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Abstract
Development of an effective vaccine against HIV-1 is a major challenge for scientists at present. Rapid mutation and 

replication of the virus in patients contribute to the evolution of the virus, which makes it unconquerable. Hence a deep 
understanding of critical elements related to HIV-1 is necessary. Errors introduced during DNA synthesis by reverse 
transcriptase are the primary source of genetic variation within retroviral populations. Numerous current studies have 
shown that apolipo protein B mRNA-editing enzyme-catalytic polypeptide-like 3G (APOBEC3G) proteins mediated sub-
lethal mutagenesis of HIV-1 proviral DNA contributes in viral fitness by accelerating human immunodeficiency virus-1 
evolution. This results in the loss of the immunity and development of resistance against anti-viral drugs. This review 
focuses on the latest biological, biochemical, and structural studies in an attempt to discuss current ideas related to 
mutations initiated by reverse transcriptase and APOBEC3G. It also describes their effect on immunological diversity 
and retroviral restriction, and their overall effect on the viral genome respectively. A new procedure for eradication of 
HIV-1 has also been proposed based on the previous studies and proven facts.
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Introduction
AIDS was first described clinically in 1981 in the United States. 

Since then more than 34 million people are diagnosed with AIDS. 
After three decades of research, an effective vaccine for HIV-1 is yet 
to design. Modern techniques have delivered us with antiretroviral 
therapies, which can mollify AIDS and increase the life expectancy of 
patients. These drug treatments have many side effects once introduced 
they must be continued throughout the life of the patient. Drug 
toxicity and the development of resistance for ongoing therapy make 
them unbearable. High mutation rate and ability of HIV-1virions to 
hide inside the body of the host contribute in development of drug 
resistance. Reverse transcriptase (RT) plays an important role in 
replication of viral genome. However, the lack of any proofreading 
mechanism makes this process highly error prone and most significant 
for viral diversification. Majority of the mutations in the viral genome 
occurs at this step. APOBEC3G is a newly discovered enzyme 
with potential to inhibit transmission of the HIV. During reverse 
transcription, APOBEC3G enzyme can transform deoxycytidine (dC) 
into deoxyuridine (dU) on the minus strand of viral DNA. This leads 
to the introduction of various errors at several unspecific positions of 
viral genome thus affecting a variety of biological activities in HIV-1 
[1,2]. This review focuses on different mechanisms by which both these 
enzymes RT and APOBEC3G enhance the adaptability and evolution 
of the viral genome [3,4].

Reverse Transcriptase-Catalyst of the Reverse 
Transcription Reaction

RT is an asymmetric heterodimer made up of p66 and p51 subunits 
of different lengths and arrangements [5,6]. Study of diversity of HIV-1 
suggests that genetic variations in four major groups and various sub-
groups in separate geographical distributions are the result of divergent 
evolution [7,8]. This spread was observed to be inconsistent based on 
the limited Group O epidemic in comparison to the Group M and 
Group N. Since the divergent group O evolution was not found to alter 
the structures or RT activity in comparison to that of HIV-1 group M 
subtype B hence it was used for classifying the majority of SIVs into 
two major groups or clusters. Based on the presence of Phenylalanine, 
Valine or Isoleucine at position 181 of the HIV-1, first group of RT was 

defined. Another group of RT included all HIV-1 isolates (group’s M, 
N, O, and P) as well as SIV sequences from gorillas (SIV-1) [9].

The “resistance” to Non-nucleoside reverse-transcriptase 
inhibitors (NNRTI) in group O viruses is intrinsic and arose during 
the divergent evolution of HIV-1 group’s M and O viruses in the 
simian/human immunodeficiency virus lineage of lentiviruses [10-13]. 
Intrinsic resistance in this lineage suggests a flexible accommodation 
of the NNRTI binding pocket of RT to genetic changes. Evidence for 
such flexibility might be best described by the relatively low fitness 
cost of NNRTI-resistant mutations K103N and Y181C compared to 
the higher fitness cost of other most drug-resistant mutations in HIV-
1 group M subtype B isolates [14]. Drug resistance mutation (such 
as Y181C, A98G, K103N, V179E) in these regions which may result 
in an NNRTI-sensitive virus mostly occur with a cost of replicative 
fitness in both Group O and Group M as these are the same sites which 
distinguish lineages of group O and group M as well as other primate 
lentivirus species from each other.

Mode of Action of Reverse Transcription in HIV-1
The process of reverse transcription in HIV-1 retrovirus begins with 

the synthesis of the minus strand at the 5’ end of the plus strand of viral 
genome. At this position, 18 nucleotide long site, known as the protein 
binding site is present. At 3’end of human tRNALys3, 18 nucleotides 
long segment is situated, which is complementary to protein binding 
site. HIV-1 uses tRNALys3 as a primer for minus strand synthesis. 
Hybridization of protein binding site and tRNALys3 begins the reverse 
transcription process with the help of DNA polymerase function of RT 
using viral RNA as a template. As the DNA synthesis reaches 5’end of 
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single stranded RNA, it forms first minus strand strong-stop DNA. Now 
RNase H function of RT comes into action and selectively breaks the 5’ 
end of the viral RNA exposing the minus strand of recently synthesized 
single stranded package which carries two copies of the viral RNA 
genome[13-16]. One of the two single stranded RNAs hybridized with 
the newly synthesized single stranded DNA at 3’end through a strand 
transfer reaction known as minus-strand transfer. Subsequently, as the 
minus-strand synthesis continues along the length of the viral genome, 
so does RNase H degrades [15,16].

There are two distinct RNase H resistant sites one near the 3’ 
end of the RNA and other near the central region of the HIV-1 
genome. These two specific purine-rich sequences (cPPT, 3PPT) are 
acknowledged as poly purine tract (PPT) and primers plus-strand 
DNA synthesis initiated from the 3’end of PPT. As minus-strand 
DNA synthesis nears the 5’end RT duplicates the first 18 nucleotides 
of the Lys3 tRNA primer setting the platform for plus-strand transfer. 
DNA synthesis stops when it encounters a modified A that RT cannot 

copy which leads to reverse-transcription of a portion of the primer 
tRNA consequent coding a DNA called plus-strand strong-stop DNA. 
Latter RNase H acts upon the tRNA-DNA hybrid and cleaves the RNA 
segment. This exposes primer binding site in sequence at plus-strand 
of DNA allowing it to anneal to the complementary sequences at or 
near the 3’end of minus-strand DNA thereby initiating the second 
strand transfer or second jump. DNA synthesis extends the minus and 
plus strands in opposite directions. Each strand of DNA serves as a 
template for the other strand producing a linear double stranded DNA 
with long terminal repeats (LTRs) at both ends [17-19] whole process 
is discussed in Figure 1. 

Variations due to Reverse Transcriptase and RNA 
polymerase II

RNA polymerase II (RNA pol II) lacks a proofreading function 
which plays an important role in diversification of HIV-1 genome 
by causing polymerization errors during RNA pol II mediated 

Figure 1: HIV-1 Genome Reverse Transcription Process. Step1: minus strand synthesis – 5’ end of the plus-strand RNA genome act as a primer for minus strand 
DNA synthesis. Step2: First strand transfer – minus strand strong stop DNA is formed due to RNaseH hydrolysis of RNA strand. Step3: minus strand synthesis - 
hybridization of minus strand DNA with R region at the 3’end of the ssRNA genome leads to further elongation of minus strand DNA. Step4: plus and minus strand 
synthesis – RNA and DNA strands keep on elongating after reaching to specific length RNaseH cleaves the RNA strand at certain regions. Step5: plus strand 
synthesis – using minus strand DNA minus strand synthesis begins. Step6: second strand transfer – polypurine tract (ppt) region is hydrolyzed by RNaseH releasing 
primer binding strand (PBS) of the plus strand DNA. Step7: strand displacement synthesis – PBS strand on the minus strand anneals with PBS present on plus strand 
DNA, which helps in continuing DNA synthesis. Step8: product formation – a linear double strand DNA is formed as a result of successive ligation and repair process, 
which contain long terminal repeats (LTRs) at both the ends.
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transcription. RT and RNA pol II have a combined mutation rate of 
approximately 2×10-5 per nucleotide per replication cycle [3,20-24]. 
Until now, separate contribution of RT and RNA pol II to the overall 
viral mutation rate has not been completely determined due to lack 
of any reliable technique to identify errors made by pol II and hence 
contributions of RNA pol II to the retroviral mutation rate is unknown. 
RT based errors are proposed to arise more frequently at specific 
positions known as hotspots. 

