deamination target sites in a 5’GA context for A3F (Figure 4.4) and in a 5’GG context for 

A3G (Figure 4.5). 53 putative deamination target sites for A3F exist in the LTR. Among the 

3’ LTR HIV-1 A3F clones, 32 positions were mutated along the LTR, some of which were in 

a 5’GG context (72% 5’GA and 28% 5’GG). Not all 32 mutations were located at positions 

that affected transcription factor binding sites, with 11 different sites affected, along with the 

Nef gene and the TAR element. Although 46 putative deamination target sites exist for A3G 

in the LTR, 65 different positions were mutated in the 3’ LTR HIV-1 A3G clones. This is 

because 35% of the mutations that were induced were in a 5’GA context and not all 46 putative 

5’GG deamination target sites were mutated. Of these 65 positions, 16 different transcription 

factor binding sites were affected, along with the Nef gene and TAR element. 
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Figure 4.4. Distribution of HIV-1 LTR bases affected by A3F deamination. Schematic 

representation of the HIV-1 LTR with associated transcription factor binding sites, viral gene 

Nef, and TAR element. Graphical representations of the putative 5’GA deamination sites as 

well as the combined targeted sites are shown. Black-coloured ticks indicate mutations in a 

5’GA context while red-coloured ticks indicate mutations in a 5’GG context. The total number 

(n) of affected bases and the proportion (%) of bases mutated in a 5’GA or 5’GG context are 

shown to the right of the targeted tick plot. Mutations in individual clones are displayed 

underneath. Clones are ordered from least number of mutations (1) to most number of 

mutations (7). The number of mutations in each individual clone are displayed in parentheses.  
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Figure 4.5. Distribution of HIV-1 LTR bases affected by A3G deamination. Schematic 

representation of the HIV-1 LTR with associated transcription factor binding sites, viral gene 

Nef, and TAR element. Graphical representations of the putative 5’GG deamination sites as 

well as the combined targeted sites are shown. Black-coloured ticks indicate mutations in a 

5’GG context while blue-coloured ticks indicate mutations in a 5’GA context. The total 

number (n) of affected bases and the proportion (%) of bases mutated in a 5’GG or 5’GA 

context are shown to the right of the targeted tick plot. Mutations in individual clones are 

displayed underneath. Clones are ordered from least number of mutations (2) to most number 

of mutations (37). The number of mutations in each individual clone are displayed in 

parentheses. 
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  To determine whether there were recurring mutations that affected promoter activity, the 

number of G-to-A mutations per targeted position was plotted in a histogram. The bars were 

coloured according to the different transcription factor binding sites that were affected. 

Separate histogram plots were generated for the 3’ LTR HIV-1 A3F clone set (Figure 4.6) and 

the 3’ LTR HIV-1 A3G clone set (Figure 4.7). Some positions were not mutated, yet others 

were mutated but did not affect any transcription factor binding sites. We can also see that a 

mutation at one position in the LTR has the potential to affect more than one transcription 

factor binding site as some of the sites overlap. For the A3F set, mutations targeted positions 

that affected the following transcription factor binding sites: nuclear factor of activated T cells 

(NFAT), v-Ets erythroblastosis virus E26 oncogene homologue 1 (Ets-1), nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB), specificity protein 1 (Sp1), 

untranslated binding protein 1/leader binding protein 1 (UBP-1/LBP-1), leader binding protein 

1 (LBP-1), start site region (SSR), inducer of small transcripts (IST), untranslated binding 

protein 2 (UBP-2), downstream element 1 (DSE-1), activator protein 1 (AP-1), as well as the 

Nef gene and TAR element. Hot spots for deamination could not be readily identified for the 

A3F clones due to how sparsely each affected transcription factor binding site was hit, 

although NFAT may be a possibility. For the A3G set, mutations targeted positions that 

affected the following transcription factor binding sites: chicken ovalbumin upstream 

promoter (COUP), AP1, NFAT, upstream stimulatory factor (USF), Ets-1, activating 

transcription factor/cAMP response element binding (ATF/CREB), NF-κB, Sp1, UBP-1/LBP-

1, LBP-1, SSR, IST, UBP-2, CCAAT box-binding transcription factor/nuclear factor I 

(CTF/NFI), DSE-1, AP-1, as well as the Nef gene and TAR element. There were clear peaks 

where certain positions were mutated more frequently. Some positions were mutated more 

than 20 times and were considered hot spots for A3G deamination. Mutations at the four 



64 
 

prominent peaks affected binding sites for NF-κB, Sp1, UBP-1/LBP-1, LBP-1, SSR, IST, 

UBP-2, and TAR. One should also note that NF-κB and TAR were hit frequently at two 

different positions in the peaks (multiple hot spots). 
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Figure 4.6. Histogram plot for A3F deamination hot spots in the HIV-1 LTR. The number 

of G-to-A mutations was plotted for each A3F-targeted position in the HIV-1 LTR. Bars are 

coloured according to the transcription factor binding site (TFBS) that is affected. In the case 

that multiple TFBSs are hit for the same position, multiple bars are displayed for that position. 

Bars are left empty if they do not affect any TFBS. Positions in black text indicate bases 

mutated in a 5’GA context while positions in red text indicate bases mutated in a 5’GG context. 
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Figure 4.7. Histogram plot for A3G deamination hot spots in the HIV-1 LTR. The number 

of G-to-A mutations was plotted for each A3G-targeted position in the HIV-1 LTR. Bars are 

coloured according to the transcription factor binding site (TFBS) that is affected. In the case 

that multiple TFBSs are hit for the same position, multiple bars are displayed for that position. 

Bars are left empty if they do not affect any TFBS. Positions in black text indicate bases 

mutated in a 5’GG context while positions in blue text indicate bases mutated in a 5’GA 

context. 
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 4.3 Similar Mutations Are Found in HIV-1 Patient Sequences in Los Alamos Database 

  To lend further support to the mutations discovered in our in vitro experiments, the 

mutations in the 5’ and 3’ LTRs of the most prevalent subtypes and circulating recombinant 

forms (CRFs) in HIV-1-infected patient sequences recovered from the Los Alamos database 

were compared to those of our heavily mutated in vitro clones (Figure 4.8). The frequency of 

mutation and the transcription factor binding sites affected varied amongst the different 

subtypes, CRFs, and experimental clones. However, similar positions in transcription factor 

binding sites were mutated in the patient sequences as in our experimental clones, 

demonstrating that the mutations and transcription factor binding sites targeted in our 

experimental assays are relevant and also appear in nature.  

  To aid in the identification of potential mutations that could generate a latent phenotype, 

the mean eGFP fluorescence intensity for each position mutated was plotted for each clone. 

Separate box plots were generated for the A3G (Figure 4.9) and A3F (Figure 4.10) clone sets. 

