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Abstract 

Mammals are constantly challenged by numerous pathogens that pose a threat to their health. 

Upon infection, retroviruses quickly integrate their genome into that of their host thereby 

permanently modifying it. Protein members of the APOBEC3 (A3) family exhibit cytidine 

deaminase activity that specifically acts on single-stranded DNA to deaminate deoxycytidine 

bases into deoxyuridines. This process is potentially mutagenic because uracil directs the 

insertion of adenine on the opposite DNA strand. High levels of mutations induced by A3 

proteins in the retroviral genome ultimately inactivate progeny viruses. However, under 

conditions where low levels of A3 proteins are present, sub-lethal mutagenesis can occur and 

is generally believed to be beneficial for the virus. Powerful and affordable techniques 

designed to detect rare deamination events generated by these deaminases along the full 

length of retroviral genomes are therefore essential. Through the course of my studies, I 

developed such a new tool that I called HyperHRM which was instrumental to my project’s 

success. 

 In addition to the antiretroviral affects of their catalytic activity, some members of the 

A3 family have the ability to hinder reverse transcription independently of their enzymatic 

properties. Yet, the details underlying the deamination-independent restriction by the 

proteins remain unclear. Through my work, I have advanced our current understanding of 

this elusive process by defining the essential role for RNA-binding in the inhibition of the 

early steps of infection by APOBEC3G (A3G). I also demonstrate that the ability to bind 

RNA is important for the selection of DNA dinucleotides targeted for deamination by A3 

enzymes. Based on the premise that the DNA context for deamination may alter viral fitness 

in various ways, I then investigated the gene inactivation potency of different A3 based on 
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their preferred DNA substrate. My experiments showed  that mutations introduced in a 5'CC 

context by A3G are much more lethal for the virus because of the high frequency of 

termination codons that are generated. I therefore clearly established that deamination target 

specificity has a strong influence on the overall restriction potency of A3 proteins and 

demonstrated that such specificity was linked to the ability of A3 proteins to bind RNA.  

 Finally, in addition to retroviruses, mobile elements such as retrotransposons can also 

lead to genomic instability if not properly controlled. The A3 protein family has been shown 

to play a crucial role in the restriction of these elements through a mechanism that is not 

believed to require the enzymatic activity of the proteins, although the details of the 

restriction mechanism are not yet understood. Here, I provide molecular insights on the 

potential mechanism of retrotransposon restriction by showing that the RNA-binding 

properties of the enzymes are not involved in the restriction of L1 retrotransposition. A 

complete elucidation of the modes of restriction employed by the A3 could lead to the 

development of a new generation of antiretroviral drugs.  

 Overall, my research has led to the design of a new research tool to detect and 

quantify A3-induced mutations in retroviruses, but more importantly, it has enabled a better 

understanding of how the RNA-binding abilities of A3 proteins play an essential role in the 

overall restriction potency of retroviruses and retrotransposons. 
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Chapter 1 General Introduction 

1.1 Retroviruses 

1.1.1 A brief history of retroviruses 

 In the early nineteenth century, bacteria were to know to scientists as the cause of many 

diseases. However, it was determined that bacteria were not responsible for the transmission of 

all illnesses and that a secondary type of invisible agent may exist. At the end of the century, 

joint work from Dmitri Ivanovsky and Martinus Beijerinck in the Tobacco plant led to the 

discovery of the first non-bacterial infectious agent (1, 2). This infectious agent was able to 

reproduce itself, but unlike bacteria, it could not be recovered by filtration. This small infectious 

agent was given the name of virus. In 1908, Ellermann and Bang from Denmark demonstrated 

the successful cell-free transmission of leukemia in chickens and related it to the presence of a 

viral agent (3). Not long after, Peyton Rous showed the similar transmissibility of sarcoma from 

one chicken to another (4). They had just discovered the first tumor viruses now known as Avian 

Leukosis virus (ALV) and Rous Sarcoma virus (RSV). At the time, their findings were highly 

criticised and did not receive the attention they deserved since leukemia was not yet recognized 

as a true form of cancer. Furthermore, chickens were not considered valuable models as they are 

not closely related to humans and the general belief was that no clinically-relevant conclusions 

could be drawn from these organisms. Only a few decades following these initial discoveries, 

Richard Shope and E. Western Hurst identified the first mammalian tumor virus, Shope 

Papillomavirus or Cottontail Rabbit Papillomavirus (CRPV) (5). They demonstrated that warts 

from wild cottontail rabbits could be transmitted from one animal to another through inoculation 

with filterable agents extracted from a wart. In 1936, John Bittner reported the presence of a viral 

agent, Mammary Tumor virus (MMTV), in the milk of certain mouse strains that could be 
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transmitted to new-borne pups and that resulted in the formation of mammary tumors (6). A few 

years later, in a quest to uncover more viruses at the origin of cancer in mice, Ludwik Gross 

isolated a virus that induced the development of leukemia, Murine Leukemia Virus (MLV). This 

established that leukemia was a different form of cancer, transmissible and contagious (7). At 

that moment, there was an important revolution in the field of virology leading to the beginning 

of a hunt for viruses that can cause cancer in mammals. Several tumor viruses were uncovered 

during that period in different animal species including but not limited to Moloney Murine 

Leukemia Virus (M-MLV), Bovine Leukemia Virus (BLV), Feline Leukemia Virus (FLV) and 

Mason-Pfizer Monkey-Type Virus (M-PMTV) (8-10). 

 The study of the behavioural, structural and molecular features of newly identified 

pathogens was however very limited at the time by the available techniques. An important leap 

forward came from Renato Dulbecco who developed the plaque assay in 1952 allowing the 

quantification of single viral particles in a sample (11). Briefly, the assay, adapted from the field 

of bacteriophages, consisted of establishing a cell monolayer from chicken embryos that was 

then infected with the desired viral culture. Melted agar was subsequently added to the samples, 

solidified and the embryos were then left to grow for several days. In the case of an infection, the 

activity of the virus resulted in the formation of a plaque, defined as a circular region on the agar 

originating from necrotic cells. Dulbecco and his group established that there was a linear 

correlation between the number of plaques and the concentration of virus used to inoculate the 

cells suggesting that one plaque corresponded to one virus, making it easily quantifiable. A few 

years later, Temin and Rubin introduced the focus assay which was an improved version of the 

plaque assay (12). In this case, infection of chick embryos resulted in the formation of a sarcoma. 

Therefore, not only did it allowed researchers to determine viral concentrations at the single-cell 
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to single-viral particle level but since measurements of infection depended on the oncogenic 

transformation of the cell, it could also determine the genetic potential of an infection. The use of 

cell-based assays led to significant advancements in the field through the study of viral 

replication, transmission and genetics. Yet, despite these breakthroughs, there were still many 

unresolved questions regarding tumor viruses displaying an RNA genome.   

 Scientists in the 1960s were challenged by observations such that no RNA replication 

intermediates could be detected in cells infected with RNA viruses and that inhibitors of DNA 

synthesis were capable of blocking the replication of RNA viruses (13).  In 1964, Howard Temin 

proposed the provirus hypothesis as a tentative explanation (14). He suggested that, upon 

infection with RSV, a DNA copy of the viral RNA genome would be created and inserted into 

the host cell's DNA. His theory, validated today, was highly controversial at the time since it 

went against what was known as the Central Dogma of molecular biology, that the flow of 

genetic information goes from DNA to RNA to proteins. A few years later, the discovery of an 

RNA-dependent DNA polymerase, the reverse transcriptase (RT), by David Baltimore provided 

the ultimate proof for the provirus hypothesis and provided answers for the prominent unsolved 

observations in the field (15). Viruses possessing an RNA genome and an active RT were 

classified as retroviruses and only then did it come to light that many tumor viruses identified 

several years back were indeed part of this unique group. The joint discovery that some viruses 

could interact with the cellular genetic material by David Baltimore, Howard Temin and Renato 

Dulbecco earned them the Nobel Prize in Physiology or Medicine in 1975.   

 With fresh evidence that some viruses called retroviruses could insert their genetic 

material into the host genome, there was a rekindled interest in the 70's to uncover cancer-

causing retroviruses in humans. Although initial findings were all negative and led to the general 
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belief that there existed no such human retroviral pathogen, in 1980 the group of Robert C. Gallo 

identified a retrovirus as being the cause of adult T-cell leukemia after the suspicious and 

recurrent observation that the disease tended to be geographically clustered suggesting the 

presence of a transmissible agent (16, 17). Culture of T cells from infected  patients, only 

rendered possible after the discovery of a T cell growth factor now known as interleukin-2 (IL-

2), led to the isolation of the first human retrovirus, the Human T-cell Leukemia virus 1 (HTLV-

1) (18, 19). This virus was different from other oncogenic retroviruses in that its genome was 

more complex and encoded additional proteins, Tax and Rex (20). The gene products were later 

found to have a role in the regulation of transcription and gene expression respectively (21). 

 Almost coinciding with the discovery of HTLV-1, an important acquired 

immunodeficiency syndrome (AIDS) outbreak occurred in developing countries leading to 

intensified efforts to uncover the cause of this ravaging disease. Research efforts were soon 

rewarded by the identification of a virus now infamously known as the Human 

Immunodeficiency Virus type 1 (HIV-1) (22-24). The sequencing of the HIV-1 genome revealed 

the presence of supplementary proteins not found in other viruses. Viral infectivity factor (Vif), 

Viral protein r (Vpr), Viral protein u (Vpu), Trans-activator of transcription (Tat), Regulator of 

expression of virion proteins (Rev) and Negative regulatory factor (Nef) are all involved in viral 

replication and pathogenesis and will be discussed in more details in the following section of this 

chapter. 

 The complexity and the rapid evolution of HIV-1 have made this retrovirus an expert of 

immune evasion and drug resistance.  More than three decades after its discovery, to this day, the 

main challenges in retrovirology remain the development of a curative treatment and a protective 

vaccine for HIV infection. 
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Figure 1.1 Timeline depicting major breakthroughs in the discovery of retroviruses. To 
note, this figure does not include all viral agents isolated during the period covering 1900-2000. 
Only discoveries relevant to this thesis are indicated on the figure (3-7, 11, 12, 14-16, 22-24).  
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1.1.2 HIV-1 

1.1.2.1 The viral genome 

 HIV-1 is a complex retrovirus from the lentivirus genus. Its genome is composed of a 

single-stranded RNA of positive orientation of approximately 9.8 kilobases (kb). It codes for 9 

genes yielding 15 different proteins due to alternative splicing and protease cleavage. These 

include three large essential polyproteins (Gag, Pol and Env) and six accessory proteins (Vif, 

Vpr, Tat, Rev, Vpu and Nef) (see Figure 6.2.3A for schematic representation of the HIV-1 

genome). The gag and pol genes are generated as unspliced messenger RNAs (mRNAs) to yield 

polypeptides that then get cleaved within the mature virion by the viral protease. Cleavage of 

Gag produces the individual matrix (MA, p17), capsid (CA, p24) and nucleocapsid (NC, p7) 

structural proteins whereas the protease (PRO), reverse transcriptase (RT, p51 and p66 hetero-

dimer), RNase (p15) and integrase (IN, p31) proteins all originate from the pol gene (25). The 

env mRNA arises from a singly spliced transcript to produce a polyprotein (gp160) which gets 

glycosylated in the endoplasmic reticulum (ER) and  cleaved by cellular proteases to yield two 

glycoproteins: a surface-exposed subunit (SU, gp120) and a transmembrane subunit (TM, gp41) 

which are then trafficked to the cell membrane as hetero-trimers (26). Similarly, Vif, Vpr and 

Vpu are also translated from singly spliced mRNAs whereas Tat, Rev and Nef are produced from 

fully spliced products (27). HIV-1's accessory genes are usually classified as regulatory (Tat and 

Rev) and accessory (Vif,  Vpr, Vpu and Nef) proteins.  

 

1.1.2.2 The virion 

 In the mature virion, two copies of the viral RNA genome are contained inside a cone-

shaped shell formed by several thousand copies of the capsid protein (CA, p24) where it is 
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stabilized through its interaction with NC proteins together with the viral enzymes required for 

replication: RT, IN and PRO. Some accessory proteins are also found inside viral particles 

notably Vif , Vpr and Nef. The viral core is surrounded by a protective matrix containing 

hundreds of repetitions of the MA protein, which is in turn protected by a lipid bilayer viral 

envelope. The viral envelope protrudes from the host cell membrane and comprises two 

glycoproteins originating from the env gene: gp120 and gp41 (25).  A schematic representation 

of the virion organisation of HIV-1 can be found in Figure 1.2A. 

 

1.1.2.3 The viral replication cycle 

 The HIV-1 replication cycle begins with the recognition of a target cell through the 

interaction of the envelope glycoprotein gp120 with the host cell receptor CD4 expressed at the 

surface of T-helper lymphocytes, cells from the monocyte-macrophage lineage and some 

dendritic cells (28). Binding of CD4 by gp120 leads to a change in conformation of the variable 

loops of the glycoprotein to expose the binding site for a chemokine co-receptor, CXCR4 or 

CCR5. (29, 30). The use of either one of these co-receptors determines the cell tropism of the 

virus. Co-receptor binding by gp120 triggers the insertion of gp41 into the cell membrane, fusion 

and entry into the host cell (31). Once in the target cell, the HIV-1 core remains intact until 

completion of reverse transcription, which takes place inside the viral core where the viral RNA 

genome and the enzymes required for replication form the reverse transcription complex (RTC) 

(32). Uncoating of the HIV-1 capsid takes place at the nuclear pore at a later stage of the 

replication cycle prior to nuclear entry by a mechanism that is not completely understood (32). 

The integrity of the viral core until this point is required to ensure successful reverse 

transcription and transport to the nucleus. The containment of the viral genome inside the core 
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until the end of viral replication also represents a mechanism used by the virus to prevent 

recognition by cytosolic DNA sensors that would otherwise trigger an immune response (33). 

 The main feature distinguishing retroviruses from other viruses is their special mode of 

replication, which involves the generation of a double-stranded DNA (dsDNA) copy from their 

single-stranded RNA (ssRNA) genome called a provirus. It is then this provirus that integrates 

into the host genomic DNA with the aid of the viral encoded IN and other host proteins for 

transcription and translation using the host cell machinery (34). The process of reverse 

transcription is illustrated in Figure 1.2B. The latter is initiated by an influx in deoxynucleoside 

triphosphates (dNTPs) in the capsid following viral entry into the cell. The cellular tRNA3
Lys, 

already binding to a complementary sequence near the 5' end of the HIV RNA named the primer 

binding site (PBS), acts as a primer for the RT which can then start the synthesis of 

complementary DNA (cDNA) from the RNA template in a 3' to 5' orientation. Once it reaches 

the 5' end of the viral genome, the polymerase together with its new product undergo a template 

switch, known as the minus-strand transfer, and jump to the 3' end of the same viral RNA strand 

or of the second RNA genome where the newly synthesized repeat region (R) associates with its 

complementary sequence. This step requires the digestion of the RNA in the RNA:DNA hybrid 

by the RNase H subunit of the RT. The first cDNA fragment generated  is relatively short 

because of the position of the PBS on the viral genome and the orientation of reverse 

transcription and is termed minus- strand strong stop DNA (-sssDNA). Synthesis of the minus 

strand DNA (-sDNA) continues from the R region accompanied by digestion of the template by 

RNase H. The activity of the nuclease is however only partial and leaves behind regions of the 

RNA genome such as the polypurine tracts (PPT). HIV-1 has two PPTs, one near the middle of 

the viral genome (cPPT) and one near the 3' end of the RNA (3'PPT). The cPPT is thought to  
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Figure 1.2 Characterization of HIV-1 (A) Illustration of the mature HIV-1 virion. TM and SU; 
transmembrane and surface subunits of envelope, NC; nucleocapsid, RT; reverse transcriptase, 
PR; protease, CA; capsid, IN; integrase, MA; matrix. (B) Schematic representation of the reverse 
transcription process. 1. Beginning of cDNA synthesis at the primer binding site (PBS) primed 
by cellular tRNALys3. 2. Degradation of the RNA template by the RNase H subunit of the RT 
following generation of the minus-strand strong stop DNA (-sssDNA). 3. Minus strand transfer 
and pairing of the complementary R regions. 4. cDNA synthesis and incomplete degradation of 
the RNA template. 5. Synthesis of the plus strand DNA from the 3' polypurine tract (3'PPT) to 
generate the positive-strand strong stop DNA (+sssDNA). 6. Plus strand transfer and pairing of 
the two PBS regions. 7. Completion of the cDNA synthesis on both strands using each other as a 
template. 
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increase the efficiency of viral replication but is not essential (35-37). The 3'PPT is essential for 

the reverse transcription process and acts as a primer for the plus-strand DNA (+sDNA) 

synthesis, which only proceeds until the 3' end of the -sDNA, where following digestion of the 

tRNA primer, a second strand transfer occurs. This one is known as the plus-strand transfer and 

yields the plus-strand strong stop DNA (+sssDNA), where the PBS of one strand anneals to the 

PBS of the other strand and the sequence of each DNA strand acts as a template to complete the 

synthesis of the opposite strand. Completion of the process produces two identical DNA strands, 

which are each a copy of the RNA genome with repeats at both ends known as provirus.  

 At the end of reverse transcription, the core is uncoated and the dsDNA  becomes part of 

a pre-integration complex (PIC) to be translocated into the nucleus (32).  This step is believed to 

be highly dependent on the presence of Vpr, which is important to connect the PIC with the 

cellular import machinery (38). Vpr is also responsible for inducing cell cycle arrest in the G2 

phase, which may be more favourable for entry of the PIC into the nucleus (39, 40).  In contrast 

to most other retroviruses, HIV does not require cell division for proviral integration to take 

place. Once in the nucleus, the provirus is inserted into the host chromosomal DNA through the 

enzymatic activity of the IN via a highly regulated mechanism (41). 

 Viral gene expression, driven by the long terminal repeat (LTR) promoter, is responsible 

for the recruitment of several cellular transcription factors. Initially, only fully spliced mRNA 

transcripts are being produced. The accessory protein Tat vastly improves the efficiency of 

transcription (42, 43). Once synthesized, this gene product returns to the nucleus where it 

interacts with a stem loop element in the viral RNA (trans-activating response element (TAR)) 

and activates transcription of viral genes.  The Rev protein also returns to the nucleus where it 

associates with the rev response element (RRE) of emerging transcripts to allow the export of 
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unspliced and singly spliced products (44). Rev activity allows the cytoplasmic translocation of 

the full-length RNA genome as well as remaining viral proteins Gag and Pol.  

 Virion assembly is then orchestrated by the Gag polyprotein (45). The packaging of the 

viral genome is mediated by the psi (Ψ) element located in the U5 region of its 5' LTR through 

its interaction with the NC domain of Gag whereas envelope glycoproteins are naturally acquired 

from the cell membrane as budding occurs (46). After the virus emerges from the cell, 

polyproteins Gag and Pol are cleaved inside particles by the viral protease through a process 

known as maturation to yield individual viral proteins and produce the mature virion with a 

conical shape which is then ready to infect a new cell and contribute to the spreading of the 

initial infection. 

 

1.1.2.4 Pathogenesis of HIV-1 infection 

 HIV-1 infection is usually a sexually transmitted disease (STD) although transmission 

can also occur through the sharing of syringes by drug users, through blood transfusions and 

vertically from mother to child. Following the initial infection, illness is marked by an acute 

phase during which the virus replicates intensively and can reach viremia levels of up to 10 

million copies per milliliter (mL) of plasma (47). Infected individuals experience flu-like 

symptoms varying in intensity (48). This stage is characterized by an important loss in CD4+ T 

cells in peripheral blood and a drastic depletion of this cell population in gut-associated 

lymphoid tissue (GALT) (49-52). Although a rebound in cell number in peripheral blood is often 

observed following the acute phase of HIV infection, the GALT never fully recovers. Viral 

levels normally peak a few weeks after the primary transmission and gradually decrease to reach 

a set point where they can reside for several years depending on the individuals. Spreading from 
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the GALT to other lymphoid tissues in periphery leads to the establishment of early latent 

reservoirs in CD4+ T cells (53).  In those reservoirs, full-length integrated proviruses avoid the 

production of viral proteins and therefore prevent immune recognition (54, 55). 

 The second phase, or chronic phase, of HIV-1 infection is marked by a progressive loss 

of CD4+ T cells accompanied by several malfunctions of immune cell populations slowly 

leading to immunodeficiency (reviewed in (56)).  This state increases the risk of opportunistic 

infections. The combination of a defective immune system and an increased susceptibility to 

opportunistic infections is defined as AIDS. Until the development of inhibitors of RT and PRO 

in the 1990s, this stage often ended by the patient dying.  However, the use of antiretroviral 

agents significantly reduced the mortality rate associated with HIV-1 (57-59). Initial treatments 

were given as a monotherapy but quickly evolved to include a combination of anti-HIV-1 drugs. 

The enzyme that the virus uses to replicate, the RT, introduces on average one mutation every 

1000-10,000 nucleotides synthesized resulting in up to 10 mutations per genome per round of 

replication (60-62). Given this extremely high mutagenic potential, it is not surprising that 

mutant viruses with increased resistance to treatments can be found in the existing viral 

population at the time of intervention (63). A way to circumvent this problem is to use a 

combination of antiretroviral agents therefore reducing the chances that variant viruses harbour 

multiple mutations giving them resistance. Mathematical modeling studies predicted that 

combinations of three compounds would offer an effective long-term protection defining the 

guidelines for the first highly active antiretroviral treatment (HAART) (63-66). Since the 

establishment of the first anti-HIV-1 therapies, several advancements have been made improving 

the composition of antiretroviral agents used for HAART to include more potent agents that are 

less primed to trigger resistance. HAART has the potential to reduce plasma viral load below 
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detection limits and suppress viral replication for several years, therefore extending the life 

expectancy of infected patients (67-69). Unfortunately, HAART cannot completely eliminate 

HIV-1 infection. The presence of viral reservoirs containing latently infected cells that are 

resistant to HAART and can be reactivated to productive HIV-1 once HAART is stopped 

prevents the complete eradication of the disease (70, 71). 

 

1.2 Intrinsic immunity to retroviral infection 

1.2.1 Restriction factors 

 An important feature of retroviruses is that they have extremely fast infection kinetics. 

From the moment when the viral envelope fuses with the cell membrane to enter into the cell, it 

only takes a few hours until the viral genome integrates into the host's genome and modifies it 

irreversibly. As a consequence, our innate and adaptive immune systems which take from a few 

days to several weeks to become activated, are poorly adapted at providing a good protection 

against retroviral infections. Surprisingly in humans, only two retroviruses out of potential 

hundreds are known to cause disease; HIV and HTLV (72, 73). The main reason why we are so 

resistant to retroviral infections is that we possess a powerful protection against these pathogenic 

invaders. This protection comes from our intrinsic immune defences and relies on retroviral 

restriction factors, representing our first line of defence against retroviruses. The most effective 

ones that will be introduced in this section are Trim5α, APOBEC3, SAMHDI and Tetherin 

(Figure 1.2). These proteins are constitutively expressed in our cells and are always ready to act 

at different stages of the retroviral life cycle at the moment of infection. 
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1.2.1.1 Trim5α 

  Trim5α is a member of the tripartite motif family, characterised by the presence of three 

specific domains at its N-terminus: a RING domain, a B-Box domain and a coiled coil domain 

(74, 75). Although retroviral restriction by this restriction factor is poorly effective against 

pathogens from the same host species, it plays an essential role in preventing cross-species 

transmission (76, 77). Indeed, human Trim5α is poorly effective against HIV-1 but efficiently 

restricts infection by some MLVs and by Equine Infectious Anemia virus (EIAV) (78, 79). 

Similarly, HIV-1 is strongly inhibited by rhesus macaque and African green monkey Trim5α 

(76). This restriction factor has been shown to act immediately after viral entry into the cell by 

inducing the premature uncoating of the capsid through a process involving the proteosomal 

degradation of retroviral proteins to disrupt the structure of the RTC therefore inhibiting reverse 

transcription (80) (Figure 1.2a). The exact mechanism is unclear. However, the domain 

organization of Trim5α induces its spontaneous assembly into hexagonal stripes, matching the 

conical shape of the viral capsid (81).  Thus, a model can then be proposed whereby the 

hexagonal structure initially assembles on the capsid as it enters the cell to disrupt the viral core 

followed by engagement of the proteasomal machinery (82).  

 

1.2.1.2 APOBEC3 

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

family is comprised of seven genes APOBEC3A (A3A), APOBEC3B (A3B), APOBEC3C 

(A3C), APOBEC3D (A3D), APOBEC3F (A3F), APOBEC3G (A3G) and APOBEC3H (A3H) 

located in tandem within a 150 kb region on chromosome 22 (reviewed in (83)). These proteins 

are cytidine deaminases that act at the level of reverse transcription by inducing deleterious 
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hypermutation in the provirus and will be further discussed in section 1.4 of this chapter (Figure 

1.2b). 

 

1.2.1.3 SAMHD1 

  SAMHD1 (sterical-alpha motif (SAM) and histidine-aspartic (HD) protein 1) was first 

described as a deoxyguanosine triphosphatase (dGTPase) triphosphohydrolase that acts 

specifically on deoxynucleoside triphosphate (dNTP) (84). HIV-1 is special compared to other 

more simple retroviruses in that it has the ability to replicate in the presence of low concentration 

of dNTPs as a consequence of the high affinity of its RT for nucleosides compared to other RTs 

(85). Resting cells such as resting CD4+ T cells, macrophages and dendritic cells have a limited 

pool of dNTPs and only highly specific retroviruses such as HIV-1 have the ability to replicate in 

those cells (86).  SAMHD1 restricts retroviral infection in non-dividing cells by decreasing the 

concentrations of dNTPs rendering them unavailable for reverse transcription (87-89) (Figure 

1.2c).  

 In addition to this function, a ribonuclease activity has recently been identified for 

SAMHD1 (90). This enables SAMHD1 to specifically target retroviral genomic RNA for 

degradation, thus conferring another level of retroviral restriction by the protein (91). 

 

1.2.1.4 Tetherin 

 Tetherin is a type II transmembrane (TM) protein with a TM anchor to its N-terminus and 

a glycophosphatidylinositol (GPI) anchor to its C-terminus (92). This restriction factor exerts its 

effect at the end of the retroviral life cycle by preventing the release of virions from the cells and 

trapping them at the cell membrane for further internalization into endosomes and most likely 
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lysosomal degradation (93, 94).  The current model for the tethering of viral particles by tetherin 

stipulates that it does so in an axial configuration in which proteins act in concert as dimers with 

one pair of GPI or TM anchors embedded in the virion and the other in the cell membrane (95).  

Although both orientations are possible, it seems that the insertion of the GPI anchors into the 

viral particle is favoured (Figure 1.2d).  

 

1.2.2 Retrovirus versus host 

 Retroviruses have evolved ways to counteract host defence mechanisms exerted by 

antiretroviral proteins (Figure 1.2). In fact, several restriction factors were discovered through 

efforts for uncovering the function of retroviral gene products (94, 96-98).  HIV-1 is probably 

the best example of that because unlike simple retroviruses, HIV-1 expresses six additional 

accessory genes with many of them involved in the pathogenesis of the virus.  

 A3G was discovered on the basis that some cell lines were permissive for Vif-deficient 

HIV-1 whereas other non-permissive cell-lines failed to produce infectious viral particles 

following infection with the same virus. After many years of questioning, Sheehy and her 

colleagues performed a series of northern blot experiments using probes derived from RNA 

isolated from a permissive and a non-permissive cell line. The probes were then hybridized 

against RNA isolated from different cell lines displaying a permissive or non-permissive 

phenotype. Through their manipulations, Sheehy and her group identified A3G (originally 

named CEM15) as the limiting component to the production of infectious viruses in non-

permissive cells (96).  Other A3 enzymes were identified soon after using genetic homology 

approaches (99, 100). The main role of Vif is to reduce cellular levels of A3 to prevent the 

incorporation of the restriction factor inside viral particles. Vif does so by binding to the A3 
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protein and to the Cul5 E3 ubiquitin ligase complex which then, assisted by CBF-β, mediates A3 

ubiquitination and degradation through the proteasome  (reviewed in (101)).  Inhibition of A3G 

protein's translation by Vif has also been suggested (102). HIV-1 particles lacking a functional 

Vif gene are unable to produce infectious progeny in cells expressing A3G. 

 Tetherin was isolated following the observation that the accessory protein Vpu is required 

for the efficient release of viral particles from certain cell types. Microarray analyses carried out 

on mRNA libraries derived from phenotypically different cell lines led to the identification of the 

restriction factor. This protein works by downregulating the expression of tetherin at the cell 

surface, although the exact mechanisms by which this is achieved remain elusive (Figure 1.2). It 

may involve inhibition of its transport to the plasma membrane, its sequestration in endosomes 

for further lysosomal degradation or its engagement in the proteasomal machinery (103-110). All 

these possibilities might be true depending on the state and type of cells being infected.  

 Finally, HIV-2 expresses Vpx instead of the Vpu protein found in HIV-1 which is 

involved in the proteasomal degradation of SAMHD1 (111). Until now, no HIV-1 viral protein 

has been shown to inhibit the activity of SAMHD1. However, the expression of SAMHD1 is 

more pronounced in cells of myeloid lineage such as macrophages and dendritic cells(112). 

Although HIV-1 fails to replicate in dendritic cells, the virus produces a successful infection in 

macrophages. Kyei et al. recently identified cyclin L2 as a host protein used by HIV-1 in 

macrophages to overcome the restriction exerted by SAMHD1 (113). Similarly to Vpx, cyclin 

L2 binds to SAMHD1 and induces its proteasomal degradation. Why the same mechanism is not 

used by HIV-1 in other myeloid cells is not currently known.  
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Figure 1.3 Host restriction factors against HIV and their viral antagonists. a. Trim5α acts  
immediately after viral entry into the cell by inducing the premature uncoating of the capsid 
therefore inhibiting reverse transcription. b. APOBEC3 or c. SAMHD1 affect the reverse 
transcription process by inducing hypermutations in the retroviral cDNA or depleting the 
intracellular pool of dNTPs respectively. Finally,  d. tetherin acts at the end of the life cycle by 
preventing the release of virions from the cell and trapping them at the cell membrane. The viral 
proteins Vpx, Vif and Vpu antagonize the action of SAMHD1, APOBEC3 and tetherin 
respectively. 
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1.3 Retrotransposons 

 In addition to retroviruses, transposable elements (TEs) constituting approximately 45% 

of the human genome represent a supplementary threat that must be tightly regulated to avoid 

permanent damage to our genome (114). By definition, TEs are genomic DNA sequences that 

have the ability to move within the genome. Examples of devastating consequences related to the 

improperly controlled replication of these elements are well demonstrated through many genetic 

disorders including  neurofibromatosis, choroideremia, Apert syndrome and cancer (115-119). 

There are three types of TEs in humans; DNA transposons, LTR retrotransposons and non-LTR 

retrotransposons.  The first class, DNA transposons, represent close to 3% of the human genome. 