Most of the in vitro experiments performed in various labs for 
identification of these hotspots either produced no patterns or in some 
cases generates different types of patterns of hotspots [21,24]. Possible 
explanations behind getting such difference in results are: 

•	 Contribution of different types of viral and host proteins

•	 Application of distinct assay conditions and difference in 
purified RTs used during the assays.

Possible contribution of RNA pol II behind some of the hotspots 
(RT based mutation) [25]

According to a research performed by Hemelaar et al., about 
20% of the currently circulating HIV-1 variants are inter-subtype 

recombinants proposing recombination as a major element in the 
evolution of the HIV-1 population [26].

Variations due to Recombination
Due to its ability to switch between two co-packaged RNAs, RT 

can generate chimeric DNA containing distinct portions of sequences 
from each of these two genomic RNAs. Only virions packaged with two 
genetically different RNAs are capable of generating a recombinant. 
Steps involved in the recombination process have been shown in Figure 
2 in brief. There is not much information available related to double 
infection currently even though recent researches suggest that cells 
with more receptors are more susceptible to double infection by HIV-
1and occurs more frequently than expected when HIV-1 is transmitted 
via cell-mediated events [27,28]. 

Studies performed on HIV-1 recombination have suggested that 
the rate of recombination increases uniformly with the distances that 
separate the two alleles and attains its maximum possible value when 
both the alleles are separated by 1.3 kb [29]. Recombination rate is 
also affected by homology of sequence as recombination has more 
probability to occur when two co-packaged HIV-1 RNAs are from 
same subtype when compared with two co-packaged HIV-1 RNAs 
from different subtypes [30]. 

Figure 2: Steps involved in recombination.
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Recombination process by shuffling and repeating existing 
mutations helps in increasing genetic diversity of HIV-1 viral 
population and production of variants, which are capable of surviving 
in any environment and evade host’s immune system [31]. Multidrug-
resistant variants are also produced due to blending of drug-
resistance mutations by the process of recombination [32,33]. Thus, 
recombination can affect HIV diversity within an individual and even 
globally and plays a critical role in placing hurdles in the development 
of effective vaccines and antiviral treatments. Recombination in HIV-1 
occurs by switching mechanism, which has been discussed in Figure 3.

APOBEC3G and its Significance in Cytidine 
Deamination Reaction

APOBEC3G was first isolated during a study carried out by using 
a subtractive cDNA cloning approach in order to understand the 
Vif gene expression (HIV-1ΔVif) and its effects [34]. In humans, it 
includes eleven members to name a few of these are Activation-induced 
cytidine deaminase (AID), APOBEC1, APOBEC2, APOBEC3A–H 
and APOBEC4 [35,36]. APOBEC3G and A3F proteins are extensively 
studied and recognized by researchers due to their ability to restrain 
retroviral infections [37]. APOBEC3G and A3F consists of two 
homologous catalytic domains, the N-terminal (CD1) and C-terminal 
(CD2) domains, each of these domains consist of a Zn2+ coordination 
site with one or two copies of His/Cys-X-Glu-X23–28-Pro-Cys-X2-Cys 
motif unique to cytidine deaminases (CTDAs) [38]. Conversely only 
one catalytic domain is present in A3H protein, and it consist of several 
haplotypes, out of these haplotypes II, V, and VII are reported to be 
highly active against HIV-1 [39-44]. 

During HIV-1 replication, APOBECs get entrenched into viral 
genome and modify minus-strand DNA by converting some of the 
cytosine present in the minus strand to Uracil, before the synthesis of 
plus strand and degradation of RNA. Analysis of several generations 
of HIV-1 genome sequences have revealed that presence of Vif (viral 
infectivity factor) gene in minus-strand of the reverse transcript 
of HIV-1 virions can affect the rate of deamination of cytosine’s 
(conversion of a cytidine into a uridine). Since minus strand serves as 
a template for the plus strand synthesis hence A is synthesized on the 
plus strand opposite to U instead of G causing G→A mutation (Figure 
4) [2,45-48]. At “hot-spots” of retroviral DNA deamination results in 

G→A hypermutations. Such mutations are capable of terminating the 
coding and replicative ability of the virus [49,50].

In comparison to wild-type APOBEC3Gmediated, G→A 
hypermutation could lead to 1,000-fold decline in infectivity of HIV-
1 Virions lacking Vif [47,51-55]. Analytical studies have further 
reported that G→A mutations induced by APOBEC3G proceeds in 
5′→3′ direction at a regular rate over the length of the genome [56]. 
Most research done on APOBEC3G and cytidine deamination reaction 
claims that cytosine deamination can inhibit HIV-1 replication in two 
possible ways: 

(1) It can degrade most reverse transcripts before their integration 
[47]. This degradation is expected to be triggered by DNA repair 
enzymes like uracil DNA glycosylase (UDG) and AP endonuclease. 

(2) G→A mutations can generate several premature termination 
codons such as TAG, TGA and TAA, into the open reading frame of 
viral genome there by inhibiting next round of infection [56].

Many studies performed to analyze preferred target sequence of 
human APOBEC3G in both in vivo and in vitro assays suggest that 
human APOBEC3G more repeatedly target CC and less frequently 
targets TC, but rarely targets AC or GC [2,48,56,57]. This concludes 
that APOBEC3G mediated G→A mutation mostly occurs in GG and 
less regularly in GA but never in GC and GT. In perspective of tetra-
nucleotide CCCA/G was the most preferred target sequence by human 
APOBEC3G [56]. Analytical study of samples of HIV-1 patients 
suggests that GG and GA are favorite target sites of APOBEC3G for 
G→A hypermutation [58-60].

Vif Custodian against APOBEC3G
Vif is very crucial protein and highly conserved in all lentiviruses 

with the exception of Equine Infectious Anemia Virus [61,62]. 
Currently, our knowledge related to structure of HIV-1 Vif protein 
is diminutive due to difficulty in expressing high levels of soluble 
recombinant proteins. Several considerably conserved motifs have 
been observed on alignment of Vif sequences of HIV-1, HIV-2 and SIV 
subtypes such as a tryptophan-rich stretch, a conserved HCCH domain 
and an SOCS-box [63]. According to a three-dimensional structural 
model of HIV-1, Vif based on APOBEC3G/Vif interaction, latter (Vif) 
consists of two functionally significant domains. N-terminal domain 

Figure 3: Switching mechanism of RT.
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crucial for binding with APOBEC3G, and a C-terminal region which 
is accountable for its binding to the ElonginB-Elongin C complex 
and consist of conserved SLQ(Y/F) motif similar to SOCS-box [64-
67]. Since Vif protein is highly structured at the N-terminal region, 
contrasting with the unstructured C-terminal [68,69]. Therefore, the 
N-terminal portion of Vif protein tends to be more protected while the 
C-terminal is solvent, exposed and prone to immune recognition [70]. 

Contribution of Vif and APOBEC3G Interaction in 
HIV-1 Variation

Vif plays a crucial role in inhibition of APOBEC3G mediated 
cytidine deamination reaction as it can induce rapid degradation of 
APOBEC3G finagling which leads to its effective elimination from 
virions. Earlier researches have reported that proteasome inhibitors 
are capable of preventing Vif-mediated APOBEC3G degradation and 

could restore back APOBEC3G. These inhibitors can further direct 
encapsulation of active Vif-APOBEC3G complexes into the viral 
genome thus sustaining cytidine deaminase activity of APOBEC3G 
[52-54,71-73].

Yu et al. were first to describe the mechanism of Vif-induced 
APOBEC3G degradation with the help of SOCS box E3 ligase complex 
[73]. This complex modifies a large number of cellular proteins by 
attaching ubiquitin molecules such as signaling proteins, cell cycle 
proteins and cytokine receptors. The SOCS box protein helps in binding 
of E3 ligase to a substrate cellular protein and leads to ubiquitination 
of substrate by E2-ubiquitin and E3 ligase conjugating enzyme [74]. 
The SLQXLA motif in Vif is very important for ubiquitination process 
as was found to be similar to the central region of some SOCS boxes 
and mutation in this motif inhibits the Vif -induced APOBEC3G 
degradation [73]. Studies based upon mechanism of Vif-induced 

Figure 4: APOBEC3G Mediated Cytidine Deamination.
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APOBEC3G degradation have suggested that Vif is not capable of 
completely shielding the virus from effects of APOBEC3G and A3F 
leaving minor quantity of these enzymes encapsidated in the viral 
genome thus results in continuous low level of G→A mutations in 
viruses replicating in vivo [47,52,54,55,75]. 