Positions that are mutated and consistently generate a lowered MFI are desirable for the 

identification of potential latency-inducing mutations. Mutated positions that consistently 

generated an MFI ≤ 50 was one of the criteria for selecting potential mutations from the A3G 

clone set. Because mutations did not modulate promoter activity as drastically in the A3F clone 

set, the threshold and criteria for selecting potential mutations from this set was increased to 

mutated positions that consistently generated an MFI ≤ 90. 
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Figure 4.8. Pictogram displaying the frequency of A3-induced mutations at the indicated 

transcription factor binding sites in the HIV-1 LTR from heavily mutated in vitro clones 

or patient samples of indicated subtypes. HIV-1 patient sequences for both the 5’ and 3’ 

LTR regions were downloaded from the Los Alamos HIV Database 

(http://www.HIV.lanl.gov/content/index) using their Sequence Search Interface. The 

frequency of mutations at TFBSs in the HIV-1 patient sequences were compared to their 

mutation frequency in in vitro experimental clones. Circles increase in size to represent the 

frequency of mutation at the indicated TFBSs. 
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Figure 4.9. Box plot depicting the individual mean fluorescence intensities of the HIV-1 

3’ LTR A3G clones at each mutated position. The mean eGFP fluorescence intensity 

obtained for individual clones (dots) was plotted for each position mutated. The box plot 

represents the mean fluorescence intensity obtained for all clones with the specified site 

mutated. The location of affected transcription factor binding sites is also included. 
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Figure 4.10. Box plot depicting the individual mean fluorescence intensities of the HIV-1 

3’ LTR A3F clones at each mutated position. The mean eGFP fluorescence intensity 

obtained for individual clones (dots) was plotted for each position mutated. The box plot 

represents the mean fluorescence intensity obtained for all clones with the specified site 

mutated. The location of affected transcription factor binding sites is also included. 
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 4.4 Mutations in the R and U5 Regions Also Have a Modulatory Effect 

  Several candidate positions were selected for site-directed mutagenesis and 

reconstitution into HIV-1 (pNL4-3-deltaE-EGFPΔVif) (‘Reconstituted Single/Double Point 

Mutants’). A heavily mutated reporter clone (D9) that demonstrated low eGFP fluorescence 

with few number of mutations was also selected for decomposition and reconstitution, in which 

nine out of its 17 G-to-A mutations was individually reverted via SDM to a wildtype guanine 

residue (‘Reconstituted Revertant Clones’). These 9 positions were selected as they were in 

common with Clone C8, another heavily mutated clone that displayed low eGFP fluorescence 

with the same number of mutations (however Clone D9 was ultimately chosen for 

decomposition). The goal was to identify the minimum set of mutations necessary for 

generating a latent phenotype. The 3’ LTRs of the heavily mutated reporter clones were also 

reconstituted into HIV-1 (‘Reconstituted Heavily Mutated Clones’). A pilot infection assay 

was performed using a few clones selected from each set, yielding poor results (data not 

shown). To summarize, the revertant and heavily mutated clones were non-infectious and only 

the single/double point mutant clones were able to infect. We postulated that perhaps it was 

due to the necessity of the R region being intact in order to bind complimentarily during reverse 

transcription. Since the revertant and heavily mutated clones are distant from the wildtype and 

possess mutated R regions, this would prevent successful reverse transcription and lead to the 

lack of infection. This is in contrast to the single/double point mutant clones which are very 

close to the wildtype and generally possess intact R regions. This led us to look at the effect 

of mutations on the individual LTR regions separately. As mentioned previously, the U3 

region houses the majority of the transcription factor binding sites. In order to determine the 

effects of mutations in the R and U5 regions, we cloned the mutated U3 regions of the heavily 

mutated clones into the eGFP expression vector, while maintaining the R and U5 regions 



77 
 

unmutated (Figures 4.11 and 4.13). As a brief reminder of our eGFP reporter system, the clones 

were transfected in the presence and absence of Tat and the levels of eGFP fluorescence were 

measured. Upon comparison with the fully-mutated 3’ LTR clones, we noticed a difference in 

the MFIs between some of the latter and their partially-mutated counterparts (Figures 4.12 and 

4.14). We were able to identify clones in which mutations in the R and U5 regions had a 

compensatory effect on promoter activity (as seen by a decrease in MFI of these clones versus 

the fully-mutated clones). Examples from the A3G clone set include clones G9, H1, A8, and 

H9 (which had ~0.5 or more fold decrease in MFI). Mutations in the R and U5 regions of the 

A3F clone set did not have much of a compensatory effect on promoter activity as there were 

no significant decreases in MFI of these clones versus the fully-mutated ones. We were also 

able to identify clones in which mutations in the R and U5 regions had a more detrimental 

effect on promoter activity (as seen by an increase in MFI of these clones versus the fully-

mutated clones). Examples from the A3G clone set include clones C9, H7, D10, and G8 (which 

had ~1.5 or more fold increase in MFI). Examples from the A3F clone set include clones H5, 

F4, and D3. We did not further pursue clonings with wildtype U3-U5 nor U3-R regions with 

mutated R and U5 regions, respectively.  
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Figure 4.11. Expression assay with HIV-1 U3 mut in R-U5 wt peGFP-C3 A3G clones. The 

mutated U3 regions from the HIV-1 A3G clones were cloned into an eGFP expression plasmid 

with wildtype R-U5 regions. The effect on promoter functionality was analyzed using flow 

cytometry to measure the percentage of cells expressing eGFP (A) as well as the mean eGFP 

fluorescence intensity (B). Four independent transfections were performed and the results are 

presented as mean + standard error of the mean (SEM). 
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Figure 4.12. Comparison of the induced mean eGFP fluorescence intensities between the 

HIV-1 U3 mut / R-U5 wt A3G clones and the fully-mutated 3’ LTR-eGFP HIV-1 A3G 

clones. The Tat-induced mean eGFP fluorescence intensity of the U3 mut / R-U5 wt HIV-1 

A3G clones was compared to that of the original 3’ LTR-eGFP HIV-1 A3G reporter constructs 

(A). The fold difference in mean fluorescence intensity of the U3 mut / R-U5 wt clones in 

comparison to the fully-mutated LTR clones is also depicted (B). The blue dashed line 

indicates clearly the 1-fold mark. 
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Figure 4.13. Expression assay with HIV-1 U3 mut in R-U5 wt peGFP-C3 A3F clones. The 

mutated U3 regions from the HIV-1 A3F clones were cloned into an eGFP expression plasmid 

with wildtype R-U5 regions. The effect on promoter functionality was analyzed using flow 

cytometry to measure the percentage of cells expressing eGFP (A) as well as the mean eGFP 

fluorescence intensity (B). Three independent transfections were performed and the results are 

presented as mean + standard error of the mean (SEM). 
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Figure 4.14. Comparison of the induced mean eGFP fluorescence intensities between the 

HIV-1 U3 mut / R-U5 wt A3F clones and the fully-mutated 3’ LTR-eGFP HIV-1 A3F 

clones. The Tat-induced mean eGFP fluorescence intensity of the U3 mut / R-U5 wt HIV-1 

A3F clones was compared to that of the original 3’ LTR-eGFP HIV-1 A3F reporter constructs 

(A). The fold difference in mean fluorescence intensity of the U3 mut / R-U5 wt clones in 

comparison to the fully-mutated LTR clones is also depicted (B). The blue dashed line 

indicates clearly the 1-fold mark. 
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 4.5 Uncovering Potentially Latent Clones 

  We wanted to determine whether the clones were able to be reactivated using latency 

reversing agents (LRAs). The initially seeming non-infectious heavily mutated clones and 

revertant clones may have been below the threshold initially but could perhaps be reactivated. 

Therefore, upon successful reconstitution of the clones, an infection assay was performed with 

all of the clones and their reactivation potential using phorbol myristate acetate (PMA) and 

ionomycin was assessed. PMA and ionomycin are routinely used in research for their 

synergistic effect in activating T cells (186).  

