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Abstract 
 

Human immunodeficiency virus type-1 (HIV-1) is one of the fastest evolving 

entities on earth, due in part to a mutation rate that is at least 10,000-fold higher 

than that of eukaryotic genomic DNA.  The adaptability of HIV-1 prevents 

clearance of the virus by the immune system, promotes drug resistance, and has 

impeded development of effective vaccines.  The viral mutation rate is a 

composite result of mutations that are contributed by multiple host and viral 

enzymes involved in viral replication.  However, the precise determinants of viral 

mutagenesis in HIV-1 and the degree of their contribution to HIV-1 genetic 

diversity remain incompletely understood.  Furthermore, differences in viral 

mutagenesis among different HIV types (e.g., HIV-1 and human 

immunodeficiency virus type 2, HIV-2) and subtypes have not been explored to 

date.  Lastly, the elimination of HIV-1 infectivity by increasing the viral mutation 

rate has not been extensively investigated – in terms of mechanism of action and 

in preclinical and clinical evaluations.  Based upon these general observations, 

this dissertation research was conducted to test the following hypotheses: 1) 

HIV-1 and HIV-2 have different mutation rates; 2) decitabine, a HIV-1 mutagen, 

creates G-to-C transversion mutations in the absence of mutational hotspots; 3) 

5-azacytidine causes HIV-1 mutagenesis after reduction to 5-aza-2’-

deoxycytidine (i.e. decitabine); 4) the anti-HIV-1 activity of 5-azacytidine is 

antagonized by inhibitors of ribonucleotide reductase; 5) the anti-HIV-1 activity of 

ribonucleotide reductase inhibitors are potentiated by 5,6-dihydro-5-aza-2’-

deoxycytidine.  The studies conducted in this dissertation advance current 

understanding of the determinants for retroviral mutagenesis, the mechanisms by 

which small molecules promote mutations in HIV-1, and approaches for using 

combinations of small molecules to reduce viral infectivity by enhancing the 

mutagenesis of HIV-1.  Supplementary data (figures, tables, and spreadsheets) 

associated with this thesis are available online. 
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HIV and the AIDS Pandemic 
 Human immunodeficiency virus type infects ~37 million individuals 

worldwide and has resulted in ~39 million deaths since the onset of the pandemic 

(www.unaids.org).  While the advent of combination anti-retroviral therapy (ART) 

has saved millions of lives, only 37% (~13 million) of infected individuals are 

receiving ART globally.  In recent years, the pandemic has stabilized and begun 

to improve in most regions, as new infections and deaths have gradually 

decreased to ~2.1 and ~1.5 million/year, respectively.  Nonetheless, the AIDS 

pandemic has intensified in specific problematic sub-regions, such as Eastern 

Europe, the Middle East, and North Africa, where the rates of new infections and 

deaths have risen over the past few years.  Efforts to end the AIDS pandemic are 

focused on expanding education and awareness, improving access to testing (for 

diagnosis, viral load monitoring, and genotyping), preventing transmission 

through pre-exposure and post-exposure prophylaxis methods, increasing anti-

retroviral drug availability, and raising the overall standard of care for infected 

individuals.  Additionally, scientists continue to perform research directed at key 

unsolved problems, such as the development of an effective vaccine, the 

identification of improved chemoprevention strategies (such as microbicides), 

and the establishment of methods to eliminate latent viral reservoirs, which could 

potentially enable viral eradication and provide a “functional cure” for infected 

individuals.  Further, while 26 anti-retroviral drugs (representing 6 classes) have 

been approved for the treatment of HIV-1 infection, the search for improved anti-

retroviral drugs and drug combinations continues, due to concerns over the 

transmission of drug-resistant virus, the development of multi-drug resistance, 

and long-term drug-associated toxicities. 

    

Genetic Diversity of HIV 
 Human immunodeficiency virus type-1 (HIV-1) is the major cause of the 

worldwide pandemic, whereas human immunodeficiency virus type-2 (HIV-2) 
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infects only ~1-2 million individuals worldwide and has remained largely confined 

to West Africa (1).  Even in West Africa, HIV-2 prevalence has declined while 

HIV-1 prevalence has steadily increased, demonstrating the lower 

epidemiological fitness of HIV-2 (2-4).  HIV-2 is likely less prevalent due to its 

reduced transmissibility, which has been demonstrated for both sexual 

transmission and mother to child transmission (5-7).  Further, HIV-2 is generally 

less pathogenic than HIV-1, leading to AIDS in only ~25% of untreated 

individuals (compared to >95% for HIV-1) (8, 9).  The reduced transmissibility 

and attenuated pathogenicity of HIV-2 are associated with much lower viral loads 

for HIV-2 than HIV-1, both in plasma and in genital secretions (7, 10-12).  

However, when HIV-2 infection does lead to AIDS, the clinical course of disease 

progression is virtually indistinguishable from that induced by HIV-1 (13). 

 HIV-1 & 2 both originated from cross-species transmission of distinct 

lineages of simian immunodeficiency virus (SIV) from primates to humans 

(Figure 1-1).  Specifically, HIV-1 resulted from transmission of SIV from 

chimpanzees or gorillas (SIVcpz and SIVgor), while HIV-2 originated from SIV in 

sooty mangabey monkeys (SIVsm).  Both types of transmission events have 

occurred multiple times, resulting in four groups of HIV-1 (M—P) and eight 

groups of HIV-2 (A—H).  HIV-1 Group M (for Major) is responsible for the 

worldwide pandemic and has further diversified into nine primary subtypes (A-D, 

F-H, J-K) and more than 70 circulating recombinant forms.  At the amino acid 

level, HIV-1 & 2 are ~60% homologous in Gag and Pol, but only ~30-40% 

homologous in Env.  Additionally, HIV-1 & 2 differ in the accessory proteins they 

encode.  HIV-2 encodes Vpx, which counteracts the host restriction factor 

SAMHD1, allowing for efficient infection of monocyte-derived macrophages (14).  

HIV-1, in contrast, does not encode an accessory protein to antagonize SAMHD1 

activity.  Further, HIV-2 lacks Vpu, which in HIV-1 counteracts the host restriction 

factor tetherin, promoting efficient virus release (15).  HIV-2 instead counteracts 

tetherin through Env (16, 17), thus imposing additional functional constraints on 

Env.   
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 Many groups have attempted to explore mechanisms of the limited 

transmissibility and pathogenicity of HIV-2, as such efforts could inform vaccine 

design for HIV-1.  In cell culture, HIV-2 exhibits reduced replicative fitness and 

transmission efficiency relative to HIV-1 Group M (18).  In patients, HIV-2 Env 

diversifies more slowly than HIV-1 Env when compared to HIV-1-infected 

individuals with high viral loads (19).  However, HIV-1 & 2 diversification rates are 

similar when compared to HIV-1-infected individuals with low viral loads.  The 

authors also found that the HIV-2 Env evolves more slowly than HIV-1 Env and is 

subjected to strong purifying selection.  In another study, HIV-2 Env was found to 

exhibit a lower rate of synonymous substitutions than HIV-1, implying reduced 

viral mutation and/or replication rates (20), though another group has reported 

contrasting results (21).  Multiple components of the host immune response 

appear more effective in controlling HIV-2 infection, including superior CD4+ and 

CD8+ T-cell responses (22, 23).  Further, HIV-2 infection frequently elicits potent 

and broadly neutralizing antibodies against Env, which rarely arise during HIV-1 

infection (24).  The authors proposed that these antibodies were induced due to 

a combination of:  1) reduced glycan shielding and, 2) reduced conformational 

masking, leading to increased exposure of multiple cross-reactive epitopes.  