APOBEC3G-mediated confinement of HIV-1 could lead to 
production of viable viral progeny with sub-lethal levels of G→A 
mutations. From recent studies, it has also been suggested that these 
types of mutations may contribute significantly to HIV-1 evolution, 
immune escape, drug resistance and pathogenesis [50]. It was 
proposed in earlier researches that because of G→A mutation caused 
by APOBEC3G in HIV-1 isolates, and infected patient’s defective Vif 
alleles are readily present and not all of these perceived defects can lead 
to a complete inhibition of function carried out by Vif therefore, some 
mutants are able to retain selectively neutralizing action against either 
APOBEC3G or A3F but not against both at the same time [76]. 

Detection of high adenosine content in lentiviral genomes 
and reports of detection of hyper-mutated genomes in vivo also 
advocates the role of cytidine deamination as an important source 
of viral diversification [59,77,78]. Hence from the above data we can 
recommend that APOBEC3G mediated cytidine deamination activity, 
which is well established as the host defense mechanism against HIV-1 
virions that might have been altered to assist for evading immunological 
and pharmacological inhibition.

APOBEC3G as Sentinel or a Mole
Due to the irregular amount of G→A and effects of polymorphisms 

in Vif gene, hypermutation induced by APOBEC3G activity is not 
sufficient to limit HIV-1 infection, and sometimes it can actually 
increase HIV-1 diversification [79-83]. Recent studies also suggest 
that APOBEC3G is in fact, promoting HIV-1 diversification as a 
side effect to its failure in neutralizing viral genomes [50,84]. Out 
of all the drug resistance mutation sites discovered in HIV-1 many 
reside in APOBEC3G hotspots [85]. M184I mutation of RT is one 
such example, which resides in HIV-1 hotspot between TCCAT to 
TCUAT, introduced by APOBEC3G during HIV replication [86]. 
M184I mutation was reported to cause resistance to 2’, 3’-dideoxy-
3’-thiacytidine (3TC) and to a lesser extent abacavir (ABC) and 2’, 
3’-dideoxyinosine (DDI) in 40% of sequenced viruses in the absence 
of 3TC [86,87]. This suggests the introduction of drug resistance by 
APOBEC3G in the viral genome even before the administration of 
drugs [88-92]. Such expansion or preservation of APOBEC3G hotspot 
in key positions of the HIV-1 genome is the consequence of extensive 
pressure applied by drug resistance during viral evolution and causes a 
decline in viral fitness [93]. 

During Vif APOBEC3G interaction, Vif K22 residue plays an 
important role in neutralizing APOBEC3G while its mutant form Vif 
K22H demonstrates declined effectiveness and elevates the amount 
of drug resisting mutation in the viral genome [89,94]. This refers to 
adaptation of HIV-1 virions in order to escape antiretroviral drugs, by 
tempering APOBEC3G due to high mutational load [95]. Currently 
researchers investigating methods to diminish the activity of Vif as a 
therapeutic approach are in dilemma upon the role of APOBEC3G due 
to its proviral action [96,97]. 

Effects of RT and APOBEC3G on Base Composition of 
HIV-1

According to a comparative study done on viral isolates (1998–
2009) of HIV-1 Groups M, N and O did not show any major change 

in their nucleotide composition and remained conserved during 
evolution [98]. HIV-1 is a member of lentivirus family, which consists 
of A rich and C deficient RNA genome [99-101]. Another study also 
suggests that CpG content is actively suppressed in these viral genomes 
[102]. While comparing base of different HIV-1 viral genes such as 
gag, pol and env, constancy in the base composition still remains. It 
was also reported that comparatively pol gen is mostly A rich with gag 
slightly A deficient; while Rev, Tat and Nef contain a lower percentage 
of A nucleotide [99,100,103]. Such typical conservation in nucleotide 
composition might be related to RNA structure stability [104]. In a 
recent study HIV gag and pol genes were modified in such a manner that 
nearly 4% of A nucleotides, without affecting encoding of amino acids 
or disturbing sequences and AU rich elements important for Rev [104]. 
This resulted in decrease in cDNA synthesis and increase in stability 
of RNA. Further reduction in A content of pol showed comparatively 
more effect than gag gene on RNA genome. These results suggest a link 
between base composition and viral pathogenicity.

Conclusion
HIV-1 strictly is highly optimized to adapt for its survival, factors 

responsible for endangering its existence is removed by modification 
in its genome during its replication. RT and APOBEC3G play major 
function in modeling of HIV-1 genome and its diversity with the help 
of recombination and mutation. A better understanding of exact details 
related to the driving force behind the mutation and evolution of the 
HIV-1 genome is essential for the design of more efficient anti-retroviral 
therapies. Current studies suggest that key for survival of HIV-1 might 
be related to its nucleotide composition. Base composition with A 
nucleotide rich and C nucleotide deficient content is a distinct property 
of the members of lentivirus family. Richness of A and deficiency of C 
levels might be related to Structural flexibility and complexity to viral 
genome as they play a key role in drug resistance and adaptation. It is 
also important to notice here that APOBEC3G mediated G→A mutation 
mostly occurs in GC and GT. Here we would like to propose that a 
possible cure for HIV-1 could be achieved by increasing the amount 
of Thymine/Uracil (T\U) in nucleotide base composition. As already 
shown by Keating et al. in her research that decrease in A nucleotides 
lead to increase in stability of viral genome and also a decrease in its 
virulence and pathogenicity [103]. U/T nucleotide forms double bond 
with A during secondary structure formation. This will give rigidity to 
structure of Viral RNA. Firmness in structure of HIV-1 virus could 
also help ARV drugs to act more effectively as most drug resistance is 
the result of change in viral structure. Since G→A mutation does not 
target GT it will also help in decreasing complexity of viral genome and 
lead to decrease in drug resistance. There is still much to be discovered 
about distinct aspects related to Vif-APOBEC3G regulation, hotspot of 
HIV-1 mutations and different modes for overcoming viral multiple 
drug resistances for development of a proper anti-HIV-1 vaccine or 
drug therapy. It is equally necessary to specify various aspects related 
to reverse transcription, which checks its activity during mutation 
and recombination and could be utilized as a possible target for 
antiretroviral drugs. Extensive study of nucleotide content of HIV-1 
could provide critical information related to completely stabilizing or 
un-stabilizing viral genome and lead to discovery of a better cure. 

References

1. Conticello SG (2008) The AID/APOBEC family of nucleic acid mutators. 
Genome Biol 9: 229.

2. Harris RS, Bishop KN, Sheehy AM, Craig HM, Petersen-Mahrt SK, et al. (2003) 
DNA deamination mediates innate immunity to retroviral infection. Cell 113: 
803-809.

3. Kim T, Mudry RA Jr, Rexrode CA 2nd, Pathak VK (1996) Retroviral mutation 

http://www.ncbi.nlm.nih.gov/pubmed/18598372
http://www.ncbi.nlm.nih.gov/pubmed/18598372
http://www.ncbi.nlm.nih.gov/pubmed/12809610
http://www.ncbi.nlm.nih.gov/pubmed/12809610
http://www.ncbi.nlm.nih.gov/pubmed/12809610
http://www.ncbi.nlm.nih.gov/pubmed/8892879


Volume 3 • Issue 1 • 1000125Virol Mycol
ISSN: 2161-0517 VMID, an open access journal

Citation: Soni RK, Kanampalliwar A, Tiwari A (2013) Role of Reverse Transcriptase and APOBEC3G in Survival of Human Immune Deficiency Virus 
-1 Genome. Virol Mycol 3: 125. doi:10.4172/2161-0517.1000125

Page 7 of 9

rates and A-to-G hypermutations during different stages of retroviral replication. 
J Virol 70: 7594-7602.

4. Preston BD, Poiesz BJ, Loeb LA (1988) Fidelity of HIV-1 reverse transcriptase. 
Science 242: 1168-1171.

5. Steitz TA (1998) A mechanism for all polymerases. Nature 391: 231-232.

6. Divita G, Rittinger K, Geourjon C, Deléage G, Goody RS (1995) Dimerization 
kinetics of HIV-1 and HIV-2 reverse transcriptase: a two step process. J Mol 
Biol 245: 508-521.

7. Rambaut A, Posada D, Crandall KA, Holmes EC (2004) The causes and 
consequences of HIV evolution. Nat Rev Genet 5: 52-61.

8. Rambaut A, Robertson DL, Pybus OG, Peeters M, Holmes EC (2001) Human 
immunodeficiency virus. Phylogeny and the origin of HIV-1. Nature 410: 1047-
1048.

9. Tebit DM, Lobritz M, Lalonde M, Immonen T, Singh K, et al. (2010) Divergent 
evolution in reverse transcriptase (RT) of HIV-1 group O and M lineages: 
impact on structure, fitness, and sensitivity to nonnucleoside RT inhibitors. J 
Virol 84: 9817-9830. 