They encode a transposase inserted between inverted terminal repeats and required for excision 

of the element from the genome and insertion into a new location (120). There are no active 

forms of DNA transposons in humans. LTR retrotransposons account for 8% of our genome and 

are typical retroviruses that have become endogenized over time to become Human Endogenous 

Retroviruses (HERVs). These have accumulated inactivating mutations over the course of human 

evolution (121). Due to their defective genome, most human HERVs are replication 

incompetent. In contrast, non-LTR retrotransposons comprise the majority of currently active 

elements of the genome. This class can be further subdivided into two subtypes: the short 

interspersed nucleotide elements (SINEs) and the long interspersed nucleotide elements 

(LINES). 

 

1.3.1 SINEs 

 This family includes the active Alu elements and the inactive SINE-VNTR-Alu (SVA) 

elements. Alu has a 300 base-paired (bp) genome comprised of two monomers originating from 
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the 7SL RNA gene separated by an Adenine(A)-rich linker region. Its transcription is under the 

control of an RNA polymerase III promoter located in the 5' region of the gene whereas a polyA 

tail is located at its 3' end. Since this element does not encode any protein, it is termed non-

autonomous retrotransposon and relies mostly on the LINE-1 (L1) retrotransposition machinery 

for its replication (122). The full-length SVA genome is close to 2 kb and contains a hexamer 

repeat region followed by an Alu-like region, several tandem repeats regions whose number can 

vary depending on the element, a HERV-K10-like region and an oligo dA-rich tail at its 3' end 

(123). The replication of SVA is also dependent on L1 and since no promoter region is present in 

its genome, its transcription is believed to initiate from flanking regions of the genome.  

 

1.3.2 LINEs 

 In humans, LINEs account for 17% of the genome and include L1 and LINE-2 (L2) 

elements although only L1 leads to productive retrotransposition events and will be the focus of 

this section (114).  The 6 kb genome of L1 consists of an untranslated region (UTR) at both the 

5' and 3' ends with an internal RNA polymerase II promoter in the 5' region, two open reading 

frames (ORF1 and ORF2) and a polyA tail at the 3' end (124). The L1 element is termed 

autonomous because it encodes its own nucleic acid binding protein from its ORF1 as well as a 

protein with an RT and endonuclease activity from its ORF2. These properties make L1 the only 

autonomous element in humans. Although the human genome contains more than 500,000 copies 

of L1, only approximately 80-100 are replication competent due to deletion and recombination 

events occurring during the retrotransposition process (see section 1.3.3 for details on the 

retrotransposition process of L1) (114). 
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1.3.3 L1 replication cycle 

 The replication cycle of L1 retrotransposons is illustrated in Figure 1.4. The cycle begins 

in the nucleus where L1 DNA is transcribed by the RNA polymerase II to produce an mRNA 

transcript which is then processed and exported from the nuclear compartment. (124). Once in 

the cytoplasm, the ORF1 and ORF2 proteins are translated and, due to their strong cis-preference 

for L1 mRNA, associate with the latter to form a ribonucleoprotein (RNP) complex which is 

known as an intermediate in the replication process (125). ORF2 bound to the mRNA then 

returns to the nucleus where reverse transcription and integration occur through a dual 

mechanism called target-primed reverse transcription (TPRT) (Figure 1.4) (126). 

 This reaction initiates with the cleavage of the non-coding strand of target DNA at a T-

rich site by the L1 endonuclease. This generates a 3' hydroxyl at the site of cleavage which is 

used as a primer to initiate the synthesis of cDNA from the L1 mRNA template by the L1 RT. 

The target DNA coding strand is in turn cleaved to prime the synthesis of the second-strand 

through an unclear mechanism. Finally, the process ends by the integration of L1 DNA in the 

genome with target site duplications (TSDs) on each side.  

 

1.3.4 Impact of L1 replication on the human genome 

 The persistence of L1 retroelements in the human genome for several millions of years 

has certainly contributed to their marked impact on its composition and structural organization. 

Probably the most obvious consequence of retrotransposition is the significant increase in the 

size of the human genome (127). The replication rate of L1 has been estimated to one new 

genomic insertion every twenty to two-hundred births depending on the methodology used for 

the estimation (128, 129). Overall, this represents a contribution of approximately two thousand  
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Figure 1.4 Replication cycle of L1 retrotransposons. L1 DNA is transcribed from an RNA-
polymerase II promoter region located in its 5' UTR (represented by an arrow) followed by 
processing and translocation of the mRNA in the cytoplasm. ORF1 and ORF2 are then translated 
and associate with L1 mRNA to form a ribonucleoprotein (RNP) complex which then gets access 
to the nucleus for reverse transcription and integration by target-primed reverse transcription 
(TPRT). a. L1 endonuclease (ORF2) cleaves the non-coding DNA strand in a T-rich region (red 
arrow). b. The 3' hydroxyl (OH) generated by the cleavage primes reverse transcription in which 
the RT (ORF2) uses L1 mRNA as a template for cDNA synthesis. The endonuclease cleaves the 
coding DNA strand to prime second strand DNA synthesis (inverted red arrow). c. DNA 
synthesis proceeds generating target site duplications (TSDs) on each side of L1 DNA. d. A copy 
of L1 is integrated into a new genomic location.  
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L1 sequences in the last six million years translating into a few hundred million bases added to 

the genome (114). Furthermore, evidence suggests that this genome expansion is an ongoing 

process because of retrotransposition events still taking place today. In addition, L1 copy number 

can vary between individuals and is often used as a genetic marker to study the history of a 

population (128, 130-132). 

 Retrotransposons represent an important source of genomic instability. One of the best 

characterized mechanism by which these pathogenic elements initiate that process is through 

their insertion into introns, which has been associated with several genetic disorders including 

heamophilia, cystic fibrosis, Apert syndrome and Duchenne muscular dystrophy  to name a few 

(133-137). Genomic instability leading to cancer, namely breast and colon cancer, has also been 

documented (134-136).  Furthermore, it has been suggested that DNA double-strand breaks 

(DSBs) generated by ORF2 in the absence of successful L1 integration could also represent a 

source of genomic instability (138). Those observations came however from experiments 

conducted in cell lines and the extent of this phenomenon in vivo is not well understood. 

Retrotransposition is also at the origin of several genomic rearrangement events including 

deletions and duplications many of which have been linked to disease in humans (139-143). 

 In addition to the impact of L1 replication on the genomic DNA, retrotransposons can 

affect gene expression at the RNA level. For example, L1 insertion can lead to alternative 

splicing through the generation of novel splice sites (144, 145). Retrotransposons also have the 

ability to influence transcription by many means. Firstly, their sequence is often a challenging 

substrate for the RNA-polymerase II therefore preventing transcription elongation of host genes 

upon insertion in their respective coding sequence (146).  Similarly, the poly(A) tail located at 

the 3' end of the L1 sequence can induce transcriptional arrest (147, 148). Furthermore, the 
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promoter region of retroelements can induce sense or anti-sense transcription upstream or 

downstream of flanking genes (149). Finally, the methylation of the L1 promoter has the 

potential to initiate the formation of heterochromatin and repress the expression of proximal 

genes (150, 151). 

 

1.4 APOBEC3 proteins 

 The seven members of the human A3 family play an essential role in defending humans 

against retroviruses and the expansion of retroelements (Reviewed in (83, 101)). These proteins 

are part of a larger family, the APOBEC family, that includes APOBEC1 (A1), activation-

induced deaminase (AID), APOBEC2 (A2) and APOBEC4 (A4). APOBECs are all 

characterized by the presence of a conserved His-X-Glu-X25-31-Pro-Cys-X2-4-Cys motif required 

for the deamination process, where X can be any amino acid (99, 100, 152, 153). The histidine 

(His) and the two cysteines (Cys) are required for the coordination of a zinc molecule whereas 

the glutamic acid (Glu) is involved in proton shuttling following the nucleophilic attack by a 

water molecule on the carbon 4 amine group of the targeted cytidine.  

 A1 is the only member of the human APOBEC family to specifically act on RNA (154). 

This enzyme, expressed mostly in gastrointestinal cells, is involved in lipid metabolism. A1 

deaminates the apolipoprotein B mRNA leading to the incorporation of an intergenic termination 

codon. This results in a full-length protein (ApoB100) and a truncated one (APoB48). Both 

proteins have distinct functions in the biology of cholesterol, triglycerides and lipids as they are 

expressed in different tissues (155, 156). AID is expressed specifically in activated germinal B 

cells and plays a crucial role in adaptive immunity by generating the diversified pool of 
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antibodies responsible for the humoral response (157, 158).  The latter enzyme targets 

immunoglobulin genes for somatic hypermutation and class switch recombination.   

 Deaminase activity for A2 and A4 has yet to be demonstrated although they possess all 

the features necessary for catalysis (159). A2 is highly expressed in skeletal and cardiac  

muscle cells and recently, a role for this protein in muscle differentiation and early 

embryogenesis has been proposed (160-162).  Nevertheless, deletion of this gene in mice is not 

lethal (162). Further studies are required to elucidate the exact physiological function of these 

proteins. 

 

1.4.1 A3 domain architecture 

 A3 proteins possess either one (A3A, A3C and A3H) or two (A3B, A3D, A3F and A3G) 

zinc (Z) -coordinating domains each containing the characteristic APOBEC motif mentioned 

above (100, 163). Homology within this motif provides a second degree of classification for each 

domain into three sub-groups: Z1 (A3A, C-terminal domain (CTD) of A3B and A3G), Z2 (A3C, 

both domains of A3D and A3F and N-terminal domain (NTD) of A3G) and Z3 (A3H) (152).  

 In the case of the double-domain A3s, despite high levels of similarity at the nucleotide 

and amino acid level, each domain displays different functions. For most human A3 proteins 

with the exception of A3B in which both domains are active, the catalytic activity is exerted by 

the CTD exclusively (163-165). This same domain is also required for incorporation into virions, 

ssDNA binding as well as Vif interaction by A3F (166-170). The CTD of A3D is also 

responsible for its binding to Vif. (168, 170). In contrast, the packaging of A3G inside viral 

particles as well as nucleic acid binding by the protein rely on its NTD. (171-176). This domain 
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of A3G is also responsible for its interaction with Vif and dictates the species specificity of HIV-

1 infection (177-180).  

 

1.4.2 Deamination-dependent restriction of retroviruses by A3 

 It is now well established that members of the A3 family that most effectively act against 

HIV-1 are A3D, A3F, A3G and A3H (181). There is a link between the ability of these enzymes 

to assemble into multimeric complexes and their efficiency at restricting the virus (182). Failure 

of A3A and A3C to oligomerize correlates with their inability to prevent infection (182). A3B 

has been shown to restrict HIV-1 infection in vitro, however, this deaminase is not expressed in 

natural HIV-1 host target cells and as a consequence, does not encounter the virus under 

physiological conditions (183).  

 When antiretroviral A3 proteins are expressed in virus producing cells, in the absence of 

Vif, they get incorporated into emerging particles through their interaction with the NC region of 

the HIV-1 Gag polyprotein and viral and cellular RNAs (177, 184-199). The deaminases are then 

transported in the target cell and as part of the RTC they deaminate deoxycytidines into 

deoxyuridines in retroviral cDNA intermediates during reverse transcription leading to the 

incorporation of adenines in the opposite DNA strand  (200-204). The net result is the 

accumulation of massive G-to-A mutations in the provirus, termed hypermutation. This leads to 

the generation of missense mutations and stop codons in newly synthesized viruses, ultimately 

inactivating the virus (Figure 1.5). An important feature of A3-mediated deamination of ssDNA 

is that the targeted cytosine is preferentially preceded by either a cytosine (A3G) or a thymine 

(other A3s)  (163, 181, 205-208). Although the determinants for the substrate specificity for 
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deamination have not yet been fully resolved, several lines of evidence suggest the involvement 

of residues located in loop 7 of the CTD of  A3 as well as AID (206, 209-213). 

 The catalytic activity of A3G is inhibited by the incorporation of the protein into RNA-

dependent high molecular mass (HMM) complexes (214). This is thought to be a mechanism 

used by cells actively replicating to sequester the enzyme away from the nucleus. In dividing 

cells, A3G initially accumulates as low molecular mass (LMM) complexes, in which the enzyme 

is catalytically active and as it gets produced, gradually gets recruited into higher order 

complexes upon interaction with cellular RNAs and proteins (215-218).  In those conditions, 

A3G fails to package into virions. It has been suggested that in addition to the proteasomal 

degradation of the deaminase, Vif induces the recruitment of A3G into HMM complexes to limit 

its activity (219). The nature of those complexes is poorly understood. The identification of 

numerous proteins involved in mRNA metabolism and the translocation of many components 

upon stress induction suggest that they might be RNA processing (P-)  bodies, polysomes or 

stress granules (SG) (215-217). 

 

1.4.3 Deamination-independent restriction by A3 

 The use of catalytically inactive mutants of A3 has led to the observation that A3G and 

A3F both have a strong ability to restrict retroviral infection in the absence of deamination in 

vitro, although the extent of this mode of restriction at physiological levels is still debated (220-

225). Several mechanisms have been suggested to explain the deamination-independent 

restriction with the end result being reduced cDNA synthesis and proviral integration. It has been 

suggested that A3G interferes with tRNA primer annealing and reverse transcription initiation 

(226, 227). A direct interaction of both enzymes with the viral genomic RNA or with the viral 
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RT to inhibit the reverse transcription process has also been proposed (228-231). Similarly, A3 

protein interaction with the viral IN could result in defects in the integration process (232). 

Although all the above-mentioned possibilities may not be exclusive, the exact mechanism 

remains to be elucidated.  

 Deamination-independent activities of A3 proteins extend to retrotransposons (215, 233-

239). Nuclear localization of A3 proteins is not important for this restriction nor is their 

enzymatic activity. It is rather presumed to involve an interaction with ORF1 of L1 or the 

sequestration of the element from the nucleus into oligomers (215, 235). The recent 

identification of G-to-A mutations in L1 DNA induced by A3A suggests however, that this 

specific A3 family member  could use a different mode of action (240).  It is clear from those 

findings that work remains to be done in order to fully understand the restriction of 

retrotransposons by A3 proteins. 

 

1.4.4 The duality of A3-mediated mutagenesis 

 As mentioned above, the viral protein Vif induces the degradation of A3 proteins to 

prevent virion incorporation and inhibit the activity of the enzymes in the target cell (see section 

1.2.2 for details). Moreover, the catalytic activity of A3G in dividing cells is tightly regulated 

through its recruitment into HMM complexes to avoid  mutagenesis of the host genomic DNA 

upon rupture of the nuclear membrane during cell division (see section 1.4.2 for details). 

Consequently, physiologically relevant low levels of A3 proteins are available for viral 

encapsidation at the moment of infection reducing the outcome of their mutagenic potential in 

the target cell. As opposed to highly mutated viral genomes, it is becoming more clear now that 

low levels of mutation induced by the A3 proteins can be beneficial for the virus (241-246). 
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 A good example of the generation of more fit viruses following deamination by the A3 

proteins is the emergence of drug resistance mutations. More than one hundred mutations 

conferring resistance to popular HIV-1 treatments have been documented with several being in 

an A3G hotspot (247, 248). Variant viruses resistant to 3TC (M184I), a powerful nucleoside 

analog RT inhibitor, have been demonstrated to be produced by A3G even in the absence of the 

drug  (243, 249). The same mutation was also identified in peripheral blood mononuclear cells 

(PBMCs) from HIV-1 infected patients together with other drug resistance mutations in an A3G-

specific context (250). Furthermore, viral evolution and diversification as a result of mutations 

induced by A3D and A3F in humanized mice leading to drug resistance and co-receptor change 

has recently been documented (246). 

 During the first weeks of HIV-1 infection, viremia is controlled by the adaptive immune 

system directing cytotoxic T cells (CTLs) to kill the virus (251-253). Evasion from the CTL 

response is therefore highly appealing for the virus as a determinant of its fate. This can be 

achieved by modifying viral epitopes so they can no longer be recognized by CTL upon 

presentation on the major histocompatibility complex (MHC) class I (254-256). In favour of a 

role for A3G in increasing viral fitness, it has been shown that several mutations responsible for 

the lack of an appropriate CTL response occur in a 5'CC target motif  (257).  In addition, ex vivo 

experiments were performed where the activation of CD8+ T cells from HIV-1 patients was 

measured in response to wild type HIV epitopes or mutants in which substitutions were 

introduced at A3G and A3F target sites to mimic deamination by the A3 proteins. These assays 

revealed a decreased CTL response upon A3-mediated mutagenesis (258). In agreements with 

these findings, mutations in an A3-specific context have recently been  observed within human 
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leukocyte antigen (HLA)-presented epitopes involved in CD8+ T cell-mediated response from 

HIV-infected individuals (243). 

 In contrast to A3G which is exclusively expressed in the cytoplasm sequestered away 

from the genetic material, some A3 proteins, notably A3A, A3B and A3C shuttle to the nucleus 

at varying degrees. The nuclear localization of these enzymes increases the chances of causing 

damage to the cell's genome. With the use of next generation sequencing technologies, two 

different groups were able to observe clusters of mutations in head and neck squamous cell 

carcinoma (HNSC), multiple myeloma, prostate and breast cancer in a specific TC consensus 

that they attributed to members of the A3 family (259, 260).  Not long after, a correlation 

between A3B expression and mutation of cytosines in breast tumors was established (261). 

Following those initial discoveries, several researchers deployed efforts to establish a link 

between A3-mediated deamination of the host DNA and many types of cancer shedding light on 

a previously unknown harmful role for the deaminases (262-264). 

 

1.4.5 The regulation of A3G in dividing cells 

 Members of the A3 family are constitutively expressed across a large variety of cells and 

tissues (183). Their expression is induced in response to interferons (IFNs) and some cytokines 

such as IL-2, IL-7 and IL-15 (183, 265). However, under these conditions, the activity of A3G, 

the most potent member against HIV-1, is inhibited through its transition from small 150 kDa 

LMM complexes into HMM complexes of up to 5-15 MDa. The same phenomenon is also 

observed in lymphoid CD4+ T cells where there is a constant endogenous production of 

cytokines (266). A3G proteins in these cells therefore accumulate into a HMM inactive form. On 

the other hand, resting CD4+ T cells from peripheral blood contain A3G in its LMM active form. 
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 As mentioned above, the identity of the regulatory elements causing the formation of 

HMM complexes by A3G remains unsolved. Initial studies aimed at describing the components 

of the complexes identified a majority of mRNA-interacting proteins involved in different steps 

of mRNA biogenesis (216, 217). Amongst these were heterogenous ribonucleoproteins 

(hnRNPs), RNA helicases, translation initiation factors and ribosomal proteins. Most proteins 

interact with A3G indirectly through RNA-bridging. Several RNAs were also found inside 

HMM complexes notably many small non-coding RNAs such as 7SL and Y RNAs as well as 

Alu and A3G mRNAs. (215) 

 The recruitment of A3G into HMM complexes represents a post-translational regulation 

mechanism used by the cell to protect its genomic material against the mutagenic potential of the 

enzyme. However, the oligomeric form of the protein strongly influences the permissiveness of a 

cell to HIV-1 infection. Whether the existing forms of A3G can be modulated in HIV-1 target 

cells to promote efficient protection should be investigated. 
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Figure 1.5 Mechanism of retroviral restriction used by the A3 proteins. When expressed in 
viral producer cells, A3 proteins get packaged into budding particles and carried over to the 
target cell. Once in the target cell, they act as deoxycytidine deaminases and deaminate 
deoxycytidines into deoxyuridines in the retroviral cDNA during reverse transcription. The 
enzymatic activity of the proteins leads to the incorporation of G-to-A hypermutation in the 
progeny viruses and inactivation of infection. The A3 proteins also have the ability to hinder 
reverse transcription independently of their catalytic activity however the mechanisms are not 
completely understood. 
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1.5 Rationale, hypothesis and objectives 

 

Rationale 

 

 HIV represents one of the most important pandemics the world has known with more 

than 35 million reported individuals living with HIV/AIDS in 2013 (WHO).  Despite the 

deployment of vast resources, no effective vaccine or cure has yet been discovered that can 

eradicate this infection. Several HIV-1host-encoded restriction factors have been identified in 

recent years, but still little is known about how they work and how they are regulated. Most 

notably, A3G is only active when in its LMM monomeric form. Understanding how this protein 

is regulated and shifts between active LMM and inactive HMM states in dividing CD4+ T cells 

could allow the development of new anti-HIV strategies.  

 

Hypothesis 

 

Enforcing A3G proteins to remain in a highly active LMM state would increase their 

antiretroviral potency against HIV-1 and reduce the likelihood of generating sub-lethal 

mutagenesis that ultimately favours the virus. 
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Main Objective 

The main objective of my thesis is to identify the regulatory elements of the A3G protein 

involved in modulating its active and inactive states in view of potentiating its antiretroviral 

activity against HIV-1.  

 

Specific aims 

First aim: 

To perform a detailed structural characterization of A3G by mapping and mutating the protein 

domains responsible for its assembly into HMM complexes. 

Second aim: 

To determine whether the structural determinants that enable restriction of  HIV-1 infection also 

inhibit LINE-1 retrotransposon activity. 

Third aim: 

To determine whether there is a correlation between the DNA substrate specificity for 

deamination by A3G and A3F and their gene-inactivating potency. 

Fourth aim: 

To develop a high throughput tool to identify and quantify mutations generated by A3 proteins in 

retroviral provirus DNA. 
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Chapter 2 Materials and Methods 

 

2.1 Cell culture 

Human embryonic kidney (HEK) 293T cells and NIH 3T3 mouse fibroblasts were cultured in 

DMEM/High Glucose medium (Multicell, Wisent Inc., St-Bruno, QC, Canada) supplemented 

with 10% fetal bovine serum (FBS) (CellGro, MediaTech Inc., Manassas, Virginia, USA), 1000 

units (U)/mL penicillin and 100 micrograms (µg)/mL streptomycin (Wisent Inc., St-Bruno, QC, 

Canada). Human CD4+ T lymphocytes (CEM-SS) were cultured in RPMI medium (Multicell, 

Wisent Inc., St-Bruno, QC, Canada) supplemented with 10% FBS (CellGro), 1000 U/mL 

penicillin and 100 µg/mL streptomycin (Wisent). Adherent cells were washed with 1X phosphate 

buffer saline (1X PBS) every 48 h, harvested with 0.05% trypsin-EDTA and put back in culture 

at a 1:10 dilution in DMEM. Suspension cells were collected and diluted 1:10 in fresh medium 

every 48 h. 

 

2.2 Plasmids 

All polymerase chain reactions (PCR) were performed in a final volume of 50 microliters (µL) 

containing 1x PfuTurbo buffer (Agilent Technologies, Santa Clara, California, USA), 10 

nanograms (ng) template DNA, 200 nanomolar (nM) of each primer, 200 micromolar (µM) of 

each dNTP and 2.5 U of PfuTurbo (Agilent Technologies, Santa Clara, California, USA). The 

cycling conditions were as followed; initial denaturation at 94oC for 2 minutes (min) followed by 

30 cycles of denaturation at 94oC for 45 seconds (sec), annealing at 55oC for 45 sec and 

elongation at 72oC for 1 min per 1 kb to be amplified, followed by a final elongation step of 10 

min at 72 oC. All PCR reactions were carried out in an Eppendorf mastercycler Pro S series 

thermocycler (Eppendorf, Hamburg, Germany). 
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2.2.1 APOBEC expression plasmids 

2.2.1.1 Flag and eGFP expression plasmids 

Flag- and eGFP-tagged A2, A3C, A3F and A3G were previously described (206). All mutants of 

the proteins were generated by site-directed mutagenesis (SDM) using the Quick Change XL 

Site-directed mutagenesis kit (Agilent Technologies, Santa Clara, California, USA) following 

manufacturer's instructions and primers listed in Table S1. A3A, A3B and A3H mRNA was 

previously amplified from PBMCs and cloned in peGFP-C3 (Invitrogen Corp., Carlsbad, 

California, USA). To generate Flag-tagged A3A and A3H, the coding DNA sequence (CDS) of 

both proteins was amplified by PCR using a forward primer in which the Flag peptide sequence 

preceded by an NheI restriction site and a kozak sequence was embedded (Flag-A3A-FWD and 

Flag-A3H-FWD) and a reverse primer containing an HpaI site (A3-HpaI-REV) (Table S1). 

Amplicons were then inserted in the pcDNA3.1 vector (Invitrogen Corp., Carlsbad, California, 

USA) previously digested with NheI and HpaI (New England Biolabs (NEB), Ipswich, 

Massachissets, USA). The restrictive and stably expressed haplotype II of A3H (G105R) was 

generated by SDM as described above using primers listed in Table S1 (267). In the case of 

A3B, the CDS was digested out from peGFP-C3 using NheI and HpaI (NEB) and inserted in the 

respective sites in a pFlag-C3 plasmid. A3D was provided by the NIH AIDS Research Reference 

and Reagent Program (pcDNA3.1-APOBEC3DE-V5-6xHIS, Cat. # 11433) in a pcDNA3.1 

backbone. The CDS was then amplified by PCR using forward and reverse primers containing 

XhoI and SacII sites respectively (A3D-XhoI-FWD and A3D-SacII-REV) (Table S1) and the 

PCR product was inserted in the XhoI and SacII sites of pFlag-C3. 

 To generate Vpr-fusion proteins, amino acids 14 to 88 (Vpr14-88) or 14 to 86 (Vpr14-86) of 

Vpr were amplified from the HIV-1 pNL4.3 plasmid (NIH AIDS Research Reference and 
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Reagent Program, catalog # 114) using forward and reverse primers containing an XhoI 

restriction site (Vpr-XhoI-FWD and Vpr14-88-XhoI-REV or Vpr14-86-XhoI-REV) (Table S1). The 

amplicon was then digested with the XhoI endonuclease (NEB, Ipswich, Massachussets, USA) 

for 3 h at 37 ºC and ligated in frame into the XhoI site of Flag-tagged APOBECs previously 

digested with the same enzyme. 

2.2.1.2 GST expression plasmids 

A codon optimized (Escherichia (E.) coli) version of the A3G[W127A] mutant fused to 

Gluthatione-S-transferase (GST) was purchased by Dr. Jean-François Couture from the 

University of Ottawa who kindly provided us with an aliquot. The wild type A3G and the W94A 

mutant were generated from this plasmid by SDM as described earlier with  primers listed in 

Table S1 (A127W-GST-FWD and A127W-GST-REV and W94A-GST-FWD and W94A-GST-

REV).  

2.2.1.3 HA-expression plasmids 

HA-expression plasmids were generated by amplification of the coding sequence of Flag-tagged 

proteins using a forward primer with the HA tag preceded by the NheI restriction endonuclease 

site embedded in its sequence (HA-NheI-FWD) and a reverse primer containing an HpaI 

restriction site (A3-HpaI-REV) (Table S1). PCR products were then digested with NheI and 

HpaI (NEB) for 3 h at 37 ºC, purified using the Wizard (R) SV Gel and PCR clean-up system 

(Promega, Madison, Wisconsin, USA) and inserted in the NheI and HpaI site of Flag-C3 

previously digested with the same endonucleases and purified.  
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2.2.2 Viral vectors 

The retroviral vectors used in this thesis have been previously described (206, 268, 269). The 

pMOV-eGFP expression plasmid encodes a replicative M-MLV containing an eGFP reporter 

gene inserted in the proline-rich region of the ecotropic Env gene (268). HIV[p8.9] self-

inactivating pseudoviruses were produced by co-transfection of three expression vectors; a 

packaging vector for HIV-1 (pCSGW), an expression vector for Gag-Pol-Rev (p8.9) and the 

pDMG plasmid encoding the envelope glycoprotein of the vesicular stomatitis virus (VSV-G). 

The eGFP reporter gene of HIV[p8.9] is located in the CSGW vector and its expression is 

regulated by an internal spleen focus-forming virus (SFFV) long terminal repeat (LTR) promoter 

(206, 269). HIV∆Vif and HIV∆Vif-eGFP (pNL4-3 and pNL4-3-deltaE-eGFP) were both 

gratefully provided by the NIH AIDS Research Reference and Reagent Program (catalog #114 

and 11100 respectively) (270). In the case of HIV∆Vif-eGFP, the Env gene was replaced by an 

eGFP reporter gene.  Upon arrival, the Vif gene from both viral vectors was inactivated through 

the incorporation of two consecutive termination codons by SDM as previously described (271). 

2.2.3 Retrotransposons 

Plasmids containing a full-length copy of the L1 (L1.3) element or the L1 element with two 

missense mutations in the ORF1 coding region to abolish retrotransposition (L1 mutant) and an 

eGFP indicator cassette were gratefully provided by Dr. Derrick Gibbings from the University of 

Ottawa. Both constructs have been previously described (272). 
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2.3 Transfection and infection 

2.3.1 Transfection using GeneJuice 

293T cells were seeded at 2 X 105 in 2 mL of DMEM in a 6-well plate or 1.5 X 105 in 1 mL of  

DMEM in a 12-well plate the day before transfection. Prior to transfection, the media was 

replaced with fresh DMEM. Transfections using GeneJuice transfection agent (Novagen-EMD 

Millipore Corp., Billerica, Massachussets, USA) were performed according to manufacturer’s 

instructions.  

2.3.2 Transfection using CaCl2
 

293T cells were seeded at 2 X 106 in a 10 cm dish 24 h prior to transfection in 12 mL of DMEM. 

The day of transfection, media was replaced by 12 mL of fresh DMEM. The reaction was started 

by mixing 375 µL of water, 125 µL of CaCl2 1 molar (M) and the desired amount of DNA at a 

maximum of 20 µg and gently tapping. 500 µL of 2X HBS (50 mM HEPES, 10 mM KCl, 12 

mM Dextrose (D-glucose), 280 mM NaCl, 1,5 mM Na2HPO4) pH 7.05 was then added dropwise 

to the mixture while vortexing. Following addition of the HBS, samples were vortexed 

thoroughly for 30 sec and incubated at room temperature for 20 min after what the reaction was 

added dropwise to the cells. 

2.3.3 Infection 

Viruses were produced in the presence of APOBECs by transfection with GeneJuice (Novagen-

EMD Millipore) following procedures in 2.3.1 48 h prior to infection. For production of 

HIV[p8.9], 300 ng of pCSGW, 250 ng of p8.9 and 150 ng of VSV-G were co-transfected with 

150 ng of Flag- or eGFP-tagged APOBECs with the exception of A3G[W94A/W127A] for 

which 1 µg was used for transfection. To produce M-MLV, 800 ng of the viral genome-encoding 

plasmid was co-transfected with 80 ng of Flag-APOBECs and finally, 500 ng of HIV∆Vif or 



45	  
	  

HIV∆Vif-eGFP were co-transfected together with 200 ng of VSV-G and 150 ng of Flag-

APOBEC expression plasmids. One day before infection, 293T or 3T3 cells were seeded at 3 X 

105 in a 6-well plate in 2 mL of DMEM. The day of infection, prior to infecting, DMEM was 

replaced with 3 mL of fresh DMEM containing Polybrene (Sigma-Aldrich, St. Louis, Missouri, 

USA) at a final concentration of 8 µg/mL. The supernatant from virus-producer cells were 

collected, filtered through 0.45 micrometer (µm) cartridges (EMD Millipore Corp., Billerica, 

Massachussets, USA) and centrifuged at 2 000 rpm for 10 min. When applicable, p30 capsid 

protein concentration was determined in each sample by enzyme-linked immunosorbent assay 

(ELISA) using the Quick Titer TM MuLV core Antigen ELISA kit (MuLV p30) (Cell Biolabs, 

San Diego California, USA). Following the spin, equal volume of cleared supernatants or equal 

amounts of viral particles as determined by ELISA were added dropwise to 293T or 3T3 target 

cells which were then spinoculated 1 h at 2 000 rpm. Infected cells were cultured at 37 ºC for 24 

or 48 h after which infection levels were measured by flow cytometry analysis of eGFP 

fluorescence using the Cyan ADP flow cytometer (Beckman Coulter Inc., Brea, California, 

USA).  