  When looking at the heavily mutated clones, we can see that there are in fact clones in 

this set that are able to express even without stimulation (Figures 4.15 and 4.16). The wildtype 

virus in this set had a basal infectivity of on average 6.6%. Upon PMA/ionomycin induction, 

the infectivity of the wildtype virus jumped to on average 22.7%, which represented a 3.4-fold 

increase. Having presented the clones in an order from least number of mutations to most 

number of mutations, we can see that there is a general trend of lower infectivity among the 

clones with more mutations. This is most evident in the A3G set of clones culminating in clone 

E8 with 37 mutations leading to the complete inactivation of the virus. However, there are 

outlier clones that have few number of mutations but are unable to induce (ex. clones A10b, 

B1b, C11, C10b, F1 in the A3F clone set and clone F10 in the A3G clone set) as well as those 

with a greater number of mutations but still infect well (ex. clones D3, D5, C9c in the A3F 

clone set and clone D10 in the A3G clone set). The heavily mutated clones with a basal 

infection of less than 1% were replotted to further resolve potentially latent clones (Figure 

4.17). Our arbitrary parameters for identifying a latency-prone virus (LPV) were clones that 

had a basal infection of less than 0.25% but were able to be induced well above this threshold 

(~10-fold or higher). Given that we analyze on average 20 000 cells per sample during flow 
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acquisition, an infection of 0.25% would represent at least 50 cells being infected in the sample 

to be considered relevant, while also negating the chances of carryover from the previous 

sample during acquisition. Based on these parameters, we identified 10 clones from the heavily 

mutated clone set that displayed a latency-prone phenotype. These were clones A10, C1, H8, 

B8, E9, E10, H7, B2, C2, and H9. The latter clone displayed an impressive 220-fold increase 

from 0.016% (~3 cells) basal to 3.373% (~675 cells) induced infection. All ten clones came 

from viruses mutated by A3G. The viruses mutated by A3F were either highly infectious or 

inactivated, however, clones F10b and F4 just marginally missed our set parameters for a 

latency-prone virus and may also be of interest. A3F induced fewer mutations in comparison 

to A3G, however, some of the mutations were able to greatly increase the virus’ infectivity, 

even at the basal level, compared to the wildtype control (ie. clones C7, E3, H5, D3, C9c). The 

mean fluorescence intensities of the heavily mutated clones tracked well with the infectivities 

observed. The wildtype virus had a basal MFI of on average 214 and an induced MFI of on 

average 349, representing a 1.6-fold increase. In general, the mean fluorescence intensities of 

the heavily mutated clones with a basal infection of less than 1% (and thus the LPVs) were 

quite low and did not increase substantially after stimulation.  
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Figure 4.15. Stimulation assay with reconstituted A3F heavily mutated clones. The LTRs 

of the A3F-mutated 3’LTR-eGFP reporter constructs were reconstituted into pNL4-3-deltaE-

EGFPΔVif. HEK 293T cells were infected with each clone and stimulated with PMA and 

ionomycin or mock-stimulated 24 hours post-infection. The induction capacity of each clone 

was assessed by measuring the infectivity (A) and the mean fluorescence intensity (B) of each 

clone 48 hours post-infection. Clones are ordered from least number of mutations (1) to most 

number of mutations (7). Four independent experiments were performed and all data points 

are shown, including the mean ± standard deviation (SD). AU: arbitrary units. 

 

 

 

 

 

 

 

 

 

 



89 
 

 



90 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.16. Stimulation assay with reconstituted A3G heavily mutated clones. The LTRs 

of the A3G-mutated 3’LTR-eGFP reporter constructs were reconstituted into pNL4-3-deltaE-

EGFPΔVif. HEK 293T cells were infected with each clone and stimulated with PMA and 

ionomycin or mock-stimulated 24 hours post-infection. The induction capacity of each clone 

was assessed by measuring the infectivity (A) and the mean fluorescence intensity (B) of each 

clone 48 hours post-infection. Clones are ordered from least number of mutations (2) to most 

number of mutations (37). Four independent experiments were performed and all data points 

are shown, including the mean ± standard deviation (SD). AU: arbitrary units. 
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Figure 4.17. Stimulation assay with reconstituted heavily mutated clones exhibiting <1% 

eGFP+ cells. All clones from both the A3F and A3G sets of reconstituted heavily mutated 

clones that exhibited less than 1% eGFP-positive cells were replotted for clarity. The 

infectivity (A) and the mean fluorescence intensity (B) of each clone with and without 

PMA/ionomycin stimulation are displayed. Clones are ordered from least number of mutations 

(1) to most number of mutations (37). Four independent experiments were performed and the 

results are presented as mean ± standard deviation (SD). AU: arbitrary units. 
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  Based on our previous pilot assay with a few reconstituted SDM clones, we know that 

the SDM clones with a single- or double-point mutation in the LTR of the viruses are 

infectious. The stimulation assays with the reconstituted single- and double-point mutants 

support this finding as the trend still holds true for all clones tested (Figures 4.18 and 4.19). 

The wildtype control in this set of clones had a basal infectivity of on average 53.7% and an 

induced infectivity of on average 77.7%, representing a 1.5-fold increase. The majority of the 

clones were highly infectious with only single-mutant clones 191, 312, 402, 506, 577, 602, 

and double-mutant clones 350/454 and 393/454 displaying infection rates noticeably lower 

than the wildtype control (≤10% basal and ≤30% induced). Interestingly, these slightly 

impaired clones were also the ones most responsive to stimulation when looking at fold 

difference in induction (Figure 4.20). For example, the clone with a single mutation at position 

402 was induced 11-fold from a basal infectivity of 2.9% to a stimulated infectivity of 19.9%. 

When looking at the mean fluorescence intensities of the SDM clones in comparison to the 

wildtype control, we can see that the MFIs track well with the infectivities observed. The 

wildtype control had a basal MFI of on average 454 and an induced MFI of on average 736, 

representing a 1.7-fold increase. The MFIs of the above-mentioned clones were significantly 

lower than the wildtype control, not even reaching an MFI of 300 after induction. On the other 

hand, we also identified clones where a single- or double-point mutation in the LTR allowed 

the virus to respond to stimulation at a higher fold than the wildtype control (≥1.8-fold 

induction, ie. clones 363, 377, 379, 406). Although the induction capacity of these clones was 

higher, they were still within similar levels of fluorescence as the wildtype control and did not 

surpass the MFI of the wildtype at neither the basal nor induced levels.  
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Figure 4.18. Stimulation assay with reconstituted A3F single-point mutants. The LTR of 

pNL4-3-deltaE-EGFPΔVif was synthetically-mutated at specific A3F deamination target sites. 

Clones contain one single mutation located only in the 3’ LTR. HEK 293T cells were infected 

with each clone and stimulated with PMA and ionomycin or mock-stimulated 24 hours post-

infection. The induction capacity of each clone was assessed by measuring the infectivity (A) 

and the mean fluorescence intensity (B) of each clone 48 hours post-infection. Four 

independent experiments were performed and all data points are shown, including the mean ± 

standard deviation (SD). AU: arbitrary units. 
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Figure 4.19. Stimulation assay with reconstituted A3G single- and double-point mutants. 