10. Ivetac A, McCammon JA (2009) Elucidating the inhibition mechanism of HIV-
1 non-nucleoside reverse transcriptase inhibitors through multicopy molecular 
dynamics simulations. J Mol Biol 388: 644-658.

11. Korber B, Muldoon M, Theiler J, Gao F, Gupta R, et al. (2000) Timing the 
ancestor of the HIV-1 pandemic strains. Science 288: 1789-1796.

12. Lemey P, Pybus OG, Rambaut A, Drummond AJ, Robertson DL, et al. (2004) 
The molecular population genetics of HIV-1 group O. Genetics 167: 1059-1068.

13. Sharp PM, Bailes E, Gao F, Beer BE, Hirsch VM, et al. (2000) Origins and 
evolution of AIDS viruses: estimating the time-scale. Biochem Soc Trans 28: 
275-282.

14. Collins JA, Thompson MG, Paintsil E, Ricketts M, Gedzior J, et al. (2004) 
Competitive fitness of nevirapine-resistant human immunodeficiency virus type 
1 mutants. J Virol 78: 603-611.

15. Panganiban AT, Fiore D (1988) Ordered interstrand and intrastrand DNA 
transfer during reverse transcription. Science 241: 1064-1069.

16. Yu H, Jetzt AE, Ron Y, Preston BD, Dougherty JP (1998) The nature of human 
immunodeficiency virus type 1 strand transfers. J Biol Chem 273: 28384-28391.

17. Miller MD, Wang B, Bushman FD (1995) Human immunodeficiency virus type 1 
preintegration complexes containing discontinuous plus strands are competent 
to integrate in vitro. J Virol 69: 3938-3944.

18. Klarmann GJ, Yu H, Chen X, Dougherty JP, Preston BD (1997) Discontinuous 
plus-strand DNA synthesis in human immunodeficiency virus type 1-infected 
cells and in a partially reconstituted cell-free system. J Virol 71: 9259-9269.

19. Thomas DC, Voronin YA, Nikolenko GN, Chen J, Hu WS, et al. (2007) 
Determination of the ex vivo rates of human immunodeficiency virus type 1 
reverse transcription by using novel strand-specific amplification analysis. J 
Virol 81: 4798-4807.

20. Pathak VKT, HM (1990) Broad spectrum of in vivo forward mutations, 
hypermutations, and mutational hotspots in a retroviral shuttle vector after a 
single replication cycle: deletions and deletions with insertions. Proc Natl Acad 
Sci U S A 87: 6024-6028. 

21. Mansky LM, Temin HM (1994) Lower mutation rate of bovine leukemia virus 
relative to that of spleen necrosis virus. J Virol 68: 494-499.

22. Julias JG, Pathak VK (1998) Deoxyribonucleoside triphosphate pool 
imbalances in vivo are associated with an increased retroviral mutation rate. 
J Virol 72: 7941-7949.

23.  Halvas EK, Svarovskaia ES, Pathak VK (2000) Role of murine leukemia 
virus reverse transcriptase deoxyribonucleoside triphosphate-binding site in 
retroviral replication and in vivo fidelity. J Virol 74: 10349-10358. 

24. Abram ME, Ferris AL, Shao W, Alvord WG, Hughes SH (2010) Nature, position, 
and frequency of mutations made in a single cycle of HIV-1 replication. J Virol 
84: 9864-9878.

25. Hu WS, Hughes SH (2012) HIV-1 reverse transcription. Cold Spring Harb 
Perspect Med 2.

26. Hemelaar J, Gouws E, Ghys PD, Osmanov S (2006) Global and regional 
distribution of HIV-1 genetic subtypes and recombinants in 2004. AIDS 20: 
W13-23.

27. Dang Q, Chen J, Unutmaz D, Coffin JM, Pathak VK, et al. (2004) Nonrandom 
HIV-1 infection and double infection via direct and cell-mediated pathways. 
Proc Natl Acad Sci U S A 101: 632-637.

28. Chen R, Le Rouzic E, Kearney JA, Mansky LM, Benichou S (2004) Vpr-
mediated incorporation of UNG2 into HIV-1 particles is required to modulate 
the virus mutation rate and for replication in macrophages. J Biol Chem 279: 
28419-28425.

29. Terence DR, Olga N, Jianbo C, Douglas P, Wei-Shau Hu (2005) Genetic 
recombination of human immunodeficiency virus type 1 in one round of viral 
replication: effects of genetic distance, target cells, accessory genes, and lack 
of high negative interference in crossover events. J Virol 79: 1666-1677. 

30. Galli A, Kearney M, Nikolaitchik OA, Yu S, Chin MP et al. (2010) Patterns of 
Human Immunodeficiency Virus type 1 recombination ex vivo provide evidence 
for coadaptation of distant sites, resulting in purifying selection for intersubtype 
recombinants during replication. J Virol 84: 7651-7661. 

31. Streeck H, Li B, Poon AF, Schneidewind A, Gladden AD, et al. (2008) Immune-
driven recombination and loss of control after HIV superinfection. J Exp Med 
205: 1789-1796.

32. Moutouh L, Corbeil J, Richman DD (1996) Recombination leads to the rapid 
emergence of HIV-1 dually resistant mutants under selective drug pressure. 
Proc Natl Acad Sci U S A 93: 6106-6111.

33. Kellam P, Larder BA (1995) Retroviral recombination can lead to linkage of 
reverse transcriptase mutations that confer increased zidovudine resistance. 
J Virol 69: 669-674.

34. Sheehy AM, Gaddis NC, Choi JD, Malim MH (2002) Isolation of a human gene 
that inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature 
418: 646-650.

35. Jarmuz A, Chester A, Bayliss J, Gisbourne J, Dunham I, et al. (2002) 
An anthropoid-specific locus of orphan C to U RNA-editing enzymes on 
chromosome 22. Genomics 79: 285-296.

36. Conticello SG, Thomas CJ, Petersen-Mahrt SK, Neuberger MS (2005) Evolution 
of the AID/APOBEC family of polynucleotide (deoxy)cytidine deaminases. Mol 
Biol Evol 22: 367-377.

37. Pace C, Keller J, Nolan D, James I, Gaudieri S, et al. (2006) Population level 
analysis of human immunodeficiency virus type 1 hypermutation and its 
relationship with APOBEC3G and vif genetic variation. J Virol 80: 9259-9269.

38. Huthoff H, Malim MH (2005) Cytidine deamination and resistance to retroviral 
infection: towards a structural understanding of the APOBEC proteins. Virology 
334: 147-153.

39. Dang Y, Siew LM, Wang X, Han Y, Lampen R, et al. (2008) Human cytidine 
deaminase APOBEC3H restricts HIV-1 replication. J Biol Chem 283: 11606-
11614.

40. Gourraud PA, Karaouni A, Woo JM, Schmidt T, Oksenberg JR, et al. (2011) 
APOBEC3H haplotypes and HIV-1 pro-viral vif DNA sequence diversity in early 
untreated human immunodeficiency virus-1 infection. Hum Immunol 72: 207-
212.

41. Larue RS, Lengyel J, Jónsson SR, Andrésdóttir V, Harris RS (2010) Lentiviral 
Vif degrades the APOBEC3Z3/APOBEC3H protein of its mammalian host and 
is capable of cross-species activity. J Virol 84: 8193-8201.

42. Li MM, Wu LI, Emerman M (2010) The range of human APOBEC3H sensitivity 
to lentiviral Vif proteins. J Virol 84: 88-95.

43. Wang X, Abudu A, Son S, Dang Y, Venta PJ, et al. (2011) Analysis of human 
APOBEC3H haplotypes and anti-human immunodeficiency virus type 1 activity. 
J Virol 85: 3142-3152.

44. Zhen A, Wang T, Zhao K, Xiong Y, Yu XF (2010) A single amino acid difference 
in human APOBEC3H variants determines HIV-1 Vif sensitivity. J Virol 84: 
1902-1911.

45. Lecossier D, Bouchonnet F, Clavel F, Hance AJ (2003) Hypermutation of HIV-1 
DNA in the absence of the Vif protein. Science 300: 1112.

46. Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, et al. (2003) Broad 
antiretroviral defence by human APOBEC3G through lethal editing of nascent 
reverse transcripts. Nature 424: 99-103.

47. Mariani R, Chen D, Schröfelbauer B, Navarro F, König R, et al. (2003) Species-
specific exclusion of APOBEC3G from HIV-1 virions by Vif. Cell 114: 21-31.