Additionally, others have proposed that HIV-2 is better controlled because it 

infects monocyte-derived dendritic cells more efficiently than HIV-1 (by virtue of 

Vpx), leading to improved immunosurveillance (25-27).  However, Vpx is clearly 

important for in vivo infection:  Vpx is actively maintained in HIV-2 infected 

individuals (28), and SIV Vpx-deficient variants replicate with delayed kinetics in 

primate models (29, 30).  Overall, the limited pathogenicity of HIV-2 is likely due 

to a complex combination of innate virological and host immunological factors.         

 HIV-1 has been successful in establishing a worldwide pandemic largely 

due to its ability to rapidly diversify within infected hosts (31-33).  The 

transmission of HIV-1 from donor to recipient has long been known to be 

associated with an extreme reduction in genetic diversity, such that the initial 

virus population in a newly infected individual is mostly homogenous (34-36).  In 
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fact, ~75-80% of primary infections resulting from sexual transmission are 

caused by a single virion, indicative of an extreme genetic bottleneck during 

transmission (37-39).  In the other ~20-25% of cases, primary infection by sexual 

transmission can be explained by a minimum of 2—5 virions.  Some evidence 

suggests that HIV-1 transmission by injection drug use may be associated with a 

higher rate of multiple-variant transmission, as would be expected since this 

transmission route bypasses the mucosal barriers (40).  During acute infection, 

viremia initially increases dramatically, but activation of the adaptive immune 

response ~4 to 6 weeks after infection reduces the population size by several 

orders of magnitude.  After the selection of viral variants that escape the immune 

system, a prolonged period of chronic infection begins, in which the virus 

continually replicates at a high and stable level (called the viral set point) but is 

clinically asymptomatic.  Throughout chronic infection, the viral population 

diversifies into an increasingly heterogeneous population of related but unique 

and interacting variants, termed the viral quasispecies (41).  HIV-1 intra-host 

genetic variability can eventually reach up to 5-10% at the nucleotide level within 

Env (42, 43).  Because the virus is constantly subjected to strong positive 

selective pressures from the immune system, the high rates of diversification 

observed with HIV-1 correspond with high rates of evolution (i.e. rates of 

divergence) as well.  Indeed, both HIV-1 diversity and divergence increase 

approximately linearly during chronic infection, eventually stabilizing near the 

time of disease progression (42, 44, 45).  The intra-host genetic diversity of HIV-

1 enables escape from the immune system, accelerates the emergence of drug 

resistance, and promotes changes in cell and/or tissue tropism.  Ultimately, HIV-

1 genetic variation has posed a tremendous barrier to the development of an 

effective vaccine and has necessitated the use of combination drug therapy to 

control viral infection. 

 The ability of HIV-1 to quickly diversify can be attributed to several key 

factors:  large population sizes (>1010 virions/mL) (46, 47), short turnover times 

(1-2 days) (46, 48-50), and high rates of recombination and mutation (33, 51, 52).  
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HIV-1 mutates at an average rate of ~3.6 × 10−5 mutations/base pair/cycle 

(m/bp/c), corresponding to roughly one mutation per three genomes synthesized 

(53-60).  This mutation rate is ~10–1000 fold higher than DNA viruses (10−6–10−8 

m/bp/c) (61) and at least 10,000-fold higher than for eukaryotic genomic DNA 

(≤10−9 m/bp/c) (62).  In addition to mutating rapidly, HIV-1 frequently undergoes 

recombination, an ability that stems from the co-packaging of precisely two RNA 

genomes into the vast majority of virions (63).  However, only one DNA provirus 

is ultimately formed, such that retroviruses are considered pseudodiploid in 

nature (64).  HIV-1 recombines at a rate of ~3–14 crossovers/genome/cycle (60, 

65-70), which is at least 10-fold higher than the rate of mutation.  However, 

recombination only results in novel viral variants when the co-packaged genomes 

are genetically distinct, as recombination serves to reshuffle pre-existing 

mutations.  Figure 1-2 demonstrates how mutation (from a variety of different 

sources) and recombination can lead to emergence of new viral variants.    

 

HIV-1 Recombination:  Mechanisms and Determinants  
 As discussed above, HIV-1, like all retroviruses, co-packages two genomes 

into budding virions, which can be identical or non-identical (as in Figure 1-2) in 

sequence.  Upon infection, reverse transcriptase (RT) converts the single-

stranded genomic RNA into double-stranded DNA.  During this process, RT can 

switch templates, either within the same RNA genome (intra-molecular) or 

between RNA genomes (inter-molecular).  In fact, RT must switch between RNA 

templates at least once in order to complete reverse transcription (i.e. the first 

strand transfer).  While this obligate strand transfer can be intra- or inter-

molecular in nature (64, 71, 72), template switching is clearly not limited to this 

step of the reverse transcription cycle, as recombination can occur throughout 

the viral genome.  The rate at which RT switches templates is thought to be 

controlled by the relative balance of polymerase and RNase H enzymatic 

activities, referred to as the dynamic copy choice model of recombination (73, 

74).  Factors that reduce the speed of RT-mediated DNA synthesis promote 
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template switching, such as low dNTP pool levels (73, 75-77), RNA secondary 

structures (78-80), and mutations in RT that impair processivity (73, 76, 77).  In 

contrast, RT mutations that reduce RNase H activity decrease the level of 

template switching (73, 76, 81).  

 As a pre-requisite for recombination to occur between genetically distinct 

viruses, the producer cells must become dually infected, either as a result of co-

infection (near simultaneous infection) or super-infection (sequential infection).  

Thus, factors that alter the incidence of dual infection through either mechanism 

will impact the frequency of recombination.  HIV-1 readily co-infects primary 

CD4+ T-cells ex vivo with little evidence of interference (82-85).  In fact, co-

infection has been found to occur more frequently than expected from random 

interactions between viruses and cells (82, 83), but this may be due to 

reactivation of silent proviruses upon co-infection (86).  In contrast to co-infection, 

cells infected by HIV-1 (and many other retroviruses) are resistant to re-infection, 

a phenomenon called super-infection resistance (87).  Super-infection of humans 

at the organismal level has often been documented (88-93), though initial 

infection may be somewhat protective of re-infection (92).  However, such 

individuals do not necessarily contain super-infected cells, as only a small 

fraction of CD4+ T-cells becomes infected by HIV-1.  Of note, dually infected 

splenocytes can readily be observed in samples from HIV-1 infected individuals 

(94, 95) or SIVmac-infected rhesus macaques (96).  However, another study 

found that most peripheral blood CD4+ T-cells harbor only a single provirus (97).  

In a more recent extension of this work, ~90% of CD4+ T-cells were 

demonstrated to contain a single provirus in both peripheral blood and paired 

lymph node samples from five patients (98).  Unfortunately, it is not yet clear 

whether the discrepancies between these studies are due to the different 

compartments sampled, unique features of the infected individuals, or other 

factors.  Nonetheless, the wide prevalence of intra-subtype, inter-subtype, and 

inter-group recombinants of HIV-1 clearly demonstrates that recombination is a 

relevant mechanism of genetic variation that has shaped the worldwide AIDS 
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pandemic.   