The LTR of pNL4-3-deltaE-EGFPΔVif was synthetically-mutated at specific A3G 

deamination target sites. Clones contain one or two mutations located only in the 3’ LTR. HEK 

293T cells were infected with each clone and stimulated with PMA and ionomycin or mock-

stimulated 24 hours post-infection. The induction capacity of each clone was assessed by 

measuring the infectivity (A) and the mean fluorescence intensity (B) of each clone 48 hours 

post-infection. Four independent experiments were performed and all data points are shown, 

including the mean ± standard deviation (SD). AU: arbitrary units. 
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Figure 4.20. Fold induction in infectivity among all reconstituted single- and double-point 

mutants. The mean fold difference in infectivity from basal to stimulated of all reconstituted 

SDM clones is plotted.  
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  As a reminder, the revertant clones were generated by individually converting nine out 

of 17 of the G-to-A mutations found in heavily mutated clone D9 into wildtype guanine 

residues. Clone D9 was chosen because it, along with clone C8, had a few number of mutations 

while demonstrating low eGFP fluorescence. The goal was to decompose one of these clones 

(clone D9 was ultimately chosen) to eventually reach a minimum set of mutations that would 

generate a latent phenotype. In the early pilot infection assay with a few of the revertant clones, 

it was apparent that these clones were non-infectious. We tested their reactivation potential 

using PMA and ionomycin and found that the clones were still poorly-infectious despite 

stimulation (Figure 4.21). The wildtype virus in this clone set had a basal infectivity of on 

average 20.9% and an induced infectivity of on average 51.3%, representing a 2.5-fold 

increase. Clone D9 had a basal infectivity of on average 0.022% and an induced infectivity of 

on average 0.244%, representing a 12-fold increase. None of the singly reverted mutations 

were able to rescue the phenotype of clone D9 towards the wildtype control, with the highest 

infection reaching only 1% (clones 365 rev, 384 rev, 393 rev). The reversion from A-to-G at 

positions 399 and 400 in clone D9 appeared to impair the clone further as the infectivities of 

these two clones (399 rev, 400 rev) were slightly lower than the non-decomposed clone D9. 

The four remaining clones (464 rev, 485 rev, 542 rev, 583 rev) displayed infectivities similar 

to the non-decomposed clone D9. The mean fluorescence intensities of the revertant clones 

were correspondingly quite low in comparison to the wildtype control. The wildtype virus had 

a basal MFI of on average 255 and an induced MFI of on average 511, representing a 2-fold 

increase. Clone D9 had a basal MFI of on average 118 and an induced MFI of on average 153, 

representing a 1.3-fold increase. All of the revertant clones had low MFI levels similar to the 

non-decomposed clone D9. 
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Figure 4.21. Stimulation assay with reconstituted revertant clones. Nine G-to-A mutations 

in the LTR of clone D9 were individually reverted to a wildtype G residue and reconstituted 

into pNL4-3-deltaE-EGFPΔVif. Each revertant clone has 16 A3-induced mutations and 1 

reverted A-to-G mutation. HEK 293T cells were infected with each clone and stimulated with 

PMA and ionomycin or mock-stimulated 24 hours post-infection. The induction capacity of 

each clone was assessed by measuring the infectivity (A) and the mean fluorescence intensity 

(B) of each clone 48 hours post-infection. Four independent experiments were performed and 

all data points are shown, including the mean ± standard deviation (SD). AU: arbitrary units. 
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5.0 DISCUSSION 

  HIV-1 has proven to be one of the most difficult pathogens humans have had to face. 

Despite continuous efforts, the virus is still incurable and there is currently no vaccine against 

it. The biggest barrier to eradicating this pathogen is the virus’ ability to persist in latent 

reservoirs which prevent it from being detected by the host immune system and antiretroviral 

therapies. Add to this the possibility that restriction factors meant to protect us against the virus 

can also be aiding the virus in its elusive behaviour and we have ourselves one formidable 

pathogen.  

  APOBEC3 proteins mutate all along the genome of HIV-1 (174), however, my project 

focussed on mutations only in the LTR promoter of the virus. My first task was to demonstrate 

that the HIV-1 LTR was being significantly targeted by the A3 proteins. Although four A3s 

function against HIV-1, I worked with A3G and A3F only as they are the two most potent A3s 

against HIV-1 as well as possessing different deamination contexts. To aid in my investigation, 

I generated a library of clones that only carried A3-induced mutations in the LTR promoter of 

the virus. Naturally, my first efforts were to clone the 5’ LTR of the viruses that were exposed 

to A3G and A3F since it is the 5’ LTR that commonly acts as the promoter for the virus and 

my aim was to study the effects of A3-induced mutations on this regulatory region. 

Unfortunately, it became apparent that the 5’ LTR is not mutated in a single round of HIV-1 

infection and a second round of infection must take place. In the first round of infection, it is 

the 3’ LTR that is mutated by the APOBEC3 proteins. In a subsequent round of infection, 

these mutations would be transferred over to the 5’ LTR during reverse transcription and this 

is when the A3-induced mutations would be able to enact their effects on the viral promoter. 

The clones that were mutated by A3F did not produce many mutations (between 1 to 7) and 

had a modest effect on promoter activity when assessing the expression of the eGFP reporter 
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gene and its mean fluorescence intensity. However, the clones mutated by A3G were much 

more abundantly-mutated (possessing between 2-37 mutations) and these mutations had a 

wide range of effects on the promoter of the clones. From these promoter replacement assays, 

we were able to observe some clones that possessed mutations that not only affected their 

responsiveness to Tat, but also disrupted their basal transcription as well. Some of these clones 

were no longer inducible by Tat and were completely inactivated by the mutations they 

acquired. Yet in some instances, a few clones possessed mutations that allowed them to express 

eGFP slightly better than even the wildtype control. The clones we were interested in, 

however, were ones that were weakly-transcribing but were still able to be activated by Tat 

induction.  

  In order to decipher their method of attenuation, we decided to look at the location of 

the mutations generated. The LTR promoter is home to many transcription factor binding sites, 

especially in the U3 region. I generated maps of transcription factor binding sites that were 

placed to scale above tick plots of putative deamination target sites as well as cumulative 

confirmed target sites for all clones. From these maps, it is evident that the mutations cluster 

beneath important transcription factor binding sites for master regulators of transcription such 

as NF-κB, Sp1, NFAT, AP-1, and also the TAR element. When looking at hot spots for 

deamination, we also noticed that NF-κB and TAR were frequently mutated at more than one 

location in their sequence. Because these transcription factors are so crucial, as well as Tat 

binding to the TAR element, any mutations in the binding sites and sequences could have a 

direct impact on the efficiency of transcription of the viruses. Improper binding of transcription 

factors and the lack of Tat transactivation could lead to weak transcription and the lack of viral 

antigens recognized by the immune system and antiviral therapeutics. The next step in studying 

the impact of these mutations on transcription factor binding would be to perform chromatin 
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immunoprecipitation (ChIP) assays to determine the degree to which transcription factor 

binding is being affected. ChIP assays are a powerful tool used to probe protein-DNA 

interactions (187). The protein-DNA interactions are temporarily cross-linked using 

formaldehyde to preserve their interaction. The chromatin is then fragmented using a nuclease, 

and antibodies specific to the proteins are used to precipitate them. Because the proteins are 

complexed with the DNA, it is co-precipitated and the entire complex is captured by beads. 

The protein-DNA cross-linking is then reversed, and the DNA is purified. The purified DNA 

can then be used for downstream analyses such as its quantification. This technique would be 

useful in measuring the impact the A3-induced mutations in the binding sites have on the 

ability of the transcription factors to bind to their DNA target sequences. Similarly, the 

interaction between the Tat protein and its target RNA TAR element can also be probed using 

RNA-ChIP. Still, not all mutations affected binding sites for transcription factors so this is not 

the only mechanism by which the A3 proteins modulate promoter activity.  

  Given the vast number of mutations discovered in the LTRs of our in vitro clones, we 

wanted to know if these same mutations were also found in a more representative environment, 

such as within HIV-1-infected patient sequences. In support of our experimental findings, we 

were able to identify many of the same mutations and targeted transcription factor binding 

sites in the LTRs of the patient sequences as in our in vitro data. This tells us that our assays 

are uncovering mutations that appear physiologically in nature and are relevant to study. 