 

2.4 Velocity sedimentation on sucrose gradient 

Cells expressing APOBEC-expression plasmids (1 to 20 µg) (section 2.3) were lysed with 800 

µL of NP40 lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% NP40, 0.1% Na-

deoxycholate) supplemented with cOmplete, EDTA-free, protease inhibitor cocktail (Roche, 

Basel, Switzerland) for 30 min on ice prior to centrifugation at 17 000 x g for 5 min at 4 ºC to 

clear insoluble material. After the spin, half of the samples was treated with 1 ug/mL of RNAse 

A (Roche, Basel, Switzerland) for 15 min at room temperature after which all samples were 
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loaded on top of a 5 to 40 % sucrose gradient. The gradients were previously prepared by 

addition of 2.3 mL of each sucrose solution starting with 40% then 30, 20, 10 and 5% sucrose 

diluted in sucrose gradient buffer (10 mM Tris-HCl (pH 7.4), 25 mM KCl, 10 mM MgCl2) in 

13.2 mL tubes for centrifugation (Beckman Coulter Inc., Brea, California, USA) and snap-

freezing in liquid nitrogen between each layer to avoid mixing. Following addition of the treated 

or non-treated samples on top of the 5% sucrose layer, gradients were spun in a Beckman 

SW41Ti rotor in an OptimaTM L-100 XP ultra-centrifuge (Beckman Coulter Inc., Brea, 

California, USA) for 6 h at 41 000 rpm at 4 ºC. Aliquots of 700 µL were then collected from the 

top to the bottom of each tube for a total of 9 eppendorf tubes per gradient each containing 1.4 

mL which were kept on ice. 75 µL of each eppendorf was then mixed with 25 µL of 5X Laemmli 

loading buffer (0.5M Tris pH 6.8, 0.2% (v/v) glycerol, 20% (w/v) SDS, 0.16% 

(w/v)Bromophenol blue, 5% β-mercaptoethanol), boiled 5 min, incubated on ice for 2 min and 

stored at -20 ºC prior to Western blot analysis (section 2.9). 

 

2.5 Fluorescence microscopy 

HEK 293T cells were seeded at 2 x 103 cell/mL in DMEM without phenol red in 35 mm glass 

bottom dishes (MatTek Corp., Ashland, Massachussets, USA) one day before transfection of 

eGFP-APOBECs (100 ng to 1 µg) following procedures in 2.3.1. Cells were washed with 1X 

PBS the day after transfection and grown for an extra 24 h in fresh phenol red-free DMEM. At 

day 3 after transfection, imaging of live cells was performed using a Zeiss Axio Observer.Z1 

inverted fluorescent microscope and Plan-Apochromat 63x/1.4 oil immersion objective (Zeiss, 

Jena, Germany). Images, acquired as Z-stacks, were deconvolved following the constrained 
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Iterative Maximum Likelihood Algorithm (http://www.zeiss.ca/) and using the AxioVision 

software (Zeiss, Jena, Germany). 

 

2.6 Immunoprecipitation 

2.6.1 Agarose Beads 

For immunoprecipitation (IP) of Flag-tagged proteins, anti-Flag-conjugated agarose beads 

(Sigma-Aldrich, St. Louis, Missouri, USA) were used. HEK 293T transiently expressing Flag-

tagged APOBECs (Table 2.1) were lysed in 800 µL of a soft lysis buffer (50 mM Tris-HCl (pH 

7.4), 150 mM NaCl, 1% Triton 100-X) supplemented with a cOmplete, EDTA-free, protease 

inhibitor cocktail (Roche) on ice for 30 min prior to ultra-centrifugation at 17 000 x g for 5 min 

at 4 ºC to clear nuclei. Samples were then transferred in fresh eppendorfs and an aliquot of 75 µL 

was mixed with 25 µL of 5X Laemmli loading buffer, boiled 5 min, cooled on ice 2 min and kept 

at -20 ºC for analysis of protein expression in cell lysates by Western blotting. The remaining of 

the samples was incubated with 80 µL of a mixture of beads and 1X PBS (40 µL of each) and 

rotated at 4 ºC for 3 h. Prior to incubation with the samples, beads were thawed, gently mixed by 

inversion and 40 µL of the gelatinous solution per sample was collected in an eppendorf. Two 

washes with 500 µL of cold 1X PBS were then performed by spinning the beads at 8 200 x g at 4 

ºC for 30 sec between each wash followed by resuspension in 1 mL of 1% BSA in 1X PBS 

containing 500 µg/µL of salmon DNA (Sigma-Aldrich, St. Louis, Missouri, USA) and 

incubation on a rotator at 4 ºC for 1 h to coat the beads to prevent unspecific binding of proteins 

or nucleic acids. After 1 h, the beads were washed two more times with cold 1X PBS and 

resuspended in an equal volume of 1X PBS for distribution to the samples. Following the 3 h 

period, samples were extensively washed four times with 200 µL of wash buffer 1 (50mM Tris-
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HCl (pH 8.0), 150mM NaCl, 1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS) 

intercalated by centrifugation at 8 200 x g for 30 sec at 4 ºC, once with the same buffer 

containing only 50 mM of NaCl and finally one last time with wash buffer 2 (20 mM Tris-HCl 

(pH 7.4)) prior to the elution step or papain protease treatment (Sigma-Aldrich, St. Louis, 

Missouri, USA). 

  Elution was performed by incubating the beads with 50 µL of 0.1 M triethylamine (pH 

11.8) for 5 min and gently tapping to allow bound complexes to detach from anti-Flag 

antibodies. Eluted material was then collected in fresh eppendorfs containing 3 µL of 1 M MOPS 

(pH 3.0). Elution step was repeated twice for a final eluate volume of 106 µL. Samples were then 

used for Western blotting (section 2.9) or RNA extraction (section 2.7). For papain treatment 

(Sigma), aliquots of 5 µL of beads were mixed with 15 µL of 5X Laemmli loading buffer 

(without bromophenol blue) and analyzed by Western blotting using a fluorescent anti-Flag 

antibody (section 2.9) prior to enzymatic treatment to achieve approximate quantification of the 

APOBECs in each sample. Details on the detection and quantification methods can be found in 

2.9.3. Remaining samples (approximately 30 µL) were then incubated 1 h at room temperature 

with 10 µL (>2 units diluted in 50 mM Tris-HCl pH 8.0) of papain on a rotator followed by 

centrifugation at 8 200 x g for 30 sec and collection of the supernatant for RNA extraction 

(section 2.7).  

2.6.2 Magnetic Beads 

For IP of  HA- or eGFP-tagged proteins, anti-HA or anti-eGFP magnetic beads (Miltenyi Biotec, 

Bergisch, Gladbach, Germany) were used. Lysates from 293T cells expressing HA- or eGFP-

tagged APOBECs (500 ng to 5 µg) were prepared as described in section 2.6.1 and used for IP 

following instructions provided with the uMACSTM Epitope Tag Protein Isolation kit (Miltenyi 
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Biotec, Bergisch, Gladbach, Germany). For IP of HA-tagged proteins from virions, viral 

particles containing the APOBECs were purified by ultra-centrifugation as depicted in 2.10 and 

lysed in 800 µL of soft lysis buffer as in 2.6.1 prior to IP. Samples were then used for Western 

blot analysis (section 2.9).  

 

2.7 RNA extraction, RT-PCR and qPCR 

2.7.1 RNA extraction 

RNA from immunoprecipitates was isolated using Trizol reagents (Sigma-Aldrich, St. Louis, 

Missouri, USA). To ensure the purity of the samples, RNA was treated with 2 units of DNase I 

(NEB, Ipswich, Massachussets, USA) for 10 min at 37 ºC followed by heat inactivation 10 min 

at 75 ºC in the presence of 0.5 M EDTA to conserve the integrity of the RNA. 

 A transcribed eGFP gene from an upstream T7 promoter in the linearised pcDNA3.1 

vector (Invitrogen) using the MAXI® SP6/T7 In Vitro transcription kit (Ambion Inc., Austin, 

Texas, USA) was used to control the consistency of the extraction. 

2.7.2 Reverse transcription PCR (RT-PCR) 

Following the DNase I treatment, 4 µL of each sample was used for reverse transcription to 

generate cDNA using either random hexamers and the ImProm-IITM reverse transcription system 

(Promega, Madison, Wisconsin, USA) or the iScript reverse transcription supermix (Bio-RAD, 

Hercules, California, USA) according to manufacturer's recommendations.   

2.7.3 Quantitative real-time PCR (qPCR) 

Methods for quantification of RNA binding to the APOBECs was adapted from a previous report 

(172). A dilution of 1:100 was performed on the cDNA obtained after the RT-PCR and 8 µL of 

that dilution was used in each reaction for the qPCR in addition to 0.7 µL of each primer at 10 
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µM, 10 µL of the GoTaq®  Green Master Mix (Promega, Madison, Wisconsin, USA) or the 

SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, Hercules, California, USA) and 

the necessary amount of water to achieve a final volume of 20 µL. In the case of the Promega 

master mix, the reference dye (ROX) was added separately at a volume of  0.2 µL per reaction 

whereas in the Bio-Rad kit, ROX was already provided in the supermix. The cycling conditions 

for the PCR were as followed; 50ºC for 2 min and 95ºC for 10 min, followed by 40 cycles of 

95ºC for 15 sec and 60ºC for 1 min on an ABI ViiA7 System (Life Technologies, Carlsbad, 

California, USA). Primer sets against Alu, 7SL, hY1, hY3 and eGFP (Alu-FWD, Alu-REV, 7SL-

FWD, 7SL-REV, hY1-FWD, hY1-REV, hY3-FWD, hY3-REV, eGFP-100-FWD and eGFP-

HRM-REV) were used and are presented in Table S1. Relative quantities based on the cycle 

threshold of each sample were determined using A3G as the comparative reference using the 

ViiA7 software (Life Technologies, Carlsbad, California, USA). 

 

2.8 Digital droplet PCR (ddPCR) 

ddPCR was performed on cDNA obtained as described in sections 2.7.1 and 2.7.2 following a 

1:2 dilution based on specialists' recommendations. Primers were the same as the ones used for 

qPCR analysis and are detailed in Table S1. For droplet generation, 5 µL of the dilution was 

mixed with a forward and reverse primer against the gene of interest at a final concentration of 

100 nanomolar (nM) (0.2 µL of each primer per reaction), 10 µL of the EvaGreen Master Mix 

(Bio-Rad, Hercules, California, USA) and 4.6 µL of water to a final volume of  20µL which was 

then transferred to a cartridge with 70 µL of droplet generation oil (Bio-Rad, Hercules, 

California, USA) and placed in the QX200™ Droplet Generator (Bio-Rad, Hercules, California, 

USA). By carefully angling the pipette to prevent any damage to the droplets while pipetting, 40 
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µL of droplets (approximately 20 000 droplets) were transferred into a 96-well plate (Eppendorf, 

Hamburg, Germany) for PCR amplification of the target. The cycling conditions were as 

followed; 95 ºC for 5 min followed by 45 cycles at 95 ºC for 30 sec and 59.4 ºC for 1 min after 

which final steps at 4 ºC for 5 min and 90 ºC for 5 min were conducted in a C1000 Touch™ 

Thermal Cycler (Bio-Rad, Hercules, California, USA). Following the run, the plate was 

transferred to a QX200 Droplet Reader (Bio-Rad, Hercules, California, USA) to determine the 

number of positive and negative droplets based on their acquired fluorescence. The number of 

copies per µL of each target in all samples was then determined using the QuantaSoftTM software 

(Bio-Rad, Hercules, California, USA) provided with the instruments. 

 

2.9 Western blotting 

2.9.1 Manipulations 

Cells expressing the proteins of interest were lysed 48 h following transfection in 800 µL of 

NP40 lysis buffer complemented with cOmplete, EDTA-free protease inhibitor cocktail (Roche) 

for 30 min on ice after which the samples were spun down for 5 min at 17 000 x g at 4 ºC to 

remove insoluble material. Lysates were then transferred to fresh eppendorfs and an aliquot of 75 

µL was mixed with 25 µL of 5X Laemmli loading buffer whereas the remaining of the samples 

was stored at -80 ºC for further use. Aliquots were boiled 5 min at 95 ºC, incubated on ice for 2 

min and loaded on a 10% SDS-PAGE gel for run 1 h at 175 V in 1X running buffer (190mM 

glycine, 0.1% (w/v) SDS, 25mM Tris-base). After the run, proteins were transferred to 0.45 µm 

PVDF membranes (EMD Millipore, Billerica, Massachussets, USA) for 1 h at 35 mA in 1X 

Novex transfer buffer (190mM glycine, 25mM Tris-base, 20% (v/v) methanol) followed by two 

quick rinses of the membranes in 1X PBS and incubation for 1 h in 5% milk in 1X PBS 0.1% 
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Tween 20 (PBS-T) (Acros, New Jersey, USA) on an orbital shaker.  Incubation with milk was 

followed by rinsing in PBS-T and 1 h blotting with the primary antibody diluted in 5% milk at 

the indicated ratio (2.9.2). Membranes were then washed three times 10 min with PBS-T and 

finally quickly rinsed in 1X PBS prior to detection or if necessary, incubation 1 h with the 

secondary antibody diluted in 5% milk at the indicated ratio (2.9.2). Incubation with the 

secondary antibody was ended by three washes with PBS-T and one rinse with 1X PBS followed 

by detection. Detection was achieved using Clarity™ Western ECL Substrate (Bio-Rad, 

Hercules, California, USA) according to the instructions in the kit and either Clear Blue CL-

XPosure imaging films (Thermo Scientific, Waltham, Massachussets, USA) or the ImageQuant 

LAS 4000 system (GE Healthcare Life Sciences, Little Chalfont, UK). 

 For processing of samples prior to fluorescence probing with the FITC-conjugated anti-

Flag antibody, following the run, transfer was performed at 4 ºC for 1 h at 0.35 mA in 

chilled Towbin transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3) on low 

fluorescence PVDF membranes (Bio-Rad, Hercules, California, USA) to limit background 

contaminants upon detection. Following steps were as described above with the use of a reduced 

concentration of Tween in the 1X PBS (0.05%) and detection was achieved according to section 

2.9.3. 

2.9.2 Antibodies 

Antibodies used for the achievement of the work described in this thesis were as followed: 

1:3000 HRP-conjugated anti-Flag (A8592, Sigma-Aldrich, St. Louis, Missouri, USA), FITC-

conjugated anti-Flag (F4049, Sigma-Aldrich, St. Louis, Missouri, USA), 1:1000 anti-p24 

(ab9069, Abcam, Cambridge, England, UK), 1:3000 anti-eGFP (no.632381, Clontech, Mountain 

View, California, USA), 1:5000 HRP-conjugated anti-β-tubulin (ab21058, Abcam, Cambridge, 
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England, UK), 1:3000 anti-mouse (no. 7076S, Cell Signaling, Danvers, Massachussets, USA) 

and 1:5000 anti-HA (H3663, Sigma-Aldrich, St. Louis, Missouri, USA). The anti-p30 (1:500), 

anti-rabbit (1:10 000), anti-A3G (1:500) and anti-rat (1:10 000) antiserum were previously 

produced by Dr. Marc-André Langlois. The anti-Catalase subunit α (Cat-α) (1:1000) was 

gratefully provided by Dr. Stinzi from the University of Ottawa and the anti-HIV-1 integrase 

polyclonal (1:1000) and anti-HIV-1 reverse transcriptase polyclonal (1:1000) antibodies were 

obtained from the NIH AIDS Research Reference and Reagent Program (#757 and #6195 

respectively) (273, 274). 

2.9.3 Typhoon system for fluorescence detection and quantification 

FITC-conjugated anti-FLAG antibodies were visualised using the Typhoon Trio instrument (GE 

Heathcare, Life Sciences, Little Chalfont, UK). Quantification of the intensity of each band was 

achieved using the ImageQuant software (GE Healthcare Life Sciences, Little Chalfont, UK). A 

5 µg/mL N-terminal FLAG-BAP control protein (Sigma-Aldrich, St. Louis, Missouri, USA) was 

serially diluted to 5 ng/mL and used for western blotting using the same antibody to generate a 

standard curve and estimate the amount of picomole (ρmol) of each APOBEC in the samples. 

 
2.10 Viral encapsidation assay 

M-MLV, HIV[p8.9] or HIV-1∆Vif-eGFP viral particles were produced (8 µg of M-MLV or 3 µg 

pCSGW, 2.5 µg p8.9 and 1.5 µg VSV-G or 5 µg HIV∆Vif with 2 µg VSV-g) in the presence of 

Flag- or eGFP- or HA- tagged APOBECs (800 ng to 1.5 µg) in 293T cells in 10 cm dishes as 

described in section 2.3.2 for 96 h after which supernatants were collected, filtered through a 

0.45 µm cartridge (Millipore) and layered on top of a 20% sucrose cushion for ultra-

centrifugation at 100 000 x g at 4 ºC for 2 h in a 70 Ti rotor (Beckman Coulter Inc, Brea, 

California, USA) in an OptimaTM L100-XP centrifuge (Beckman Coulter Inc.). Following the 
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spin, viral pellets were resuspended in 100 µL of RIPA lysis buffer (150mM NaCl, 1% NP-40, 

0.2% sodium dodecyl sulfate (SDS), 1mM EDTA, 0.5% Na-Deoxycholate, 50mM Tris-HCL (pH 

8.0)) supplemented with cOmplete, EDTA-free, protease inhibitor cocktail (Roche) and lysed for 

15 min on ice. Samples were then mixed with 30 µL of 5X Laemmli loading buffer, boiled 5 min 

and cooled on ice for 2 min prior to analysis for protein expression by Western blotting (2.9).  

 

2.11 Proviral DNA sequencing 

M-MLV, HIV[p8.9], HIV∆Vif-eGFP or HIV-1∆Vif were produced in the presence of APOBEC 

proteins and used to infect 293T or 3T3 cells (section 2.3.3). Target cells were harvested 24 h 

after infection and used for genomic DNA (gDNA) extraction using the Wizard® Genomic DNA 

Purification Kit (Promega, Madison, Wisconsin, USA) according to the protocol provided with 

the kit. DNA, diluted to 2.5 ng/µL, was then used for PCR to amplify a 717 bp region of the 

eGFP viral reporter gene using the eGFP-FWD and eGFP-REV primers (Table S1) and the 

following cycling conditions; 94 ºC for 1 min followed by 32 cycles at 98 ºC for 10 sec, 58 ºC 

for 10 sec and 72 ºC for 1 min and a final extension at 72 ºC for 1 min 30 sec in an Eppendorf 

Mastercycler Pro S series (Eppendorf) with the following reagents; 8 µL of diluted DNA, 1 µL 

of each primer at 10 µM, 4 µL of 4X dNTPs mix (Takara Bio Inc., Otsu, Shiga, Japan), 10 µL of 

10X Prime Star reaction buffer (Takara Bio Inc., Otsu, Shiga, Japan), 0.5 µL (1.25 units) of 

Prime Star (Takara Bio Inc., Otsu, Shiga, Japan) and 28.5 µL of water to complete the volume to 

50 µL. PCR products were then ran on a 1% agarose gel containing 1% ethidium bromide and 

visualized under UV light using an AlphaImager® Mini system (Protein Simple, San Jose, 

California, USA). Bands of the appropriate size were cut and purified using the Wizard® SV Gel 

and PCR Clean-Up System (Promega, Madison, Wisconsin, USA) following manufacturer's 



55	  
	  

specifications and eluted in 20 µL of nuclease-free water. From that volume, 17 µL was 

incubated with 1 µL of T4 polynucleotide kinase (PNK) (NEB, Ipswich, Massachussets, USA) 

and 2 µL of corresponding 10X reaction buffer for 30 min at 37 ºC followed by heat inactivation 

at 65 ºC for 5 min to phosphorylate PCR products. Phosphorylated products were then used for 

ligation at a 1:3 ratio of vector to insert in the pBlueScript vector (Adgene, Cambridge, 

Massachussets, USA) previously digested with 20 units of EcoRV (NEB, Ipswich, 

Massachussets, USA) for 3 h at 37 ºC and dephosphorylated using 5 units of Antartic 

phosphatase (NEB, Ipswich, Massachussets, USA) at 37 ºC for 30 min followed by heat 

inactivation at 65 ºC for 5 min. Ligations were performed at 16 ºC overnight using 400 units of 

the T4 DNA ligase (NEB, Ipswich, Massachussets, USA) and its corresponding 10X reaction 

buffer in a final volume of 10 µL. Total reaction volumes were then transformed in 50 µL of 

DH5α competent cells and plated on LB agar plates containing 100 µg/mL of ampicilin (LB-

AMP), 40 µg/mL of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) and 0.1 

millimolar (mM) Isopropyl β-D-1-thiogalactopyranoside (IPTG) for white/blue screening of 

successful insertion of the eGFP gene in the vector and incubated overnight in a 37 ºC incubator. 

The next day, various numbers of colonies, depending on the assay, were picked and grown in 1 

mL of LB broth supplemented with 100 µg/mL of AMP overnight at 37 ºC in a shaker incubator 

for DNA purification using Pure YieldTM Plasmid Miniprep system (Promega, Madison, 

Wisconsin, USA) and sequencing at the McGill University Genome and Innovation centre using 

M13 forward primers. 

 For sequencing of mutated eGFP clones in Chapter 5, the gDNA extracted from infected 

cells was used for PCR to amplify the ENV-eGFP gene from M-MLV or the eGFP gene from 

HIV[p8.9] using primers containing NheI and HindIII restrictions sites (ENV-NheI-FWD and 



56	  
	  

ENV-HindII-REV or eGFP-NheI-FWD and eGFP-HindII-REV) (Table S1). After purification 

of the PCR products using the Wizard® SV Gel and PCR Clean-Up System (Promega), the latter 

were digested with NheI and HindIII (NEB, Ipswich, Massachussets, USA) for 3 h at 37 ºC, 

purified a second time and ligated at a 1:3 ratio of vector to insert into pcDNA3.1 (Invitrogen) 

also previously digested with the same restriction endonucleases for expression under the control 

of a Cytomegalovirus (CMV) promoter. Following transformation of the overnight ligations, 

random selection of clones was performed as described above and sequencing was achieved 

using M13 forward and BGH reverse primers. 

 

2.12 High throughput hypermutation analysis by High Resolution melting (HyperHRM) 

2.13.1 HRM samples preparation 

M-MLV or HIV∆Vif viruses were produced in the presence of APOBEC proteins according to 

section 2.3.1 and used to infect 293T or 3T3 target cells following methodology in section 2.3.3. 

gDNA from infected cells was then collected 24 or 48 h following infection respectively. For 

mutation analysis of the eGFP reporter gene, fragments of increasing length were cloned in 

pBlueScript (Adgene) and individual clones were screened for G-to-A mutations by Sanger 

sequencing. Plasmids with known number of mutations were selected for each size and diluted to 

2.5 ng/µL for HRM analysis. For analysis of full-length viral genome, first round PCRs were 

performed on the gDNA to amplify regions up to 2.2 kb. Primers for HRM are listed in Table 

S1. Amplicons were then purified and diluted to 2.5 ng/µL for use in HRM reactions. In the case 

of the HIV-1 infected patient, 100 ng of gDNA extracted from PBMCs was used for a first PCR 

reaction in which a region of the Pol gene was amplified using the HIV-Pol-FWD and HIV-Pol-

REV primers. The product was then purified and ligated in pBlueScript (Adgene) followed by  
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Figure 2.1 Overview of the HyperHRM technique. Schematic representation of the 
methodology used for HRM analysis. 
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transformation in DH5α. Colonies were diluted in 250 µL of water and used for  HRM analysis 

performed on the same region (Figure 2.1). 

2.12.2 HRM reaction 

DNA (plasmid, purified PCR product or diluted colony) was mixed with 10 µL of the 

MeltDoctor Master Mix (ABI Life Technologies, Carlsbad, California, USA, Catalog # 

4415440), 0.6 µL (0.3 µM final) of each primer and 0.8 µL of water. The conditions for qPCR 

were 94 ºC for 2 min, followed by 40 cycles of denaturation at 95 ºC for 30 sec,  

annealing at 55 ºC for 45 sec and extension at 72 ºC for 1 min. The qPCR step was followed by a 

melting curve analysis in which amplicons were heated up from 72 ºC to 95 ºC and fluorescence 

was acquired at intervals of 0.025 ºC. All reactions were achieved using a Vii7TM 7 real-time 

PCR instrument (ABI Life Technologies). 

 

2.13 3D-PCR 

Differential denaturation DNA PCR (3D-PCR) analyses were performed in a two-step protocol 

(275). A first round PCR was first achieved to amplify a 717 bp fragment within the eGFP viral 

reporter gene using the Prime Star high fidelity polymerase (Takara) and the eGFP-FWD and 

eGFP-REV primers (Table S1). The cycling conditions were as followed; 94 ºC for 50 sec, 

followed by 30 cycles of denaturation at 94 ºC for 50 sec, annealing at 56 ºC for 30 sec, and an 

extension at 72 ºC for 1 min, with a final extension at 72 ºC for 5 min. A 1:25 dilution of the 

PCR product was then used for the second-round gradient PCR targeting a 279 bp nested region 

of the eGFP fragment using eGFP-FWD-279 and eGFP-REV-279 primers (Table S1). PCR 

cycles were; 94 ºC for 50 sec, followed by 30 cycles of a denaturation gradient from 92.2 to 86.1 

ºC for 50 sec, annealing at 56 ºC for 30 sec, and an extension at 72 ºC for 30 sec, with a final 
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extension at 72 ºC for 5 min. PCR products were resolved on 2% agarose gel containing 1% 

ethidium bromide and visualized under UV light using an AlphaImager Mini system (Protein 

Simple). 

 

2.14 Quantification of late reverse transcripts and proviral DNA integration 

Viruses produced in the presence of the APOBEC proteins were used to infect 293T or 3T3 cells 

as depicted in 2.3.3. Infected cells were collected 12 h (for late reverse transcripts (LRT)) or 24 h 

for (proviral DNA integration) after infection and used for gDNA extraction using the Wizard® 

Genomic DNA Purification Kit (Promega) according to the recommendations from the 

manufacturer. DNA was then diluted to 2.5 ng/µL and 8 µL of that dilution was used for each 

reaction. For proviral DNA integration quantification, in order to select for integrated DNA, a 

first PCR was performed against Alu (293T) or B1 (3T3) retroelements and the eGFP reporter 

gene of retroviruses using primers described in  

Table S1 (qAlu-1 and qAlu-2 or qB1-1 and qB1-2 and qeGFP-FWD) (276). Each PCR reaction 

was done in a final volume of 50 µL and contained DNA, 1 µL of each primer at 10 µM, 4 µL of 

4X dNTP Mix (Takara), 10 µL of 10X PrimerStar buffer (Takara), 0.5 µL of Prime Star (1.25 

units) (Takara) and 27.5 µL of water. Cycling conditions were 94 ºC for 1 min followed by 32 

cycles at 98 ºC for 10 sec, 58 ºC for 10 sec and 72 ºC for 1 min and a final extension at 72 ºC for 

3 min in an Eppendorf Mastercycler Pro S series (Eppendorf). PCR products were then diluted 

1:40 and 8 µL was used for qPCR using nested primers and a probe inside eGFP. For both LRT 

and proviral DNA integration, qPCR reactions contained DNA, 1 µL of pre-mixed primers and 

probe (0.9 ρmol/µL of each primer and 0.25 ρmol/µL of the probe), 10 µL of the TaqMan(R) 

Gene Expression master mix (ABI, Life Technologies, Carlsbad, Massachussets, USA) and 
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water to a final volume of 20 µL. The sequence for all primers and probes can be found in Table 

S1 (qIN-eGFP-FWD, qIN-eGFP-REV and qIN-eGFP-Probe, qHIV-FWD, qHIV-REV and 

qHIV-Probe, qM-MLV-FWD, qM-MLV-REV and qM-MLV-Probe). Cycling conditions for the 

qPCR were as followed: 10 min at 95 ºC, followed by 40 cycles of 15 sec at 95 ºC and 1 min at 

60 ºC achieved on a Vii7TM 7 real-time PCR instrument (ABI Life Technologies). The amount of 

DNA in each sample was normalised using human RNase P or mouse Tfrc  copy number assays 

(TaqMan assays # 4 403 326 and 4 458 366 respectively, ABI Life Technologies, Carlsbad, 

Massachusetts, USA). Relative quantities based on the cycle threshold of each sample were 

determined using A2 as the comparative reference using the ViiATM 7 software (ABI Life 

Technologies). 

 

2.15 RifR bacterial mutator assay 

GST-tagged APOBECs were transformed in a uracil DNA glycosylase (UDG)-deficient strain of 

E. coli (BW310) and plated on LB-AMP plates. The next day, single colonies from each plate 

(for a total of 6 per plate) were picked and grown at 37 ºC in 1.5 mL of LB broth supplemented 

with 100 µg/mL of AMP and 1 mM IPTG for 16 h after which 300 µL of cultures were plated on 

low salt LB agar plates (10 g/L Tryptone, 5 g/L NaCl, 5 g/L Yeast extract, 15 g/L agar) 

containing 100 µg/mL AMP and 50 µg/mL rifampicin (Rifampicillin). Serial dilutions of the 

cultures were then performed to achieve a final concentration of 10-6, 100 of which was plated on 

LB-AMP plates to control for cell viability and all plates were grown for 24 h in a 37 ºC 

incubator. The number of Rif resistant colonies (RifR) was compiled as the number of colonies 

on rifampicillin plates minus the number of colonies on LB-AMP plates after taking into account 

the dilution factor.  
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 To confirm protein expression in E. coli, after transformation of GST-tagged APOBECs 

in the BW310 strain, a single transformant from each plate was picked and grown in LB broth 

containing 100 µg/mL of AMP until an optical density (O.D.) at 600 nanometer (nm) of around 

0.6 was reached. The cells were then concentrated by centrifugation at 6 000 rpm followed by 

resuspension in 1 mL of bacteria lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1% 

Triton X-100). Samples were then lysed by sonication with 4 pulses of 10 sec each on ice after 

what they were centrifuged 20 min at 17 000 x g at 4 ºC to clear insoluble material. Aliquots of 

75 µL were then collected from the top of each sample and mixed with 25 µL of 5X Laemmli 

loading buffer. Mixtures were boiled 5 min, incubated on ice 2 min and loaded on 10% SDS-

PAGE gels for Western blot analysis using anti-A3G antibody (section 2.9). 