48. Zhang H, Yang B, Pomerantz RJ, Zhang C, Arunachalam SC, et al. (2003) The 

http://www.ncbi.nlm.nih.gov/pubmed/8892879
http://www.ncbi.nlm.nih.gov/pubmed/8892879
http://www.ncbi.nlm.nih.gov/pubmed/2460924
http://www.ncbi.nlm.nih.gov/pubmed/2460924
http://www.ncbi.nlm.nih.gov/pubmed/9440683
http://www.ncbi.nlm.nih.gov/pubmed/7531247
http://www.ncbi.nlm.nih.gov/pubmed/7531247
http://www.ncbi.nlm.nih.gov/pubmed/7531247
http://www.ncbi.nlm.nih.gov/pubmed/14708016
http://www.ncbi.nlm.nih.gov/pubmed/14708016
http://www.ncbi.nlm.nih.gov/pubmed/11323659
http://www.ncbi.nlm.nih.gov/pubmed/11323659
http://www.ncbi.nlm.nih.gov/pubmed/11323659
http://www.ncbi.nlm.nih.gov/pubmed/20631150
http://www.ncbi.nlm.nih.gov/pubmed/20631150
http://www.ncbi.nlm.nih.gov/pubmed/20631150
http://www.ncbi.nlm.nih.gov/pubmed/20631150
http://www.ncbi.nlm.nih.gov/pubmed/19324058
http://www.ncbi.nlm.nih.gov/pubmed/19324058
http://www.ncbi.nlm.nih.gov/pubmed/19324058
http://www.ncbi.nlm.nih.gov/pubmed/10846155
http://www.ncbi.nlm.nih.gov/pubmed/10846155
http://www.ncbi.nlm.nih.gov/pubmed/15280223
http://www.ncbi.nlm.nih.gov/pubmed/15280223
http://www.ncbi.nlm.nih.gov/pubmed/10816142
http://www.ncbi.nlm.nih.gov/pubmed/10816142
http://www.ncbi.nlm.nih.gov/pubmed/10816142
http://www.ncbi.nlm.nih.gov/pubmed/14694092
http://www.ncbi.nlm.nih.gov/pubmed/14694092
http://www.ncbi.nlm.nih.gov/pubmed/14694092
http://www.ncbi.nlm.nih.gov/pubmed/2457948
http://www.ncbi.nlm.nih.gov/pubmed/2457948
http://www.ncbi.nlm.nih.gov/pubmed/9774465
http://www.ncbi.nlm.nih.gov/pubmed/9774465
http://www.ncbi.nlm.nih.gov/pubmed/7745750
http://www.ncbi.nlm.nih.gov/pubmed/7745750
http://www.ncbi.nlm.nih.gov/pubmed/7745750
http://www.ncbi.nlm.nih.gov/pubmed/9371584
http://www.ncbi.nlm.nih.gov/pubmed/9371584
http://www.ncbi.nlm.nih.gov/pubmed/9371584
http://www.ncbi.nlm.nih.gov/pubmed/17314159
http://www.ncbi.nlm.nih.gov/pubmed/17314159
http://www.ncbi.nlm.nih.gov/pubmed/17314159
http://www.ncbi.nlm.nih.gov/pubmed/17314159
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC54463/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC54463/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC54463/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC54463/
http://www.ncbi.nlm.nih.gov/pubmed/8254760
http://www.ncbi.nlm.nih.gov/pubmed/8254760
http://www.ncbi.nlm.nih.gov/pubmed/9733832
http://www.ncbi.nlm.nih.gov/pubmed/9733832
http://www.ncbi.nlm.nih.gov/pubmed/9733832
http://www.ncbi.nlm.nih.gov/pubmed/11044079
http://www.ncbi.nlm.nih.gov/pubmed/11044079
http://www.ncbi.nlm.nih.gov/pubmed/11044079
http://www.ncbi.nlm.nih.gov/pubmed/20660205
http://www.ncbi.nlm.nih.gov/pubmed/20660205
http://www.ncbi.nlm.nih.gov/pubmed/20660205
http://www.ncbi.nlm.nih.gov/pubmed/23028129
http://www.ncbi.nlm.nih.gov/pubmed/23028129
http://www.ncbi.nlm.nih.gov/pubmed/17053344
http://www.ncbi.nlm.nih.gov/pubmed/17053344
http://www.ncbi.nlm.nih.gov/pubmed/17053344
http://www.ncbi.nlm.nih.gov/pubmed/14707263
http://www.ncbi.nlm.nih.gov/pubmed/14707263
http://www.ncbi.nlm.nih.gov/pubmed/14707263
http://www.ncbi.nlm.nih.gov/pubmed/15096517
http://www.ncbi.nlm.nih.gov/pubmed/15096517
http://www.ncbi.nlm.nih.gov/pubmed/15096517
http://www.ncbi.nlm.nih.gov/pubmed/15096517
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC544095/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC544095/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC544095/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC544095/
http://www.ncbi.nlm.nih.gov/pubmed/20504919
http://www.ncbi.nlm.nih.gov/pubmed/20504919
http://www.ncbi.nlm.nih.gov/pubmed/20504919
http://www.ncbi.nlm.nih.gov/pubmed/20504919
http://www.ncbi.nlm.nih.gov/pubmed/18625749
http://www.ncbi.nlm.nih.gov/pubmed/18625749
http://www.ncbi.nlm.nih.gov/pubmed/18625749
http://www.ncbi.nlm.nih.gov/pubmed/8650227
http://www.ncbi.nlm.nih.gov/pubmed/8650227
http://www.ncbi.nlm.nih.gov/pubmed/8650227
http://www.ncbi.nlm.nih.gov/pubmed/7529334
http://www.ncbi.nlm.nih.gov/pubmed/7529334
http://www.ncbi.nlm.nih.gov/pubmed/7529334
http://www.ncbi.nlm.nih.gov/pubmed/12167863
http://www.ncbi.nlm.nih.gov/pubmed/12167863
http://www.ncbi.nlm.nih.gov/pubmed/12167863
http://www.ncbi.nlm.nih.gov/pubmed/11863358
http://www.ncbi.nlm.nih.gov/pubmed/11863358
http://www.ncbi.nlm.nih.gov/pubmed/11863358
http://www.ncbi.nlm.nih.gov/pubmed/15496550
http://www.ncbi.nlm.nih.gov/pubmed/15496550
http://www.ncbi.nlm.nih.gov/pubmed/15496550
http://www.ncbi.nlm.nih.gov/pubmed/16940537
http://www.ncbi.nlm.nih.gov/pubmed/16940537
http://www.ncbi.nlm.nih.gov/pubmed/16940537
http://www.ncbi.nlm.nih.gov/pubmed/15780864
http://www.ncbi.nlm.nih.gov/pubmed/15780864
http://www.ncbi.nlm.nih.gov/pubmed/15780864
http://www.ncbi.nlm.nih.gov/pubmed/18299330
http://www.ncbi.nlm.nih.gov/pubmed/18299330
http://www.ncbi.nlm.nih.gov/pubmed/18299330
http://www.ncbi.nlm.nih.gov/pubmed/21167246
http://www.ncbi.nlm.nih.gov/pubmed/21167246
http://www.ncbi.nlm.nih.gov/pubmed/21167246
http://www.ncbi.nlm.nih.gov/pubmed/21167246
http://www.ncbi.nlm.nih.gov/pubmed/20519393
http://www.ncbi.nlm.nih.gov/pubmed/20519393
http://www.ncbi.nlm.nih.gov/pubmed/20519393
http://www.ncbi.nlm.nih.gov/pubmed/19828612
http://www.ncbi.nlm.nih.gov/pubmed/19828612
http://www.ncbi.nlm.nih.gov/pubmed/21270145
http://www.ncbi.nlm.nih.gov/pubmed/21270145
http://www.ncbi.nlm.nih.gov/pubmed/21270145
http://www.ncbi.nlm.nih.gov/pubmed/19939923
http://www.ncbi.nlm.nih.gov/pubmed/19939923
http://www.ncbi.nlm.nih.gov/pubmed/19939923
http://www.ncbi.nlm.nih.gov/pubmed/12750511
http://www.ncbi.nlm.nih.gov/pubmed/12750511
http://www.ncbi.nlm.nih.gov/pubmed/12808466
http://www.ncbi.nlm.nih.gov/pubmed/12808466
http://www.ncbi.nlm.nih.gov/pubmed/12808466
http://www.ncbi.nlm.nih.gov/pubmed/12859895
http://www.ncbi.nlm.nih.gov/pubmed/12859895
http://www.ncbi.nlm.nih.gov/pubmed/12808465


Volume 3 • Issue 1 • 1000125Virol Mycol
ISSN: 2161-0517 VMID, an open access journal

Citation: Soni RK, Kanampalliwar A, Tiwari A (2013) Role of Reverse Transcriptase and APOBEC3G in Survival of Human Immune Deficiency Virus 
-1 Genome. Virol Mycol 3: 125. doi:10.4172/2161-0517.1000125

Page 8 of 9

cytidine deaminase CEM15 induces hypermutation in newly synthesized HIV-1 
DNA. Nature 424: 94-98.