  One of our goals is to discover precise mutations or a minimum set of mutations that 

would generate a latent phenotype. I generated SDM clones of potentially interesting 

mutations in order to test their individual effects. To help me choose which mutations to focus 

on, I looked at the mean fluorescence intensity of each individual clone at all the mutated 

positions. Positions that were mutated and consistently displayed weak fluorescence intensities 
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in all the clones with that mutated position were appealing to me because they were the ones 

most hopeful to contribute to a latency-prone phenotype. Approaching this goal from the other 

end, I also chose one of the clones in my mutated library that had a few number of mutations 

but also displayed a low eGFP fluorescence. To this clone, I individually reverted a number of 

its G-to-A mutations via SDM back to a guanine residue in effort to decompose this clone until 

I reached a minimum set of mutations leading to a latent phenotype. The LTRs of all of these 

clones, as well as the mutated clones from my reporter library, were reconstituted into a non-

replicative HIV-1 expression vector. Since only the minimally-mutated single- and double-

point mutant clones were able to infect in our pilot infection assay, we decided to delve deeper 

into why the heavily mutated and revertant clones were non-infectious. We speculated that 

perhaps certain regions of the LTR, such as the R region, must be intact in order for proper 

reverse transcription and infection of the virus to take place. Since it is already known that the 

U3 region contains the majority of the transcription factor binding sites and their ineffective 

binding may be one of the mechanisms for reduced transcription in the mutated clones, we 

also wanted to investigate what effects mutations in the R and U5 regions had on the activity 

of the promoter. I returned to my eGFP reporter system for this and created partially-mutated 

LTR clones where I took the mutated U3 regions from my reporter library and fused them with 

wildtype R and U5 regions. I then compared the eGFP expression and fluorescence differences 

between these partially-mutated clones with their fully-mutated counterparts and found that 

mutations in the R and U5 regions did have an effect on promoter activity as their absence led 

to some of the clones expressing better or worse in comparison to the fully-mutated clones. 

The few mutations in the R and U5 regions may not be individually compensatory or 

detrimental but rather their overall effect together contributes to this phenotype. Moreover, 

because the R and U5 regions bear few transcription factor binding sites, this would suggest 
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once again that other mechanisms of promoter modulation by the A3 proteins exist in addition 

to affecting transcription factor binding. The mutations can potentially be affecting RNA 

binding and secondary structure. In a study by Cupelli et al. (188), they found that mutations 

in the secondary structure of the R region affected LTR-driven gene expression in Moloney 

murine leukemia virus (a gammaretrovirus). Furthermore, we know that the TAR element is 

located in the R region and as we discovered, it is mutated frequently by the A3s in both our 

in vitro clones as well as in archival HIV-1-infected patient sequences. The TAR element is a 

stem-loop RNA structure in the viral genome that would be affected by mutations in the R 

region. The data from these experiments therefore demonstrate once again that many avenues 

exist for A3-induced promoter modulation. It is clear that further investigation into the exact 

mechanisms by which the A3 mutations affect promoter activity is warranted. 

  Despite their impairment in infectivity even with Tat-induction, we wanted to test 

whether the heavily mutated and revertant reconstituted clones could be activated using latency 

reversing agents. We chose to test their reactivation potential using PMA and ionomycin first 

as they are robust activators of T cells. We tested the reactivation potential of both these clone 

sets as well as the single- and double-point mutant clones with this cocktail and were enthused 

to find that some of the heavily mutated clones were in fact able to be reactivated with this 

LRA. Some clones were already able to infect without induction and following stimulation, 

induced to levels in the range of the wildtype control or within a similarly highly infectious 

range. Other clones could not be induced to physiologically-relevant detectable levels and 

were thus poorly infectious or inactivated. Both these types of clones are not of interest to us 

as they do not represent a latency-prone virus. We initially set our parameters for a latency-

prone virus among these clones to be any clone that initially had a basal infection of 0.25% or 

lower but was able to be induced 10-fold or higher with PMA and ionomycin stimulation. We 
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were able to uncover 10 such clones with compromised infectivity that matched these criteria. 

These clones represent viruses that initially, without stimulation, are so weakly-transcribing or 

inactivated that they go undetected by the host immune system and antiretroviral defenses. 

Upon stimulation, these latency-prone viruses are able to be reactivated and can contribute to 

the spread of infection as well as repopulation of the latent reservoir. Although the clones with 

more mutations generally were more compromised than clones with a few mutations, this is 

not a finite trend as there were clones where this trend did not fit. It is thus perhaps the location 

of these mutations that is more important than the number of mutations that an LPV possesses 

that determines their latent state. We then take a look at our single- and double-point mutant 

clones. As these clones only differ from the wildtype control by one or two mutations in the 

LTR of the virus, the majority of these clones were highly infectious. In fact, only 8 clones 

displayed infectivities noticeably lower than the wildtype control, yet were still too infectious 

on their own to be considered an LPV. Although these results demonstrate that not one 

mutation can be responsible for generating a latent phenotype, a combination of these 8 

mutations could have the potential to lead to the generation of an LPV. It is also highly 

favourable that these 8 slightly impaired mutants were also the ones most highly-induced after 

stimulation, which make them even more interesting as candidate latency-inducing mutations, 

having the greatest dynamic range after induction. If we look at where these 8 mutations are 

located, they are within binding sites for the transcription factors NFAT, Sp1, NF-κB, as well 

as within the Nef gene and the TAR element, among others. Since we already know these 

particular sites are essential for transcription, it may explain why mutations at these spots lead 

to the decrease in infectivity and MFI observed in these mutants. Additionally, the six double-

point mutants were created as combinations of four positions that were mutated most 

frequently in the heavily mutated clones (positions 350, 393, 454, and 485). Individually, they 
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do not appear to have a drastic effect on promoter activity, although mutations at positions 393 

and 454 do appear to result in lower infection than mutations at positions 350 and 485, which 

appear to result in higher infection in comparison. Accordingly, the double-point mutant 

containing mutations at both 393 and 454 was the most compromised of the double-point 

mutants, with the others behaving as a combined effect of the two mutations they possess. To 

fully elucidate the repertoire of latency-inducing mutations, SDMs of all A3 deamination 

target sites could have been generated. However, this may be a costly and timely endeavour 

and the positions we chose to mutate were selected based on their consistent lowered 

fluorescence and thus were deemed the most influential positions to mutate. Although a virus 

containing a combination of these 8 mutations may not exist naturally in the circulating 

population (or at least were not uncovered in our clones), we still have the added benefit of 

identifying these mutations in synthetically generating such a virus with these mutations to use 

as a tool or model to study latency and novel latency-reversing agents. Despite our efforts to 

work our way backwards from an already weak clone (D9) towards a minimum set of 

mutations that would generate a latent phenotype, none of the nine positions we chose to 

mutate were able to rescue the inactivated phenotype of clone D9. This once again 

demonstrates that the activity of the promoter and entry into a latent state is not dependent on 

the action of one mutation but rather a combination of mutations. Furthermore, the effects of 

the eight other mutations in the LTR of clone D9 could have also had an effect but were not 

explored.  

  Altogether, the data does support our hypothesis that low levels of A3-induced mutations 

in the LTR promoter of HIV-1 generate weakly-transcribing and latent viruses in the infected 

cell. We were able to demonstrate that the HIV-1 LTR is mutated by A3G and A3F and that 

these mutations affect promoter activity and transactivation by Tat as well as induction by 
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latency-reversing agents such as PMA and ionomycin. The mutations we have uncovered are 

located at important transcription factor binding sites as well as within the Nef gene which is 

important early on in HIV-1 infection for T cell activation and the establishment of persistent 

infection, and in the TAR element which is crucial for Tat binding and efficient transcription. 