 In addition to the incidence of dual infection, rates of retroviral 

recombination are influenced by factors that alter the ability of genetically distinct 

genomes to co-package into the same virus particle.  For example, the HIV-1 

genome contains the dimerization initiation signal (DIS), a six nucleotide 

palindromic sequence within the first stem loop of the 5’ untranslated region.  The 

DIS sequence is the dominant factor that drives HIV-1 genomic RNA co-

dimerization and co-packaging (99-102). Thus, HIV-1 variants with matched DIS 

sequences co-package and ultimately recombine much more frequently than 

those with mismatched DIS sequences.  Also, independent of the DIS sequence, 

the frequency of recombination correlates with the degree of sequence homology 

between templates, such that closely related sequences (e.g., from the same 

subtype of HIV-1) recombine more frequently than divergent sequences (e.g., 

from different subtypes of HIV-1) (102, 103).  

 HIV-1 recombination can both promote the completion of reverse 

transcription in the presence of RNA damage and also contribute to genetic 

diversity.  While recombination events between identical co-packaged genomes 

are effectively silent, recombination events between distinct genomes (i.e. from 

heterozygous virions) can lead to novel viral variants through the reshuffling of 

mutations (Figure 1-2).  For example, recombination can link beneficial mutations 

together, such as low-level drug resistance mutations into a highly drug-resistant 

complex (104) or single-drug resistance mutations into multi-drug resistance 

(105).  Conversely, recombination can allow escape from deleterious or lethal 

mutations (106-108).  While generally viewed as beneficial, recombination can 

also dissociate co-adapted mutations, leading to unfit viral variants (109).  

Overall, the importance of recombination to the establishment of the global AIDS 

pandemic is clear:  72 circulating recombinant forms (CRFs) have been identified 

to date (www.hiv.lanl.gov), accounting for ~20% of HIV-1 infections worldwide 

(110). 
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HIV-1 Mutagenesis:  Mechanisms and Determinants  

 HIV-1 has been found to mutate at a rate of ~3.6 × 10-5 m/bp/c (average 

across all studies) (53-60), at least 10,000-fold faster than for eukaryotic genomic 

DNA (62).  RT is thought to be a key driver of viral mutagenesis (Figure 1-2), 

primarily due to its high error rates in vitro (typically ~10−4 m/bp) (111).  RT is 

error-prone due to efficient extension from mismatched termini and lack of 5’-to-3 

exonucleolytic proofreading activity.  Further, the intermediates of reverse 

transcription (RNA-DNA hybrids in the cytosol) are thought to avoid host repair 

processes.  RNA polymerase II can also generate mutations when transcribing 

the viral genomic RNA from the integrated proviral DNA (Figure 1-2), but limited 

evidence suggests this is a lesser source of error than RT (59).  Cellular DNA 

polymerases could theoretically introduce mutations when replicating the 

integrated provirus during cell division, but the high fidelity of cellular DNA 

replication (≤10-9 m/bp/c) argues that this is a relatively minor source of virus 

variation. 

 The fidelity of HIV-1 reverse transcription can be modulated by a variety of 

host and viral factors.  Drug resistance-associated mutations in RT can increase 

or decrease the mutation rate of HIV-1 (54, 112-115).  Approved anti-viral drugs, 

including nucleoside and non-nucleoside reverse transcriptase inhibitors (NRTIs 

and NNRTIs) can elevate the HIV-1 mutation rate (112, 113, 115, 116).  

Experimental nucleoside analogs with altered base structures can lead to 

dramatic elevations of the viral mutation rate and shifts in mutational spectra 

(117-119).  Anti-metabolites that alter endogenous dNTP pools can also increase 

HIV-1 mutant frequencies (120).  In addition, primary sequence features and 

secondary structures can trigger mutations at a higher rate.  For example, most 

insertions and deletions take place at homopolymeric runs during viral replication 

(53, 55, 121).    

 In addition to RNA and DNA polymerases, the APOBEC3 family of DNA 

deaminases can induce mutations in HIV-1 by performing C-to-U editing of minus 

strand viral DNA during reverse transcription (Figure 1-2) (122, 123).  Ultimately, 
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APOBEC3 editing leads to the fixation of G-to-A mutations on the plus strand 

viral DNA.  APOBEC3 proteins typically introduce numerous G-to-A mutations 

into the same viral DNA, termed G-to-A hypermutation.  In fact, APOBEC3 

proteins can mutate as many as 10% of the total guanines within certain regions 

of the HIV-1 genome (124).  APOBEC3-mediated hypermutation is often lethal 

due to the many missense and nonsense mutations generated, restricting further 

viral propagation.  The viral accessory protein Vif counteracts most APOBEC3 

activity by targeting APOBEC3 proteins for degradation in producer cells (125-

128).  Specifically, Vif forms an E3 ubiquitin ligase complex by interacting with 

CBF-β (an obligate co-factor), elongins B and C (adapters), CUL5 (scaffold), and 

RBX2 (regulator of polyubiquitination) (129-132).  This complex directs 

polyubiquitination and proteasomal degradation of APOBEC3 proteins, which 

precludes APOBEC3 packaging into budding virions and ultimately prevents 

APOBEC3 activity in infected target cells.  Humans encode seven APOBEC3 

family members:  A3A, A3B, A3C, A3D, A3F, A3G, and A3H.  Of these, A3D, 

A3F, A3G, and A3H (haplotypes II, V, and VII), are the most relevant for 

restriction of Vif-deficient HIV-1 in CD4+ T-cells (133-136).  A3G preferentially 

mutates guanines within a GG dinucleotide context (137-139), whereas the other 

APOBEC3 proteins prefer a GA dinucleotide context (140-143).  Thus, in some 

instances, the specific APOBEC3 family member responsible for hypermutation 

can be inferred based on the sequence context of edited sites.        

 Although Vif counteracts most APOBEC3 activity, multiple lines of evidence 

demonstrate that Vif-mediated protection is not absolute.  In cell culture systems, 

the expression of Vif often does not fully restore the infectivity of virus produced 

in the presence APOBEC3 proteins (141, 144, 145).  Vif alleles from different 

virus isolates have been shown to vary widely in their abilities to counteract 

various APOBEC3 proteins, with possible correlations depending on the HIV-1 

subtype (144, 146).  Vif variants that are partially or fully defective against 

specific APOBEC3 proteins can be readily identified in patient samples (145).  In 

addition, G-to-A hypermutants have often been observed in proviral DNA from 
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patient samples (145, 147-153), which provides strong evidence that APOBEC3-

mediated editing occurs in vivo.  These hypermutants have been observed in 

both GG and GA dinucleotide contexts, implicating the activity of at least two 

APOBEC3 family members relevant to in vivo hypermutation.  

 APOBEC3-mediated editing of HIV-1 has traditionally been viewed as a 

lethal event, resulting in a hypermutated provirus that represents an evolutionary 

dead-end.  Indeed, while G-to-A hypermutation is often detected in proviral DNA 

from patient samples, it is rarely observed in virion RNA (149, 154).  Cell culture 

studies have found that hypermutants are subject to strong purifying selection, as 

the level of hypermutation in virion RNA is much lower than in proviral DNA or 

intracellular viral RNA (155).  However, APOBEC3 proteins could potentially 

contribute to HIV-1 diversity, and thus adaptation and evolution, through two 

different mechanisms.  First, APOBEC3-mediated mutation or hypermutation 

could be sub-lethal in rare instances, allowing further viral replication.  Second, 

APOBEC3-driven hypermutation could be lethal but contribute to viral variation 

through recombination with a non-hypermutated genome.  In the latter case, at 

least two viruses would be required to co-infect or super-infect the same cell, with 

only one of the viruses exposed to hypermutation by APOBEC3 activity.   