49. Donahue JP, Vetter ML, Mukhtar NA, D’Aquila RT (2008) The HIV-1 Vif PPLP 
motif is necessary for human APOBEC3G binding and degradation. Virology 
377: 49-53.

50. Sadler HA, Stenglein MD, Harris RS, Mansky LM (2010) APOBEC3G 
contributes to HIV-1 variation through sublethal mutagenesis. J Virol 84: 7396-
7404.

51. Liddament MT, Brown WL, Schumacher AJ, Harris RS (2004) APOBEC3F 
properties and hypermutation preferences indicate activity against HIV-1 in 
vivo. Curr Biol 14: 1385-1391.

52. Marin M, Rose KM, Kozak SL, Kabat D (2003) HIV-1 Vif protein binds the 
editing enzyme APOBEC3G and induces its degradation. Nat Med 9: 1398-
1403.

53. Sheehy AM, Gaddis NC, Malim MH (2003) The antiretroviral enzyme 
APOBEC3G is degraded by the proteasome in response to HIV-1 Vif. Nat Med 
9: 1404-1407.

54. Stopak K, de Noronha C, Yonemoto W, Greene WC (2003) HIV-1 Vif blocks the 
antiviral activity of APOBEC3G by impairing both its translation and intracellular 
stability. Mol Cell 12: 591-601.

55. Wiegand HL, Doehle BP, Bogerd HP, Cullen BR (2004) A second human 
antiretroviral factor, APOBEC3F, is suppressed by the HIV-1 and HIV-2 Vif 
proteins. EMBO J 23: 2451-2458.

56. Yu Q, König R, Pillai S, Chiles K, Kearney M, et al. (2004) Single-strand 
specificity of APOBEC3G accounts for minus-strand deamination of the HIV 
genome. Nat Struct Mol Biol 11: 435-442.

57. Beale RC, Petersen-Mahrt SK, Watt IN, Harris RS, Rada C, et al. (2004) 
Comparison of the differential context-dependence of DNA deamination by 
APOBEC enzymes: correlation with mutation spectra in vivo. J Mol Biol 337: 
585-596.

58. Fitzgibbon JE, Mazar S, Dubin DT (1993) A new type of G-->A hypermutation 
affecting human immunodeficiency virus. AIDS Res Hum Retroviruses 9: 833-
838.

59. Mario J, Melissa R, Deborah RB, Francine E McCutchan (2001) Human 
immunodeficiency virus type 1 DNA sequences genetically damaged by 
hypermutation are often abundant in patient peripheral blood mononuclear 
cells and may be generated during near-simultaneous infection and activation 
of CD4(+) T cells. J Virol 75: 7973-7986. 

60. Vartanian JP, Meyerhans A, Asjö B, Wain-Hobson S (1991) Selection, 
recombination, and G----A hypermutation of human immunodeficiency virus 
type 1 genomes. J Virol 65: 1779-1788.

61. Kawakami T, Sherman L, Dahlberg J, Gazit A, Yaniv A, et al. (1987) Nucleotide 
sequence analysis of equine infectious anemia virus proviral DNA. Virology 
158: 300-312.

62. Oberste MS, Gonda MA (1992) Conservation of amino-acid sequence motifs in 
lentivirus Vif proteins. Virus Genes 6: 95-102.

63. Barraud P, Paillart JC, Marquet R, Tisné C (2008) Advances in the structural 
understanding of Vif proteins. Curr HIV Res 6: 91-99.

64. Yu Y, Xiao Z, Ehrlich ES, Yu X, Yu XF (2004) Selective assembly of HIV-1 Vif-
Cul5-ElonginB-ElonginC E3 ubiquitin ligase complex through a novel SOCS 
box and upstream cysteines. Genes Dev 18: 2867-2872.

65. Lv W, Liu Z, Jin H, Yu X, Zhang L, et al. (2007) Three-dimensional structure 
of HIV-1 VIF constructed by comparative modeling and the function 
characterization analyzed by molecular dynamics simulation. Org Biomol 
Chem 5: 617-626.

66. Liu B, Yu X, Luo K, Yu Y, Yu XF (2004) Influence of primate lentiviral Vif 
and proteasome inhibitors on human immunodeficiency virus type 1 virion 
packaging of APOBEC3G. J Virol 78: 2072-2081.

67. Mehle A, Strack B, Ancuta P, Zhang C, McPike M, et al. (2004) Vif overcomes 
the innate antiviral activity of APOBEC3G by promoting its degradation in the 
ubiquitin-proteasome pathway. J Biol Chem 279: 7792-7798.

68. Bernacchi S, Mercenne G, Tournaire C, Marquet R, Paillart JC (2011) 
Importance of the proline-rich multimerization domain on the oligomerization 
and nucleic acid binding properties of HIV-1 Vif. Nucleic Acids Res 39: 2404-
2415.

69. Marcsisin SR, Narute PS, Emert-Sedlak LA, Kloczewiak M, Smithgall TE, et al. 
(2011) On the solution conformation and dynamics of the HIV-1 viral infectivity 
factor. J Mol Biol 410: 1008-1022.

70. Bizinoto MC, Yabe S, Leal É, Kishino H, Martins Lde O, et al. (2013) Codon 
pairs of the HIV-1 vif gene correlate with CD4+ T cell count. BMC Infect Dis 
13: 173.

71. Conticello SG, Harris RS, Neuberger MS (2003) The Vif protein of HIV triggers 
degradation of the human antiretroviral DNA deaminase APOBEC3G. Curr Biol 
13: 2009-2013.

72.  Kao S, Khan MA, Miyagi E, Plishka R, Buckler-White A, et al. (2003) The 
human immunodeficiency virus type 1 Vif protein reduces intracellular 
expression and inhibits packaging of APOBEC3G (CEM15), a cellular inhibitor 
of virus infectivity. J Virol 77: 11398-11407. 

73. Yu X, Yu Y, Liu B, Luo K, Kong W, et al. (2003) Induction of APOBEC3G 
ubiquitination and degradation by an HIV-1 Vif-Cul5-SCF complex. Science 
302: 1056-1060.

74. Kile BT, Schulman BA, Alexander WS, Nicola NA, Martin HM, et al. (2002) 
The SOCS box: a tale of destruction and degradation. Trends Biochem Sci 
27: 235-241.

75. Zheng YH, Irwin D, Kurosu T, Tokunaga K, Sata T, et al. (2004) Human 
APOBEC3F is another host factor that blocks human immunodeficiency virus 
type 1 replication. J Virol 78: 6073-6076.

76. Simon V, Zennou V, Murray D, Huang Y, Ho DD, et al. (2005) Natural variation 
in Vif: differential impact on APOBEC3G/3F and a potential role in HIV-1 
diversification. PLoS Pathog 1: e6.

77. Koulinska IN, Chaplin B, Mwakagile D, Essex M, Renjifo B (2003) Hypermutation 
of HIV type 1 genomes isolated from infants soon after vertical infection. AIDS 
Res Hum Retroviruses 19: 1115-1123.

78. Vartanian JP, Henry M, Wain-Hobson S (2002) Sustained G-->A hypermutation 
during reverse transcription of an entire human immunodeficiency virus type 1 
strain Vau group O genome. J Gen Virol 83: 801-805.

79. Henriet S, Richer D, Bernacchi S, Decroly E, Vigne R, et al. (2005) Cooperative 
and specific binding of Vif to the 5’ region of HIV-1 genomic RNA. J Mol Biol 
354: 55-72.

80. Chiu YL, Greene WC (2008) The APOBEC3 cytidine deaminases: an innate 
defensive network opposing exogenous retroviruses and endogenous 
retroelements. Annu Rev Immunol 26: 317-353.

81. Esnault C, Heidmann O, Delebecque F, Dewannieux M, Ribet D, et al. (2005) 
APOBEC3G cytidine deaminase inhibits retrotransposition of endogenous 
retroviruses. Nature 433: 430-433.

82. Kijak GH, Janini LM, Tovanabutra S, Sanders-Buell E, Arroyo MA, et al. (2008) 
Variable contexts and levels of hypermutation in HIV-1 proviral genomes 
recovered from primary peripheral blood mononuclear cells. Virology 376: 101-
111. 