These mutations were also similarly found in HIV-1-infected patient sequences which 

validates their importance and existence in nature. We were able to shed light into the 

mechanism of A3 deamination in the HIV-1 promoter and discovered that the 5’ LTR is not 

mutated during the first round of infection but rather the 3’ LTR and that two rounds of 

infection must take place in order to generate the latent viruses by A3. We also further 

examined the regions of the LTR and found that not only was the TFBS-heavy U3 region 

important but that mutations in the R and U5 regions also had an effect on promoter activity 

as well, which warrants further investigation into other methods that these mutations are 

causing latency by, such as through RNA folding, etc. Finally, we have identified at least 10 

latency-prone viruses and at least 8 SDM mutants containing mutations of potential interest. 

This not only demonstrates for the first time that mutations caused by the APOBEC3 proteins 

can potentially generate a subset of latent viruses but it also tells us that previous known 

mechanisms for the establishment and maintenance of latency are not complete. This may 

explain why current latency-reversing agents do not work on all latent viruses as they mainly 

target epigenetic mechanisms of latency. This necessitates investigation into the development 

of novel latency-reversing agents that act in alternate ways as well as the potential development 

of anti-APOBEC3 agents that may prevent the generation of this subset of latent viruses. 

However, the A3 proteins make up a huge part of our intrinsic immunity against retroviruses 

and there needs to be a way to balance their adverse effect with latency and their beneficial 
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effect in our protection. Nevertheless, the retroviral restriction afforded by the A3 proteins 

may be compensated by the action of the other restriction factors found within our cells.  

  We would also like to eventually move our studies into humanized mice models to better 

reproduce a physiological environment and be able to further study latency in vivo as well as 

test latency-reversing agents with a more intact immune system. Before we get to this stage 

however, we should first perform experiments to test whether the latency-prone viruses we 

discovered can propagate in vivo. We would clone these LPVs into replicative pNL4.3-

GFP_IRES_Nef WT (X4-tropic) and pNL4.3-ADA-GFP_IRES_Nef WT (R5-tropic) reporter 

viruses and observe how these viruses propagate through multiple rounds of infection in a 

variety of T cell lines and primary cells. In addition, we should also study the effects of other 

LRAs on the latency-prone viruses as the combination of PMA and ionomycin is a robust T 

cell activator and is suitable as a reference but does not represent the performance of other 

LRAs that may be used in humans. Once again, our LPVs would make an excellent tool for 

testing existing as well as novel therapeutics.  

  As mentioned earlier, although I only studied APOBEC3-induced mutations in the LTR 

of HIV-1, we must not forget that the virus would accumulate mutations throughout the rest 

of its genome as well. One way that the virus may overcome the sublethal mutations caused 

by A3 is through viral polymerase error. The poor fidelity of the HIV-1 reverse transcriptase 

has the capacity to reverse the sublethal mutations generated by APOBEC3. A virus with 

previous defects could become restored to a more infectious and replicatively fit form through 

RT error. These viruses could then go on to propagate the infection in the infected host. This 

would demonstrate that these LPVs are not only reversibly-latent, but also have the potential 

to lose their latent phenotype altogether over time. This presents another facet to be studied in 

understanding the mechanisms involved in latency generated by the APOBEC3 proteins. 
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6.0 CONCLUSION 

  This thesis demonstrates the ability of A3 proteins to modulate the activity of the HIV-

1 LTR promoter through sublethal mutagenesis. We show here for the first time that a subset 

of latently-infected cells can be generated through A3-induced mutations at regulatory regions 

of HIV-1. This data supports a novel latency-causing mechanism through molecular 

modification. This is the first evidence of such a phenomenon as prior to this, the main 

mechanism for the establishment of latency revolved around epigenetic modifications. This 

may explain why current latency-reversing agents, which mainly target reactivation and 

expression of the latent viruses do not work in all patients. The latency-prone viruses we 

uncovered not only provide a new tool in which to test latency-reversing agents, but also 

necessitate the development of novel LRAs that target areas other than cell cycle state. The 

dual role of the A3 proteins in retroviral restriction through hypermutation, and promotion of 

viral latency through sublethal mutagenesis is clearly illustrated in this work. This brings forth 

the demand for the development of catalytic inhibitors against the A3 proteins to prevent the 

latter from occurring. My project demonstrates for the first time a role for A3 deamination in 

HIV-1 latency and advances the knowledge towards the goal of a functional cure for HIV-1. 
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8.0 APPENDIX 

 8.1 List of Primers 

Table A1. List of primers. 

PRIMER NAME SEQUENCE (5’ to 3’) 

 Primers for Cloning 

HcRedC1-Tat SacII FWD GACTGACTCCGCGGCTATGGAACCAGTCGACCCTAGACTG 

HcRedC1-Tat BamHI REV GACTGACTGGATCCTTAGTGATGGTGATGGTGATGAGATC 

HIV LTR FWD deg 2 GCACTAAATCGGAACCCTAGATTAATTRGAARRGCTAATTTRGTCCC 

HIV LTR REV 1 GATGCACACAATAGAGGACT 

HIV LTR REV 3 deg GCACTATATCGCAACCCTGAGCTAGCCTGCTAGAGATTTTCYAC 

HIV 3’ LTR FWD 1 GAATGAGACGAGCTGAGCCAGCAG 

HIV 3’ LTR REV deg GCACTATATCGCAACCCTGAGCTAGCTGCTAGAGATTTTCYACACTG 

HIV 3’ LTR FWD 2 deg GCACTAAATCGGAACCCTAGATTAATTRGAARRGCTAATTCACTCCC 

pNL4-3 XhoI 3’ LTR FWD GACTGACTCTCGAGACCTAGAAAAACATGGAG 

pNL4-3 NaeI-SacII 3’ LTR REV GACTGACTGCCGGCGAATTCCCGCGGGTCCCCCCTTTTCTTTTA 

peGFP-C3 SacII 3’ LTR FWD deg GACTGACTCCGCGGTRRAARRGCTAATTCACTC 

peGFP-C3 NaeI 3’ LTR REV deg GACTGACTGCCGGCTGCTAGAGATTTTYYACAC 

HIV 3’ LTR R-U5 wt FWD GACTGACTATTAATGAATTCGCGGCCGCGGTCTCTCTGGTTAGACCAGAT 

HIV 3’ LTR R-U5 wt REV GACTGACTGCTAGCTGCTAGAGATTTTCCACACTGAC 

peGFP-C3 U3 mut FWD CCGCCATGCATTAGTTATTAAT 

peGFP-C3 U3 mut REV GACTGACTGCGGCCGCCAGTACAGGCAAAAAGCAGCT 

eGFP 2nd Round FWD ACAACAGCCACAACGTCTATATCAT 

293 Stables REV New CCTCTACAAATGTGGTATGGCTGATTATG 

 Primers for Sequencing 

Seq Tat in HcRedC1 FWD CGAGAAGGCCAACTCCGG 
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Seq Tat in HcRedC1 REV AGGGGGAGGTGTGGGAGG 