 Although still controversial, accumulating evidence suggests that both 

mechanisms are possible.  Sadler et al. demonstrated that A3G sub-lethally 

mutates HIV-1 in the presence and absence of Vif (156).  Mulder et al. showed 

that naturally occurring Vif variants defective against A3G promote the 

development of the M184I mutation in RT, which confers high-level resistance to 

the antiviral lamivudine (3TC) (157).  Recombination between hypermutated and 

non-hypermutated virus populations enabled rapid 3TC escape.  Another group 

demonstrated that A3G could promote evolution of 3TC resistance even in the 

context of wild-type Vif (158).  In addition, G-to-A hypermutation has been 

observed in virion RNA, albeit at frequencies ~15-fold lower than in proviral DNA 

(155).  Intriguingly, many of the hypermutated RNA genomes in virions contained 

mutations that would eliminate expression of functional Gag, which is required for 
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particle assembly and release.  This finding strongly argues that hypermutated 

viruses were rescued through co-infection and complementation by non-

hypermutated viruses.  More recently, A3D and/or F were shown to promote 

diversification of HIV-1 (encoding a partially defective Vif variant) in a humanized 

mouse model of infection (159).  Diversification was associated with emergence 

of mutations conferring CCR5/CXCR4 dual-tropism, suggesting that APOBEC3-

mediated mutagenesis is capable of altering co-receptor usage.  Lastly, studies 

of patient samples have found that G-to-A mutations occur more often in 

sequence contexts favored by specific APOBEC3 proteins than in disfavored 

contexts (154, 160).  These results are consistent with the hypothesis that one or 

more APOBEC3 family members facilitate diversification of HIV-1 in vivo.  

Nonetheless, the relative importance of APOBEC3 proteins compared to other 

sources of error (such as RT) in driving the evolution of novel variants that confer 

drug resistance, immune escape, or altered co-receptor tropism, is still unclear. 

 In developed countries, the advent of highly active antiretroviral therapy 

(HAART) directed against HIV-1 has enabled the indefinite suppression of viral 

replication in the vast majority (>95%) of infected individuals, provided proper 

drug adherence is maintained.  This raises the issue of the settings in which the 

high mutation and recombination rates of HIV-1 remain relevant.  Prior to the 

initiation of treatment, rapid viral replication and diversification permit escape 

from CD8+ cytotoxic T-cell and neutralizing antibody responses, ultimately 

preventing effective immune system control of the virus.  Defining the roles of 

viral mutation and recombination in these processes may inform efforts to  

develop an effective vaccine.  Further, during HAART, a low level of ongoing viral 

replication may persist in areas of limited drug penetration, such as the gut-

associated lymphoid tissue and central nervous system (161, 162), permitting 

continual viral evolution.  However, the presence of ongoing viral replication 

during HAART has remained controversial, and the predominant mechanism of 

viral persistence is thought to be latent infection of resting CD4+ T-cells (163).  

HAART is also not completely suppressive in all individuals, as ~3% of infected 
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individuals develop triple-class virological failure (164), though this may result 

from suboptimal drug adherence.  Additionally, high rates of mutation and 

recombination are features often shared by other RNA viruses (61, 165-167), 

many of which cannot currently be effectively countered by drug treatment.  The 

investigation of these processes in HIV-1 will serve as a useful model system for 

studying the genetic diversification of other RNA viruses. 

 

The HIV-1 Mutation Rate as a Therapeutic Target 
 As discussed earlier, HIV-1 rapidly diversifies within infected individuals into 

a viral quasispecies, a population of related but unique variants that allow for the 

exploration of sequence space (41, 168).  Quasispecies theory was originally 

developed to describe the behavior of self-replicating short RNA molecules 

(called replicators), which are thought to have preceded the evolution of life on 

earth.  At approximately the same time quasispecies theory was first being 

formulated, RNA viruses such as the bacteriophages MS2 and Qβ were found to 

spontaneously mutate at high rates during maintenance of viral stocks (169-171).  

Over time, quasispecies theory was shown to apply to most RNA viruses, due to 

shared properties such as high mutation rates, small genomes, and fast turnover 

times.  However, there are rare notable exceptions, such as the retrovirus HTLV-

1, which develops little intra-patient diversity due to propagation primarily by 

oligoclonal expansion rather than de novo viral replication (172-175).  It should 

also be noted that development of viral quasispecies does not necessarily always 

correspond with rapid evolution of the consensus viral sequence, as the 

consensus sequence can remain unchanged in the absence of positive selective 

pressures.  However, HIV-1 is continually subject to such pressures in vivo, 

primarily from the immune response, such that diversity and divergence increase 

throughout chronic infection until the time of disease progression.  

 According to quasispecies theory, genetic information can only be stably 

preserved under a critical mutation rate, termed the error threshold (176, 177).  

The error threshold is thought to depend on genome size, relative viral fitness, 



 

  14 

and population size.  Above the error threshold, the viral quasispecies transitions 

into error catastrophe, a process in which the quasispecies loses informative 

genetic content and collapses.  RNA viruses were postulated to naturally mutate 

close to the error threshold due to their high mutation rates and the finding that 

many virus particles are non-infectious.  Thus, mutagenic agents resulting in 

even a small-fold increase in viral mutation rate may be able to drive the viral 

quasispecies toward extinction, referred to as lethal mutagenesis (119).  John 

Holland and colleagues were the first to experimentally demonstrate lethal 

mutagenesis of a virus (178).  Specifically, they showed that mutagenic 

nucleoside analogs (5-fluorouracil, 5-azacytidine) and mutagenic chemicals 

(ethyl methanesulfonate, nitrous acid) result in extreme reductions of poliovirus 

and vesicular stomatitis virus infectivities.  Lethal mutagenesis has now been 

explored using a wide variety of RNA viruses and mutagenic agents (41, 179), 

primarily focusing on mutagenic nucleoside or nucleobase analogs, due to the 

prohibitive toxicity of mutagenic chemicals.  Notably, HIV-1 lethal mutagenesis 

based on mutagenic nucleosides is similar to APOBEC3-mediated hypermutation 

that occurs naturally to restrict viral replication in the absence of Vif.  Thus, 

targeting the Vif-APOBEC3 interaction (or other necessary interactions for 

APOBEC3 degradation, such as between Vif and CBF-β) represents an 

additional strategy to achieve lethal mutagenesis, and this avenue is actively 

being explored (180-183).      

 Although results in cell culture have been promising, the clinical translation 

of lethal mutagenesis has been a slow process, due largely to a lack of strong 

lead compounds.  Notably, ribavirin may inhibit hepatitis C virus in vivo at least in 

part through a lethal mutagenesis mechanism, but this area remains 

controversial (184-187).  The mutagenic nucleobase analog favipiravir (T-705) 

exerts broad-spectrum anti-viral activity against a number of RNA viruses in cell 

culture (188).  T-705 is currently being investigated in phase III clinical trials for 

influenza in the United States and, more recently, in phase II clinical trials for 

Ebola virus in West Africa.  T-705 has been shown to be mutagenic for influenza 
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in cell culture and for norovirus in a mouse model of infection (189, 190).  

However, T-705 has also been shown to directly inhibit the influenza viral RNA 

polymerase (191-193).  Therefore, it remains unclear whether T-705 acts against 

influenza in vivo primarily as a lethal mutagen or as a direct inhibitor of viral 

replication.      