83. Jern P, Russell RA, Pathak VK, Coffin JM (2009) Likely role of APOBEC3G-
mediated G-to-A mutations in HIV-1 evolution and drug resistance. PLoS 
Pathog 5: e1000367.

84. Berkhout B, de Ronde A (2004) APOBEC3G versus reverse transcriptase in 
the generation of HIV-1 drug-resistance mutations. AIDS 18: 1861-1863.

85. Mulder LC, Harari A, Simon V (2008) Cytidine deamination induced HIV-1 drug 
resistance. Proc Natl Acad Sci U S A 105: 5501-5506.

86. Johnson VA, Calvez V, Günthard HF, Paredes R, Pillay D, et al. (2011) 2011 
update of the drug resistance mutations in HIV-1. Top Antivir Med 19: 156-164.

87. Navarro F, Bollman B, Chen H, König R, Yu Q, et al. (2005) Complementary 
function of the two catalytic domains of APOBEC3G. Virology 333: 374-386.

88. Dang Y, Wang X, Zhou T, York IA, Zheng YH (2009) Identification of a novel 
WxSLVK motif in the N terminus of human immunodeficiency virus and simian 
immunodeficiency virus Vif that is critical for APOBEC3G and APOBEC3F 
neutralization. J Virol 83: 8544-8552.

89. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB (1994) Virus-specific 
CD8+ cytotoxic T-lymphocyte activity associated with control of viremia in 
primary human immunodeficiency virus type 1 infection. J Virol 68: 6103-6110.

90. Rinaldo C, Huang XL, Fan ZF, Ding M, Beltz L, et al. (1995) High levels of anti-
human immunodeficiency virus type 1 (HIV-1) memory cytotoxic T-lymphocyte 

http://www.ncbi.nlm.nih.gov/pubmed/12808465
http://www.ncbi.nlm.nih.gov/pubmed/12808465
http://www.ncbi.nlm.nih.gov/pubmed/18499212
http://www.ncbi.nlm.nih.gov/pubmed/18499212
http://www.ncbi.nlm.nih.gov/pubmed/18499212
http://www.ncbi.nlm.nih.gov/pubmed/20463080
http://www.ncbi.nlm.nih.gov/pubmed/20463080
http://www.ncbi.nlm.nih.gov/pubmed/20463080
http://www.ncbi.nlm.nih.gov/pubmed/15296757
http://www.ncbi.nlm.nih.gov/pubmed/15296757
http://www.ncbi.nlm.nih.gov/pubmed/15296757
http://www.ncbi.nlm.nih.gov/pubmed/14528301
http://www.ncbi.nlm.nih.gov/pubmed/14528301
http://www.ncbi.nlm.nih.gov/pubmed/14528301
http://www.ncbi.nlm.nih.gov/pubmed/14528300
http://www.ncbi.nlm.nih.gov/pubmed/14528300
http://www.ncbi.nlm.nih.gov/pubmed/14528300
http://www.ncbi.nlm.nih.gov/pubmed/14527406
http://www.ncbi.nlm.nih.gov/pubmed/14527406
http://www.ncbi.nlm.nih.gov/pubmed/14527406
http://www.ncbi.nlm.nih.gov/pubmed/15152192
http://www.ncbi.nlm.nih.gov/pubmed/15152192
http://www.ncbi.nlm.nih.gov/pubmed/15152192
http://www.ncbi.nlm.nih.gov/pubmed/15098018
http://www.ncbi.nlm.nih.gov/pubmed/15098018
http://www.ncbi.nlm.nih.gov/pubmed/15098018
http://www.ncbi.nlm.nih.gov/pubmed/15019779
http://www.ncbi.nlm.nih.gov/pubmed/15019779
http://www.ncbi.nlm.nih.gov/pubmed/15019779
http://www.ncbi.nlm.nih.gov/pubmed/15019779
http://www.ncbi.nlm.nih.gov/pubmed/7504935
http://www.ncbi.nlm.nih.gov/pubmed/7504935
http://www.ncbi.nlm.nih.gov/pubmed/7504935
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC115041/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC115041/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC115041/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC115041/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC115041/
http://www.ncbi.nlm.nih.gov/pubmed/2002543
http://www.ncbi.nlm.nih.gov/pubmed/2002543
http://www.ncbi.nlm.nih.gov/pubmed/2002543
http://www.ncbi.nlm.nih.gov/pubmed/3035786
http://www.ncbi.nlm.nih.gov/pubmed/3035786
http://www.ncbi.nlm.nih.gov/pubmed/3035786
http://www.ncbi.nlm.nih.gov/pubmed/1312756
http://www.ncbi.nlm.nih.gov/pubmed/1312756
http://www.ncbi.nlm.nih.gov/pubmed/18336256
http://www.ncbi.nlm.nih.gov/pubmed/18336256
http://www.ncbi.nlm.nih.gov/pubmed/15574593
http://www.ncbi.nlm.nih.gov/pubmed/15574593
http://www.ncbi.nlm.nih.gov/pubmed/15574593
http://www.ncbi.nlm.nih.gov/pubmed/17285170
http://www.ncbi.nlm.nih.gov/pubmed/17285170
http://www.ncbi.nlm.nih.gov/pubmed/17285170
http://www.ncbi.nlm.nih.gov/pubmed/17285170
http://www.ncbi.nlm.nih.gov/pubmed/14747572
http://www.ncbi.nlm.nih.gov/pubmed/14747572
http://www.ncbi.nlm.nih.gov/pubmed/14747572
http://www.ncbi.nlm.nih.gov/pubmed/14672928
http://www.ncbi.nlm.nih.gov/pubmed/14672928
http://www.ncbi.nlm.nih.gov/pubmed/14672928
http://www.ncbi.nlm.nih.gov/pubmed/21076154
http://www.ncbi.nlm.nih.gov/pubmed/21076154
http://www.ncbi.nlm.nih.gov/pubmed/21076154
http://www.ncbi.nlm.nih.gov/pubmed/21076154
http://www.ncbi.nlm.nih.gov/pubmed/21763503
http://www.ncbi.nlm.nih.gov/pubmed/21763503
http://www.ncbi.nlm.nih.gov/pubmed/21763503
http://www.ncbi.nlm.nih.gov/pubmed/23578255
http://www.ncbi.nlm.nih.gov/pubmed/23578255
http://www.ncbi.nlm.nih.gov/pubmed/23578255
http://www.ncbi.nlm.nih.gov/pubmed/14614829
http://www.ncbi.nlm.nih.gov/pubmed/14614829
http://www.ncbi.nlm.nih.gov/pubmed/14614829
http://www.ncbi.nlm.nih.gov/pubmed/14557625
http://www.ncbi.nlm.nih.gov/pubmed/14557625
http://www.ncbi.nlm.nih.gov/pubmed/14557625
http://www.ncbi.nlm.nih.gov/pubmed/14557625
http://www.ncbi.nlm.nih.gov/pubmed/14564014
http://www.ncbi.nlm.nih.gov/pubmed/14564014
http://www.ncbi.nlm.nih.gov/pubmed/14564014
http://www.ncbi.nlm.nih.gov/pubmed/12076535
http://www.ncbi.nlm.nih.gov/pubmed/12076535
http://www.ncbi.nlm.nih.gov/pubmed/12076535
http://www.ncbi.nlm.nih.gov/pubmed/15141007
http://www.ncbi.nlm.nih.gov/pubmed/15141007
http://www.ncbi.nlm.nih.gov/pubmed/15141007
http://www.ncbi.nlm.nih.gov/pubmed/16201018
http://www.ncbi.nlm.nih.gov/pubmed/16201018
http://www.ncbi.nlm.nih.gov/pubmed/16201018
http://www.ncbi.nlm.nih.gov/pubmed/14709248
http://www.ncbi.nlm.nih.gov/pubmed/14709248
http://www.ncbi.nlm.nih.gov/pubmed/14709248
http://www.ncbi.nlm.nih.gov/pubmed/11907329
http://www.ncbi.nlm.nih.gov/pubmed/11907329
http://www.ncbi.nlm.nih.gov/pubmed/11907329
http://www.ncbi.nlm.nih.gov/pubmed/16236319
http://www.ncbi.nlm.nih.gov/pubmed/16236319
http://www.ncbi.nlm.nih.gov/pubmed/16236319
http://www.ncbi.nlm.nih.gov/pubmed/18304004
http://www.ncbi.nlm.nih.gov/pubmed/18304004
http://www.ncbi.nlm.nih.gov/pubmed/18304004
http://www.ncbi.nlm.nih.gov/pubmed/15674295
http://www.ncbi.nlm.nih.gov/pubmed/15674295
http://www.ncbi.nlm.nih.gov/pubmed/15674295
http://www.ncbi.nlm.nih.gov/pubmed/18436274
http://www.ncbi.nlm.nih.gov/pubmed/18436274
http://www.ncbi.nlm.nih.gov/pubmed/18436274
http://www.ncbi.nlm.nih.gov/pubmed/18436274
http://www.ncbi.nlm.nih.gov/pubmed/19343218
http://www.ncbi.nlm.nih.gov/pubmed/19343218
http://www.ncbi.nlm.nih.gov/pubmed/19343218
http://www.ncbi.nlm.nih.gov/pubmed/15316354
http://www.ncbi.nlm.nih.gov/pubmed/15316354
http://www.ncbi.nlm.nih.gov/pubmed/18391217
http://www.ncbi.nlm.nih.gov/pubmed/18391217
http://www.ncbi.nlm.nih.gov/pubmed/22156218
http://www.ncbi.nlm.nih.gov/pubmed/22156218
http://www.ncbi.nlm.nih.gov/pubmed/15721369
http://www.ncbi.nlm.nih.gov/pubmed/15721369
http://www.ncbi.nlm.nih.gov/pubmed/19535447
http://www.ncbi.nlm.nih.gov/pubmed/19535447
http://www.ncbi.nlm.nih.gov/pubmed/19535447
http://www.ncbi.nlm.nih.gov/pubmed/19535447
http://www.ncbi.nlm.nih.gov/pubmed/8057491
http://www.ncbi.nlm.nih.gov/pubmed/8057491
http://www.ncbi.nlm.nih.gov/pubmed/8057491
http://www.ncbi.nlm.nih.gov/pubmed/7637030
http://www.ncbi.nlm.nih.gov/pubmed/7637030