Seq peGFP-C3 LTR FWD TGCTCACATGTTCTTTCCTGCG 

Seq peGFP-C3 LTR REV ACTTGTGGCCGTTTACGTCGCC 

Seq HIV int-mut 3’ LTR FWD TGATTGGATGGCCTGCTGTAAG 

Seq HIV mut 3’ LTR FWD CCTCAGGTACCTTTAAGACCAATGAC 

Seq HIV mut 3’ LTR REV ACTCTGATCCCCGAATGCTTG 

Seq HIV 3’ LTR SDM FWD TTCCAGTCACACCTCAGGTAC 

Seq HIV 3’ LTR SDM REV AGGTGTGAGCCACTGCGCC 

 Primers for Site-Directed Mutagenesis (SDM) *See Note 

HIV 3’ LTR 129 SDM FWD ATATCCACTGACCTTTAGATGGTGCTACAAGCT 

HIV 3’ LTR 129 SDM REV AGCTTGTAGCACCATCTAAAGGTCAGTGGATAT 

HIV 3’ LTR 133 SDM FWD CCACTGACCTTTGGATAGTGCTACAAGCTAGTA 

HIV 3’ LTR 133 SDM REV TACTAGCTTGTAGCACTATCCAAAGGTCAGTGG 

HIV 3’ LTR 167 SDM FWD AGTTGAGCCAGATAAAGTAGAAGAGGCCAAT 

HIV 3’ LTR 167 SDM REV ATTGGCCTCTTCTACTTTATCTGGCTCAACT 

HIV 3’ LTR A3F SDM 174 FWD GCCAGATAAGGTAGAAAAGGCCAATAAAGGAGA 

HIV 3’ LTR A3F SDM 174 REV TCTCCTTTATTGGCCTTTTCTACCTTATCTGGC 

HIV 3’ LTR 186 SDM FWD AGAAGAGGCCAATAAAAGAGAGAACACCAGCTT 

HIV 3’ LTR 186 SDM REV AAGCTGGTGTTCTCTCTTTTATTGGCCTCTTCT 

HIV 3’ LTR 189 SDM FWD AGAGGCCAATAAAGGAAAGAACACCAGCTTGTT 

HIV 3’ LTR 189 SDM REV AACAAGCTGGTGTTCTTTCCTTTATTGGCCTCT 

HIV 3’ LTR A3F SDM 191 FWD AGGCCAATAAAGGAGAAAACACCAGCTTGTTAC 

HIV 3’ LTR A3F SDM 191 REV GTAACAAGCTGGTGTTTTCTCCTTTATTGGCCT 

HIV 3’ LTR 215 SDM FWD GCTTGTTACACCCTGTAAGCCTGCATGGAATGG 

HIV 3’ LTR 215 SDM REV CCATTCCATGCAGGCTTACAGGGTGTAACAAGC 
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HIV 3’ LTR 225 SDM FWD CCCTGTGAGCCTGCATAGAATGGATGACCCTGA 

HIV 3’ LTR 225 SDM REV TCAGGGTCATCCATTCTATGCAGGCTCACAGGG 

HIV 3’ LTR 242 SDM FWD GAATGGATGACCCTGAAAGAGAAGTGTTAGAGT 

HIV 3’ LTR 242 SDM REV ACTCTAACACTTCTCTTTCAGGGTCATCCATTC 

HIV 3’ LTR 262 SDM FWD GAAGTGTTAGAGTGGAAGTTTGACAGCCGCCTA 

HIV 3’ LTR 262 SDM REV TAGGCGGCTGTCAAACTTCCACTCTAACACTTC 

HIV 3’ LTR 312 SDM FWD CCGAGAGCTGCATCCGAAGTACTTCAAGAACTG 

HIV 3’ LTR 312 SDM REV CAGTTCTTGAAGTACTTCGGATGCAGCTCTCGG 

HIV 3’ LTR 337 SDM FWD AAGAACTGCTGACATCAAGCTTGCTACAAGGGA 

HIV 3’ LTR 337 SDM REV TCCCTTGTAGCAAGCTTGATGTCAGCAGTTCTT 

HIV 3’ LTR 350 SDM FWD ATCGAGCTTGCTACAAAGGACTTTCCGCTGGGG 

HIV 3’ LTR 350 SDM REV CCCCAGCGGAAAGTCCTTTGTAGCAAGCTCGAT 

HIV 3’ LTR 351 SDM FWD TCGAGCTTGCTACAAGAGACTTTCCGCTGGGGA 

HIV 3’ LTR 351 SDM REV TCCCCAGCGGAAAGTCTCTTGTAGCAAGCTCGA 

HIV 3’ LTR 363 SDM FWD-NEW AAGGGACTTTCCGCTAGGGACTTTCCAGGGAGG 

HIV 3’ LTR 363 SDM REV-NEW CCTCCCTGGAAAGTCCCTAGCGGAAAGTCCCTT 

HIV 3’ LTR 364 SDM FWD AAGGGACTTTCCGCTGAGGACTTTCCAGGGAGG 

HIV 3’ LTR 364 SDM REV CCTCCCTGGAAAGTCCTCAGCGGAAAGTCCCTT 

HIV 3’ LTR 365 SDM FWD GGGACTTTCCGCTGGAGACTTTCCAGGGAGG 

HIV 3’ LTR 365 SDM REV CCTCCCTGGAAAGTCTCCAGCGGAAAGTCCC 

HIV 3’ LTR 366 SDM FWD GGGACTTTCCGCTGGGAACTTTCCAGGGAGGCG 

HIV 3’ LTR 366 SDM REV CGCCTCCCTGGAAAGTTCCCAGCGGAAAGTCCC 

HIV 3’ LTR 375 SDM FWD CGCTGGGGACTTTCCAAGGAGGCGTGGCCTGGG 

HIV 3’ LTR 375 SDM REV CCCAGGCCACGCCTCCTTGGAAAGTCCCCAGCG 

HIV 3’ LTR 376 SDM FWD GCTGGGGACTTTCCAGAGAGGCGTGGCCTGGGC 
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HIV 3’ LTR 376 SDM REV GCCCAGGCCACGCCTCTCTGGAAAGTCCCCAGC 