 

2.16 Protein self-association analysis 

HEK 293T cells were co-transfected with Flag- and HA- or eGFP-tagged APOBECs following 

procedures detailed in 2.3 and cultured for 48 h. Two days after transfection, pull-downs of HA- 

or eGFP-tagged proteins were performed using magnetic beads' immunoprecipitation protocol 

(section 2.6.2). Detection of the APOBECs in the eluates was then achieved by Western blotting 

(section 2.9) using anti-Flag, anti-HA or anti-eGFP antibodies (2.9.2). 

 

2.17 HIV clinical samples 

Genomic DNA of PBMCs from an HIV-1 (Group M, Subtype B) infected patient was extracted 

and gratefully provided by Dr. Jason Fernandes, post-doctoral fellowship in the laboratory of Dr. 

Jonathan Angel at the Ottawa Hospital Research Institute (OHRI). 
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2.18 Bioinformatics analysis 

The R software (R Development Core Team) was used to test each point of the HRM melt curve 

of control DNA plasmids with known numbers of mutations and determine that there was a 

linear relationship between mutation numbers in a sample and its fluorescence at the temperature 

yielding the maximum difference between the fluorescence of the different control plasmids. The 

fluorescence data at every acquired temperature for plasmid DNA controls containing 0, 1, 4 or 9 

mutations were then imported into a Microsoft Excel spread sheet to determine the temperature 

at which the difference between the control was the highest using the following formula:  

max1<j<n (!"# − !" + 1!)!
!!!  

(where n represents the total of all temperatures tested, k the number of controls used to generate 

the standard curve and Xij the fluorescence acquired at temperature j for curve i) and a linear 

regression of the number of mutations as a function of the fluorescence was established for the 

controls at that specific temperature to determine the number of mutations in experimental 

samples using the following formula;  

y=A + Bx 

(where y is the number of mutations and x the fluorescence at the established temperature.)  

 

2.19 LINE-1 Restriction assay 

L1 retrotransposition assays were carried out as previously described (272). Co-transfection of 

800 ng of the L1 expression plasmid in the presence of A3 was performed in HEK 293T cells in 

6-well plates according to methods in section 2.3.1. Varying amounts of the APOBECs were 

used to get similar levels of expression (Table 2.1). The cells were then cultured for seven days 

after what they were resuspended in 1 mL of PBS-EDTA (1 mM EDTA) and analysed for eGFP 
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fluorescence by flow cytometry using the Cyan ADP flow cytometer (Beckman Coulter Inc., 

Brea, California, USA).  

 

Table 2.1 Quantity of each A3 co-transfected for L1 restriction assay 

Plasmid Amount (ng) 

Empty Vector 500 

A2 75 

A3A 400 

A3A[W98A] 400 

A3B 500 

A3B[W94A] 1200 

A3B[W127A] 1200 

A3C 200 

A3C[W94A] 200 

A3D 1000 

A3D[W106A] 1000 

A3D[W143A] 1000 

A3F 300 

A3F[W93A] 1200 

A3F[W126A] 1200 

A3G 200 

A3G[W94A] 300 

A3G[W127A] 300 

A3H 500 

A3H[W82A] 1200 
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2.20 Statistical analysis  

All infection, integration and late reverse transcription assays presented in this thesis were 

performed at least three times from three independent transfections and are represented as the 

mean relative value to A2 +/- standard deviation (SD). The mean fluorescence of mutated eGFP 

clones was the result of three independent transfections and is depicted as the relative mean 

fluorescence to plasmid control +/- standard deviation (SD). All statistical analysis were 

performed using the Student's paired t-test using the GraphPad Prism software.  
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Chapter 3 The Role of RNA-Binding in the Deamination-Independent 

Retroviral Restriction by APOBEC3G  

Preface: The results presented in this chapter have been published in: 

Kasandra Bélanger, Mathieu Savoie, Maria Rosales Gerpe, Jean-François Couture and Marc-
André Langlois. (2013) Binding of RNA by APOBEC3G controls deamination-independent 
restriction of retroviruses. Nucleic Acid Research, 41, 7438-7452. 
 
*See Appendix II for the published article. 
 
3.1 Introduction 

 A3G is the best characterized and most potent member of the A3 protein family. It is 

currently believed that the main mechanism by which this protein achieves its antiretroviral 

activity is through the deamination of target deoxycytidines into deoxyuridines in the retroviral 

cDNA during reverse transcription following its incorporation into budding particles from viral 

producer cells (Reviewed in (101, 277)). Deamination by A3G leads to the accumulation of 

potentially deleterious G-to-A hypermutations in the genome of progeny viruses resulting in 

protein malfunction and infection impairment (278). There is however, growing evidence for a 

deamination-independent restriction by this deaminase coming in most part from the use of 

catalytically inactive mutants of A3G that, although completely lacking the ability to induce 

mutations in the retroviral genome during replication, still significantly reduce infection levels 

(221, 228, 229). Defects in tRNA3
Lys primer annealing, plus and minus strands transfer, early and 

late reverse transcript synthesis and proviral DNA integration have been observed in the 

presence of such mutants (226, 227, 230, 232, 279). The exact mechanism for this so called 

deamination-independent restriction by the protein remains however unclear and the contribution 

of each one of the modes of action proposed above to the overall restriction by A3G is currently 

unknown. 
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 RNA binding is involved in many features of A3G's biological functions. The 

incorporation of the protein in viral particles has been shown to be mediated by the NC domain 

of HIV-1 Gag and to require viral genomic RNA as well as a pol-III derived RNA, 7SL (172, 

175, 186). Self-oligomerization by the protein has also been suggested to require its interaction 

with cellular RNA (171). In addition to oligomers, A3G is also known to assemble into larger 

RNA-dependent HMM complexes in replicating cells, a system that actively dividing cells have 

evolved to protect their genome from the potential threat that A3G's mutator activity poses to 

their DNA (215-217). In those large RNP complexes, the catalytic activity of A3G is inhibited 

through the interaction of the protein with numerous RNA species and proteomic co-factors 

(214). Several efforts have been made to try identifying the specific determinants for the 

recruitment of A3G into those HMM complexes responsible for its inactivation. As a result, 

numerous RNA and protein species have been identified (216, 217). Consequently, the nature of 

the specific cellular factors involved in the formation of the HMM complexes remains 

undetermined to date. We hypothesized that by inhibiting the formation of HMM complexes, we 

could keep A3G in an active state in dividing cells and increase its retroviral activity upon 

infection. We first aimed at generating mutants of the protein in order to identify the specific 

residues on A3G involved in the formation of HMM complexes and to further identify the 

cellular co-factors responsible for the inactivation of A3G in dividing cells. This led to the 

identification of two tryptophans in the NTD of A3G, W94 and W127, which we found to be 

responsible for A3G's RNA-binding ability. Although mutants of A3G harbouring alanines 

instead of tryptophans at these two specific locations failed to restrict retroviral infection, they 

still had the ability to deaminate retroviral cDNA during reverse transcription in the target cell. 

We further demonstrated that the lack of inhibition of infection in the case of the mutants was 
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due to the loss of their deamination-independent restriction defined as the inhibition of late 

reverse transcripts accumulation and proviral DNA integration, which was associated with the 

RNA-binding properties of A3G. In conclusion, we found that RNA-binding by A3G governs 

the deamination-independent restriction by the protein.  

 

3.2 Results 

3.2.1 Identification of RNA-binding defective mutants 

 In a first attempt to identify critical residues responsible for the formation of the HMM 

complexes by A3G, we mutated single amino acids in residues involved in critical functions of 

the protein such as self-oligomerization, deamination, RNA-binding, viral encapsidation and Vif 

interaction (Figure 3.2.1A) (171-173, 177, 179, 180, 185, 186, 280-282). Since a crystal 

structure of the full-length protein is not available, the selection of target motifs was based on 

homologous residues identified in the structure of the C-terminal catalytic domain of the protein 

(283). Residues were mutated in both domains of A3G and all mutants were analyzed for the 

inhibition of HMM complex formation by velocity sedimentation on 5 to 40% sucrose gradients 

followed by Western blotting using an anti-Flag antibody. This initial screen led to the 

identification of two tryptophans in the NTD of A3G, W94 and W127. When mutated to an 

alanine, these residues significantly reduced the RNA-binding capacity of the protein as shown 

by the shift in the sucrose gradients towards the middle fractions (lanes 4-7) where complexes of 

lower density (LMM complexes) accumulate (Figure 3.2.1B). Other variants of A3G did not 

seem to affect the properties of the protein and remained in HMM complexes aggregating in the 

bottom fractions (lanes 8-9) of the sucrose gradients. Treatment of the complexes formed by the 

W94A and W127A mutants 15 min at room temperature with RNase A resulted in a complete  
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Figure 3.2.1 Identification of RNA-binding defective mutants. (A) Schematic representation 
of both domains of A3G and their main functions. The position of each mutation included in the 
initial screen is indicated by a red triangle. The W94 and W127 residues are identified by a little 
black star inside the red triangles. (B) All mutants of A3G were analyzed for the inhibition of 
HMM complex formation by velocity sedimentation on 5 to 40% sucrose gradients followed by 
Western blotting using an anti-Flag antibody. (C) Lysates from 293T cells expressing Flag-
tagged A2, A3G or variants of the protein were treated for 15 min at room temperature with 1 
µg/µL of RNase A (right) or untreated (left) prior to ultra-centrifugation on sucrose gradients and 
Western blot analysis. β-tubulin was used as a control for the consistency of the sucrose 
gradients as this protein does not oligomerize and should always accumulate in the top fractions 
(lanes 1 to 3) of the gradients. (D) RNA was extracted from immunoprecipitated Flag-tagged 
APOBECs and used for RT-PCR. The resultant cDNA was then used for the quantification of 
7SL, Alu, hY1 and hY3 RNAs by qPCR. Results are represented as relative values to the wild 
type A3G and represent the mean +/- SD of three independent experiments. P-values were 
calculated using the Student's paired t-test using the GraphPad Prism software; **P<0.005. 
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shift towards the top of the gradients (lanes 1-3) and accumulation of the proteins in monomeric, 

dimeric and tetrameric forms suggesting that the mutants only have a partial phenotype in terms 

of RNA-binding deficiency ((266, 284) and Figure 3.2.1C). This statement was further 

confirmed by performing a qPCR on RNA extracted from immunprecipitates of Flag-tagged A2, 

A3G or mutants of A3G using anti-Flag-conjugated agarose beads to measure their binding to 

7SL, Alu, hY1 and hY3 RNAs. These RNA species have been identified as forming components 

of complexes formed by both A3G and A3F and have been shown to interact directly with the 

wild type A3G (172, 175, 215, 218). As expected, both mutants showed a significantly lower 

interaction with all RNAs tested although higher than the A2 negative control (Figure 3.2.1D). 

 

3.2.2 Characterization of the W94A and W127A mutants 

 We were then curious to see the effect of the two tryptophan mutations on other features 

of A3G. A3G is predominantly cytoplasmic where it associates with RNA to form visible foci 

that are believed to be P-bodies and stress granules (216-218). The cytoplasmic localization 

signal of A3G has been mapped to residues within amino acids 1 to 60 and amino acids 113 to 

128 (285). We were therefore interested to see whether the mutation at position 127 would affect 

the cell localization of A3G. In fact, the substitution of this residue for an alanine in combination 

with two other mutations, F126A and Y19D has been associated with the redistribution of A3G 

throughout the cell whereas W127A on its own had little effect on cell localization (285). In 

agreement with these results, our fluorescence microscopy analysis of live cells transfected with 

eGFP-tagged A3G, A3G[W94A] or A3G[W127A] demonstrated that the cellular distribution of 

A3G was unaffected by neither of the mutations and that the size and density of the foci between  
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Figure 3.2.2 Characterization of the W94A and W127A mutants. (A) eGFP-A3G, eGFP-
A3G[W94A] or eGFP-A3G[W127A] were transfected in 35 mm glass bottom dishes and 
cultured in clear media for 48 h. Imaging of live cells was performed using a Plan-Apochromat 
63x/1.4 oil immersion objective on a Zeiss AxioObserver.Z1 microscope. (B) GST-expression 
plasmids were transformed in a UDG-deficient strain of E.coli. Individual colonies from each 
plates (each point on the graph) were then picked and grown in LB broth containing 1µg/mL of 
Amp overnight at 37 ºC. Cultures were then plated on Rifampicillin plates and the number of 
resistant colonies (RifR) was compiled the next day. Results are presented as the log value of 
RifR colonies per 107 viable cells. The bars indicate the mean value for each sample. P-values 
were calculated using the Student's paired t-test using the GraphPad Prism software; n.s. non-
significant. 
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the proteins displayed no remarkable differences (Figure 3.2.2A). Since the two mutants did not 

assemble into HMM complexes, these results suggest that those complexes are different from P-

bodies and stress granules. 

 Seeing as the mutations could potentially destabilize the structure and affect the activity 

of the deaminase, we next investigated whether the tryptophan mutants were catalytically active 

by conducting a bacterial mutator assay (154). Briefly, GST-expression plasmids were 

transformed in a UDG-deficient strain of E.coli and the ability of the mutants to induce 

mutations resulting in resistance to rifampicin (RifR) in the bacterial DNA was measured. We 

found that both mutants were enzymatically active and led to the production of a significant 

number of RifR colonies (Figure 3.2.2B). Overall, our results demonstrated that RNA-binding 

deficiency did not affect the cellular localization nor the enzymatic activity of A3G. 

 

3.2.3 Retroviral Restriction by the W94A and W127A mutants 

 Based on previous observations suggesting intact catalytic activity of the mutants, we 

then aimed to determine whether they could still restrict retroviral infection by HIV∆Vif-eGFP, 

HIV[p8.9] and M-MLV. Viruses were produced by transfection in HEK 293T cells for 48 h after 

which supernatants were filtered and used to infect 293T (HIVs) or 3T3 (M-MLV) target cells by 

spinoculation for 1 h at 2 000 rpm in the presence of 8 µg/mL of polybrene. Levels of infection 

were determined as a measure of the expression of the eGFP viral reporter gene by flow 

cytometry 24 h (HIV[p8.9] and M-MLV)  or 48 h  (HIV∆Vif-eGFP) after infection. Equal 

expression of viral proteins and APOBECs in cell and viral lysates was verified by Western blot 

analysis showing consistent amounts of p24 (HIVs), p30 (M-MLV) and Flag tag (APOBECs) to 

ensure successful viral encapsidation of the APOBECs (Figure 3.2.3A-C). Tryptophan 127 has  
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Figure 3.2.3 Retroviral Restriction by the W94A and W127A mutants. (A to C) (A) 
HIV∆Vif-eGFP, (B) HIV[p8.9] or (C) M-MLV viruses produced in the presence of Flag-
APOBEC expression plasmids were purified by ultra-centrifugation and lysed using RIPA lysis 
buffer for Western blot analysis using an anti-Flag antibody to assess the presence of the 
APOBECs within virions. Expression of capsid proteins, p24 (HIV∆Vif-eGFP and HIV[p8.9]) or 
p30 (M-MLV) was used to normalize the amounts of viruses in each sample. Viral producer cell 
lysates were also analysed for protein expression by western blot analysis using β-tubulin as a 
loading control. (D to F) Flow cytometry analysis of eGFP fluorescence in (D) HIV∆Vif-eGFP, 
(E) HIV[p8.9] or (F) M-MLV infected cells 24 or 48 h after infection. Viruses were initially 
produced in 293T cells in the presence of Flag-tagged A2, A3G or variants of the protein. Data 
represent the mean relative values +/- SD of three independent experiments. P-values were 
calculated using the Student's paired t-test using the GraphPad Prism software; **P<0.005. 
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been involved in the packaging of A3G inside HIV-1 and as a consequence, very low levels of 

this mutant were found inside HIV∆Vif-eGFP (172, 177, 186, 280, 283). The same was also 

found to be true for W94A and its catalytically dead variant. Surprisingly, both tryptophan 

mutants were found to be incorporated into HIV[p8.9] and M-MLV at levels that were similar to 

the wild type A3G suggesting that the determinants for packaging into these viruses are different 

from HIV∆Vif-eGFP. Although both the W94A and the W127A mutants appeared at similar 

levels into both viruses, they both showed a severe (less than 40% restriction) loss of their 

antiretroviral activity against HIV[p8.9] and a 45 and 60% reduction in their restriction potential 

respectively in the case of M-MLV (Figure 3.2.3E and F). Moreover, both mutants failed to 

restrict HIV∆Vif-eGFP as a result of their inability to get incorporated into viral particles 

(Figure 3.2.3D). 

 Since the catalytic activity of A3G[W94A] and A3G[W127A] remained unaffected by 

the mutations and that the mutants retained their ability to incorporate into HIV[p8.9] and M-

MLV viral particles despite significantly lower restriction potency against both viruses, we 

hypothesized that they may retain their ability to deaminate retroviral cDNA during reverse 

transcription in target cells. We therefore collected gDNA from infected cells 24 h after infection 

and amplified integrated eGFP reporter genes by PCR, subcloned them into a sequencing vector 

and analyzed them for the presence of G-to-A mutations via Sanger sequencing. We were quite 

surprised by the remarkably high levels of mutations induced by the two mutants in both 

retroviral genomes (Tables 3.2.1 and 3.2.2) with almost all sequences analyzed harbouring  

mutations. Analysis of target motifs for deamination  revealed a strong preference for 5'CC 

dinucleotide substrates for both mutants as is observed with the wild type A3G (Tables 3.2.3 

and 3.2.4).  
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Table 3.2.1 Deamination intensity induced by A3G[W94A] and A3G[W127A] in HIV[p8.9]. 

APOBEC Total base pairs 
sequenced 

Sequences 
mutated (%) 

Total number of 
G-to-A 

mutations 

Mutation rate 

(mutations/kb) 

A3G 7887 82 82 10.4 

E259Q 4302 0 0 - 

W94A 18 642 92 132 7.1 

W127A 12 189 82 88 7.2 

 

 

Table 3.2.2 Deamination intensity induced by A3G[W94A] and A3G[W127A] in M-MLV. 

APOBEC Total base pairs 
sequenced 

Sequences 
mutated (%) 

Total number of 
G-to-A 

mutations 

Mutation rate 

(mutations/kb) 

A3G 11 472 88 111 9.7 

E259Q 4302 0 0 - 

W94A 15 057 95 85 5.6 

W127A 7887 91 38 4.8 
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Table 3.2.3 Analysis of the preferred DNA substrate for deamination by A3G[W94A] and 

A3G[W127A] in HIV[p8.9]*. 

APOBEC -2 -1 

A3G   

A 20 2 

C 48 77 

T 9 1 

G 23 20 

W94A   

A 12 1 

C 60 90 

T 4 1 

G 24 8 

W127A   

A 33 3 

C 44 82 

T 5 3 

G 18 12 

*Mutations were tabulated on the minus-strand retroviral DNA. Data represents the percentage 
of each base at position -2 and -1 relative to the deaminated cytidine at position 0. 
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Table 3.2.4 Analysis of the preferred DNA substrate for deamination by A3G[W94A] and 

A3G[W127A] in M-MLV*. 

APOBEC -2 -1 

A3G   

A 20 0 

C 39 68 

T 4 3 

G 37 29 

W94A   

A 8 0 

C 68 89 

T 4 1 

G 20 10 

W127A   

A 14 2 

C 53 83 

T 4 0 

G 29 15 

*Mutations were tabulated on the minus-strand retroviral DNA. Data represents the percentage 
of each base at position -2 and -1 relative to the deaminated cytidine at position 0. 
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3.2.4 Absence of deamination-independent restriction in the presence of A3G[W94A] and 

A3G[W127A] 

 Since the loss of antiretroviral restriction observed with the W94A and W127A mutants 

could not be explained by a lack of deamination, we then sought to determine what could be the 

cause of this unusual phenotype. We turned our attention towards the deamination-independent 

restriction by A3G. Although the exact mechanisms behind this mode of inhibition are not 

currently completely understood, it is well established that it involves the inhibition of late 

reverse transcript accumulation and proviral DNA integration (226, 228-230, 232, 279). We thus 

collected gDNA from cells infected with HIV[p8.9]  or M-MLV produced in the presence of A2, 

A3G or variants of the protein at 12 or 24 h after infection and measured the levels of late 

reverse transcripts or integrated eGFP, respectively by qPCR. An answer to our question 

emerged from the results of that experiment showing an almost complete (less than 20% 

restriction in all cases) loss of the inhibition of both late reverse transcript accumulation and 

proviral DNA integration in the presence of A3G[W94A] and A3G[W127A] suggesting that 

RNA-binding is required for the inhibition of the early steps of retroviral infection and that 

deamination by A3G only has a marginal role in preventing these two processes (Figure 3.2.4A-

D). That was further confirmed by data showing that the catalytically inactive mutant of A3G, 

E259Q, displayed almost as much deamination-independent restriction (less than 10% 

difference) than the wild type protein. 

 Having found that deamination only played a minor role in the deamination-independent 

restriction by A3G, we then wondered about its main role. We decided to look at viral particle 

release using the replication competent virus M-MLV, since the RNA-binding mutants of A3G 

failed to be efficiently incorporated into HIV∆Vif-eGFP. Viral particles were produced in the  
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3.2.4 Absence of deamination-independent restriction in the presence of A3G[W94A] and 
A3G[W127A]. (A to D) gDNA from (A and C) HIV[p8.9] or (B and D) M-MLV infected cells 
was collected 12 or 24 h following infection for quantification of (A and B) late reverse 
transcripts (LRT) or (C and D) proviral DNA integration by qPCR. Values are the mean +/- SD 
of three independent experiments performed in triplicate and are normalized to A2. P-values 
were calculated using the Student's paired t-test using the GraphPad Prism software; **P<0.005. 
(E) Schematic representation of the methodology used to determine the effect of A3G and its 
W94A mutant on M-MLV viral particle release. (F and G) M-MLV viruses were produced in 
the presence of A3G[W94A] or its catalytically inactive version or increasing amounts of the 
wild type A3G followed by infection of 3T3 target cells. (F) Levels of infection as measured by 
eGFP fluorescence were determined by flow cytometry analysis 24 h post-infection and 
supernatant was then replaced with fresh DMEM for culturing for an additional 72 h. (G) Three 
days following the initial infection, p30 capsid protein concentration in supernatants was 
determined by ELISA. 
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presence of decreasing amounts of A3G to find a quantity that would give rise to similar levels 

of mutations to those observed in the presence of 80 ng of the W94A mutant (Table 3.2.1) and 

these amounts were then used to infect target 3T3 cells. Infection levels were assessed by flow 

cytometry of eGFP 24 h after infection and viral supernatants were collected three days after 

infection for the quantification of p30 capsid proteins by ELISA (Figure 3.2.4E). The results 

demonstrated that at equal mutation rates (10 ng of A3G), both A3G and A3G[W94A] did not 

seem to affect viral particle release although they both had a significant effect on retroviral 

infection (60 and 80% restriction respectively) (Figure 3.2.4F and G). In summary, deamination 

by A3G does not impede late reverse transcript accumulation or proviral DNA integration nor 

does it have a detrimental effect on viral particle release. It is possible that mutations by A3G 

affects the function of genes through the introduction of termination codons or other inactivating 

mutations. This subject will be extensively discussed in Chapter 5 of this thesis. 

 

3.2.5 Fusion with Vpr results in deamination-independent restriction by the RNA-binding 

deficient mutants. 

 The aim of this section was to determine the antiretroviral activity of the mutants against 

the more physiologically relevant HIV∆Vif-eGFP by enforcing their packaging into virions 

through fusion with a fragment of Vpr (residues 14-88). This technique has previously been used 

in the field and has been shown to induce encapsidation of different proteins inside viral particles 

(173, 286). In fact, viral encapsidation assays performed on HIV∆Vif-eGFP produced in the 

presence of Flag-tagged APOBECs fused to Vpr14-88 demonstrated similar packaging efficiency 

for the wild type A3G and its mutants when fused to the polypeptide (Figure 3.2.5A). More  
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Figure 3.2.5 Fusion with Vpr results in deamination-independent restriction by the RNA-
binding deficient mutants. (A) Analysis of the efficiency of the Vpr14-88-fusion proteins to get 
incorporated into HIV∆Vif-eGFP by Western blotting using an anti-Flag antibody. The 
expression level of p24 was used as a loading control for viral lysates whereas β-tubulin was 
used for cell lysates. (B to D) The potency of Vpr14-88-A2, A3G and mutants to restrict infection 
by (B) HIV∆Vif-eGFP, (C) HIV[p8.9] or (D) M-MLV was assessed by producing viruses in the 
presence of the vpr14-88-APOBECs in 293T cells and infecting 293T or 3T3 target cells with 
virus-containing supernatants 48 h after transfection.  Infection levels were determined by 
measuring the fluorescence of eGFP 24 or 48 h following infection by flow cytometry. Values 
were normalized to Vpr14-88-A2 and reflect the mean of three independent experiments +/- SD. P-
values were calculated using the Student's paired t-test using the GraphPad Prism software; *: 
P<0.05; **P<0.005; n.s. non-significant.  (E) The binding of fusion proteins to 7SL, Alu, hY1 
and hY3 RNAs was quantified by qPCR performed on reverse transcribed RNA extracted after 
immunoprecipitation of Flag-tagged Vpr14-88-A2, A3G or variants using anti-Flag-conjugated 
agarose beads. Results are the mean value +/- SD of three independent experiments and are 
relative to A3G. P-values were calculated using the Student's paired t-test using the GraphPad 
Prism software; *: P<0.05; n.s. non-significant. (F) Lysates from 293T cells expressing fusion 
proteins were used for velocity sedimentation analysis on 5 to 40% sucrose gradients to 
determine the ability of the proteins to assemble into HMM complexes. Samples were then 
resolved on SDS-PAGE gels and detection of the proteins was achieved using an anti-Flag 
antibody. (G) Levels of proviral DNA integration in the presence of Vpr14-88-APOBECs were 
measured by extracting gDNA from infected cells 24 h following infection and performing a 
qPCR on the samples. Results represent the mean value +/- SD of three independent experiments 
performed in triplicate and are normalized to Vpr14-88-A2. P-values were calculated using the 
Student's paired t-test using the GraphPad Prism software; n.s. non-significant. 
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interestingly, restriction  assays conducted with the fusion proteins showed a strong reduction of 

retroviral infection in the presence of A3G[W94A] and A3G[W127A] (80 and 90% restriction 

respectively) although not as pronounced as the one observed with the wild type A3G (Figure 

3.2.5B). The antiretroviral capability of the mutants fused to vpr14-88 was then tested against 

HIV[p8.9] and M-MLV and surprisingly, fusion with the viral protein appeared to rescue the 

antiretroviral activity of the mutants against both retroviruses (60-80% restriction) (Figure 

3.2.5C and D). Those results were really unexpected since the initial lack of inhibition observed 

with the RNA-defective mutants against HIV[p8.9] and M-MLV could not be attributed to 

ineffective virion incorporation (Figure 3.2.3D and E). 

 One possible explanation arises from the fact that Vpr is an RNA-binding protein (287). 

One could therefore assume that fusion of the mutants with Vpr14-88 may have restored their 

RNA-binding properties leading to a wild type protein-like restriction phenotype. In order to 

investigate that issue, we immunoprecipitated Flag-tagged fusion proteins using anti-Flag-

conjugated agarose beads and extracted the RNA from eluates to measure the levels of 7SL, Alu, 

hY1 and hY3 RNAs in each samples. We found that the W94A and W127A mutants were now 

able to bind all RNAs tested to similar levels to the wild A3G (Figure 3.2.5E). This increase in 

the RNA-binding ability of the mutants led to their accumulation into HMM complexes (lanes 8 

and 9) as assessed by velocity sedimentation of Flag-tagged proteins (Figure 3.2.5F). Finally, 

since our main premise was that RNA-binding was required for the deamination-independent 

restriction by A3G, we tested the effect of the fusion proteins on the proviral DNA integration of 

HIV∆Vif-eGFP by qPCR and determined that the mutants were now efficient (70 and 60% 

reduction in the levels of proviral integration respectively) at performing the deamination-
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independent retroviral restriction and confirmed the necessity of RNA-binding by A3G for the 

restriction of the early steps of infection by the protein (Figure 3.2.5G). 

3.2.6 RNA-binding deficient Vpr fusion mutants fail to achieve the deamination-independent 

restriction. 

 In order to confirm that the results obtained with vpr14-88-fusion proteins were indeed due 

to their rescued RNA-binding properties, we deleted the RNA-binding residues of Vpr, amino 

acids 87 and 88, and fused the new polypeptide to Flag-tagged A2, A3G and its variants (287). 

The new RNA-binding deficient fusion proteins were then used for IP and RNA extraction 

followed by qPCR to confirm the lack of RNA-binding in the case of Vpr14-86-W94A and Vpr14-

86-W127A. As shown in Figure 3.2.6A, the two mutants fused to the deleted Vpr protein showed 

reduced RNA-binding capacities similar to those observed in Figure 3.2.1D (Figure 3.2.6A). 

Nevertheless, fusion with Vpr14- 86 was successful at enforcing packaging of the mutants in 

HIV∆Vif-eGFP (Figure 3.2.6B). However, in this case, neither Vpr14-86[W94A] or Vpr14-86-

[W127A] showed a significant reduction in eGFP fluorescence (Figure 3.2.6C) or integrated 

eGFP copies (Figure 3.2.6D). In conclusion, these results along with those of previous sections 

suggest that the RNA-binding properties of A3G are crucial for its deamination-independent 

restriction potential.  

 

3.2.7 Absence of evidence for the requirement of a cellular co-factor in the deamination-

independent restriction by A3G. 

 Here, we hypothesized that the requirement for RNA-binding in the deamination-

independent restriction by A3G could be due to the involvement of a cellular co-factor 

interacting with the RNA-binding residues of the protein for its incorporation into viral particles  
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Figure 3.2.6 RNA-binding deficient Vpr fusion mutants fail to achieve the deamination-
independent restriction. (A) Lysates from 293T cells transfected with Vpr14-86-fused A2, A3G 
or mutants were used for IP using anti-Flag-conjugated agarose beads followed by RNA 
extraction and RT-PCR. The RNA-binding ability of the proteins to 7SL, Alu, hY1 and hY3 was 
then determined by qPCR. Values are relative to A3G and are the mean +/- SD of three 
independent experiments. P-values were calculated using the Student's paired t-test using the 
GraphPad Prism software; **P<0.005. (B) The incorporation of Vpr14-86-fusion proteins into 
HIV∆Vif-eGFP was determined by purifying viral particles produced in the presence of the 
APOBECs by ultra-centrifugation and then resuspending viral pellets in RIPA lysis buffer for 
Western blot analysis using an anti-Flag antibody. The level of p24 expression was used to 
ensure that similar amounts of viral lysates were loaded on gel. Protein expression was also 
assessed in cell lysates using β-tubulin as a loading control. (C) The restriction potency of the 
fusion proteins was determined 48 h after infection of 293T target cells with HIV∆Vif-eGFP 
viruses containing the Vpr14-86 proteins by flow cytometry analysis of eGFP fluorescence. Results 
reflect the mean +/- SD of three independent experiments and are relative to A2. P-values were 
calculated using the Student's paired t-test using the GraphPad Prism software; **P<0.005. (D) 
gDNA from HIV∆Vif-eGFP-infected cells was collected 24 h after infection and used for qPCR 
to determine the levels of integrated eGFP. Values, relative to A2, represent the mean +/- SD of 
three independent experiments. . P-values were calculated using the Student's paired t-test using 
the GraphPad Prism software; **P<0.005. 