 The lethal mutagenesis of HIV-1 in cell culture was first demonstrated by 

Lawrence Loeb and colleagues using the nucleoside analog 5-hydroxy-2’-

deoxycytidine (5-OH-dC), which was found to induce primarily G-to-A transitions 

in the virus (119).  HIV-1 replication in the presence of 5-OH-dC resulted in virus 

extinction after 9-24 passages, with accompanying increases in the frequency of 

G-to-A mutations.  Later, the combination of 5-OH-dC and a direct RT inhibitor 

(AZT) was shown to accelerate the extinction of HIV-1 relative to 5-OH-dC alone 

(194).  More recently, the ribonucleoside analog 5-azacytidine (5-AZC, Figure 1-

3A) and the related deoxyribonucleoside analog 5-aza-2’-deoxycytidine (5-dAZC, 

or decitabine, Figure 1-3A) have been demonstrated to induce lethal 

mutagenesis of HIV-1 (117, 118).  5-AZC can be incorporated into viral RNA 

during the late phase of replication, resulting in C-to-G transversions, or into viral 

DNA by RT during the early phase of replication, producing G-to-C transversions 

(Figure 1-4) (118).  In order to be incorporated by RT, 5-AZC likely must first be 

reduced to decitabine by the cellular enzyme ribonucleotide reductase (RNR), 

but this hypothesis has not yet been formally tested.  Decitabine also causes 

striking increases in G-to-C transversion frequencies as a result of being 

incorporated during the early phase of viral replication by RT (Figure 1-4) (117).  

For both 5-AZC and decitabine, transversions likely result from rapid hydrolysis 

and deformylation, which result in ring-opened derivatives predicted to base pair 

with cytidine or deoxycytidine, respectively (117, 118, 195-197).  These structural 

rearrangements have been proposed to result from either spontaneous 

hydrolysis (195, 197) or DNA methyltransferase-mediated hydrolysis (196).  In 

the case of HIV-1, 5-AZC and decitabine-mediated G-to-C transversions are 

thought to result from incorporation and mispairing during reverse transcription in 
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the cytosol (117, 118), suggesting that spontaneous hydrolysis is the more 

relevant mechanism.  Additionally, the nucleoside analog 5,6-dihydro-5-aza-2’-

deoxycytidine (KP-1212, Figure 1-3A) has been shown to inhibit HIV-1 replication 

by lethal mutagenesis (198).  However, in phase II clinical trials, KP-1461 (a 

prodrug of KP-1212) did not reduce viral loads and demonstrated only slight 

evidence of mutagenic effects, despite sufficient bioavailability (199, 200).  In 

agreement with this, others have found that KP-1212 has little antiviral or 

mutagenic effects against HIV-1 in cell culture (120), though the reasons for 

these discrepancies remain unclear. 

 Nucleoside analogs with anti-HIV-1 activity, including conventional chain-

terminating analogs as well as lethal mutagens, can often be potentiated by anti-

metabolites targeting host enzymes involved in biosynthetic pathways (117, 201-

204).  Most of the anti-metabolites investigated for this purpose thus far have 

been ribonucleotide reductase inhibitors (RNRIs, see Figure 1-3B for examples), 

though other enzymes could potentially be targeted as well.  In the absence of 

nucleoside analogs, RNRIs can reduce HIV-1 infectivity by depleting endogenous 

dNTP pool levels, which can increase viral mutant frequencies and/or inhibit viral 

DNA synthesis (120, 205).  In combinations, RNRIs can potentiate nucleoside 

analogs, resulting in synergistic reductions in viral infectivity.  Although the 

mechanisms of these combinations have not been elucidated in many cases, 

RNRIs likely enhance nucleoside analog transport into the cell, phosphorylation 

by cellular kinases, and/or incorporation by RT through reduced competition with 

endogenous nucleotides.  For example, hydroxyurea (Figure 1-3B) exhibits 

synergy with the chain-terminating nucleoside analog didanosine (ddI, which is 

converted intracellularly into ddATP) by depleting endogenous dATP pools (204, 

206).  In fact, this combination has been extensively investigated in clinical trials, 

although hydroxyurea was ultimately not adopted as a common component of 

HAART due to dose-limiting toxicities (207-212).  The RNRIs gemcitabine and 

resveratrol (Figure 1-3B) have been shown to synergize with decitabine in cell 

culture, without corresponding increases in cellular toxicity (117, 201).  The 
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combination of gemcitabine and decitabine has further been shown to be 

effective in an MLV-based mouse model of AIDS (213).  Likewise, combinations 

of KP-1212 with gemcitabine or resveratrol in cell culture exert greater antiviral 

activity than either compound alone (120).  In some cases, RNRIs have even 

been shown to restore the activity of nucleoside analogs against analog-resistant 

viruses, effectively increasing the genetic barrier to resistance (214). 

    
Dissertation Objectives 
 The research described in this dissertation was performed to address 

several over-arching hypotheses: First, that HIV-1 and HIV-2 would exhibit 

distinct mutation frequencies and spectra; Second, that decitabine would 

promote G-to-C transversions in HIV-1 in the absence of mutational hotspots; 

Third, that 5-AZC would act primarily as decitabine to enhance HIV-1 

mutagenesis; Fourth, that the anti-HIV-1 activity of 5-azacytidine would be 

antagonized by RNRIs; Fifth, that KP-121 would potentiate the anti-HIV-1 activity 

of RNRIs.  

 More specifically, in Chapter II, viral mutagenesis was compared between 

HIV-1 and HIV-2.  We hypothesized that HIV-2 would exhibit a lower mutation 

frequency than HIV-1, as HIV-2 has previously been found to exhibit a lower 

evolutionary rate, reduced viral fitness, and better control by the host immune 

response compared to HIV-1 (9, 215).  To address this hypothesis, Illumina 

sequencing was performed of multiple homologous amplicons in HIV-1 and HIV-

2 that were prepared from large quantities of proviral DNA.  HIV-1 was found to 

display significantly higher mutation frequencies than HIV-2, with a mutational 

spectrum more heavily biased toward G-to-A mutations.  These differences were 

largely driven by G-to-A hypermutants, which occurred primarily in the GA 

dinucleotide context, suggesting they were caused by APOBEC3-mediated 

editing.  While HIV-2 G-to-A hypermutants were also observed, they occurred at 

much lower frequencies than for HIV-1 in all amplicons examined.  In the 

absence of G-to-A hypermutants, HIV-1 and HIV-2 total mutation frequencies 
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were not significantly different, and the resulting mutation spectra of the viruses 

were much more similar.  While these results suggest that HIV-2 might be less 

susceptible than HIV-1 to G-to-A hypermutation, these findings need to be 

confirmed in cell types expressing physiologically relevant levels of APOBEC3 

proteins.  Overall, these data support the conclusion that differences in general 

replication fidelity (i.e. in the absence of APOBEC3 proteins) are likely not a 

primary driver of the unique clinical features observed during HIV-2 infection.   

 Next, in Chapter III, the mutagenic effects of decitabine (Figure 1-3A), a 

nucleoside analog with potent anti-HIV-1 activity, were investigated in 

tremendous depth using Illumina next-generation sequencing to test the 

hypothesis that decitabine-mediated mutagenesis of HIV-1 would not result in 

clear mutational hotspots.  Illumina sequencing permitted detailed analyses of 

mutation frequencies, spectra, sequence context preferences, mutational 

hotspots, and analysis of drug susceptibility at the level of individual sequence 

positions.  This analysis showed that decitabine resulted in an extreme increase 

(~155-fold) in the frequency of G-to-C transversions in HIV-1, with a 

corresponding shift in mutational spectra.  In addition, decitabine was found to 

induce a significant increase (~29-fold) in the frequency of C-to-G transversions.  

Surprisingly, G-to-C mutational hotspots (defined as upper outliers within the 

mutation distribution) were not observed.  Notably, every single guanine position 

(134/134) and nearly every cytosine position (163/169) were found to be 

significantly susceptible to decitabine-mediated mutagenesis, demonstrating that 

incorporation of this compound into HIV-1 is highly promiscuous.  Overall, these 

data support the use of decitabine-mediated mutagenesis as an antiviral strategy 

for extinguishing the infectivity of HIV-1.  