HIV 3’ LTR 377 SDM FWD-NEW GGGGACTTTCCAGGAAGGCGTGGCCTGGGCGGG 

HIV 3’ LTR 377 SDM REV-NEW CCCGCCCAGGCCACGCCTTCCTGGAAAGTCCCC 

HIV 3’ LTR 379 SDM FWD GGGGACTTTCCAGGGAAGCGTGGCCTGGGCGGG 

HIV 3’ LTR 379 SDM REV CCCGCCCAGGCCACGCTTCCCTGGAAAGTCCCC 

HIV 3’ LTR 384 SDM FWD TTTCCAGGGAGGCGTAGCCTGGGCGGGACTG 

HIV 3’ LTR 384 SDM REV CAGTCCCGCCCAGGCTACGCCTCCCTGGAAA 

HIV 3’ LTR 389 SDM FWD CAGGGAGGCGTGGCCTAGGCGGGACTGGGGAGT 

HIV 3’ LTR 389 SDM REV ACTCCCCAGTCCCGCCTAGGCCACGCCTCCCTG 

HIV 3’ LTR 390 SDM FWD AGGGAGGCGTGGCCTGAGCGGGACTGGGGAGTG 

HIV 3’ LTR 390 SDM REV CACTCCCCAGTCCCGCTCAGGCCACGCCTCCCT 

HIV 3’ LTR 393 SDM FWD GAGGCGTGGCCTGGGCAGGACTGGGGAGTGGCG 

HIV 3’ LTR 393 SDM REV CGCCACTCCCCAGTCCTGCCCAGGCCACGCCTC 

HIV 3’ LTR 394 SDM FWD GGCGTGGCCTGGGCGAGACTGGGGAGTGGCG 

HIV 3’ LTR 394 SDM REV CGCCACTCCCCAGTCTCGCCCAGGCCACGCC 

HIV 3’ LTR 395 SDM FWD GGCGTGGCCTGGGCGGAACTGGGGAGTGGCGAG 

HIV 3’ LTR 395 SDM REV CTCGCCACTCCCCAGTTCCGCCCAGGCCACGCC 

HIV 3’ LTR 399 SDM FWD TGGCCTGGGCGGGACTAGGGAGTGGCGAGCCCT 

HIV 3’ LTR 399 SDM REV AGGGCTCGCCACTCCCTAGTCCCGCCCAGGCCA 

HIV 3’ LTR 400 SDM FWD GGCCTGGGCGGGACTGAGGAGTGGCGAGCCCTC 

HIV 3’ LTR 400 SDM REV GAGGGCTCGCCACTCCTCAGTCCCGCCCAGGCC 

HIV 3’ LTR 401 SDM FWD GCCTGGGCGGGACTGGAGAGTGGCGAGCCCTCA 

HIV 3’ LTR 401 SDM REV TGAGGGCTCGCCACTCTCCAGTCCCGCCCAGGC 

HIV 3’ LTR 402 SDM FWD CCTGGGCGGGACTGGGAAGTGGCGAGCCCTCAG 

HIV 3’ LTR 402 SDM REV CTGAGGGCTCGCCACTTCCCAGTCCCGCCCAGG 



130 
 

HIV 3’ LTR 406 SDM FWD GGCGGGACTGGGGAGTAGCGAGCCCTCAGATGC 

HIV 3’ LTR 406 SDM REV GCATCTGAGGGCTCGCTACTCCCCAGTCCCGCC 

HIV 3’ LTR 409 SDM FWD GGACTGGGGAGTGGCAAGCCCTCAGATGCTG 

HIV 3’ LTR 409 SDM REV CAGCATCTGAGGGCTTGCCACTCCCCAGTCC 

HIV 3’ LTR 454 SDM FWD GCTTTTTGCCTGTACTAGGTCTCTCTGGTTAGA 

HIV 3’ LTR 454 SDM REV TCTAACCAGAGAGACCTAGTACAGGCAAAAAGC 

HIV 3’ LTR 464 SDM FWD GTACTGGGTCTCTCTAGTTAGACCAGATCTG 

HIV 3’ LTR 464 SDM REV CAGATCTGGTCTAACTAGAGAGACCCAGTAC 

HIV 3’ LTR A3F SDM 474 FWD CTCTCTGGTTAGACCAAATCTGAGCCTGGGAGC 

HIV 3’ LTR A3F SDM 474 REV GCTCCCAGGCTCAGATTTGGTCTAACCAGAGAG 

HIV 3’ LTR 479 SDM FWD GGTTAGACCAGATCTAAGCCTGGGAGCTCTC 

HIV 3’ LTR 479 SDM REV GAGAGCTCCCAGGCTTAGATCTGGTCTAACC 

HIV 3’ LTR 485 SDM FWD GACCAGATCTGAGCCTAGGAGCTCTCTGGCTAA 

HIV 3’ LTR 485 SDM REV TTAGCCAGAGAGCTCCTAGGCTCAGATCTGGTC 

HIV 3’ LTR 496 SDM FWD GCCTGGGAGCTCTCTAGCTAACTAGGGAACC 

HIV 3’ LTR 496 SDM REV GGTTCCCTAGTTAGCTAGAGAGCTCCCAGGC 

HIV 3’ LTR 505 SDM FWD GCTCTCTGGCTAACTAAGGAACCCACTGCTTAA 

HIV 3’ LTR 505 SDM REV TTAAGCAGTGGGTTCCTTAGTTAGCCAGAGAGC 

HIV 3’ LTR A3F SDM 506 FWD CTCTCTGGCTAACTAGAGAACCCACTGCTTAAG 

HIV 3’ LTR A3F SDM 506 REV CTTAAGCAGTGGGTTCTCTAGTTAGCCAGAGAG 

HIV 3’ LTR 542 SDM FWD AATAAAGCTTGCCTTAAGTGCTTCAAGTAGT 

HIV 3’ LTR 542 SDM REV ACTACTTGAAGCACTTAAGGCAAGCTTTATT 

HIV 3’ LTR A3F SDM 577 FWD TGCCCGTCTGTTGTGTAACTCTGGTAACTAGAG 

HIV 3’ LTR A3F SDM 577 REV CTCTAGTTACCAGAGTTACACAACAGACGGGCA 

HIV 3’ LTR 583 SDM FWD CTGTTGTGTGACTCTAGTAACTAGAGATCCC 
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HIV 3’ LTR 583 SDM REV GGGATCTCTAGTTACTAGAGTCACACAACAG 

HIV 3’ LTR A3F SDM 593 FWD GACTCTGGTAACTAGAAATCCCTCAGACCCTTT 

HIV 3’ LTR A3F SDM 593 REV AAAGGGTCTGAGGGATTTCTAGTTACCAGAGTC 

HIV 3’ LTR A3F SDM 602 FWD AACTAGAGATCCCTCAAACCCTTTTAGTCAGTG 

HIV 3’ LTR A3F SDM 602 REV CACTGACTAAAAGGGTTTGAGGGATCTCTAGTT 

HIV 3’ LTR SDM 365 revert FWD GGGACTTTCCGCTGGGGACTTTCCAGGGAGG 

HIV 3’ LTR SDM 365 revert REV CCTCCCTGGAAAGTCCCCAGCGGAAAGTCCC 

HIV 3’ LTR SDM 384 revert FWD TTTCCAGGGAGGCGTGGCCTGGGCAGGACTA 

HIV 3’ LTR SDM 384 revert REV TAGTCCTGCCCAGGCCACGCCTCCCTGGAAA 

HIV 3’ LTR SDM 393 revert FWD AGGCGTAGCCTGGGCGGGACTAATGAGTGGC 

HIV 3’ LTR SDM 393 revert REV GCCACTCATTAGTCCCGCCCAGGCTACGCCT 

HIV 3’ LTR SDM 399 revert FWD AGCCTGGGCAGGACTGATGAGTGGCGAGCCC 

HIV 3’ LTR SDM 399 revert REV GGGCTCGCCACTCATCAGTCCTGCCCAGGCT 

HIV 3’ LTR SDM 400 revert FWD GCCTGGGCAGGACTAGTGAGTGGCGAGCCCT 

HIV 3’ LTR SDM 400 revert REV AGGGCTCGCCACTCACTAGTCCTGCCCAGGC 

HIV 3’ LTR SDM 464 revert FWD GTACTGGGTCTCTCTGGTTAGACCAGATCTA 

HIV 3’ LTR SDM 464 revert REV TAGATCTGGTCTAACCAGAGAGACCCAGTAC 

HIV 3’ LTR SDM 485 revert FWD ACCAGATCTAAGCCTGGGAGCTCTCTAGCTA 

HIV 3’ LTR SDM 485 revert REV TAGCTAGAGAGCTCCCAGGCTTAGATCTGGT 

HIV 3’ LTR SDM 542 revert FWD AATAAAGCTTGCCTTGAGTGCTCAAAGTAGT 

HIV 3’ LTR SDM 542 revert REV ACTACTTTGAGCACTCAAGGCAAGCTTTATT 

HIV 3’ LTR SDM 583 revert FWD CTGTTGTGTGACTCTGGTAACTAGAGATCCC 

HIV 3’ LTR SDM 583 revert REV GGGATCTCTAGTTACCAGAGTCACACAACAG 

* Note to Langlois Lab: The numbers used in this thesis are in conventional orientation. In order to 
match the numbers used within the laboratory, subtract these numbers from 635 (ex. SDM 485 in this 

thesis would be 635 - 485 = SDM 150 in the lab, and vice versa). 
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 8.2 Cloning Strategies 

  Figure A1. Cloning Strategy for LTR-eGFP Reporter Constructs. 
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  Figure A2. Cloning Strategy for Reconstituted Heavily Mutated Clones. 
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  Figure A3. Cloning Strategy for Reconstituted Revertant Clones. 
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  Figure A4. Cloning Strategy for Reconstituted Single/Double Point Mutants. 
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  Figure A5. Cloning Strategy for U3 mut/R-U5 wt Clones. 
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