 

 

 

 



91	  
	  

 

 

 

 

 

 

 



92	  
	  

 

 

 

 

 

 

 

 

3.2.7 Absence of evidence for the requirement of a cellular co-factor in the deamination-
independent restriction by A3G. (A) Flag-tagged A3G, A3G[W94A] or A3G[W127A] were 
singly transfected or co-transfected with their HA-tagged equivalent in HEK 293T cells. Lysates 
were then used for the pull-down of  HA-tagged proteins using anti-HA-conjugated magnetic 
beads and the presence of each variants in the eluates was determined by Western blot analysis 
using anti-Flag and anti-HA antibodies. (B and C) (B) HIV[p8.9] or (C) M-MLV viruses were 
produced in the presence of one or two APOBECs to package both proteins simultaneously and 
used to infect 293T or 3T3 target cells. The day after infection, levels of eGFP fluorescence were 
measured by flow cytometry. Data represent the mean +/- SD of three independent experiments 
and are relative to A2 alone. . P-values were calculated using the Student's paired t-test using the 
GraphPad Prism software; n.s. non-significant. 
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and its complementary role in the inhibition of late reverse transcript accumulation and proviral 

integration in target cells. In order to address that question, the W94A mutant was co-transfected  

with the catalytically inactive mutant of A3G, E259Q in 293T cells together with HIV[p8.9] or 

M-MLV viral expression vectors. Virus-containing supernatants were then used for infection of 

293T or 3T3 target cells respectively two days after transfection and levels of infection, as 

measured by eGFP fluorescence, were determined by flow cytometry 24 h after infection. We 

wondered, since A3G[E259Q] is capable of achieving deamination-independent restriction, if it 

would also co-package the required cellular co-factor and complement the inhibition by the 

W94A mutant on retroviral infection thereby completely restoring its antiretroviral activity. The 

W94A mutant was chosen for this experiment because it is capable of homodimerization, unlike 

A3G[W127A] (Figure 3.2.7A). The results demonstrated no increase in the overall retstriction 

of A3G[W94A] against HIV[p8.9] or M-MLV in the presence of A3G[E259Q] suggesting that a 

co-factor for the deamination-independent restriction by A3G may not be required (Figure 

3.2.7B and C). 

 

3.3 Discussion 

 During a screen to identify the residues on A3G responsible for its recruitment into HMM 

complexes and its further catalytic inhibition in dividing cells, we identified two tryptophan 

residues in the N-terminal non-catalytic domain of the protein, W94 and W127, that when 

mutated to alanines, severely affected the RNA-binding properties of A3G. These residues have 

been the focus of previous studies looking at virion incorporation, homodimerization, nucleic 

acid interaction and cellular localization (171-173, 177, 179, 180, 185, 186, 280-283, 285). In 

agreement with our findings, both residues have previously been shown to have a significantly 
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reduced RNA-binding ability to Alu, 7SL and hY RNAs (172, 173, 186). In addition, mutants 

harbouring a mutation at amino acid position 127 were demonstrated to lack the ability to self-

oligomerize and to get packaged into Vif-deficient HIV-1 particles (171, 177, 185, 283). 

Although we also showed defects in the encapsidation of both mutants into HIV∆Vif-eGFP, 

significant amounts of the W94A and W127A proteins were found inside HIV[p8.9] and M-

MLV virions indicating that the determinants for incorporation into these viruses are different 

than those required for packaging into HIV∆Vif-eGFP. While the sequence of the region 

responsible for interacting with A3G for encapsidation is shared between the latter virus and 

HIV[p8.9], the pseudovirus also contains several non-HIV-1 sequences in its genome that could 

facilitate its association with the mutants.  

 An important finding of this section is that the deamination by A3G does not play a 

significant role in preventing late reverse transcripts accumulation and proviral DNA integration. 

One could then ask, 'what is the main role of deamination?' In an attempt to answer this question, 

we measured the levels of viral particles released in the presence or absence of A3G[W94A] and 

found that mutations induced by the protein did not affect the production of viral particles either. 

We believe that mutations generated by A3G would result in gene inactivation and that even 

integrated proviruses would not give rise to infectious particles. In fact, gene inactivation 

through A3G-mediated hypermutation is well documented in Chapter 5 of this thesis. 

Nonetheless, it is worth mentioning that retroviruses have a strong ability to undergo 

recombination events amongst themselves and mutated integrated genomes could potentially 

recombine with unmutated integrated genomes to produce infectious particles (288-293). This 

sheds light on the crucial role of the deamination-independent restriction by A3G and on the 

importance of uncovering the mechanisms underlying this mode of retroviral inhibition. It also 
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brings forward issues such as the real potency of deamination at inflicting permanent damages in 

vivo in the presence of a mixed population of viruses. We believe that a combination of both 

mechanisms need to act in concert in order to achieve an optimal restriction. 

 Finally, another important question that remains unsolved is the role of RNA in the 

deamination-independent restriction by A3G. One possibility is that the RNA bound to A3G 

could be responsible for the co-packaging of a cellular co-factor required for the inhibition of  

cDNA synthesis or proviral integration in the target cell. In order to address this question, we 

performed a viral infectivity assay in the presence of A3G[W94A] and A3G[E259Q] to try 

complementing the antiretroviral activity of the W94A mutant by the co-factor brought in by 

E259Q. However, we found no evidence for the presence of such co-factor. It is possible that 

structural features of both domains of A3G might be responsible for the phenotype and that the 

tryptophan mutations compromised the overall structure of the protein affecting the interaction 

with an RNA or co-factor required for restriction.  The successful dimerization of A3G[W94A] 

and A3G[E259Q] should also be confirmed to ensure that both proteins can in fact co-package in 

the same viral particle. Differential proteomic analysis or analysis of RNA species present in 

virions containing A3G or A3G[W94A] could help solving the enigma. 

 In summary, this chapter established the requirement for RNA-binding by A3G for the 

deamination-independent restriction of retroviral infection by the protein and contributed to our 

understanding of this mode of restriction. Deamination induced by A3G did not prevent cDNA 

synthesis nor proviral DNA integration however, we believe that hypermutations in proviral 

genomes are necessary to inactivate gene function and limit the spread of progeny viruses. The 

results from this section emphasized the crucial contribution of both mechanisms of action by 

A3G to achieve a successful retroviral inhibition. Further studies are required to determine the 
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role of RNA in the deamination-independent retroviral restriction by A3G and whether or not a 

co-factor is required for A3G-mediated inhibition. 
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Chapter 4 The Role of RNA-Binding in the Deamination-Independent 

Restriction of L1 Retroelements by the Members of the APOBEC3 Family. 

Preface: Data presented in this chapter are part of a manuscript that is currently in preparation 

for publication. 

4.1 Introduction 

 Retroelements are mobile RNA sequences that produce copies of themselves that get 

inserted into new genomic location (124). There are two main classes of non-LTR 

retrotransposons: LINEs and SINEs. LINE-1 (L1) is an autonomous retrotransposon that encodes 

the machinery necessary for its own replication (124). This includes one protein with nucleic 

acid binding properties (ORF1) and another with reverse transcriptase and endonuclease 

activities (ORF2). Although most LINE elements in humans are inactive, it is thought that 

approximately 80-100 retrotransposition-competent elements are present in each human genome 

(294). The first step of retrotransposition takes place in the nucleus where the element is 

transcribed to produce an mRNA that is then processed for transport into the cytoplasm. Once in 

the cytoplasm, translation of ORF1 and ORF2 occurs which associate with other L1 mRNAs to 

form RNP complexes. These complexes are then imported back into the nucleus where target-

primed reverse transcription (TPRT) is carried out. In this process, the bottom strand of the 

genomic DNA is cleaved by the endonuclease activity of ORF2 to yield a 3' hydroxyl group. The 

target DNA is used to prime reverse transcription from the L1 mRNA template. Cleavage of the 

coding strand of the genomic then initiates synthesis of the second-strand and the newly 

synthesized dsDNA is integrated at a new site into the host genome (see section 1.3.3 for details 

on L1 replication cycle) (124). 
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 In humans, events associated with the replication of these elements have been linked to 

many genetic disorders such as hemophilia A and B and Duchenne muscular dystrophy 

occurring following integration of L1 DNA into germinal chromosomes (133, 295, 296). 

Targeting of somatic cells by L1 can also give rise to several types of cancer (Reviewed in 

(115)). It is therefore not surprising that we have evolved mechanisms to protect our genetic 

material against the threat posed by retroelements. One such mechanism is through the activity 

of the members of the A3 family of cytidine deaminases. The different members of this family 

have been shown to restrict the replication of L1 to different extent.  While A3A, A3B, A3C and 

A3F  have been shown by several independent groups to restrict L1 retrotransposition to varying 

degrees, restriction by A3G is less potent and somewhat even controversial (233-237, 239, 240, 

297, 298). Initially, two reports demonstrated that A3G had no effect on the replication of the 

retroelement (239, 298). A year later, two more studies investigated the restriction of L1 by A3G 

and found that the latter was active against the retrotransposon (236, 297). Although the different 

groups differed slightly in their experimental settings, they all used similar L1- and A3-

expression plasmids. Recently, Koyama and his colleagues established that the restriction of L1 

retrotransposition by A3G was dependent on the oligomerization of the deaminase (299). They 

constructed N-terminal deletion mutants of A3G and found that the latter failed to inhibit L1 

replication. Whether the oligomeric state of A3G could explain conflicting results obtained in 

previous studies is not known. Similarly, dimerization by A3C has been shown as a requirement 

for its impediment of L1 replication (235). RNA-dependent interaction of A3C dimers with the 

ORF1 protein was also involved in the process. Little is known about the restriction of L1 by 

A3D and A3H. However, restriction of this retroelement by A3H is believed to be highly 

dependent on the presence of two independent polymorphisms aiding the expression and stability 
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of the A3H protein (267, 300). Although the mechanisms underlying the restriction of 

retroelements by A3 proteins are not fully understood, evidences lean towards a deamination-

independent mode of action (234, 235, 239). The recent discovery of G-to-A hypermutations in 

L1 cDNA in the presence of A3A, however suggests the involvement of the deaminase activity 

of the protein for its restriction (240). Nevertheless, deamination of retrotransposons by other 

members of the family has not been characterized.  

 Here, based on our previous observations that retroviral deamination-independent 

restriction by A3G requires the RNA-binding properties of the protein (Chapter 3 of this thesis), 

we hypothesized that the restriction of L1 retroelements by the A3 proteins is independent of 

deamination and also requires the RNA-binding properties of the deaminases. In agreement with 

our hypothesis, A3A which has a strong restrictive effect against L1, has been shown to interact 

with L1 mRNA in HMM complexes (297). In addition, the ability of A3C to inhibit L1 

retrotransposition has been shown to be dependent on its RNA-dependent interaction with ORF1 

(235). To test our hypothesis, we generated mutants for all members of the A3 family in which 

residues homologous to the RNA-binding residues identified in A3G (Chapter 3) were mutated 

to alanines. All the mutants were then analysed for their ability to interact with L1 mRNA and to 

inhibit L1 retrotransposition. Our preliminary results suggest that L1 mRNA binding is not a 

requirement for the restriction of the retroelement. No detectable levels of L1 mRNA-binding 

could be detected for any of the proteins tested, yet some members of the A3 family retained 

their ability to inhibit L1 replication. Other components involved in the retrotransposon's life 

cycle that are likely to be targetted by the A3 proteins to impede the reverse transcription process 

include constituents of the L1 RNP complexes such as ORF1 and ORF2 proteins.   
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4.2 Results 

4.2.1 Schematic illustration of the mutations introduced in the seven members of the A3 family.  

 In Chapter 3 of this thesis, I identified two residues in the NTD of A3G that are essential 

for the ability of the protein to interact with RNA. This property of the protein was further 

demonstrated to be required for the deamination-independent restriction of HIV[p8.9] and M-

MLV (Figure 3.2.3). Here, in view of identifying RNA-deficient mutants for each member of 

the human A3 family, residues homologous to the RNA-binding residues in A3G were mutated 

in all seven A3 proteins (Figure 4.2.1A). The two tryptophans identified in A3G are part of 

highly conserved motifs: SWS and ARLYYW. Corresponding tryptophans in the NTD of each 

A3 were mutated to an alanine (indicated by green arrows) by site-directed mutagenesis using 

primers described in Table S1. The W115A mutant of A3H was excluded from further analyses 

because of very poor expression (data not shown). 

 

Figure 4.2.2 Characterization of the complexes formed by the wild type A3 proteins. 

 At least two members of the A3 family, A3F and A3G, are known to interact with RNA 

and protein co-factors to assemble into large ribonucleoprotein (RNP) complexes that are 

commonly called high molecular mass (HMM) complexes (215-218, 301). To assess the ability 

of each member of the family to form these HMM complexes, lysates from 293T cells 

transfected with Flag-tagged expression plasmids were treated for 15 min with RNase A at room 

temperature and spun for 6 h at 41 000 rpm through a 5 to 40 % sucrose gradient.  
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Figure 4.2.1 Schematic illustration of the mutations introduced in the seven members of the 
A3 family. Residues homologous to the RNA-binding tryptophans identified in the NTD of A3G 
were mutated to alanines in each member of the A3 family (green triangles).  
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Samples were then collected from the top to the bottom of the gradient and resolved by SDS-

PAGE analysis followed by Western blotting using an anti-Flag antibody. In general, double-

domain A3s assembled into HMM complexes (lanes 8 to 9) whereas single-domain proteins, 

with the exception of A3H, remained mostly in the first fractions of the sucrose gradient in 

monomeric, dimeric and tetrameric conformations (lanes 1 to 3) ((266, 284) and Figure 4.2.2A).  

A small proportion of A3C accumulated in all fractions of the gradient suggesting the ability of 

this protein to accumulate into different forms including the HMM complexes. A3H was the only 

A3 with only one domain that was found exclusively in HMM complexes.  

 Complexes formed by A3G contain several RNA species as well as RNA-binding 

proteins (215-217). As a consequence, the integrity of the complexes is highly dependent on 

RNA and treatment with RNase A results in the accumulation of the protein in its monomeric, 

dimeric and tetrameric forms (lanes 1 to 3) ((216, 266, 284, 301) and Figures 3.2.2C and 

4.2.2B). The same was also observed for complexes formed by A3H suggesting the presence of 

RNA species in these complexes. Many RNA components have also been identified in 

complexes formed by A3F, however, the latter are more resistant to treatment with RNase A 

upon which there was only a partial shift in the sucrose gradient towards the middle fractions 

(lanes 4 to 7) where complexes of lower density accumulate ((216, 218, 297, 301) and Figure 

4.2.2B). RNase A treatment had no effect on complexes formed by A3B, A3C and A3D 

suggesting that the composition of complexes formed by these proteins are different or that the 

conformation of the complexes generate a shelter protecting the RNA and preventing RNase 

from accessing its targets (297, 301). Further studies are required to fully understand the 

determinants for HMM complex formation by the different members of the A3 family. 
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Figure 4.2.2 Characterization of the complexes formed by the wild type A3 proteins. 
Lysates from 293T cells transfected with Flag-tagged A3 proteins were treated (right) or not 
(left) 15 min at room temperature with RNase A and layered on top of 5 to 40 % sucrose 
gradients for ultra-centrifugation 6 h at 41 000 rpm at 4 ºC. Samples were then collected from the 
top to the bottom of each gradient and resolved by SDS-PAGE using an anti-Flag antibody. 
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Figure 4.2.3 Effect of mutations on HMM complex formation by the A3 proteins. 

 In order to determine whether residues targeted in all seven A3 proteins were in fact 

involved in their RNA-binding properties, mutants were analysed for HMM complex formation 

by velocity sedimentation on 5 to 40 % sucrose gradients following lysis in NP40 lysis buffer 

and detected using an anti-Flag antibody by Western blot analysis. If the same residues involved 

in the RNA-binding ability of A3G were also involved in the same function in the other 

deaminases, we would expect to see a shift in the sucrose gradient towards the top fractions 

(lanes 1 to 3). This is what we observed for two mutants analyzed, A3D[W106A] and 

A3H[W82A] (Figure 4.2.3A).  Mutations on conserved tryptophans in other A3s did not have an 

important effect on their ability to accumulate into HMM complexes. 

 Treatment with RNase A completely abolished the formation of complexes formed by 

A3D[W106A] and A3H[W82A] suggesting that, as it is the case for the W94A and W127A 

mutants of A3G, variants of A3D and A3H only have a partial reduction in their RNA-binding 

properties (Figure 4.2.3B). Complexes formed by A3B[W94A] appeared to be partially sensitive 

to the enzymatic treatment alluding to the fact that the conformation of the latter might prohibit 

the nuclease from reaching RNA whereas mutation of residue W94 might have induced a 

conformational change leading to a more open conformation allowing for some RNase to act on 

nucleic acids inside the complexes. This remains however to be confirmed. 
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Figure 4.2.3 Effect of mutations on HMM complex formation by the A3 proteins. 293T cells 
expressing variants of each Flag-tagged A3 protein were lysed in NP40 lysis buffer for 30 min 
on ice followed by ultra-centrifugation for 6 h at 41 000 rpm at 4 ºC on 5 to 40 % sucrose 
gradients. After the spin, fractions from each gradient were collected and analyzed for the 
presence of Flag-tagged APOBECs by Western blotting using an anti-Flag antibody. 

 

 

 

 

 

 

 

 

 



109	  
	  

Figure 4.2.4 Analysis of the correlation between L1 mRNA binding and retroelement restriction. 

 Because an A3 protein does not assemble into HMM complexes does not necessarily 

imply  that this protein does not have the ability to interact with a specific RNA such as L1 

mRNA. Furthermore, it is not because there is no shift in the sucrose gradient with one mutant 

that its ability to bind a specific RNA such as L1 mRNA is not affected by the mutation. We 

therefore next sought to accurately measure the levels of binding of each wild type A3 proteins 

and variants to L1 transcripts. For that purpose, Flag-tagged A3 proteins and their mutants were 

transfected in 293T cells and cultured for 48 h. The amount of DNA transfected for each A3 was 

optimized in order to achieve similar levels of protein expression (Table 2.1 and Figure 4.2.4A). 

Two days following transfection, the proteins were immunoprecipitated using anti-Flag-

conjugated agarose beads and quantification of proteins (ρmol) in each sample was performed 

after Western blot analysis of the immunoprecipitates using a FITC-conjugated anti-Flag 

antibody. After papain treatment of the beads to release bound proteins, total supernatants were 

used for RNA extraction using Trizol followed by RT-PCR and absolute quantification of  L1 

mRNA  (copies/ρmol) in each sample by digital droplet PCR (ddPCR). Since the ultimate goal 

was to uncover L1 RNA-binding deficient mutants, data are presented as variants compared to 

their wild type counterpart and are related to A2 in all cases (Figure 4.2.4B).  In general, we 

found that none of the proteins that were tested had a significant level of binding to L1 

transcripts and demonstrated copy numbers similar to the A2 negative control.  
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Figure 4.2.4 Analysis of the correlation between L1 mRNA binding and retroelement 
restriction. (A) Varying amounts of Flag-tagged A3s and their mutants were transfected in 293T 
cells to achieve similar levels of expression and culture for 48 h. Two days after transfection, 
cells were harvested and lysed in NP40 lysis buffer for 30 min on ice followed by western 
blotting using an anti-Flag antibody. (B) Lysates from 293T cells expressing Flag-tagged wild 
type A3s or mutants of the proteins were subjected to IP using anti-Flag-conjugated agarose 
beads. Aliquots from immunoprecipitates were then collected for western blotting using a FITC-
conjugated anti-Flag antibody and a protein standard to allow protein quantification in each 
sample whereas the remaining of the beads were treated with papain for complete elution of 
nucleic acids. Supernatants were then used for RNA extraction using Trizol reagents followed by 
RT-PCR and the cDNA was subjected to ddPCR analysis for absolute quantification of L1 
mRNA binding. Bars represent mean values +/- SD of at least three independent transfections. P-
values were calculated using the Student's paired t-test using the GraphPad Prism software. (C) 
293T cells were co-transfected with the same amounts of Flag-tagged A3s and variants presented 
in (A) along with 800 ng of a L1-expression plasmid and cultured for seven days. Cells were 
then harvested in 1X PBS containing 1 mM EDTA and analysed for eGFP fluorescence by flow 
cytometry. Results represent the mean values of three independent transfections +/- SD. P-values 
were calculated using the Student's paired t-test using the GraphPad Prism software; *: P<0.05; 
**P<0.005; n.s. non-significant. 
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Since some of the proteins assembled into HMM complexes whereas others remained in the first 

fractions of the sucrose gradient and they all demonstrated  similar profiles in terms of RNA-

binding ability, we concluded that there was no correlation between L1 mRNA binding and the 

formation of HMM complexes. 

 Finally, in order to determine the ability of each wild type A3 protein and their respective 

mutants to restrict L1 retrotransposition, a L1 expression plasmid containing an internal eGFP 

reporter cassette was co-transfected with varying amounts of Flag-tagged APOBECs (Table 2.1) 

(272). Co-transfection in the presence of an empty vector was used to control the effects of 

transfection on L1 expression whereas the L1 mutant was used as a negative control for L1 

retrotransposition . Seven days following transfection, retrotransposition efficiency was assessed 

by flow cytometry analysis as a measure of eGFP fluorescence. Overall, all the wild type A3 

were found to significantly reduce the levels of L1 retrotransposition with A3A, A3B, A3D, A3F 

and A3H having the strongest inhibitory effect on the element (Figure 4.2.4C). Although less is 

known about A3D and A3H, these results are in agreement with several previous reports 

demonstrating a potent restriction by A3A, A3B and A3F ((233, 234, 236, 237, 239, 240, 297, 

298) and Figure 4.2.4C). The effect of A3C and A3G was more intermediate with 40% 

restriction in both cases. Our analyses also led to the observation that several mutants had a 

significantly reduced ability to restrict L1 replication when compared to their wild type 

counterpart (Figure 4.2.4C). This suggests that the mutants represent valuable tools to the 

elucidation of the mechanism behind the restriction of L1 retrotransposition. However, since 

none of the proteins showed binding to L1 mRNA but some members of the A3 family restrict 

the retrolement, we concluded that L1 mRNA-binding does not correlate with the restriction of 

retrotransposition.  
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4.3 Discussion 

 Through efforts to elucidate the mechanism for the restriction of L1 replication by the A3 

proteins, we generated a panel of mutants with tryptophans mutated to alanines in two highly 

conserved motifs amongst members of the family (Figure 4.2.1A). Screening of the variants by 

velocity sedimentation revealed the identity of only two residues, W106 in A3D and W82 in 

A3H in addition to the two tryptophans previously identified in the NTD of A3G (Figure 3.2.1B 

and C), potentially involved in the RNA-binding properties of the proteins (Figure 4.2.3A). 

Mutation of conserved tryptophans in other A3s did not affect the oligomeirc state of the 

proteins. It is possible that the combination of more than one substitution would have a more 

pronounced effect on RNA-binding capability and thus, HMM complex assembly. However, 

based on previous observations with a double mutant of A3G (Chapter 5 of this thesis), such 

mutants are likely to affect the overall structure of the proteins resulting in poor expression. 

Residues in the CTD of members of the A3 family might also be involved in the RNA-binding 

properties of the proteins. In fact, contrary to A3G in which similar functions are accomplished 

by the NTD, Vif interaction as well as viral encapsidation are all attributed to the CTD of A3F 

(302). The CTD of A3D is also responsible for its interaction with Vif.  

 Nevertheless, more accurate measurements of the interaction of each APOBECs with L1 

mRNA by ddPCR demonstrated that none of the proteins tested had the ability to bind the 

transcripts suggesting that there is no obvious correlation between L1 mRNA binding and HMM 

complex formation (Figure 4.2.4B). Similar observations have been made previously by another 

group who, in agreement with our results, showed that A3A which does not assemble into HMM 

complexes has the ability to interact with L1 mRNA (297). In the same report, it was established 
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that L1 restriction by A3 proteins was not associated with their ability to assemble into HMM 

complexes.  

 Although our initial attempt at identifying the mechanism involved in the restriction of 

L1 retrotransposition by the A3 family members was not as conclusive as we originally 

anticipated, our analysis of the L1 restriction potency of the mutants revealed the idendity of 

several proteins with impaired restriction properties (Figure 4.2.4C). These mutants can thus be 

used to dissect the characteristics of the proteins that are affected by the mutations and that could 

explain the lack of inhibition of retrotransposition. A lickely mechanism includes the interaction 

of A3 proteins with other components of the RNP complex formed by L1 mRNA, ORF1 and 

ORF2 in the cytoplasm as it has been suggested previously for A3C (235). Since the binding to 

ORF1 by different members of the A3 family has been demonstrated to be RNA-dependent, the 

requirement for RNA-binding in this mode of restriction by the enzymes cannot be excluded 

(235, 237). It is also possible that the different A3 proteins could each exhibit different modes of 

restriction against L1 retroelements. In fact, the restriction of L1 by A3C has been shown to be 

dependent on its interaction with ORF1 whereas binding to the protein is not required for 

restriction by A3A, A3B and A3F (235, 237). In addition, A3A is the only member of the family 

that has been demonstrated with the ability to induce G-to-A hypermutations in L1 cDNA during 

the reverse transcription process associated with retrotransposition (240). The different 

possibilities should therefore be carefully investigated for all seven members of the A3 family. 

 In summary, in this chapter, we provided the first characterization of the ability of all 

seven members of the A3 family to form HMM complexes and demonstrated that the 

determinants and amino acid residues governing their formation might be variable in each A3 

protein. Through the generation of a large panel of A3 mutants, we identified variants with 
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reduced L1 restriction properties. Although L1 mRNA binding does not appear to be involved in 

the restriction of retrotransposition, the mutants generated in this chapter represent useful tools 

for the identification of the mechanisms used by the A3 proteins to restrict the retroelement.  
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Chapter 5 Substrate DNA Specificity of APOBEC3 Proteins influences their 

Gene Inactivation Potency 

Preface: The results presented in this chapter have been published in two independent 

manuscripts. The first one covering the characterization of the RNA-binding mutant of A3G was 

published in: 

Kasandra Bélanger and Marc-André Langlois. (2015) RNA-binding residues in the N-terminus 
of APOBEC3G influence its DNA sequence specificity and retrovirus restriction efficiency. 
Virology, 483, 141-148.  
 
*See Appendix V for the published article. 
 

The second article describing the gene inactivation potency of A3 proteins based on their 

targeted motif for deamination was published in: 

 
Kasandra Bélanger and Marc-André Langlois. (2015) Comparative Analysis of the Gene-
Inactivating Potential of Human  Retroviral Restriction Factors APOBEC3F and APOBEC3G. 
Journal of General Virology, 96, 2878-2887. 
 
* See Appendix VI for the published article. 
 
5.1 Introduction 

 In general, G-to-A hypermutations caused by the A3 proteins are associated with the loss 

of genetic integrity and the production of non-infectious progeny viruses (reviewed in (101, 

277), (278)). Nevertheless, sub-lethal levels of mutations induced by these enzymes have been 

shown to help the virus to evolve and increase its fitness through the acquisition of beneficial 

mutations leading to immune evasion and drug resistance (reviewed in (241), (242, 244, 249, 

250, 258, 303)). This phenomenon is especially important in vivo when Vif  is present since it 

induces the proteasomal degradation of the A3 proteins, resulting in reduced protein expression 

and consequently fewer proteins being incorporated into viral particles (reviewed in (101)). 
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A3 proteins display preferences for the cytidines they deaminate based on the local DNA 

sequence. Most notably, the base immediately 5’ of the deaminated cytidine plays a very 

important role in substrate selection. A3G has a strong preference for deaminating cytidines 

preceded by a cytidine (5'CC), in contrast to the six other A3 proteins that prefer to deaminate in 

a 5'TC context, where the underlined C represents the targeted base for deamination (163, 181, 

205-208). The extent of the damage induced by the A3 proteins is highly dependent on their 

target deamination motif (243, 245, 246, 304). On the positive DNA strand, the preferred target 

motif for A3G is read 5'GG as opposed to 5'CC on the minus DNA strand. Therefore, tryptophan 

codons (5'TGG) are highly targeted for deamination by the protein. In cases where a tryptophan 

is followed by another guanine 5'TGGG, two target sites are generated for A3G on the minus 

DNA strand (5'CCCA). If one or both cytidines are deaminated, the following termination 

codons TGA, TAG or TAA could potentially arise leading to gene inactivation. However, 

insertion of an inactivating mutation in a 5'TC context  only occurs when a tryptophan codon is 

followed immediately by an adenine (5'TGGA). On the minus DNA strand, this sequence is read 

5'TCCA and displays a single target motif for A3 proteins other than A3G. Mutation of this 

target site would result in the generation of a TGA stop codon. Here, we were interested in 

investigating the link between substrate specificity for deamination by A3 proteins and their gene 

inactivation potency.  

This study emerged from the surprising observation that a double-mutant of A3G, 

A3G[W94A/W127A], completely lacking its RNA-binding capability, had an altered target 

motif for deamination. Firstly, we undertook an in depth characterization of the mutant in view 

of investigating whether the loss of RNA- binding by A3G affected other biological functions of 

the protein. Specifically, we asked whether the oligomeric state and the cellular localization of 
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the protein were affected and whether the protein could restrict retroviral infection and 

deaminate ssDNA. We demonstrated that mutation of tryptophans 94 and 127 resulted in the 

accumulation of the protein in its monomeric form whilst the cytoplasmic distribution of the 

protein remained unaltered. The W94A/W127A mutant failed to restrict retroviral infection 

while still retaining its ability to deaminate retroviral cDNA during reverse transcription. 

However, the intensity of deamination induced by the double-mutant of A3G was significantly 

reduced and more interestingly, its preferred DNA substrate was changed from 5'CC to 5'TC. 

Since the double-mutant was significantly less potent than A3G,  in order to achieve the second 

goal of this study, we decided to turn our attention towards A3F which is highly mutagenic and 

like the RNA-binding A3G mutant, also mutates in a 5'TC context (181, 305). We found that 

5'TC local dinucleotide preference resulted in the insertion of significantly fewer termination 

codons and that gene inactivation in this context was highly dependent on the intensity of 

hypermutation. In contrast, deamination of 5'CC DNA substrates frequently causes termination 

codons even at low mutation intensities. We conclude that at low mutation burden, mutations in 

5'TC motifs are more likely to result in genetic diversification rather than gene inactivation. 

Thus, we provided evidence that the sequence specificity for deamination by the A3 proteins 

correlates with the amount of stop codons inserted in a gene and strongly influences gene 

inactivation potency by the enzymes.  