 Additionally, in Chapter IV, experiments were performed to test the 

hypothesis that the ribonucleoside analog 5-AZC (Figure 1-3A) would act 

primarily after reduction to 5-aza-2’-deoxycytidine (i.e. decitabine) to reduce HIV-

1 infectivity by lethal mutagenesis.  5-AZC has previously been shown to be 

active during both the early and late phases of viral replication (118), thus 
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implying that it can be incorporated into viral DNA (by RT) and viral RNA (by 

RNA polymerase II), respectively.  5-AZC could potentially be incorporated by RT 

directly as a ribonucleotide (i.e. as 5-AZC-TP) or as a deoxyribonucleotide (i.e. 

as decitabine-TP), which would first require intracellular conversion to decitabine 

by RNR.  While HIV-1 RT has been shown to selectively exclude ribonucleotides 

(216-218), HIV-1 RT has also been found to incorporate significant levels of 

endogenous ribonucleotides in cell types with low levels of deoxyribonucleotides, 

such as in macrophages (219, 220).  Notably, high concentrations of 5-AZC are 

required to elicit antiviral activity (118), which could potentially alter the ratio of 

NTPs to dNTPs enough to allow for significant incorporation of 5-AZC-TP.  We 

used a combination of in vitro RT incorporation assays, liquid chromatography-

tandem mass spectrometry (LC-MS/MS), and Illumina sequencing to 

convincingly demonstrate that 5-AZC acts primarily as decitabine-TP against 

HIV-1, such that 5-AZC and decitabine result in extremely similar patterns of 

enhanced mutagenesis in HIV-1.   

 Further, in chapter V, we examined the effects of RNRIs on the potency of 

5-AZC, hypothesizing that RNRIs would inhibit the intracellular conversion of 5-

AZC to decitabine and thus antagonize the activity of 5-AZC.  Surprisingly, we 

found that low concentrations of four different RNRIs all significantly potentiated 

the antiviral activity of 5-AZC, resulting in antiviral synergy and improvement of 

the selectivity index of 5-AZC.  The mechanisms of these novel antiviral 

combinations were addressed using LC-MS/MS to measure levels of decitabine-

TP and endogenous dNTPs, Illumina sequencing to determine mutation 

frequencies and spectra, and qPCR to measure levels of reverse transcription 

products in the presence of the drug combinations.  We found that RNRIs did not 

effectively inhibit the reduction of 5-AZC to decitabine, suggesting that 5-AZC 

acts primarily as decitabine against HIV-1 even in the presence of RNRIs.  The 

mechanism of antiviral synergy was further investigated for the combination of 5-

AZC and resveratrol and was found to be primarily due to reduction of RT 

products rather than enhanced viral mutagenesis.  Overall, these findings 
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demonstrate that low concentrations of RNRIs can be applied in drug 

combinations to potentiate the activity of a ribonucleoside analog against HIV-1, 

which may hold true for other ribonucleoside analogs as well and thus open new 

avenues for the design of synergistic drug combinations directed against HIV-1 

and other viruses. 

 Lastly, in Chapter VI, the experimental mutagenic nucleoside KP-1212 

(Figure 1-3A) was studied alone or in combination with various RNRIs.  The 

primary goal of this project was to identify a strategy to significantly improve the 

antiviral activity of KP-1212, as a prodrug form of KP-1212 (KP-1461) failed to 

reduce viral loads in phase II clinical trials (199, 221).  KP-1212 was found to 

substantially potentiate the anti-HIV-1 activities of multiple RNRIs, despite having 

little antiviral or mutagenic activity on its own.  The combinations were associated 

with significant increases in HIV-1 mutant frequencies, arguing that enhanced 

viral mutagenesis was the primary antiviral mechanism of the combinations.  The 

combination of resveratrol and KP-1212 was found to strongly shift the 

mutational spectrum of HIV-1 toward G-to-C transversions.  These findings will 

ultimately inform future attempts to clinically translate KP-1212 (and related 

nucleoside analogs) for the treatment of HIV-1 infection by lethal mutagenesis.   



 

  21 

 
Figure 1-1. Origins of HIV-1 and HIV-2.  HIV type-1 (HIV-1) resulted from the 

transmission of simian immunodeficiency virus (SIV) from chimpanzees or 

western gorillas into humans.  Cross-species transmission has occurred at least 

four times, resulting in groups M-P, although group M (for Major) is primarily 

responsible for the worldwide pandemic.  Group M has further diversified into 

nine primary subtypes and >70 circulating recombinant forms.  HIV type-2 (HIV-

2) resulted from the cross-species transmission of SIV from sooty mangabeys in 

West Africa.  Transmission has occurred at least eight times, resulting in groups 

A-H, although only groups A and B appear widespread.   
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Figure 1-2. Mechanisms of HIV-1 recombination and mutation.  Producer 

cells that become dually infected (either as a result of co-infection or super-

infection) can result in the transcription of genetically distinct viral genomes (2) 

that may be able to co-package into virions (3).  Upon infection of target cells, 

multiple outcomes are possible:  Reverse transcription may occur in the absence 

of mutation or recombination (4).  Alternatively, the error-prone reverse 

transcriptase may directly introduce novel mutations into the genome (5) or 

transfer pre-existing mutations from one viral genome to another by 

recombination (6).  Further, APOBEC3 proteins can perform C-to-U editing of 

minus strand DNA in a processive fashion during reverse transcription (7), which 

ultimately results in the fixation of multiple G-to-A mutations into the genome, 
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termed G-to-A hypermutation.  For this to occur, APOBEC3 proteins must be 

packaged into virions from the producer cells (3), which typically only takes place 

in the absence of functional Vif.  Cellular DNA replication (1) and genome 

transcription (2) can also introduce mutations in HIV-1, but the available evidence 

suggests that these are less important sources of error.       
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Figure 1-3. Compounds under investigation for the lethal mutagenesis of 
HIV-1. (A)  Mutagenic nucleoside analogs.  5-azacytidine (5-AZC) and 5-aza-2’-

deoxycytidine (5-dAZC, or decitabine) are incorporated in place of cytidine or 

deoxycytidine (dC), respectively, and undergo hydrolysis, which results in ring 

opening and base pairing with cytosine on the opposite strand.  5-aza-5,6-

dihydro-2’-deoxycytidine (KP-1212) is also an analog of dC but is thought to 

cause mutations as a result of tautomerization. (B) Ribonucleotide reductase 

inhibitors (RNRIs).  RNRIs deplete endogenous dNTP pools and often exhibit 

anti-HIV-1 activity by inhibiting viral DNA synthesis and elevating the viral 

mutation rate.  However, they are primarily used in lethal mutagenesis strategies 

for their ability to potentiate the activity of mutagenic nucleoside analogs.   
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Figure 1-4. Model for the anti-HIV-1 activity of 5-azacytidine and decitabine.  
Both 5-azacytidine (5-AZC) and decitabine are transported into the cell by 

facilitated diffusion through the human equilibrative nucleoside transporter 1 

(hENT1).  Next, they are phosphorylated by uridine-cytidine kinase (UCK) or 

deoxycytidine kinase (dCK), respectively, into the monophosphate (MP) forms.  