Volume 3 • Issue 1 • 1000125Virol Mycol
ISSN: 2161-0517 VMID, an open access journal

Citation: Soni RK, Kanampalliwar A, Tiwari A (2013) Role of Reverse Transcriptase and APOBEC3G in Survival of Human Immune Deficiency Virus 
-1 Genome. Virol Mycol 3: 125. doi:10.4172/2161-0517.1000125

Page 9 of 9

activity and low viral load are associated with lack of disease in HIV-1-infected 
long-term nonprogressors. J Virol 69: 5838-5842.

91. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, et al. (1994) Temporal
association of cellular immune responses with the initial control of viremia in
primary human immunodeficiency virus type 1 syndrome. J Virol 68: 4650-
4655.

92. Monajemi M, Woodworth CF, Benkaroun J, Grant M, Larijani M (2012)
Emerging complexities of APOBEC3G action on immunity and viral fitness 
during HIV infection and treatment. Retrovirology 9: 35.

93. Fourati S, Malet I, Binka M, Boukobza S, Wirden M, et al. (2010) Partially active 
HIV-1 Vif alleles facilitate viral escape from specific antiretrovirals. AIDS 24: 
2313-2321.

94. Kim EY, Bhattacharya T, Kunstman K, Swantek P, Koning FA, et al. (2010)
Human APOBEC3G-mediated editing can promote HIV-1 sequence
diversification and accelerate adaptation to selective pressure. J Virol 84: 
10402-10405.

95. Smith HC (2011) APOBEC3G: a double agent in defense. Trends Biochem Sci 
36: 239-244.

96. Vázquez-Pérez JA, Ormsby CE, Hernández-Juan R, Torres KJ, Reyes-Terán
G (2009) APOBEC3G mRNA expression in exposed seronegative and early
stage HIV infected individuals decreases with removal of exposure and with
disease progression. Retrovirology 6: 23.

97. van der Kuyl AC, Berkhout B (2012) The biased nucleotide composition of the
HIV genome: a constant factor in a highly variable virus. Retrovirology 9: 92.

98. Bronson EC, Anderson JN (1994) Nucleotide composition as a driving force in
the evolution of retroviruses. J Mol Evol 38: 506-532.

99. van Hemert FJ, Berkhout B (1995) The tendency of lentiviral open reading
frames to become A-rich: constraints imposed by viral genome organization
and cellular tRNA availability. J Mol Evol 41: 132-140.

100. Berkhout B, Grigoriev A, Bakker M, Lukashov VV (2002) Codon and amino
acid usage in retroviral genomes is consistent with virus-specific nucleotide 
pressure. AIDS Res Hum Retroviruses 18: 133-141.

101. Rima BK, McFerran NV (1997) Dinucleotide and stop codon frequencies in
single-stranded RNA viruses. J Gen Virol 78 : 2859-2870.

102. Kypr J, Mrázek J (1987) Unusual codon usage of HIV. Nature 327: 20.

103. Keating CP, Hill MK, Hawkes DJ, Smyth RP, Isel C, et al. (2009) The A-rich
RNA sequences of HIV-1 pol are important for the synthesis of viral cDNA.
Nucleic Acids Res 37: 945-956.

104. Schneider R, Campbell M, Nasioulas G, Felber BK, Pavlakis GN (1997)
Inactivation of the human immunodeficiency virus type 1 inhibitory elements 
allows Rev-independent expression of Gag and Gag/protease and particle
formation. J Virol 71: 4892-4903.

http://www.ncbi.nlm.nih.gov/pubmed/7637030
http://www.ncbi.nlm.nih.gov/pubmed/7637030
http://www.ncbi.nlm.nih.gov/pubmed/8207839
http://www.ncbi.nlm.nih.gov/pubmed/8207839
http://www.ncbi.nlm.nih.gov/pubmed/8207839
http://www.ncbi.nlm.nih.gov/pubmed/8207839
http://www.ncbi.nlm.nih.gov/pubmed/22546055
http://www.ncbi.nlm.nih.gov/pubmed/22546055
http://www.ncbi.nlm.nih.gov/pubmed/22546055
http://www.ncbi.nlm.nih.gov/pubmed/20729708
http://www.ncbi.nlm.nih.gov/pubmed/20729708
http://www.ncbi.nlm.nih.gov/pubmed/20729708
http://www.ncbi.nlm.nih.gov/pubmed/20660203
http://www.ncbi.nlm.nih.gov/pubmed/20660203
http://www.ncbi.nlm.nih.gov/pubmed/20660203
http://www.ncbi.nlm.nih.gov/pubmed/20660203
http://www.ncbi.nlm.nih.gov/pubmed/21239176
http://www.ncbi.nlm.nih.gov/pubmed/21239176
http://www.ncbi.nlm.nih.gov/pubmed/19254362
http://www.ncbi.nlm.nih.gov/pubmed/19254362
http://www.ncbi.nlm.nih.gov/pubmed/19254362
http://www.ncbi.nlm.nih.gov/pubmed/19254362
http://www.ncbi.nlm.nih.gov/pubmed/23131071
http://www.ncbi.nlm.nih.gov/pubmed/23131071
http://www.ncbi.nlm.nih.gov/pubmed/8028030
http://www.ncbi.nlm.nih.gov/pubmed/8028030
http://www.ncbi.nlm.nih.gov/pubmed/7666442
http://www.ncbi.nlm.nih.gov/pubmed/7666442
http://www.ncbi.nlm.nih.gov/pubmed/7666442
http://www.ncbi.nlm.nih.gov/pubmed/11839146
http://www.ncbi.nlm.nih.gov/pubmed/11839146
http://www.ncbi.nlm.nih.gov/pubmed/11839146
http://www.ncbi.nlm.nih.gov/pubmed/9367373
http://www.ncbi.nlm.nih.gov/pubmed/9367373
http://www.ncbi.nlm.nih.gov/pubmed/3646480
http://www.ncbi.nlm.nih.gov/pubmed/19106143
http://www.ncbi.nlm.nih.gov/pubmed/19106143
http://www.ncbi.nlm.nih.gov/pubmed/19106143
http://www.ncbi.nlm.nih.gov/pubmed/9188551
http://www.ncbi.nlm.nih.gov/pubmed/9188551
http://www.ncbi.nlm.nih.gov/pubmed/9188551
http://www.ncbi.nlm.nih.gov/pubmed/9188551

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Reverse Transcriptase-Catalyst of the Reverse Transcription Reaction 
	Mode of Action of Reverse Transcription in HIV-1 
	Variations due to Reverse Transcriptase and RNA polymerase II 
	Variations due to Recombination 
	APOBEC3G and its Significance in Cytidine Deamination Reaction 
	Vif Custodian against APOBEC3G 
	Contribution of Vif and APOBEC3G Interaction in HIV-1 Variation 
	APOBEC3G as Sentinel or a Mole 
	Effects of RT and APOBEC3G on Base Composition of HIV-1 
	Conclusion 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	References