 

5.2 Results 

5.2.1 The W94A and W127A mutations abrogate the RNA-binding properties of A3G and HMM 

complex formation with no effect on cellular foci.  
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 Having previously established that a mutant of A3G harbouring a single mutation at 

position 94 or 127 in its NTD had reduced RNA-binding abilities (Figure 3.2.1D), we were 

curious to see how a mutant containing both the W94A and the W127A mutations would interact 

with nucleic acids. We therefore performed a Co-IP experiment on lysates from 293T cells 

transfected with Flag-A2, Flag-A3G or Flag-tagged mutants of A3G using anti-Flag-conjugated 

agarose beads. The relative capacity of the mutants to bind 7SL, Alu, hY1 and hY3 RNAs 

compared to the wild type A3G was then measured by qPCR conducted on RNA isolated from 

immunoprecipitates. We found a 40-90% reduction in the RNA binding ability of both single 

mutants and a more pronounced 90-95% diminution in the case of the W94A/W127A mutant 

(Figure 5.2.1A). 

 In a previous chapter, we correlated the lack of RNA-binding by A3G with its inability to 

assemble into HMM complexes (Figure 3.2.1B and C). Those results were further confirmed by 

velocity sedimentation analysis of cells transiently expressing Flag-A2, Flag-A3G or Flag-

A3G[W94A/W127A] showing the accumulation of the double-mutant in the first fractions of the 

sucrose gradient (lanes 1 to 3), representing the monomeric, dimeric and tetrameric forms of the 

protein (Figure 5.2.1B). Treatment of the samples with RNAse A for 15 min at room 

temperature led to the disruption of complexes formed by the wild type A3G whereas it had no 

effect on complexes containing A2 or A3G[W94A/W127A] confirming the absence of RNA-

binding by the latter (Figure 5.2.1B). Complexes formed by A3G have been shown to 

accumulate as visible foci in the cytoplasm and have been postulated as P-bodies and SG (216, 

217, 306). Since the double-mutant of A3G did not assemble into HMM complexes, we 

hypothesized that no cellular foci would be present in cells expressing the protein. In order to test 

our hypothesis, we transfected eGFP-tagged A3G or A3G[W94A/W127A] in 293T and cultured  
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Figure 5.2.1 The W94A and W127A mutations abrogate the RNA-binding properties of 
A3G and HMM complex formation with no effect on cellular foci. (A) Lysates from 293T 
cells expressing Flag-tagged APOBECs were used for IP using anti-Flag-conjugated agarose 
beads. RNA was extracted from precipitates and used for qPCR analysis using primers specific 
for Alu, 7SL, hY1 and hY3 RNAs. Results were normalized to A2 and represent the mean +/- 
SD of three independent transfections. P-values were calculated using the Student's paired t-test 
using the GraphPad Prism software; **P<0.005. (B) Flag-expressing plasmids were transfected 
in 293T cells and cultured for 48 h. Cells were then harvested and lysed in NP40 lysis buffer for 
30 min on ice followed by treatment of half of the samples with RNase A for 15 min at room 
temperature. Lysates were submitted to ultra-centrifugation for 6 h at 4 ºC followed by resolution 
on SDS-PAGE gels and Western blotting using an anti-Flag antibody for detection. (C) eGFP-
A3G or eGFP-A3G[W94A/W127A] were transfected in 293Ts in glass bottom dishes and 
imaging of live cells was performed using a Plan-Apochromat 63x/1.4 oil immersion objective 
on a Zeiss AxioObserver.Z1 microscope. (D) HEK 293T transfected with eGFP-tagged proteins 
were lysed in NP40 lysis buffer for 30 min on ice and used for Western blot analysis using anti-
eGFP and anti-β-tubulin antibodies.  
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them for 48 h in clear media in glass bottom dishes. Imaging of live cells was then performed 

using an inverted fluorescence microscope. We demonstrated that for similar levels of protein 

expression, cellular foci could be observed in the cytoplasm of cells transfected with both the 

wild type A3G or the mutant of the protein with no obvious difference in size and a small 

reduction in abundance in the case of the W94A/W127A mutant (Figure 5.2.1 C and D). Since 

the W94A/W127A mutant did not accumulate into HMM complexes whereas cellular foci were 

still apparent in cells transfected with the protein, we believe that those complexes might be 

different from P-bodies and SG. Further studies are required to identify the nature and the 

components of these foci. 

 

5.2.2 W94 and W127 residues are responsible for the creation of a charged pocket required for 

RNA-binding by A3G. 

 A3G's dimerization has been involved in many aspects of the protein's biology such as 

viral encapsidation, restriction of retroviral replication, inhibition of retroelement mobility and 

DNA editing (171, 175, 182, 299). Homology modeling of the A3G head-to-head NTD dimer 

conducted using pyMOL software revealed that, upon dimerization, the W94 residue from one 

monomer is in close proximity to the W127 residue from the other monomer resulting in the 

formation of a large positively charged surface available for RNA-binding (Figure 5.2.2A and 

B) (178). These findings involve an additional role for A3G’s dimerization in RNA-binding. 

Since A3G[W94A/W127A] failed to bind RNA, we hypothesized that this might be due to the 

mutant's inability  to self-associate. This prediction would be in agreement with earlier reports 

showing the involvement of  W127 in protein’s dimerization (Figure 3.2.7A) (171, 173, 307). 

To validate our hypothesis, we co-transfected Flag- and eGFP-tagged APOBECs and performed 
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a pull-down using anti-eGFP magnetic beads. The presence of Flag-tagged proteins in the 

precipitates was then determined by western blot analysis using an anti-Flag antibody. As 

expected, the double mutant of A3G failed to self-associate (Figure 5.2.2B). In summary, the 

results from this section indicate that the charged pocket generated upon A3G’s dimerization by 

the proximity of the W94 and W127 residues could be required for the RNA-binding properties 

of the protein. 

 

5.2.3 The binding to HIV-1 reverse transcriptase and integrase does not require binding to RNA. 

 A3G is known to interact with both HIV-1 reverse transcriptase and integrase in purified 

virions (230, 232). Although this remains to be confirmed, these interactions are thought to be 

responsible for the inhibition of viral DNA synthesis and proviral integration by the protein. 

A3G’s association with HIV-1 reverse trancriptase has been shown to be independent of RNA 

whereas the interaction of the protein with the retroviral integrase was demonstrated to require its 

interaction with RNA (227, 230, 232). In Chapter 3 of this thesis, we demonstrated the 

requirement for RNA-binding for the deamination-independent restriction by A3G. If the binding 

to the reverse transcriptase and the integrase are involved in this process, both these interactions 

would be expected to require the RNA-binding properties of the protein. To elucidate this 

question, we produced HIV[p8.9]  pseudotyped viruses in the presence or absence of Flag-A3G 

or mutants of the protein and performed a Co-IP using anti-Flag-conjugated agarose beads on 

whole cell lysates. Viral proteins were detected in immunoprecipitates by Western blotting. This 

assay revealed that a single substitution at position 94 or 127 in A3G did not affect the binding of 

the protein to HIV-1 reverse transcriptase and integrase nor did both mutations together (Figure 

5.2.3A).  In summary, the association of A3G with either viral protein appears to be RNA- 
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Figure 5.2.2 The W94 and W127 residues are responsible for the creation of a charged 
pocket required for RNA-binding by A3G. (A) Representation of the secondary structure of 
the NTD of A3G in its dimeric form. The W94 (yellow) and W127 (pink) residues of each 
monomer are indicated. (B) Distribution of the charges in our model of the head-to-head dimer 
formed by A3G with the positively charged regions in blue and the negatively charged regions in 
red. The homology model was generated using the EasyPred3d and the figures were generated 
using PyMOL (http://pymol.sourceforge.net/). (C) Flag-A3G or variant were transfected alone 
(lanes 1, 2, 4 and 5) or in the presence of their eGFP equivalent (lanes 3 and 6) in 293T cells. 
Pull-downs were performed on lysates of transfected cells 48 h after transfection using anti-
eGFP magnetic beads followed by Western blotting using anti-Flag and anti-eGFP antibodies. β-
tubulin expression was used as a loading control. Co-transfection of Flag-A3G with an eGFP 
empty vector (lane 7) was included to control for unspecific binding of the APOBECs to the 
beads. 
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independent and therefore cannot explain the deamination-independent antiretroviral activity of 

the protein. 

 In agreement with these findings, we showed that A3G[W94A] still interacted with both 

retroviral proteins in purified virions although this mutant has previously been shown to  fail to 

inhibit late reverse transcripts accumulation and proviral integration (Figure 5.2.3B and Figure 

3.2.4A to D).  

 

5.2.4 A3G[W94A/W127A] is incorporated into viral particles and mutates single-stranded DNA.  

 Finally, a feature of A3G that is essential for its antiretroviral activity is its incorporation 

into viral particles from virus-producing cells (reviewed in (277)).  This property of the protein 

has been linked to its ability to interact with RNA (172, 175, 186). In order to determine whether 

the W94A/W127A efficiently retained its packaging into HIV[p8.9], viruses produced in the 

presence of eGFP-A2, eGFP-A3G or mutants of A3G were purified by ultra-centrifugation, lysed 

and analyzed for the presence of eGFP-expression plasmids by Western blotting. As previously 

described, the wild type A3G and all the single-mutants of the protein were efficiently detected 

inside viral particles (Figure 5.2.4A and Figure 3.2.3B). Surprisingly, the W94A/W127A 

mutant, despite lacking ability to bind RNA was also found to be incorporated into retroviruses 

at similar levels to the wild type A3G (Figure 5.2.4A). However, restriction assays demonstrated 

that just like the W94A and the W127A mutants, the double mutant had no antiretroviral activity 

against HIV[p8.9] (Figure 5.2.4B). Given that we previously found (Chapter 3) deamination 

without restriction to be a potential phenotype, we next asked whether A3G[W94A/W127A] 

could induce mutations in ssDNA (308). We first conducted a bacterial mutator assay in which 

the frequency of resistance to rifampicin (RifR) was measured in E. coli (154). In this assay, we 
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Figure 5.2.3 The binding to HIV-1 reverse transcriptase and integrase is direct and does 
not require binding to RNA. (A) HIV[p8.9] particles were produced in the presence of Flag-A3G or 
Flag-tagged mutants of A3G by co-transfection in 293T cells. Cells were collected 48 h after transfection 
and lysed in NP40 lysis buffer fo 30 min on ice. Flag-tagged proteins were immunoprecipitated using 
anti-Flag-conjugated agarose beads and following high-pH elution of the proteins from the agarose beads, 
precipitates were analyzed by western blot using anti-Flag, anti-IN and anti-RT antibodies. The 
expression of β-tubulin was used as a loading control. (B) HIV[p8.9] particles were produced in the 
presence of HA-A3G or mutant of A3G by co-transfection in 293T cells. Viral particles were purified by 
ultra-centrifugation and lysed in NP40 lysis buffer for 30 min on ice. Lysates were subjected to IP using 
anti-HA magnetic beads. Following high-pH elution, precipitates were analyzed by Western blot using 
anti-HA, anti-IN and anti-RT antibodies and the expression of p24 was used as a loading control. 
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Figure 5.2.4 A3G[W94A/W127A] is incorporated into viral particles and mutates single-
stranded DNA. (A) HIV[p8.9] viral particles produced in the presence of eGFP-A3G or mutants 
of A3G were purified by ultra-centrifugation and lysed for 15 min on ice in RIPA lysis buffer. 
The presence of eGFP-expression plasmids in viral lysates was then assessed by Western blot 
analysis using an anti-eGFP antibody. Virus-producer cells were also harvested and lysed in 
NP40 lysis buffer for 30 min on ice prior to Western blotting. The amount of cell lysates loaded 
was normalized using the expression of β-tubulin whereas the amount of viral lysates in each 
sample was normalized using p24. (B) Restriction of HIV[p8.9] infection by eGFP-A3G or 
mutants as measured by flow cytometry analysis of eGFP fluorescence in 293T target cells 24 h 
after infection. Results represent the mean + SD of triplicate values from three independent 
transfections. P-values were calculated using the Student's paired t-test using the GraphPad 
Prism software; **P<0.005. (C) The ability of A3G, A3G[W94A/W127A] or an empty vector 
control to trigger mutations conferring resistance to rifampicin in E. coli were evaluated. Each 
point on the graph represents the log of the mutation intensity (RifR mutants per 107 viable cells) 
in an individual culture with the horizontal lines indicating the mean values. P-values were 
calculated using the Student's paired t-test using the GraphPad Prism software; n.s. non-
significant.   (D) pGST-expression plasmids were produced in E.coli in the presence of 0.1 mM 
IPTG inducer. Cells were then lysed and assessed for the presence of APOBEC plasmids by 
Western blot analysis using an anti-A3G antibody. The expression of the Cat-α bacterial 
housekeeping protein was used as a control to ensure that equal amounts of lysates were loaded. 
(E and F) HIV[p8.9] viral particles produced in the presence of eGFP-tagged APOBECs were 
used to infect 293T target cells. gDNA was extracted from infected cells 24 h after infection and 
used for (E) HRM analysis or (F) 3D-PCR analysis.  
 

 

 

 

 

 

 



131	  
	  

observed no significant difference in the number of RifR colonies in the presence of similar 

amount of the double mutant of A3G or the wild type protein, alluding to the fact that the 

W94A/W127A mutant fully retained its enzymatic activity (Figure 5.2.4C and D). We then 

looked for mutations in proviral DNA by extracting gDNA from 293T infected cells 24 h after 

infection with HIV[p8.9] viruses produced in the presence of eGFP- A2, eGFP-A3G or mutants 

of A3G and performing HRM  or 3D-PCR analyses (Figure 5.2.4E and F). Our results 

demonstrated the presence of hypermuations with the double mutant that were comparable to 

those observed in the presence of the W94A mutant and slightly lower than what was observed 

with A3G[W127A]. A section of the eGFP reporter gene of HIV[p8.9] was sequenced and 

analysis of the DNA context specificity for deamination revealed a strong preference for the 

targeting of 5'TC dinucleotides in the case of the W94A/W127A mutant as opposed to the 5'CC 

observed with the wild type A3G (Table 5.2.1). Taken together, these findings indicate that the 

W94A/W127A mutant is still incorporated into viral particles and has the ability to induce 

hypermutations in ssDNA however, the intensity of deamination generated by the protein is 

reduced and most remarkably, its preferred deamination motif is altered.  

 

Table 5.2.1 Analysis of the preferred DNA substrate for deamination by 

A3G[W94A/W127A] in HIV[p8.9]*. 

 

 

 

 

*Mutations were tabulated on the minus-strand retroviral DNA. Data represents the percentage 
of each base at position -2 and -1 relative to the deaminated cytidine at position 0. 

W94A/W127A -2 -1 
A 24 2 
C 26 6 
T 26 92 
G 24 - 
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5.2.5 Mutations induced in both a 5'CC and 5'TC context have the potential to result in genetic 

diversification. 

 Here, we were curious to determine whether the new DNA motif targeted for 

deamination by A3G[W94A/W127A] could affect the intensity of gene inactivation. However, 

since the intensity of deamination induced by the mutant was lower in our viral infection assays 

compared to the wild type A3G, those two proteins could not be directly compared (Figure 

5.2.4E and F). We therefore decided to use A3F since this protein also has a preference for 5'TC 

dinucleotide substrates and is highly mutagenic (181, 305). For that section, we turned our 

attention towards M-MLV in which the eGFP reporter protein is embedded within the envelope 

glycoprotein (Env). The Env sequence upstream of the eGFP coding sequence contains 72 

potential deamination sites with 13 likely to cause termination codons whereas the Env sequence 

downstream of the eGFP-coding sequence contains 70 potential target sites for deamination that 

could yield 5 termination codons. The eGFP coding sequence that is expressed by HIV[p8.9] and 

M-MLV contains a single site that could generate a stop codon. If any of those sites are mutated 

by A3G, resulting in the generation of a premature stop codon in the Env or eGFP protein, it 

would prevent the expression of the eGFP reporter protein in the target cells. We therefore 

produced M-MLV or HIV[p8.9] viral particles in the presence of Flag-tagged A3G or A3F and 

infected 293T or 3T3 target cells 48 hours after transfection. gDNA from infected cells was then 

extracted and the Env-eGFP fusion gene from M-MLV or the eGFP gene from HIV[p8.9] was 

amplified by PCR. PCR products were then cloned upstream of a CMV promoter and a total of 

21 clones for each conditions were analyzed for G-to-A mutations using Sanger sequencing 

(Figure 5.2.5A). Overall, we found that the mutation rate induced by A3G and A3F was highly 

dependent on the availability of their respective target site. In eGFP in which the number of 
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target sites for both proteins is equal, the mutation rate induced by both deaminases was similar 

with A3G being slightly more potent (Table 5.2.2). Whereas in Env-eGFP, since there are more 

target motifs for A3G than A3F, the latter had a significantly lower mutation rate. (Table 5.2.2). 

 

Table 5.2.2 Analysis of the intensity of mutations induced by A3F and A3G in all clones 

analyzed. 

A3 Gene 
analyzed 

Number of 
target sites 

in gene 
analyzed 

Base pairs 
analyzed 

in mutated 
clones 

Total number 
of 

G-to-A 
mutations 

Mutation rate 
(mutations/ 

kb) 

A3F eGFP 52 14400 118 8.2 
A3F Env-eGFP 167 54060 293 5.4 
A3G eGFP 51 14400 178 12.4 
A3G Env-eGFP 193 54060 970 18.0 

 

 Mutations compiled for all clones analyzed for both A3G and A3F were then indicated as 

codons affected in the Env-eGFP gene (Figure 5.2.5C and D). Amongst 167 5'CC and 163 5'TC 

possible target motifs, A3F deaminated 144 different codons with 63% of all mutations being in 

a 5'TC context and 13% in a 5'CC context (Figure 5.2.5B and C). Other mutations occurred on 

5'RC substrates where R is either A or G. In the case of A3G, 187 different codons were affected 

by mutations generated by the protein with 65% in a 5'CC context, 19% in a 5'TC context and 

16% in a 5'RC context (Figure 5.2.5D). In addition, we observed significantly more termination 

codons in the presence of A3G, as represented by red bars in the Env-eGFP gene. However, 

there was no noticeable difference between the number of non-synonymous mutations 

introduced by the two proteins, suggesting that they have an equal potential to contribute to 

genetic diversity (Tables 5.2.3 and 5.2.4).  
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Table 5.2.3 Frequency of non-synonymous substitutions induced by A3F and A3G in eGFP. 

 
A3 

Total codons 
deaminated in all 
clones analyzed 

Total non-synonymous  
substitutions 

Proportion of non-
synonymous 

substitutions (%) 
A3F 118 38 32 
A3G 184 83 45 

 

 

 

 

Table 5.2.4 Frequency of non-synonymous substitutions induced by A3F and A3G in Env-

eGFP. 

 
A3 

Total codons 
deaminated in all 
clones analyzed 

Total non-synonymous 
 substitutions 

Proportion of non-
synonymous 

substitutions (%) 
A3F 283 201 71 
A3G 870 567 65 
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Figure 5.2.5 Mutations induced in both a 5'CC and 5'TC context  have the potential to 
result in genetic diversification. (A) Schematic representation of the cloning strategy used to 
insert the eGFP  or ENV-eGFP genes from HIV[p8.9] or M-MLV respectively into the 
pcDNA3.1 vector for expression under the control of an internal CMV promoter. Orientation of 
the arrows is representative of the sense of transcription with initiation (ATG) and termination 
(TGA)  codons indicated. (B) Mapping of 5'TC (top) or 5'CC (bottom) target codons 
(represented as black bars) in the Env-eGFP gene.  Total numbers of target sites are indicated to 
the right of the graph.  (C and D) Distribution of amino acid codons affected by G-to-A 
mutations induced by (C) A3F or (D) A3G in the Env-eGFP gene from M-MLV. Red bars 
represent termination codons, inverted red triangles represent the position of inactivating 
mutations (E133K or E223K). The total number of targeted amino acids is represented to the 
right of the graph with the proportion of mutations generated in a 5’TC and a 5’CC context.  
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5.2.6 Mutation of 5'CC target motifs results in the incorporation of termination codons leading to 

gene inactivation whereas deamination of 5'TC motifs favours genetic diversification. 

 Mutated clones produced in the presence of A3F or A3G were transfected in 293T cells 

and cultured for 48 h after which the intensity of eGFP fluorescence was measured by flow 

cytometry. We found that deamination by both A3G and A3F did not result in the introduction of 

termination codons in the eGFP gene from HIV[p8.9] (Figure 5.2.6A and Tables 5.2.5 and 

5.2.6). EGFP contains only a single TGG tryptophan codon. However, mutation of critical 

residues, E133K and E222K resulting from a G-to-A mutation introduced  in a 5'TC context 

were identified in the presence of both A3s (indicated by an inverted triangle in Figure 5.2.6) as 

deleterious mutations resulting in the absence of detectable fluorescence (Tables 5.2.9 to 

5.2.12). Other substitutions that resulted in reduced fluorescence intensity were also observed for 

several other clones of  both A3F and A3G. Although these clones do not share mutation profiles 

that could explain the phenotype, some have a unique alteration including C49Y, D83N, A111T, 

E214K, D217N and M219I. It is conceivable that one or more of these mutations could affect the 

fluorescence of eGFP, alone or in combination with other substitutions.  Finally, as expected, for 

both A3F and A3G, the intensity of fluorescence decreased as the mutation burden increased. 

 Deamination in a 5'CC context by A3G resulted in the insertion of significantly more 

termination codons in Env-eGFP with all clones mutated being inactivated through the 

incorporation of a stop codon whereas only 4 clones were affected by termination codons when 

mutations were generated by A3F in the same gene (Figure 5.2.6B and Tables 5.2.7 and 5.2.8). 

In most cases, introduction of stop codons by A3F was the result of deamination outside its usual 

consensus (mutation of a 5'CC dinucleotide as opposed to a 5'TC substrate). Gene inactivation in 

the presence of A3F was more often the result of high mutation burdens and occurred in the  
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Table 5.2.5 Analysis of G-to-A mutations induced by A3F in the eGFP gene from 

HIV[p8.9]. 

 
Clones 

Total number 
of G-to-A 
mutations 

Total number 
of termination 

codons 

Relative Mean 
Fluorescence 

(%)* 

Standard 
Deviation 

 (SD) 
A3F-1 0 0 98.9 3.2 
A3F-2 1 0 58.9 1.8 
A3F-3 2 0 9.3 3.2 
A3F-4 2 0 101.8 4.3 
A3F-5 2 0 1.5 0.1 
A3F-6 2 0 103.0 5.5 
A3F-7 3 0 114.8 5.5 
A3F-8 3 0 103.3 6.6 
A3F-9 4 0 103.6 5.7 
A3F-10 4 0 0.0 0.0 
A3F-11 5 0 71.8 7.2 
A3F-12 5 0 35.2 0.1 
A3F-13 5 0 1.8 0.2 
A3F-14 6 0 118.3 6.9 
A3F-15 7 0 73.9 7.6 
A3F-16 8 0 6.0 1.4 
A3F-17 8 0 2.4 0.1 
A3F-18 9 0 91.9 4.4 
A3F-19 10 0 79.7 7.6 
A3F-20 11 0 0.0 0.0 
A3F-21 21 0 0.0 0.0 
Control 0 0 100.0 - 

* Results are presented as the mean +/- SD relative values from three independent transfections 
after normalization to the non-mutated plasmid control. 
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Table 5.2.6 Analysis of G-to-A mutations induced by A3G in the eGFP gene from 

HIV[p8.9]. 

 
Clones 

Total number 
of G-to-A 
mutations 

Total number 
of termination 

codons 

Relative Mean 
Fluorescence 

(FL1)* 

Standard 
Deviation 

 (SD) 
A3G-1 0 0 101.0 8.1 
A3G-2 2 0 95.8 4.6 
A3G-3 3 0 101.2 8.8 
A3G-4 3 0 96.8 2.4 
A3G-5 3 0 118.4 7.6 
A3G-6 4 0 1.9 0.7 
A3G-7 4 0 0.0 0.0 
A3G-8 4 0 76.5 8.1 
A3G-9 4 0 69.2 3.7 
A3G-10 5 0 50.2 3.0 
A3G-11 5 0 10.9 3.3 
A3G-12 6 0 2.2 0.9 
A3G-13 7 0 51.0 7.9 
A3G-14 8 0 0.0 0.0 
A3G-15 9 0 0.0 0.0 
A3G-16 11 0 12.5 2.5 
A3G-17 13 0 1.0 0.2 
A3G-18 18 0 0.0 0.0 
A3G-19 20 0 0.0 0.0 
A3G-20 23 0 0.0 0.0 
A3G-21 26 0 0.0 0.0 
Control 0 0 100.0 - 

* Results are presented as the mean +/- SD relative values from three independent transfections 
after normalization to the non-mutated plasmid control. 
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Table 5.2.7 Analysis of G-to-A mutations induced by A3F in the Env-eGFP gene from M-

MLV. 

 
Clones 

Total 
number of 

G-to-A 
mutations 

Total 
number of 
termination 

codons 

Relative 
mean 

Fluorescence 

(%)* 

Standard 
Deviation 

(SD) 

Env-A3F-1 0 0 94.9 8.3 
Env-A3F-2 1 0 74.3 9.0 
Env-A3F-3 1 0 91.0 3.8 
Env-A3F-4 2 0 44.1 3.0 
Env-A3F-5 3 0 0.0 0.0 
Env-A3F-6 4 0 0.0 0.0 
Env-A3F-7 4 0 66.2 9.3 
Env-A3F-8 6 0 0.0 0.0 
Env-A3F-9 6 0 57.6 5.2 
Env-A3F-10 6 0 76.3 7.5 
Env-A3F-11 6 0 33.7 3.7 
Env-A3F-12 11 0 18.7 2.9 
Env-A3F-13 15 0 0.0 0.0 
Env-A3F-14 21 0 68.7 4.1 
Env-A3F-15 33 0 0.0 0.0 
Env-A3F-16 18 0 0.0 0.0 
Env-A3F-17 28 1 0.0 0.0 
Env-A3F-18 28 1 0.0 0.0 
Env-A3F-19 29 1 0.0 0.0 
Env-A3F-20 28   3 0.0 0.0 
Env-A3F-21 43 0 0.0 0.0 
Control 0 0 100 - 

* Results are presented as the mean +/- SD relative values from three independent transfections 
after normalization to the non-mutated plasmid control. 
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Table 5.2.8 Analysis of G-to-A mutations induced by A3G in the Env-eGFP gene from M-

MLV. 

 
Clones 

Total 
number of 

G-to-A 
mutations 

Total 
number of 
termination 

codons 

Relative 
mean 

Fluorescence 

(%)* 

Standard 
Deviation 

(SD) 

Env-A3G-1 0 0 95.2 8.5 
Env-A3G-2 14 2 0.0 0.0 
Env-A3G-3 15 3 0.0 0.0 
Env-A3G-4 16 2 0.0 0.0 
Env-A3G-5 21 6 0.0 0.0 
Env-A3G-6 27 6 0.0 0.0 
Env-A3G-7 39 7 0.0 0.0 
Env-A3G-8 41 8 0.0 0.0 
Env-A3G-9 42 9 0.0 0.0 
Env-A3G-10 52 8 0.0 0.0 
Env-A3G-11 43 6 0.0 0.0 
Env-A3G-12 44 9 0.0 0.0 
Env-A3G-13 47 8 0.0 0.0 
Env-A3G-14 58 7 0.0 0.0 
Env-A3G-15 52 7 0.0 0.0 
Env-A3G-16 58 10 0.0 0.0 
Env-A3G-17 64 9 0.0 0.0 
Env-A3G-18 69 9 0.0 0.0 
Env-A3G-19 78 11 0.0 0.0 
Env-A3G-20 82 13 0.0 0.0 
Env-A3G-21 109 12 0.0 0.0 
Control 0 0	   100.0 - 

* Results are presented as the mean +/- SD relative values from three independent transfections 
after normalization to the non-mutated plasmid control. 
 

 

 

 

 



142	  
	  

 

 

 

Table 5.2.9 Non-synonymous substitutions generated by A3F in the eGFP gene from 
HIV[p8.9]. 

 
 

Clones S3
N

 

E1
8K

 

G
36

D
 

C
49

Y
 

M
79

I 

D
83

N
 

E9
1K

 

A
11

1T
 

E1
16

K
 

G
11

7N
 

E1
25

K
 

E1
43

K
 

E1
73

K
 

D
19

1N
 

D
19

8N
 

S2
03

N
 

S2
09

N
 

E2
14

K
 

R
21

6H
 

M
21

9I
 

E2
23

K
 

E2
36

K
 

A3F-1                       
A3F-2                       
A3F-3        X          X     
A3F-4                       
A3F-5                  X     
A3F-6           X            
A3F-7                       
A3F-8                       
A3F-9             X X         
A3F-10    X X X                 
A3F-11               X    X    
A3F-12       X  X       X  X     
A3F-13                  X     
A3F-14 X         X            X 
A3F-15                 X X     
A3F-16       X         X    X   
A3F-17  X                   X  
A3F-18       X                
A3F-19       X      X          
A3F-20       X     X         X  
A3F-21  X X        X      X X  X   

 

Amino acid substitutions in red represent inactivating mutations resulting in the absence of 
fluorescence. 
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Table 5.2.10 Non-synonymous substitutions generated by A3G in the eGFP gene from 
HIV[p8.9]. 

 

 
 

Clones 

M
1I

 

E6
K

 

G
11

R
/E

/K
 

E1
8K

 

V
23

I 

E3
5K

 

G
68

S 

E9
1K

 

G
92

S 

E9
6K

 

E1
16

K
 

E1
25

K
 

G
13

9R
 

E1
43

K
 

M
15

4I
 

D
18

1N
 

R
21

6H
 

D
21

7N
 

M
21

9I
 

E2
23

K
 

G
22

9R
/E

/K
 

G
23

3S
 

M
23

4I
 

E2
36

K
 

A3G-1                         
A3G-2             X        X    
A3G-3                     X    
A3G-4            X X   X         
A3G-5   X          X        X    
A3G-6        X           X  X    
A3G-7         X    X       X X    
A3G-8             X        X    
A3G-9           X  X            
A3G-10   X            X      X    
A3G-11                  X   X    
A3G-12             X      X  X    
A3G-13   X X         X        X    
A3G-14                   X X X    
A3G-15      X       X X    X   X    
A3G-16            X       X  X    
A3G-17             X  X    X  X    
A3G-18  X X  X X       X     X X  X  X  
A3G-19 X          X X X       X X  X X 
A3G-20 X  X    X    X  X  X  X X X  X    
A3G-21  X X       X   X X     X  X X X  

 

 Amino acid substitutions in red represent inactivating mutations resulting in the 
 absence of fluorescence. 
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Table 5.2.11 Non-synonymous substitutions generated by A3F in the eGFP region of the 
Env-eGFP gene from M-MLV. 

 
 

Clones E7
K

 

C
49

Y
 

C
71

Y
 

M
79

I 

G
92

D
 

D
10

3N
 

E1
12

K
 

E1
25

K
 

D
13

0N
 

E1
33

K
 

E1
43

K
 

E1
73

K
 

R
21

6H
 

E2
23

K
 

Env-A3F-1               
Env-A3F-2               
Env-A3F-3               
Env-A3F-4               
Env-A3F-5          X     
Env-A3F-6          X     
Env-A3F-7               
Env-A3F-8        X       
Env-A3F-9               
Env-A3F-10      X         
Env-A3F-11       X        
Env-A3F-12    X           
Env-A3F-13 X    X          
Env-A3F-14               
Env-A3F-15  X       X      
Env-A3F-16           X   X 
Env-A3F-17           X   X 
Env-A3F-18      X   X  X  X  
Env-A3F-19           X   X 
Env-A3F-20    X        X   
Env-A3F-21   X X           

 

 Amino acid substitutions in red represent inactivating mutations resulting in the 
 absence of fluorescence.  
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Table 5.2.12 Non-synonymous substitutions generated by A3G in the eGFP region of the 
Env-eGFP gene from M-MLV. 