Nucleoside mono- and di-phosphate kinases (NMPK, NDPK) convert the 

monophosphate forms of 5-AZC and decitabine into the diphosphate (DP) and 

triphosphate (TP) forms, respectively.  5-AZC-TP can then be incorporated into 

viral genomic RNA, resulting in fixation of C-to-G transversions, while decitabine-

TP can be incorporated into viral DNA, resulting in fixation of G-to-C 

transversions.  5-AZC-TP and decitabine-TP cause mutations by hydrolysis into 

ring-opened remnants, which then mispair with cytosine during synthesis of the 

complementary strand.  5-AZC may potentially also be reduced to decitabine by 

the cellular enzyme ribonucleotide reductase (RNR), promoting incorporation into 

viral DNA during reverse transcription.   
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CHAPTER II 
HIV-1 AND HIV-2 EXHIBIT SIMILAR MUTATION FREQUENCIES AND 

SPECTRA IN THE ABSENCE OF G-TO-A HYPERMUTATION 
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Introduction 
Human immunodeficiency virus type-1 (HIV-1) infects approximately 35 

million individuals worldwide and has resulted in about 39 million deaths since 

the onset of the AIDS pandemic (http://www.unaids.org).  Within infected 

individuals, HIV-1 undergoes rapid genetic diversification, promoting the 

acquisition of drug resistance, evasion of the host immune response, and 

alterations in cell tropism.  Genetic diversification is, in turn, driven by large 

population sizes and high rates of replication, recombination, and mutation.  HIV-

1 has been found to mutate on the order of 10-4-10-5 mutations/base pair/cycle 

(m/bp/c), corresponding to ~0.1-1 mutations per genome synthesized (53, 55, 57, 

59, 222).  HIV-1 thus mutates about 10,000-100,000 times faster than eukaryotic 

genomic DNA (62).  Multiple viral and cellular factors influence both the rates and 

types of mutations produced during viral replication.  Reverse transcriptase (RT) 

is likely a major generator of mutations in vivo, as it is tremendously error-prone 

in vitro (mutation rates > 10-4 m/bp/c), primarily due to a lack of proofreading 

activity (111, 223).  RNA polymerase II can also introduce mutations when 

transcribing the viral RNA genome, but less than that of RT (59).  Cellular DNA 

polymerases can introduce mutations when replicating the proviral DNA 

integrated into the cellular genome; however, these enzymes have been 

assumed to minimally contribute to HIV-1 variation due to the high fidelity of 

genomic DNA replication (62).  In addition, apolipoprotein B mRNA-editing 

enzyme catalytic polypeptide-like 3 (APOBEC3) proteins can induce G-to-A 

hypermutation, particularly in the absence of Vif (122, 123).  APOBEC3-mediated 

hypermutation is often lethal to virus replication, but accumulating evidence 

suggests that APOBEC3 proteins can in some cases promote genetic 

diversification and the evolution of new variants conferring drug resistance or 

altered cell tropism (156-160).  Other factors, such as dNTP pool levels (224), 

other viral proteins (Vpr) (58, 113), and cell type (225) have been shown to 

influence HIV-1 mutagenesis as well.  
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Relative to HIV-1, human immunodeficiency virus type 2 (HIV-2) infection 

is often marked clinically by lower viral loads, reduced transmissibility, and longer 

asymptomatic periods in infected individuals (9, 215).  Differences in the mutation 

frequencies of HIV-1 and HIV-2 have been hypothesized to contribute to the 

attenuated progression of HIV-2 observed clinically.  Specifically, a lower 

mutation rate for HIV-2 would be expected to limit genetic diversification, which 

could in turn reduce viral fitness and/or attenuate viral pathogenicity.  Consistent 

with this hypothesis, viral variants with increased replication fidelity have been 

shown to result in impaired viral fitness and virulence in many other RNA viruses 

(226-230).  In further support of this hypothesis, HIV-2 has been found to evolve 

less quickly than HIV-1 (19, 20), though one report has found the opposite (21).  

However, it should be noted that evolutionary rates depend on a wide variety of 

factors besides the mutation rate, such as replication rate, population size, and 

selective pressures.  In addition, the HIV-2 RT contains a highly conserved V75I 

polymorphism, a drug resistance-associated mutation in HIV-1 that improves RT 

fidelity (231, 232).  Lastly, HIV-2 has been shown to be less sensitive than HIV-1 

to APOBEC3G activity, potentially diminishing the contribution of APOBEC3G to 

viral mutagenesis (233).   

In order to compare mutation frequencies and spectra between HIV-1 & 2, 

we performed Illumina high-throughput sequencing of proviral DNA from cells 

infected with HIV-1 or 2.  We found that HIV-2 displayed lower total, substitution, 

and transition mutation frequencies than HIV-1, particularly due to reduced levels 

of G-to-A transition mutations. We also observed low-level G-to-A hypermutation 

in both HIV-1 and HIV-2 that was consistent with the activity of APOBEC3 

proteins.  Intriguingly, HIV-2 demonstrated significantly lower levels of G-to-A 

hypermutation than HIV-1.  After exclusion of G-to-A hypermutants, total 

mutation frequencies were not significantly different between HIV-1 and HIV-2.  

Together, these data support the conclusion that differences in general 

replication fidelity are likely not a primary driver of the unique clinical features of 

HIV-2 infection.      
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Results  
 Characterization of background errors induced by PCR and Illumina 

sequencing.  In order to compare mutation frequencies and spectra between 

HIV-1 and HIV-2, single cycle infections with HIV-1 or HIV-2 were performed at a 

high MOI (1 million U373-MAGI-X4 cells per replicate infected at an MOI of 1.0, 

see Materials and Methods and Figure 2-1).  In this assay, producer cells cannot 

be re-infected due to a lack of the appropriate receptor and co-receptor, and 

target cells likewise cannot be re-infected due to disruption of the env genes in 

the HIV-1 and HIV-2 vectors.  Genomic DNA was purified from infected cells and 

first subjected to quantitative PCR (qPCR) in order to determine the level of 

plasmid carryover from transfections.  Plasmid carryover was quantified either 

by: 1) determining the plasmid backbone copy number (by measuring the 

ampicillin resistance gene) and dividing by the proviral copy number, or 2) 

determining the proviral copy number from heat-inactivated viral infections and 

dividing by the proviral copy number from un-treated infections (see Materials 

and Methods).  We found that the level of plasmid carryover for HIV-1 was 0.2% 

when measured by either method, while the level of carryover was 2.8% or 1.4% 

for HIV-2, depending on the approach used (Table S2-1).  The significantly 

higher level of plasmid carryover for HIV-2 likely reflects the reduced infectivity of 

HIV-2 viral stocks, which resulted in larger volumes of viral stocks being used 

during infection.  These results are comparable to those obtained in another 

study (222) and are too low to significantly impact measured mutation 

frequencies.  Next, amplicons were prepared from proviral DNA for Illumina 

sequencing.  In total, 12 samples were analyzed--three experimental replicates 

each of HIV-1, HIV-2, and HIV-1 and HIV-2 plasmid amplifications as controls to 

determine levels of background errors.  Further, for each sample, five amplicons 

were prepared (Gag, Vif, HSA, EGFP-1, and EGFP-2), representing a mixture of 

viral (Gag, Vif) and marker (HSA, EGFP-1, EGFP-2) gene targets.  Libraries 

were prepared individually from samples in order to prevent inter-sample 
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recombination during library construction.  Following this, all libraries were pooled 

and subjected to 2×150 paired-end sequencing on the Illumina MiSeq, resulting 

in ~4.7 million total read pairs after processing, or an average of ~79,000 read 

pairs/amplicon/sample (Table S2-2).  After stringent filtering of Illumina data, the 

mutation frequencies (expressed as mutations per base pair, or m/bp) were 

determined for all samples, both in terms of total mutations and every possible 

subdivision (i.e. substitutions, transitions, transversions, etc.).  Mutation counts, 

frequencies, and relative percentages are listed in Dataset S2-1, both combined 

across all five amplicons and separated by amplicon.   