 
 

Clones 

G
11

R
/E

/K
 

E1
8K

 

D
20

N
 

W
58

 (S
TO

P)
 

E9
1K

 

G
11

7S
 

G
12

8S
 

E1
33

K
 

G
13

5S
 

G
13

8R
 

G
13

9R
 

E1
42

K
 

M
15

4I
 

G
19

0S
 

E2
14

K
 

M
21

9I
 

G
22

9R
/E

/K
 

G
23

3S
 

M
23

4I
 

Env-A3G-1                    
Env-A3G-2                 X   
Env-A3G-3                    
Env-A3G-4                    
Env-A3G-5                    
Env-A3G-6                    
Env-A3G-7      X              
Env-A3G-8           X      X   
Env-A3G-9           X     X X   

Env-A3G-10        X   X  X   X   X 
Env-A3G-11 X                X   
Env-A3G-12   X        X     X    
Env-A3G-13     X         X X     
Env-A3G-14           X         
Env-A3G-15 X           X    X X  X 
Env-A3G-16   X             X    
Env-A3G-17 X         X      X X X  
Env-A3G-18 X         X      X X  X 
Env-A3G-19       X X X  X  X   X    
Env-A3G-20   X X    X   X  X  X X X  X 
Env-A3G-21 X X        X  X    X X  X 

 
Amino acid substitutions in red represent inactivating mutations resulting in the 
absence of fluorescence. 
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Figure 5.2.6 Mutations of 5'CC target motifs result in the incorporation of termination 
codons leading to gene inactivation whereas deamination of 5'TC motifs favours genetic 
diversification. (A) eGFP or (B) Env-eGFP reporter genes mutated by A3F or A3G were 
transfected in HEK 293T cells for measurement of eGFP fluorescence intensity by flow 
cytometry (green bars) and sent for Sanger sequencing for G-to-A mutations analysis (blue bars). 
Red bars represent the presence of at least one termination codon with the exact number 
indicated above the bar and inverted red triangles represent the presence of an inactivating 
mutation (E133K or E223K). Values for fluorescence represent the mean +/- SD from three 
independent transfections and were normalized to a non-mutated plasmid control. The total 
number of mutations for Env-eGFP was compiled including only mutations in the N-terminal 
Env and eGFP regions of the gene. 
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absence of stop codon in most (55%) cases. Overall, the results presented here suggest that the 

DNA sequence specificity for deamination by the A3 proteins is responsible for the generation of 

inactivating mutations when tryptophans are present leading to gene inactivation. 

 

5.3 Discussion 

In this chapter, we demonstrated that the deamination specificity of A3 proteins dictates 

the potency of retroviral gene inactivation achieved through thegenerationof termination codons 

or high levels of mutations. This study emerged from the surprising finding that a double-mutant 

of A3G, A3G[W94A/W127A], completely lacking RNA-binding capacity, had an altered target 

motif for deamination going from 5'CC to a 5'TC motif (Figure 5.2.1A and Table 5.2.1). 

Previous studies aiming at identifying the sequence determinants responsible for the preference 

for deamination by the APOBECs have mapped this property to residues in loop-7 of the CTD of 

A3G (206, 209-213, 309). We still do not know how RNA-binding through the NTD of the 

protein contributes to the selection of substrate specificity.  It is possible that the two tryptophan 

residues identified in this study are required for proper folding of the protein allowing substrate 

engagement by the CTD. Nevertheless, this represents the first cell-based demonstration of the 

involvement of residues in the NTD of A3G for substrate specificity. 

 Our comparison of proviral clones mutated by A3G or A3F demonstrated that mutations 

induced in a 5'CC context led to significantly more inactivating mutations than 5'TC alterations 

induced by A3F which were only observed in 20% of the clones analyzed (Figure 5.2.6). 

However, the conditions used in the present study led to high amounts of A3 proteins being 

expressed resulting in several molecules being incorporated into each viral particle. The end 

result was a high mutation load in the viral genomes analyzed and therefore, gene inactivation 
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was caused either by termination codons or hypermutations. Nevertheless, it is worth mentioning 

that at physiological levels, lower amount of the A3 proteins are expressed and packaged in the 

newly synthesized viruses. We thus expect to see lower mutation rates induced by the APOBECs 

and in those conditions, retroviral gene inactivation would occur only if a stop codon was 

generated. As a consequence, A3G is expected to be the most efficient member of the family in 

vivo since it is the most likely to introduce inactivating mutations because of its unique preferred 

target motif for deamination (245, 246). This is further emphasized by a previous report showing 

almost no restriction by A3F at physiological levels (310). Mutations at 5'TC dinucleotides 

caused by the other members of the A3 family are most likely to be beneficial rather than 

detrimental to the virus (243, 246, 304). 

 Gene inactivation resulting from the generation of termination codons was less prominent 

in the case of the eGFP gene for both A3G and A3F since there is only a single 5'CC target site 

for deamination that can result in a stop codon (Figure 5.2.6A). That could account for the lack 

of restriction observed in the presence of mutants of A3G in the case of HIV[p8.9] (Figure 

5.2.3B). This virus expresses eGFP as a single protein therefore presenting a single opportunity 

to generate a stop codon resulting in gene inactivation. Since the mutation levels induced by 

mutants of A3G are reduced compared to the wild type protein, the lack of termination codons 

could significantly impair the restriction potential of the mutants (Table 3.2.1). Whereas with M-

MLV, since the eGFP gene is expressed as a fusion protein with the envelope, there are many 

more target sites for deamination that can potentially result in the incorporation of termination 

codons and therefore, the same mutants have been shown to restrict retroviral infection by 40-

55% (Figure 3.2.3F). It is thus extremely important to consider the number of potential target 
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motifs that could yield stop codons present in a gene when using it as a reporter system since that 

might significantly influence the results. 

 This study also demonstrated that mutations induced by A3G are usually lethal for the 

virus either by causing gene-inactivating mutations or by extensive levels of hypermutations 

(278). However, the situation is different in the case of A3F and potentially other A3 proteins 

because they preferentially mutate 5'TC DNA substrates. As shown by the current results, there 

appears to be a threshold around 10 in the amount of mutations being deleterious as mutation 

intensities below this threshold do not appear to affect the functionality of the gene used in the 

current study (Figure 5.2.6). Sub-lethal mutations (<10), among which many are non-

synonymous can potentially contribute to genetic diversification and help the progeny viruses to 

increase their fitness.  

 In general, the mutation load introduced by A3F in the Env-eGFP gene was significantly 

lower than that induced by A3G (Table 5.2.1). By comparing the availability of each enzyme's 

target site, we concluded that the lack of hypermutation in the N-terminal portion of the gene in 

the case of A3F could be explained by the fact that there were 50% fewer 5'TC motifs than 5'CC 

motifs (Figure 5.2.5B). However, in the eGFP and Env portion downstream of eGFP, both target 

sites are equally distributed and therefore, the absence of deamination motif could not explain 

the reduced hypermuation frequency. Rather, the lower mutation rate induced by A3F could be 

attributed to its different scanning mechanism as this enzyme exclusively jumps on the DNA 

substrate (304). This would explain why we observed gaps with almost no mutation intercalated 

within highly hypermutated regions (Figure 5.2.5C). The high proportion of mutations 

introduced at the end of the C-terminus of Env-eGFP  however, is more reflective of a sliding 

mechanism. Yet, we believe that this is rather the result of the overwhelming amount of target 
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sites present in that region (70 sites within amino acids 700 to 900). Interestingly, some target 

motifs were consistently missed by both A3G and A3F along the Env-eGFP. Although there 

does not seem to be a consensus in the nucleotide sequence surrounding the non-targeted 

residues, the lack of deamination could depend on the secondary structure of the DNA as it is the 

case for the local dinucleotide preference by A3G (Figure 5.2.5C and D) (311). While some 

DNA structures may favour deamination, others could prevent the catalytic activity of the A3 

proteins.  

 Finally, we were able to identify critical residues in the eGFP gene that confer 

fluorescence. Two in particular, E133K and E223K, resulted in complete loss of fluorescence 

(Figure 5.2.6). Glutamic acid to lysine (E-to-K) is a non-synonymous mutation from an acidic 

negatively charged to a basic positively charged amino acid. Moreover, glutamic acids are 

critical amino acids that are often part of the active or binding sites of proteins and this type of 

substitution has been proven deleterious for the envelope gene of M-MLV (312). We do not 

know however whether this is an epistatic mutation and whether this substitution alone is 

sufficient to observe the deleterious phenotype. In fact, the damaging E462K change identified in 

M-MLV's envelope has a more pronounced effect when accompanied by additional mutations 

(312). Further studies are also required to determine the effect of E133K on eGFP's function. 

Potential features of the protein that would strongly affect its function include folding, 

dimerization and wavelengths of excitation and emission (313). The other critical residue 

targeted by both A3G and A3F in the eGFP gene of HIV[p8.9], E223K, has been implicated in 

the shifted excitation spectra existing between GFP and eGFP proteins via the latter's interaction 

with the chromophore and its further ionization (314). The fact that this residue is now positively 

charged could well generate an as of yet uncharacterized shift in the excitation wavelength of 
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eGFP that is outside the range of wavelengths currently used in our assay or it may simply 

inactivate the fluorescence of the gene. 

 In summary, we provided here a detailed in vitro analysis of the spectrum of the genetic 

damages produced by two A3 proteins. Our study suggests that A3G-induced G-to-A mutations 

are extremely efficient at inactivating retroviral genes through the generation of stop 

codons,regardless of the mutation intensity, when tryptophan codons are present in a gene. 

However, mutations induced in a 5'TC context by the other A3 proteins are less apt at 

introducing stop codons, and gene inactivation by the latter is dependent on the total mutation 

burden. Finally, when A3 proteins cause intense mutagenesis, this increases the probability of 

targeting critical residues involved in gene function, whereas sub-lethal levels of mutations 

induced in a 5'TC context are potentially less harmful and even beneficial to the virus through 

genetic diversification. 

 

 

 

 

 

 

 

 

 

 

	  



153	  
	  

Chapter 6 Development of a New Technology for the Screening and Profiling 

of Mutations Induced by the APOBEC3 Proteins in Retroviral Genomes 

Preface: The results presented in this chapter have been published in: 

Kasandra Bélanger, Mathieu Savoie, Halil Aydin, Tyler Renner, Zahra Montazeri and Marc-
André Langlois. (2013) Deamination intensity profiling of human APOBEC3 protein activity 
along the near full-length genomes of HIV-1 and MoMLV by HyperHRM analysis. Virology, 
448, 168-175. 
*See Appendix III for the published article. 

 

6.1 Introduction 

 Cytidine deamination is a process by which an amino group is hydrolyzed from one 

carboxyl of the deoxycytidine base to yield a deoxyuridine which can then pair with an adenine 

during DNA synthesis of the opposite strand. Such DNA modifications result in C-to-T 

mutations on the strand being deaminated and G-to-A mutations on the complementary strand. 

The enzymes responsible for this process are called cytidine deaminases and play a fundamental 

role in both innate and adaptive immunity. One of them, AID is involved in the generation of 

high affinity antibodies with diversified functions whereas A3 proteins possess a potent 

antiretroviral activity (315).  In addition to their protective role against retroviruses, it has 

recently been established that mutations by A3 proteins can also lead to HIV-1 drug resistance 

and the development of several types of cancers in humans (244, 249, 250, 261, 262, 264, 303, 

316, 317). Efficient, quick and low-cost detection technologies are therefore needed to study the 

genetic effects of C-to-T/ G-to-A substitutions caused by A3 proteins.. 

 To this day, the most commonly used technique to investigate the presence of G-to-A 

hypermutations induced by A3 proteins involves the amplification of the mutated gene of interest 
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by PCR, cloning it into a vector, and then sequencing it to assess the mutation burden. However, 

this method is highly time consuming, labour intensive, and only allows for the analysis of a 

selected number of clones. The recent development of next generation sequencing significantly 

increased the sequencing throughput and depth of sequences analyzed. Nevertheless, the 

complex sample preparation, the requirement of a specialized technological platform and 

software as well as the high costs associated with the technique make its routinely use 

unaffordable and unsustainable. Moreover, next generation sequencing analyses are usually 

limited to short fragments. 3D-PCR is another commonly used technique in the APOBEC field. 

It is a simple method in which a first round PCR is performed on proviral DNA to amplify the 

gene of interest followed by a fully nested gradient PCR to amplify a smaller fragment (275). 

This technique relies on the basis that GC-rich sequences melt at a higher temperature than AT-

rich sequences therefore permitting the selective amplification of rare G-to-A hypermutated 

sequences in a population of non-mutated sequences. The technique is highly sensitive on 

fragments up to 300 bp, above which its efficiency decreases significantly (275, 318, 319). 

Moreover, this method is preferentially biased towards highly mutated sequences, and therefore 

does not allow for the detection of sequences with few deamination events. In addition, the 

gradient PCR involved in the technique does not allow for high throughput analyses. 

 In contrast, high resolution melting (HRM) allows for the analysis of a large number of 

samples in a short time frame. This method involves an initial qPCR step in which the gene of 

interest is amplified followed by the HRM stage in which the amplicon is gradually heated up. 

At some point during this process, the melting temperature of the amplicon is reached and the 

two strands of DNA start to separate or “melt” apart. The technique relies on a fluorescent dye 

that binds specifically to dsDNA. Therefore, as the temperature increases, the DNA dissociates 
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to become single-stranded and fluorescence gradually decreases. Similarly to 3D-PCR, variations 

in the GC content of the DNA sequence analyzed influences its melting temperature and the G-

to-A mutations generated by the A3 proteins can therefore easily be detected (320). Until now, 

HRM has mostly been used for the detection of single nucleotide polymorphisms (SNPs) and 

analysis of DNA methylation and has been limited to fragments of less than 300 bp (321-323). 

 In this chapter, we optimized this technique to be able to use it as a screening tool for G-

to-A mutations induced by the A3 proteins and to be able to accurately quantify the number of 

substitutions in fragments up to 900 bp. The complete process was named high throughput 

hypermutation analysis by HRM (HyperHRM). We then applied our technology to identify 

mutations induced by all seven A3 proteins in the entire genome of two retroviruses, Vif-

deficient HIV-1 (HIV∆Vif) and M-MLV, and also in peripheral blood monocytic cells (PBMCs) 

isolated from HIV-1 infected patients.  

6.2 Results 

6.2.1 Comparison of the accuracy and sensitivity of HyperHRM and 3D-PCR.  

 Here, we wanted to compare the detection limit of 3D-PCR and HyperHRM analysis. 

Plasmid DNA controls containing 0 to 9 G-to-A mutations in the eGFP reporter gene of  M-

MLV were used. For 3D-PCR, a first round PCR was performed to amplify the full-length eGFP 

(717 bp) which was then used for a gradient PCR  to generate amplicons of increasing size up to 

648 bp (Figure 6.2.1A). This method successfully allowed the detection of a single mutation in 

the smaller DNA fragment (279 bp) whereas only plasmids containing 3 mutations or more gave 

a positive signal in the 648 bp amplicon.  In the case of HyperHRM, a single PCR was 

performed on plasmids containing different numbers of mutations to amplify fragments of 

increasing lengths in eGFP which were then used for melt curve analysis. To further determine 
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the accuracy of the technique, the temperature at which the difference between each plasmid 

control containing a fixed number of mutation was identified using the formula presented in 

Chapter 2 of this thesis (section 2.18). A linear correlation was then established between the 

fluorescence at the selected temperature and the number of mutation  in each control for every 

amplicon size and the R-squared (R2) values were calculated (Figure 6.2.1B and Table 6.2.1). 

The linear regression was used to estimate the number of G-to-A substitutions in each plasmid 

control based on their fluorescence at the established temperature (Table 6.2.1). Using this 

mathematical model, we found that HyperHRM could detect a single mutation in fragments as 

large as 648 bp and a minimum of three mutations within larger (800-900 bp) amplicons, with R2 

values above 0.94 in all cases. Finally, we established that HyperHRM's upper limit is 1000 bp, 

as the technique could not accurately determine the number of mutations within amplicons this 

size.  

 

Table 6.2.1 Accuracy of HyperHRM in increasing fragments length. 

Fragment length 
used for 

HyperHRM 
analysis 

Number of mutations in control 
plasmids  determined by HyperHRM 

analysis 

Optimal temperature 
determined by 

HyperHRM analysis 

 0 1 3 5 6 8  
100 0.0 0.8 3.6 5.7 - - 85.2 
279 0.3 1.3 2.1 - 6.2 - 87.8 
428 0.3 1.0 2.2 - 6.2 - 87.9 
523 0.2 1.0 2.7 - - 8.1 86.6 
648 0.0 1.0 3.6 - - 7.7 87.9 
800 0.4 0.4 3.4 4.7 - - 89.6 
900 0.5 0.4 3.2 4.9 - - 89.7 
1000 1.0 0.4 6.6 5.9 - - 89.4 
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Figure 6.2.1 Comparison of the accuracy and sensitivity of HyperHRM and 3D-PCR. (A) 
Plasmid DNA controls containing 0, 1, 3 or 6 G-to-A mutations were used for a first round PCR 
to amplify a 717 bp region of the eGFP gene followed by a thermal gradient PCR performed on a 
nested eGFP fragment of 279 or 648 bp. (B) Controls with known numbers of mutations were 
analyzed by HyperHRM in eGFP fragments of increasing length. A linear regression between 
fluorescence and number of mutations at the temperature corresponding to the maximum 
difference in fluorescence between the controls was established for each amplicon and the R2 
values were determined. The analysis was repeated four times and the data represent mean 
values. (C) Plasmids containing 1, 3 or 8 mutations in a 648 bp region of eGFP were diluted at 
the indicated ratio in a non-mutated plasmid. Dilutions were then used for HyperHRM analysis 
and the number of mutations in each samples was determined based on their fluorescence. 
Values represent the mean +/- SD of three independent experiments. 
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 We next asked whether HyperHRM could be used for the detection of rare mutation 

events within a majority of non-mutated sequences. To tackle this question, we performed serial 

dilutions of plasmid DNA containing 1, 3 or 8 mutations in the eGFP gene and mixed these with 

a non-mutated plasmid. We then performed a first round PCR to amplify a fragment of 648 bp 

followed by HyperHRM analysis. We observed fluorescence above background for all mutations 

with dilutions up to 1/1000 suggesting that even a singly mutated sequence would successfully 

be detected  in a thousand  non-mutated sequences with our technique (Figure 6.2.1C and Table 

6.2.2). 

Table 6.2.2 Sensitivity of HyperHRM. 

Dilution of control 
DNA plasmids in 

non-mutated plasmid 

 
Number of mutations determined by HyperHRM analysis 

 1 3 8 
No dilution 1.1 4.9 11.5 

1/10 1.1 2.1 4.1 
1/100 1.1 1.1 1.7 
1/1000 0.7 0.5 0.5 

1/10 000 0.1 0.0 0.0 
 

6.2.2 Mutations induced by the seven  A3 proteins along the full genome of M-MLV.  

 Having established the accuracy and the sensitivity of HyperHRM to detect G-to-A 

mutations, we then asked whether it could be used for high throughput analysis of mutations 

induced by all seven A3 proteins on the full-length genome of retroviruses. We started by 

investigating M-MLV by producing the virus in the presence of each member of the A3 family in 

293T cells for 48 h. Two days following transfection, viruses were used to infect 3T3 target cells 

and 24 h after infection, gDNA was extracted from infected cells. PCR was first performed on 

this gDNA to amplify five large 2 kb fragments (A to E) spanning the complete viral genome. 

These PCR products were then purified and used for HyperHRM analysis achieved on smaller 
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regions of approximately 640 bp (regions 1 to 15) to cover the near full-length genome (Figure 

6.2.2A). The 5'LTR (region 1) was excluded from the analysis because of poor PCR 

amplification. We found that all A3 proteins were capable of generating mutations in several 

regions of the M-MLV genome with A3A having the weakest deaminase activity and A3G 

displaying the strongest (Figure 6.2.2B). Different mutation profiles were observed with the 

different deaminases suggesting that they might act together to exert a compound effect in a 

natural setting (Figure 6.2.2C). Since HRM readouts are affected by base substitutions that alter 

the GC content of the DNA sequence being analyzed, we were curious to see whether the 

mutations observed were in fact G-to-A mutations. We therefore cloned a region showing high 

levels of mutations in the presence of A3G, region 12, as well as regions that appeared 

susceptible to deamination by the low mutator APOBECs, A3A and A3C (regions 4 and 6) in a 

cloning vector and analyzed them using Sanger sequencing. The results demonstrated 

exclusively the presence of G-to-A mutations in a 5'CC DNA context in the presence of A3G 

whereas several non-A3 specific substitutions were observed when viruses were produced in the 

presence of A3A or A3C (Tables 6.2.4 to 6.2.6). Using plasmids with known numbers of 

mutations in region 12 of M-MLV genome, a linear regression was established between the 

fluorescence at the  temperature at which the difference between the controls was the highest and 

the number of mutation in each plasmid control. The regression was then used to estimate the 

number of mutation in 44 clones of the same region mutated by A3G. Following HyperHRM, the 

mutation rate obtained by combining the results for the 44 clones analyzed  was approximately 

11 mutations per kb which was similar to that seen with Sanger sequencing, confirming the 

accuracy of the technique (Figure 6.2.2D and E and Table 6.2.3). 
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Table 6.2.3 Analysis of mutations induced by A3G in region 12 of the M-MLV genome. 
 

From 
                   To 

A C T G 

A - - - - 
C - - - - 
T - - - - 
G 307 - - - 
Number of 
clones analyzed 

44 

Number of base 
pairs analyzed 

28 160 

Total number of 
mutations 

307 

Mutation rate 
(mutation/kb) 

10.9 

 
 

 

 

Table 6.2.4 Analysis of the preferred DNA substrate for deamination by A3G in region 12 

of the M-MLV genome*. 

 
A3G -2 -1 

A 14 1 
C 48 80 
T 30 18 
G 8 1 

*Mutations were tabulated on the minus-strand retroviral DNA. Data represents the percentage 
of each base at position -2 and -1 relative to the deaminated cytidine at position 0. 
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Table 6.2.5 Mutations induced in two susceptible regions of M-MLV by A3A. 

 R4 R6 

From  
                       To  

A C T G A C T G 

A - 66 33 174 - 3 - 13 

C 33 - 142 - - - 2 - 

T 11 99 - 11 - 12 - - 

G 143 22 11 - 15 - - - 

Number of bp 
sequenced 

7128 6480 

Total 745 45 

 
 

 

Table 6.2.6 Mutations induced in two susceptible regions of M-MLV by A3C. 

 R4 R6 

From 
                      To 

A C T G A C T G 

A - 72 36 192 - - - 11 

C 36 - 156 - - - 10 - 

T 12 108 - 12 - 15 - 4 

G 156 24 12 - - - - - 

Number of bp 
sequenced 

7776 7776 

Total 816 40 
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Figure 6.2.2 Mutations induced by the seven A3 proteins along the full genome of M-MLV.  
(A) Schematic representation of the M-MLV genome with the first round PCR products (A to E) 
and the 15 regions analyzed by HyperHRM. (B) M-MLV viruses were produced in 293T cells in 
the presence of the A3 proteins and used to infect 3T3 target cells. gDNA extracted from 
infected cells was then used for first round PCRs to amplify large regions of the genome (A to E) 
and PCR products were purified and used for HyperHRM analysis on smaller fragments (2-15) 
to cover the near full-length viral genome. Results represent the difference in fluorescence 
relative to the A2 negative control and are the mean +/- SD of three independent experiments 
performed in triplicates. (C) Mutation profile exerted by all seven A3s on the near full-length 
genome of M-MLV obtained by combining the results obtained in (B). (D) Plasmid DNA 
controls with fixed numbers of mutations in region 12 of the M-MLV genome were used for 
HyperHRM analysis and linear regression between the fluorescence and the number of mutations 
was established. (E) Region 12 produced in the presence of A3G was amplified by PCR and 
cloned in a sequencing vector. A total of 44 clones were analyzed by HyperHRM and the linear 
regression established in (D) was used to quantify the mutations in each clone and calculate the 
mutation rate.  
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6.2.3 Mutations induced by the seven A3 proteins within the full genome of HIV∆Vif.  

 Similarly to M-MLV, we designed our assay by dividing the genome of HIV∆Vif into 

five large fragments of approximately 2 kb each (A to E) for first round PCR amplification and 

purification followed by HRM analysis on 16 smaller regions (1 to 16) to cover the entire 

retroviral genome (Figure 6.2.3A). Mutation intensity induced by the seven A3 proteins in each 

region was determined relative to the A2 non-mutated control (Figure 6.2.3B). As previously 

described, A3D, A3F, A3G and A3H were found to be the most potent members of the family 

against this virus (181). A3B was also found to generate a significant amount of mutations in 

several regions of the viral genome, however, this protein is not naturally expressed in HIV 

target cells and therefore is not expected to play a significant role in restriction against the virus 

in vivo (183). As was observed with M-MLV, A3A showed the weakest activity against 

HIV∆Vif. The combined deamination profile of all seven APOBECs emphasized the important 

and collective role of A3D, A3F, A3G and A3H in HIV∆Vif restriction (Figure 6.2.3C). Signal 

above background could be detected in some regions in the presence of weakly active 

APOBECs, such as A3A and A3C. These regions should be analyzed by sequencing in order to 

determine whether these mutations are G-to-A substitutions.  
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Figure 6.2.3 Mutations induced by the seven A3 proteins along the full genome of HIV∆Vif. 
(A) Schematic representation of the HIV∆Vif genome with the first round PCR products (A to E) 
and the 16 regions analyzed by HyperHRM. (B) HIV∆Vif viruses were produced in 293T cells in 
the presence of the A3 proteins and used to infect 293T target cells. gDNA extracted from 
infected cells was then used for first round PCRs to amplify large regions of the genome (A to E) 
and PCR products were purified and used for HyperHRM analysis on smaller fragments (1-16) 
to cover the full-length viral genome. Results represent the difference in fluorescence relative to 
the A2 negative control and are the mean +/- SD of three independent experiments performed in 
triplicates. (C) Mutation profile exerted by all seven A3s on the full-length genome of HIV∆Vif 
obtained by combining the results obtained in (B). 
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6.2.4 Clinical application of HyperHRM. 

 To determine whether HRM could be used to screen clinical samples, gDNA was 

extracted from PBMCs of an HIV-1-infected patient. We then performed PCR amplification of a 

467 bp conserved region of the pol gene and subcloned the amplicon into a sequencing vector. 

Colonies obtained after culture at 37ºC overnight were then mixed with water and used for HRM 

performed on the same fragment of the pol gene. Amongst all 96 colonies analyzed, 4 showed a 

shift in their melting temperature towards a lower temperature and were sent for Sanger 

sequencing analysis of the G-to-A mutation profiles (Figure 6.2.4A). Clones 2, 3 and 4, which 

demonstrated the smaller difference in their melting temperature compared to the rest of the 

colonies, had less than 4 G-to-A mutations and these were not characteristic of an A3 footprint 

(Figure 6.2.4B). Nevertheless, clone 1 was found to have 25 A3-specific G-to-A mutations 

(Figure 6.2.4B and Table 6.2.7). Overall, these results suggest that HyperHRM can detect 

hypermutated sequences in HIV-1 clinical samples. 

 

Table 6.2.7 Mutation analysis in an HIV-1 clinical sample using HyperHRM. 

From 
                      To                

A C T G 

A - - - 1 
C - - - - 
T - 1 - - 
G 25 - - - 

Total number of 
mutations 

27 
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Figure 6.2.4 Clinical application of HyperHRM. (A) gDNA was isolated from PBMCs of an 
HIV-1-infected patient and used for PCR amplification of a highly conserved section of the HIV 
pol gene. The purified PCR product was then subcloned in a sequencing vector and colonies 
were used for HRM analysis using a 96-well plate.  A zoomed-in section of the melting curves 
obtained by HRM for each clone is represented with the clones showing a reduced melting 
temperature indicated in red. (B) The four clones with a lower melting temperature (in red in 
(A)) were analyzed by sequencing. The number of G-to-A mutations in each clone is 
represented. 
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6.3 Discussion 

 In this study, we analyzed both the accuracy and the sensitivity of HyperHRM and 

extended the use of the technique for high-throughput mutation screening of full-length viral 

genomes. This is of significant importance since many drug resistance mutations in HIV-infected 

patients have been linked to A3-mediated G-to-A substitutions (244, 249, 250, 303). Moreover 

and of great interest, there is now robust evidence for a link between deamination of host 

genomic DNA by the A3 proteins and the development of many type of cancers in humans (261, 

262, 264, 316, 317). In cancer as in HIV, only a small percentage of cells actually contain 

sequences with the mutations of interest. The need of a powerful and sensitive technique to be 

able to screen large DNA regions and detect rare mutation events within a majority of non-

mutated sequences is therefore required. As an example, fewer than 10% of HIV-1 proviruses are 

hypermutated in infected individuals (324). This implies that a useful method to screen for 

hypermutated sequences must have the sensitivity to detect one hypermutated sequence for every 

ten non-hypermutated sequences. HyperHRM accurately detected the presence of hypermutated 

sequences even when outnumbered 1000-fold by non-hypermutated sequences (Figure 6.2.1C). 

 Analysis of the deamination profile induced by the A3 proteins along the retroviral 

genome of M-MLV and HIV∆Vif led to the observation of a typical twin gradient as it was 

previously described for A3G acting on HIV-1 DNA (Figures 6.2.2B and 6.2.3B) (325). In that 

previous report, two regions in the retroviral genome were shown to be significantly less targeted 

for deamination by the protein. These were identified as being part of the central polypurine tract 

(cPPT) and the LTR proximal polypurine tract (3'PPT) which correspond to regions 9 and 13 in 

Figure 6.2.3A. In the case of M-MLV, the infrequently deaminated region 15 matches the 

location of the 3'PPT located just upstream of the 3' LTR, however, a cPPT has never been 
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documented for this retrovirus. By carefully analyzing the sequence of regions 8 and 9 we found 

marked similarities with the cPPT of other retroviruses and region 9 of this virus suggesting the 

potential existence of an as yet un-characterized cPPT in M-MLV. Further studies are required to 

confirm the existence of a cPPT. 

 Although A3A and A3C were found to have a weaker activity against both retroviruses 

(Figure 6.2.2B and 6.2.3B), surprisingly high numbers of mutations were found to be induced 

by these proteins in retroviral genomes. DNA sequencing analyses of the nature of the 

substitutions generated by these proteins in two independent regions of the viral genome of M-

MLV revealed the presence of non A3-mediated mutations (Tables 6.2.5 and 6.2.6). It is 

possible that some A3 proteins may exhibit deamination-independent restriction mechanisms that 

affect retroviral RT fidelity. In addition, highly active A3 proteins, such as A3G and A3F, could 

potentially induce polymerase error in regions where their respective preferred target motifs for 

deamination are limited in number. This remains however to be proven. Albeit, mouse APOBEC 

3 (mA3) uses a similar defence mechanism against MLVs and incorporation of this protein into 

virions has been shown to reduce both the activity and the fidelity of the MLV RT (326). 

 Finally, screening of the gDNA from HIV-1-infected PBMCs of patients demonstrated 

the ability of our HyperHRM technique to detect hypermutated sequences in a large population 

of non-mutated sequences (Figure 6.2.4). HyperHRM could be used directly to quantify the 

exact number of mutations in a given patient-derived sequence because of numerous naturally 

occurring base substitutions present that were not caused by A3 proteins. Nevertheless, we 

believe that HyperHRM is an effective tool to perform an initial selection to detect sequences 

that are likely to be hypermutated. These sequences can then be further analyzed by DNA 

sequencing to confirm the presence of A3-induced G-to-A hypermutations. HyperHRM can 
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therefore strategically reduce the amount of sequencing required and as a result, the overall cost 

of a research project. 

 In summary, HyperHRM is an accurate, high throughput method that allows the detection 

of extremely rare A3-induced mutational events in a heterogeneous sequence population. It can 

also accurately quantify the number of A3-induced G-to-A mutations in a homogenous PCR 

amplicon. HyperHRM is a method that has the potential to make significant contributions to 

better understanding the impact of the mutator activities of A3 proteins both in laboratory and 

clinical settings. 
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Chapter 7 Conclusion 

Although the mortality rate associated with HIV-1 has significantly decreased over the 

last 30 years, millions of people worldwide are suffering the side effects of life-long 

antiretroviral treatments. Intrinsic restriction factors such as A3G represent appealing targets for 

the development of novel anti-HIV drugs. However, a better understanding of how this protein 

restricts retroviral infection, how it is regulated and how it selects its DNA substrate is necessary 

if it is to be exploited as a potential anti-HIV therapeutic.  

The goal of my doctoral research was to characterize the mechanisms underlying the 

regulation of A3G. More specifically, over the past few years, we have been interested in 

dissecting the details of how the protein interacts with RNA. Although the deaminase activity  of 

A3G is limited to ssDNA substrates, non-selective association of the protein with cytoplasmic 

RNAs leads to its accumulation into large RNP complexes in which its catalytic activity and its 

ability to get incorporated into viral particles are inhibited (Figure 3.2.1)(214, 215, 265, 266). A 

few years ago, we suggested that RNA-binding mutants of A3G could be used to prevent the 

formation of HMM complexes and increase the potency of the protein in dividing cells. 

However, we soon realized that the antiretroviral potency of such mutants was highly 

compromised.  

First, in chapter 3 of this thesis, we found that the RNA-binding mutants of A3G could 

not restrict infection by HIV[p8.9] and had a significantly reduced antiretroviral activity against 

M-MLV (Figure 3.2.3). Our first assumption was that the mutants had lost their deaminase 

activity. However to our big surprise, high levels of G-to-A hypermutations were detected in the 

genome of both viruses in the presence of the RNA-binding mutants (Tables 3.2.1 and 3.2.2). 

We demonstrated for the first time that deamination can occur in the absence of viral restriction. 
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The existence of mutants with such a remarkable phenotype allowed us to assess the role played 

by deamination in the overall antiretroviral activity of A3G. What we found was quite intriguing. 

The RNA-binding mutants of A3G failed to inhibit LRTs accumulation and proviral integration 

(Figure 3.2.4). This implies that deamination, which was once suggested as the only means of 

restriction by A3G has no effect on the early steps of retroviral infection. This implies that a 

retrovirus could successfully replicate and integrate into the host genome in the presence of A3G 

proteins that are deamination-active and RNA-binding deficient. Nonetheless, integrated 

deaminated viral genomes are likely to be inactivated by mutations. In fact, in a recent report it 

was shown that most proviruses in PBMCs are lethally mutated and only a small fraction are 

released from infected cells (327). In chapter 5 of this thesis, we also demonstrated that A3G is 

highly effective at inactivating gene function through the incorporation of termination codons 

(Figure 5.2.6). However, as discussed in chapter 3, the possibility that retroviral genomes 

inactivated by hypermutations could be complemented by unmutated genomes following co-

infection of the same cell isn't to be neglected. The work presented in this thesis has important 

implications in our understanding of how the deamination-independent and dependent modes of 

restriction by A3G act together to achieve optimal antiretroviral activity. It also represents the 

first evidence to date demonstrating a strong correlation between RNA-binding and the 

deamination-independent restriction by the protein.  

While RNA plays an important role in the antiretroviral activity and regulation of A3G, 

the same does not necessarily apply to other members of the A3 family. In chapter 4, we 

provided a detailed analysis of the cellular organization for each of the human A3 proteins. In 

comparison to A3G, we showed that RNP complexes formed by A3B, A3D and A3F are much 

more resistant to treatment with RNase A (Figure 4.2.2). This suggests that RNA might not 
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regulate the existing forms of these proteins in the cell. Similarly, none of the APOBECs were 

found to interact with L1 mRNA although several proteins restricted the retroelement suggesting 

that L1 mRNA-binding is not involved in the restricion of retrotransposition (Figure 4.2.4). 

Nevertheless, a role for RNA in this process cannot be completely excluded since the restriction 

of L1 retrotransposition by A3C has been shown to require RNA-dependent binding of the 

protein to ORF1 (235). Therefore, while RNA may be marginal in the assembly of different 

members of the A3 family into HMM complexes, interaction with specific RNA species may 

have a role in their activity against retroviruses and retroelements. In agreement with this 

statement, the incorporation of A3F inside viral particles requires its interaction with 7SL RNA 

(194). Binding to 7SL is also necessary for the packaging and antiretroviral activity of A3H 

(195). Overall, these findings together with novel observations presented in chapter 4 of this 

thesis imply that the function occupied by RNA in the biology of each A3 protein might differ.  

In chapter 5, in view of better understanding the role of RNA in the catalytic activity of 

A3G, we analyzed proviral DNA obtained from cells infected with viruses produced in the 

presence of a RNA-binding deficient A3G mutant (Figure 5.2.1). Our results revealed that the 

mutation rate induced by the double mutant of A3G was significantly reduced (Figure 5.2.4). 

Intriguingly, we also observed that the preferred DNA substrate for deamination by the mutant 

was altered from 5'CC to 5'TC (Table 5.2.1). The residues involved in ssDNA binding and 

substrate specificity by A3G have been mapped to its CTD (176, 206, 209-213, 309, 328, 329). 

Depending on the model, a group of arginines R213, R215, R313, R320, R374 and R376 as well 

as an asparagine N244 have been shown to be required for the binding of ssDNA by the protein 

(176, 309, 328, 329). Surprisingly, mutation of one or more of these residues does not affect 

interaction with ssDNA unless accompanied with mutations in the NTD at positions W94 and 
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W127 (176). In addition, a significant contribution to ssDNA binding is presumed to be through 

the NTD of A3G based on apparent equilibrium dissociation constant (Kd) values obtained for 

the full-length protein and its CTD only (174, 205, 229, 328, 330). The processivity of 

deamination by the enzyme is also significantly affected by mutations in its NTD implying a role 

for this domain in stabilizing the interaction with the ssDNA substrate (331). However, a direct 

involvement for residues of the NTD of A3G in ssDNA binding demonstrated in a cell-based 

assay had never been described until now through my research. Similarly, a single amino acid, 

D317 located in loop 7 of the CTD of A3G has been demonstrated to be responsible for the 

selection of DNA dinucleotide target motifs by the protein (213).This is in agreement with a 

number of previous reports also involving loop 7 in the CTD of several members of the A3 

family as well as AID in their substrate specificity for deamination (206, 209-212, 309). The 

results presented in chapter 5 of this thesis represent the first real demonstration of the 

requirement for residues in the NTD of A3G in the choice of DNA dinucleotide targets. This 

implies that these residues from the NTD of the protein are indeed involved in its interaction 

with ssDNA. In agreement with our findings, Polevoda and colleagues recently mapped the 

region on A3G involved in its binding to ssDNA to a large surface area covering both the N- and 

C-terminal moieties of the protein (332). This explains why both domains individually are not 

sufficient for high-affinity binding to ssDNA and efficient catalytic activity (309, 328, 333, 334). 

Through our analysis of the RNA-binding deficient double mutant of A3G, we also demonstrated 

that these same two residues are involved in the interaction of the protein with both RNA and 

ssDNA (Figure 5.2.1 and Table 5.2.1). These findings led us to hypothesize that RNA-binding 

by A3G may act as a regulatory mechanism to prevent interaction of the protein with ssDNA 

until an adequate substrate is found. This raises the question as to how A3G releases RNA to 
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engage a ssDNA substrate. In his recent publication, Polevoda and his group confirmed our 

hypothesis by demonstrating that residues 181-194 from the NTD and  residues 314-320 and 

345-374 from the CTD of A3G were involved in the binding of the protein to both RNA and 

ssDNA therefore supporting the existence of a competition model for nucleic acid binding by 

A3G (332). The authors also extended our understanding  of the regulation of ssDNA interaction 

by A3G by revealing the identity of RNA-binding only residues, including W94 (332). Other 

residues included amino acids 15-29, 41-52 and 83-99 from the N-terminus of A3G. This 

suggests that in addition to the competitive inhibition existing between RNA and ssDNA at 

residues interacting with both, binding to RNA by RNA-binding only residues represent another 

form of allosteric inhibition for ssDNA binding. Moreover, Polevoda and colleagues showed that 

although A3G interacts with RNA and ssDNA with similar affinity, ssDNA is a much better 

competitor. This means that A3G bound to RNA will release its substrate in the presence of 

ssDNA (332). Although tryptophans 94 and 127 were not identified by the authors as ssDNA and 

RNA-binding residues, the existence of additionnal residues cannot be excluded. In his report, 

Polevoda makes several references to our work since we were the first ones to predict the 

competitive inhibitory role played by RNA in the catalytic activity of A3G. We were pleased to 

see our results confirmed and extended by this group. 

Also in chapter 5 of this thesis, our work with the double mutant of A3G next led us to 

investigate the potency for gene inactivation by A3 proteins based on their preferred DNA 

dinucleotide substrate. We provided a clear demonstration of the efficiency of A3G at 

inactivating gene function through the incorporation of stop codons even at low mutation burden 

(Figure 5.2.6). On the contrary, A3F and potentially all A3 proteins mutating in a 5'TC context 

require higher mutation intensities to inactivate gene function (Figure 5.2.6). Incorporation of 
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termination codons by these proteins rarely occurs (Figure 5.2.6). These results suggest that 

although mutations induced by A3G are likely to inactivate progeny viruses, mutagenesis by 

other members of the family could favour genetic diversification and increase viral fitness. This 

notion of duality of A3 deamination had been proposed by several groups in the field, however 

we were the first ones to directly relate it to gene function in a controlled functional assay (241-

246, 249, 250, 257, 258, 303, 304, 331). An important question that emerged from these findings 

is whether efforts should be dedicated into the generation of A3 inhibitors rather than Vif 

antagonists. A recent study performed on samples from HIV-1-infected individuals revealed an 

extremely high mutation rate ((4.1 + 1.7) x 10-3 per base per cell) in viral genomes from PBMCs 

(327). A3 proteins contributed to 98% of these mutations, with A3G being responsible for the 

majority (88%) of all substitutions. Most viruses were inactivated by the mutations as shown by 

the observation that the mutation rate in plasma viruses was 44 times lower than in PBMCs 

(327). These results corroborate the high potency for gene inactivation of A3G depicted in our 

assays. Further increasing the efficiency of the protein by preventing the action of Vif is likely to 

be deleterious for the viral population. Since other members of the A3 family are less potent and 

more likely to benefit the virus, perhaps specific antagonists that target the interaction of Vif and 

A3G only should be the focus of our labours.  

Finally, in the last chapter of this thesis (chapter 6), we developed a powerful technique 

that we called HyperHRM to detect and quantify single nucleotide mutations in proviral DNA. 

Through the use of HyperHRM, we provided the first A3-mediated mutation analysis of the full-

length M-MLV retroviral genome (Figure 6.2.2). Intriguingly, we observed the presence of 

numerous substitutions different than G-to-A alterations in the presence of A3 proteins in the 

retroviral genome (Tables 6.2.5 and 6.2.6). This increase in the mutation rate by the retroviral 
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RT might represent a mode of restriction used by the A3 proteins independently of their 

deaminase activity. Indeed, some mutagenic nucleoside analogs that are known to increase the 

mutation rate upon retroviral replication by the RT have been shown to result in the production 

of non-infectious progeny viruses (335-339). These findings suggest that mutations induced by 

the RT are likely to be harmful for the virus above a certain threshold. In that regard, mutants of 

HIV-1with amino acid substitutions in the RT that decrease fidelity were also found to have a 

reduced fitness (340). While we previously established that RNA-binding is dispensable for the 

interaction of A3G with HIV-1 RT, the requirement for RNA in the reduction of the enzyme's 

fidelity cannot be excluded (Figure 5.2.3). It is possible that the A3 proteins also interact directly 

with the viral genomic RNA template to generate a road block and impede the activity of the RT 

(229, 231).  

As a follow up to this thesis, it would be highly interesting to investigate interactions 

between members of the A3 family and RNA that could potentially lead to deleterious 

consequences. The recent discovery of the involvement of some A3 proteins in several types of 

cancer suggest that we are unaware of all the roles carried out by these proteins at a cellular 

level. Intriguingly, several micro-RNAs have been implicated in the development of many kinds 

of cancers as well as other diseases including autoimmune and neurodegenerative disorders 

(Reviewed in (341)). Seeing as A3 proteins have the ability to travel from one cell to another as 

part of extracellular vesicles such as exosomes, they might have a role in transporting nucleic 

acids including micro-RNAs with highly diversified functions (342-344). This could have major 

repercussions in recipient cells. In fact, it has been documented that there are fluctuations in the 

expression of certain genes following exosomal delivery of micro-RNAs (345-348). In addition, 

these small RNA species can serve as immune activators following engagement of Toll-like 
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receptors (TLRs) (349). To determine whether A3 proteins represent the driving force leading to 

the incorporation of micro-RNAs inside exosomes, we could take advantage of our A3-deficient 

mice. The exosomal content of their serum could be analyzed and compared to wild type mice in 

order to determine whether certain types of micro-RNAs still accumulate inside exsosomes in the 

absence of A3 proteins.  

	   Since their discovery in 2002, significant advances have been made in our general 

understanding of the functioning of A3 proteins. However, the expression, compartmentalization 

and activity of the proteins greatly vary depending on the cell type and morphological state in 

which they are residing. In this thesis, we presented novel and unexpected roles for RNA in the 

regulation and modulation of the antiretroviral activity of A3 proteins. We also provided 

structural insights on how both domains of the full-length A3G protein interact. In addition, our 

work raised important issues such as the multifaceted outcome of A3-mediated retroviral 

mutagenesis, thereby emphasizing the need to carefully assess the relevance of either increasing 

or inhibiting enzymatic activities of A3 proteins in order to better fight HIV infection and spread. 
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Appendices 

Appendix I: 

 Table S1 List of primers 

Primer Name Sequence 5' to 3' 

                                                          Primers for cloning 

HA-NheI-FWD GAATTCGCTAGCACCACCATGGGATACCCATACGAC-
GTCCCAGACTACGCTATGAAGCCTCACTTCAGA 

Flag-A3A-FWD GCTAGCACCACCATGGGCATGGACTACAAGGACGA-
TGATGACAAGATGGAAGCCAGCCCAGCA 

Flag-A3H-FWD GCTAGCACCACCATGGGCATGGACTACAAGGACGA-
TGATGACAAGATGGCTCTGTTAACAGCC 

A3-HpaI-Rev  ATAAACAAGTTAACAACAACAA 

A127W-GST-FWD CGTCTGTATTACTTTTGGGATCCGGACTATCAG 

A127W-GST-REV CTGATAGTCCGGATCCCAAAAGTAATACAGACG 

W94A-GST-FWD ACCTGGTACATTAGCGCGTCTCCGTGCACCAAATG 

W94A-GST-REV CATTTGGTGCACGGAGACGCGCTAATGTACCAGGT 

Vpr-XhoI-FWD GAGACCTCGAGATGCCATACAATGAATGGACACT 

Vpr14-88-XhoI-REV GAGACCTCGAGTCTCCTCTGTCGAGTAACG 

Vpr14-86-XhoI-REV GAGACCTCGAGCTGTCGAGTAACG  

A3D-XhoI-FWD CTCGAGATGAATCCACAGATCAGAAATC 

A3D-SacII-REV CCGCGGTCACTGGAGAATCTCCCGTAGC 

ENV-NheI-FWD GCTAGCATGGCGCGTTCAACG 

ENV-HindII-REV AAGCTTTATGGCTCGTACTCTATAGG 

eGFP-NheI-FWD GCTAGCTATCCACCGGTCGCCACCAT 

eGFP-HindII-REV AAGCTTGCAGGTCGACTCTAGAGT 
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                            Primers for site-directed  mutagenesis (SDM)  

A3A-W98A-FWD ACTTGGTTCATCTCCGCGAGCCCCTGCTTCTCC  

A3A-W98A-REV GGAGAAGCAGGGGCTCGCGGAGATGAACCAAGT  

A3B-W94A-FWD ACCTGGTTTGTATCCGCGACCCCCTGCCCGGAC  

A3B-W94A-REV GTCCGGGCAGGGGGTCGCGGATACAAACCAGGT  

A3B-W127A-FWD  CGCCTCTACTACTACGCGGAAAGAGATTACCGA 

A3B-W127A-REV TCGGTAATCTCTTTCCGCGTAGTAGTAGAGGCG  

A3C-W94A-FWD ACCTGGTACACATCTGCGAGCCCTTGCCCAGAC  

A3C-W94A-REV GTCTGGGCAAGGGCTCGCAGATGTGTACCAGGT  

A3D-W106A-FWD ACCTGGTTTGTATCAGCGAACCCCTGCCTGCCC  

A3D-W106A-REV GGGCAGGCAGGGGTTCGCTGATACAAACCAGGT  

A3D-W143A-FWD TACCGGGATAGAGATGCGCGGTGGGTGCTCCTC  

A3D-W143A-REV GAGGAGCACCCACCGCGCATCTCTATCCCGGTA  

A3F-W93A-FWD ACCTGGTTTGTATCCGCGACCCCCTGCCCGGAC  

A3F-W93A-REV GTCCGGGCAGGGGGTCGCGGATACAAACCAGGT  

A3F-W126A-FWD CGCCTCTACTACTACGCGGAAAGAGATTACCGA  

A3F-W126A-REV  TCGGTAATCTCTTTCCGCGTAGTAGTAGAGGCG  

A3G-E67Q-FWD CTTAAGTACCACCCACAGATGAGATTCTTCCAC 

A3G-E67Q-REV GTGGAAGAATCTCATCTGTGGGTGGTACTTAAG 

A3G-W94A-FWD ACCTGGTACATATCCGCGAGCCCCTGCACAAAG  

A3G-W94A-REV CTTTGTGCAGGGGCTCGCGGATATGTACCAGGT  

A3G-C100S-FWD AGCCCCTGCACAAAGTCTACAAGGGATATGGCC 

A3G-C100S-REV GGCCATATCCCTTGTAGACTTTGTGCAGGGGCT 

A3G-Y124A-FWD TTTGTTGCCCGCCTCGCCTACTTCTGGGACCCA 
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A3G-Y124A-REV TGGGTCCCAGAAGTAGGCGAGGCGGGCAACAAA 

A3G-W127A-FWD CGCCTCTACTACTTCGCCGACCCAGATTACCAG  

A3G-W127A-REV CTGGTAATCTGGGTCGGCGAAGTAGTAGAGGCG  

A3G-E259Q-FWD GAAGGCCGCCATGCACAGCTGTGCTTCCTGGAC  

A3G-E259Q-REV GTCCAGGAAGCACAGCTGTGCATGGCGGCCTTC  

A3G-W285A-FWD ACCTGCTTCACCTCCGCGAGCCCCTGCTTCAGC 

A3G-W285A-REV GCTGAAGCAGGGGCTCGCGGAGGTGAAGCAGGT 

A3G-C291S-FWD AGCCCCTGCTTCAGCAGTGCCCAGGAAATGGCT 

A3G-C291S-REV AGCCATTTCCTGGGCACTGCTGAAGCAGGGGCT 

A3G-R313A-FWD TGCATCTTCACTGCCGCCATCTATGATGATCAA 

A3G-R313A-REV TTGATCATCATAGATGGCGGCAGTGAAGATGCA 

A3H-W82A-FWD ACCTGTTACCTCACGGCGAGCCCCTGCTCCTCC  

A3H-W82A-REV GGAGGAGCAGGGGCTCGCCGTGAGGTAACAGGT  

A3H-G105R-FWD GACCATCTGAACCTGCGCATCTTCGCCTCCCGC 

A3H-G105R-REV GCGGGAGGCGAAGATGCGCAGGTTCAGATGGTC 

Primers for HRM analysis  

M-MLV-R2-FWD GGGGCTCGTCCGGGATC 

M-MLV-R2-REV TTGATCTTAACCTGGG 

M-MLV-R3-FWD CTTTAACCGAGACCTCATCA 

M-MLV-R3-REV TCTCCGGTCAGCAGAGTC 

M-MLV-R4-FWD GACTGTCAGCAGCTGTTGGG 

M-MLV-R4-REV TCGTTCTCCTCCCTGTCT 

M-MLV-R5-FWD GTTAGTGGACAGAAACAGGAT 

M-MLV-R5-REV GATCAGAGGAGCTTGGCGAA 
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M-MLV-R6-FWD GGGGCATGGGACTGGCAG 

M-MLV-R6-REV GGCAAATTTGGGCTTTCTTG 

M-MLV-R7-FWD TCGGGTATCGGGCCTCGGC 

M-MLV-R7-REV CACCGGTCCGAACTGGAC 

M-MLV-R8-FWD TGCTTTTGGACACGGACCGG 

M-MLV-R8-REV CAGTCACTGTGTAATGAA 

M-MLV-R9-FWD CCTACACCTCAGAACATT 

M-MLV-R9-REV TAGTTAAAGTCTCCTTGATG 

M-MLV-R10-FWD GTAGAAAGAATGAATAGAAC 

M-MLV-R10-REV CCGATCTCCATTGGTTA 

M-MLV-R11-FWD ATAATATCACCTGGGAGG 

M-MLV-R11-REV CTATTGGGACGCGGGGT 

M-MLV-R12-FWD TCAGATACCAAAATCTAGG 

M-MLV-R12-REV TGTTCTGCTGGTAGTGGTC 

M-MLV-R13-FWD CGGCAGCGTGCAGCTCGCC 

M-MLV-R13-REV ACAGGCCGTAAACATAGC 

M-MLV-R14-FWD GTCACCTATCATTCCCCCA 

M-MLV-R14-REV GAGACTAAATAAAATCTTTTAT 

M-MLV-R15-FWD GAGTACGAGCCATAGATAAA 

M-MLV-R15-REV CATCGTCCTTGTAGTCCAT 

EGFP-100-FWD                        TGCTGCTGCCCGACAACCACTAC 

EGFP-279-FWD                           ACAACAGCCACAACGTCTATATCAT 

EGFP-428-FWD                          GCCATGCCCGAAGGCT 

EGFP-523-FWD                          TACGGCGTGCAGTGCTTC 

EGFP-648-FWD                            CGGCCACAAGTTCAGCGT 
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EGFP-800-FWD                           TGCTTCCCGAGCTCTATAAAA 

EGFP-900-FWD                           TCAGATGTTTCCAGGCTCCC 

EGFP-1000-FWD                        ATAGCTAACGTTGGGCCAAAC 

EGFP-HRM-REV CGTCCATGCCGAGAGTGAT 

M-MLV-A-FWD TGAAAGACCCCACCTGTAGGTTTGGCAAGC 

M-MLV-A-REV ACCCGTTGTTTTTCTTCTCCGGTCAGCAGA 

M-MLV-B-FWD CTCATCACCCATCAGCCCACCTGGGACGAC 

M-MLV-B-REV ATACCCCAGATACTTGACCTGTTTCTGGCA 

M-MLV-C-FWD GGCCCTGTTACAAACCCTAGGGAACCTCG 

M-MLV-C-REV CAGTTGCAAGCGTTAATTTAGTTAAAGTCTC 

M-MLV-D-FWD AGCTCAGGCCAGGTAGAAAGAATGAATAGA 

M-MLV-D-REV CGTTCCCGCCGGTACGTACGCACCGGTGGA 

M-MLV-E-FWD CAACATCGAGGACGGCAGCGTGCAGCTCGC 

M-MLV-E-REV AGCAGATTGTACTGAGAGTGCACCATATGA 

EGFP-FWD             GTGAGCAAGGGCGAGGAGCTGTTCA 

EGFP-REV                      CTTGTACAGCTCGTCCATGCCGAGA 

HIV-R1-FWD TGGAAGGGCTAATTCGGTCCCA 

HIV-R1-REV  GCTTTACTTTCGCTTTCAAGT 

HIV-R2-FWD GTGTGGAAAATCTCTAGCAG 

HIV-R2-REV  GCATTTAAAGTTCTAGGTGA 

HIV-R3-FWD  ATGGTACATCAGGCCATATCA 

HIV-R3-REV  CTCCCTGACATGCTGTCATCA 

HIV-R4-FWD  AGGAGCGACACTAGAAGAAA 

HIV-R4-REV  ATGAGTATCTGATCATACTGT 

HIV-R5-FWD  TTGGAGGTTTTATCAAAGTA 
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HIV-R5-REV  ACACTGGAATATTGCTGGTG 

HIV-R6-FWD  CAGTACAATGTGCTTCCACA 

HIV-R6-REV  TCACATCATTAGTGTGGGCA 

HIV-R7-FWD  CAAGAGCCATTTAAAAATCTGA 

HIV-R7-REV  CCATCTAAAAATAGTACTTT 

HIV-R8-FWD  TGGAGGAAATGAACAAGTAGAT 

HIV-R8-REV  CTATTATGTCTACTATTCTTT 

HVI-R9-FWD  CATCCACAATTTTAAAAGAA 

HIV-R9-REV CTAATATGGTATTTCTTATAG 

HIV-R10-FWD TTGATTGTTTTTCAGAATCTG 

HIV-R10-REV TTCTGATGAGCTCTCGTCGC 

HIV-R11-FWD AAAGCCTTAGGCATCTCCTAC 

HIV-R11-REV TCTCCATTATCATTCTCCCGC 

HIV-R12-FWD CCCCACTCTGTGTTAGTTTAA 

HIV-R12-REV ACAATTAAAACTGTGCGTTAC 

HIV-R13-FWD ATAATCTTTAAGCAATCCTCA 

HIV-R13-REV CTCGCCTGGAGCTGTTTGATG 

HIV-R14-FWD CAGCATCTGTTGCAACTCACA 

HIV-R14-REV AGTAAGTCTCTCAAGCGGTGG 

HIV-R15-FWD GAGCCTGTGCCTCTTCAGCTA 

HIV-R15-REV TCTTCTTTGGGAGTGAATTAG 

HIV-R16-FWD ACAAGGCAGCTGTAGATCTTA 

HV-R16-REV TGCTAGAGATTTTCCACACTG 

HIV-A-REV   AACTCTTGCTTTATGGCCGGG 

HIV-B-FWD  CCAAAATGCGAACCCAGATTG 
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HIV-B-REV TTGGGCCTTATCTATTCCATC 

HIV-C-FWD   GGCATGGGTACCAGCACACAA 

HIV-C-REV TGATGAGTCTGACTGTTCTGA 

HIV-D-FWD  GTGTTGCTTTCATTGCCAAGT 

HIV-D-REV  TCCACAGCCAGGATTCTTGCC 

HIV-E-FWD  ATTTGCTGAGGGCTATTGAGG 

HIV-POL-FWD                     ATTTTAACCTGCCACCTGTAGTAGC 

HIV-POL-REV                         ATACTGCCATTTGTACTGCTG 

 Primers for qPCR and ddPCR 

qeGFP-FWD GTGAGCAAGGGCGAGGAGCTGTTCA 

qIN-eGFP-FWD TGCTGCTGCCCGACAAC 

qIN-eGFP-REV CGTCCATGCCGAGAGTGAT 

qIN-eGFP-Probe FAM-CACCCAGTCCGCC 

qAlu-1 TCCCAGCTACTGGGGAGGCTGAGG 

qAlu-2 GCCTCCCAAAGTGCTGGGATTACAG 

qB1-1 CCAGGACACCAGGGCTACAGAG 

qB1-2 CCCGAGTGCTGGGATTAAAG 

qHIV-FWD CAAGTAGTGTGTGCCCGTCTGT 

qHIV-REV CGAGTCCTGCGTCGAGAGA 

qHIV-Probe FAM-CAGTGGCGCCCGAA 

qM-MLV-FWD TTGGGAGGGTCTCCTCTGAGT 

qM-MLV-REV GAGTGGTAACAGTCTGGCCCATA 

qM-MLV-Probe ATTGACTACCCGTCAGCGG 

7SL-FWD ATCGGGTGTCCGCACTAAG 
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7SL-REV CACCCCTCCTTAGGCAACCT 

Alu-FWD TCACGCCTGTAATCCCAGC 

Alu-REV GATCTCGGCTCACTGCAAG 

hY1-FWD CTGGTCCGAAGGTAGTGAG 

hY1-REV CTAGTCAAGTGCAGTAGTG 

hY3-FWD GCTGGTCCGAGTGCAGTGGTGTTTAC 

hY3-REV AGGCTAGTCAAGTGAAGCAGTG 
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Appendix II: Binding of RNA by APOBEC3G controls deamination-independent restriction of 

retroviruses. 

	  

Kasandra Bélanger Mathieu Savoie, Maria Carla Rosales Gerpe, Jean-François Couture and 

Marc-André Langlois. 
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I performed most of the experiments presented in the manuscript. Maria Rosales Gerpe assisted 

with the complementation assay in the presence of HIV[p8.9]. I contributed to the assembly of 

the manuscript, proofread the manuscript, and assisted in the response to reviewers.  
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Appendix III: Deamination intensity profiling of human APOBEC3 protein activity along the 

near full-length genomes of HIV-1 and MoMLV by HyperHRM analysis. 	  

 

Kasandra Bélanger, Mathieu Savoie, Halil Aydin, Tyler Milston Renner,  Zahra Montazeri and 

Marc-André Langlois. 
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Appendix IV: N-Linked Glycosylation Protects Gammaretroviruses against Deamination by 

APOBEC3 Proteins. 
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Appendix V: RNA-binding residues in the N-terminus of APOBEC3G influence its DNA 

sequence specificity and retrovirus restriction efficiency. 

 

Kasandra Bélanger and Marc-André Langlois 
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Appendix VI: Comparative Analysis of the Gene-Inactivating Potential of Human  Retroviral 

Restriction Factors APOBEC3F and APOBEC3G. 
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