 After sequencing, the first objective was to utilize the plasmid controls to 

characterize the frequencies and spectra of background errors (i.e. errors from 

PCR or sequencing) in order to determine the extent to which biological 

mutations could be detected above the level of the background.  The average 

mutation frequencies of the plasmid controls were 2.8 (HIV-1) and 2.6 (HIV-2) × 

10-4  m/bp (Figure 2-2A and Dataset S2-1), consistent with a recent investigation 

into background error during amplicon sequencing on the Illumina MiSeq (234).  

Most of the background errors observed were substitutions, with insertions and 

deletions comprising only 4.3-4.9% of total mutations.  Of the substitutions, 

transversions and transitions were observed at similar frequencies: 1.2-1.4 × 10-4 

m/bp for transversions and ~1.2 × 10-4 m/bp for transitions, such that each 

category composed ~ half of all mutations (Figure 2-2C).  However, as described 

in Materials and Methods, plasmid error hotspots (i.e. positions highly prone to 

background error) were masked prior to this analysis, and in the absence of such 

masking transversions occurred ~2.5-fold more often than transitions.  Thus, our 

findings are consistent with previous reports that have observed a bias of 

Illumina sequencing (using a variety of different platforms and library preparation 

methods) toward transversion types (234-237). .Interestingly, among the eight 

possible transversion types, background transversion errors were non-randomly 

distributed (Figure S2-1).  Specifically, background transversions were strongly 

biased toward C-to-A and G-to-T transversions, which composed 74% (HIV-1) or 
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73% (HIV-2) of all transversions.  C-to-A and G-to-T are reciprocal mutational 

types, and these mutations may be due to oxidative conversion of guanine to 8-

oxoguanine or due to Illumina imaging artifacts (see Discussion).  Background 

errors were distributed quite evenly across the five amplicons (Figure 2-2B), 

demonstrating that no individual amplicon was particularly prone to background 

errors. 

 In addition to analyzing background error frequencies and spectra, the 

frequency of intra-sample recombination due to PCR was also examined.  While 

PCR-mediated recombination is not known to be mutagenic, recombination could 

affect associations between mutations.  We attempted to minimize recombination 

from PCR by stopping reactions after 30 cycles of amplification, corresponding to 

the ~end of the log-linear phase of amplification, after which recombination 

occurs at a much higher rate due to saturation of dNTPs and primers (238-240).  

Intra-sample recombination frequencies were determined using genetic markers 

that were incorporated into the plasmid control amplifications (see Materials and 

Methods).  Under these amplification conditions, intra-sample recombination was 

observed at frequencies of ~2-3% of the maximum observable in the assay, 

demonstrating that recombination from PCR was relatively rare (Table S2-3).   

 We next compared the mutation frequencies and spectra of the HIV-1 & 2 

biological samples to that of the plasmid controls in order to determine which 

types of mutations could be detected above background levels.  HIV-1 and HIV-2 

exhibited average mutation frequencies of 6.9 (HIV-1) and 3.1 (HIV-2) × 10-4 

m/bp (Figure 2-2A and Dataset S2-1).  The total mutation frequency of HIV-1 was 

significantly higher than the corresponding plasmid control (p < 0.001).  In 

contrast, the HIV-2 total mutation frequency was not significantly higher than the 

plasmid control (p = 0.40).  Upon separating out the major classes of mutations, 

we found that this was primarily due to high levels of transversions in the plasmid 

controls.  Transversions occurred at frequencies of 1.4 (HIV-1) or 1.2 (HIV-2) × 

10-4 m/bp in the plasmid controls (Figure 2-2A), values that were not significantly 

different from that of the biological samples.  Similar to transversions, insertion 
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frequencies did not significantly vary between biological samples and plasmid 

controls, and deletion frequencies were only significantly higher than plasmid for 

HIV-2 (p = 0.02, Dataset S2-1).  However, insertions and deletions had little 

impact on overall mutation frequencies because they were much less frequent 

(3-6% of total mutations) than substitutions (Figure 2-2C).  Notably, although the 

HIV-2 total mutation frequency was not significantly higher than its corresponding 

plasmid control, transition frequencies (5.8 [HIV-1]and 2.0 [HIV-2] × 10-4 m/bp) 

were significantly higher than the plasmid controls for both viruses (HIV-1: p < 

0.001; HIV-2: p = 0.038).  These differences were also reflected in the mutation 

spectra, as transitions comprised 84% (HIV-1) or 66% (HIV-2) of total mutations 

in the biological samples but only 44% (HIV-1) or 48% (HIV-2) in the plasmid 

controls (Figure 2-2C).  Importantly, many previous reports have demonstrated 

that transitions predominate during the replication of HIV-1, generally comprising 

70-90% of all substitutions (53, 55, 57-59, 225, 241).  Thus, considering that 

transitions are more relevant to HIV-1 replication and that they were detected at 

levels significantly higher than the background, most downstream analyses 

focused on transition mutational types.  

 HIV-2 exhibits a lower mutation frequency and an altered mutation 

spectrum relative to that of HIV-1.  We next compared HIV-1 and HIV-2 mutation 

frequencies in order to test our initial hypothesis that HIV-2 would display a lower 

mutation frequency than HIV-1.  We found that HIV-1 had a significantly higher 

total mutation frequency, as well as higher frequencies of substitutions and 

transitions, than HIV-2 (relative differences of 2.3, 2.3, and 2.9-fold, respectively; 

all p-values < 0.001) (Dataset S2-1 and Figure 2-2A).  In contrast, the levels of 

transversion mutations were not significantly different between HIV-1 and HIV-2 

(p = 0.32).  The observed differences in transition frequencies were primarily due 

to an approximately 6.9-fold higher frequency (p < 0.001) of G-to-A transition 

mutations with HIV-1 than with HIV-2 (Dataset S2-1).  Less striking, but 

statistically significant, differences were observed for several other types of 

transitions as well.  HIV-1 displayed a 1.1-fold higher frequency of A-to-G 
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transitions (p = 0.049) than HIV-2, while HIV-2 displayed a 1.5-fold higher 

frequency of C-to-T transitions than HIV-1 (p = 0.0019).  The frequency of T-to-C 

transitions was not significantly different between HIV-1 and HIV-2.  Consistent 

with these results, the mutation spectrum of HIV-1 was much more heavily 

biased toward G-to-A transition mutations than for HIV-2 (66% vs. 22% of total 

mutations, Figure 2-2C).  Overall, these data demonstrate that the HIV-1 

mutation frequency is significantly higher than that of HIV-2, predominantly due 

to substantially higher levels of G-to-A transition mutations. 

 Mutation frequencies vary across amplicons for HIV-1 and HIV-2.  We 

hypothesized that specific amplicons might be more or less error-prone than 

others due to features of the primary sequence (such as homopolymeric runs), 

secondary structures, or the relative positioning of the amplicon within the viral 

genome.  To address this, transition frequencies were compared across the five 

amplicons analyzed in this study.  As previously indicated, transitions in the 

plasmid controls were distributed relatively evenly across the five amplicons, 

demonstrating that no individual amplicon was particularly prone to background 

transition mutations (Figure 2-2B).  In contrast, for HIV-1, it was found that most 

transitions were concentrated in the EGFP-1 amplicon and, to a lesser extent, 

the Vif amplicon (Figure 2-2B).  The EGFP-1 and Vif amplicons together 

accounted for about 74% of all transitions in HIV-1.  The relative order of 

transition frequencies among the amplicons was found to be EGFP-1 > Vif > 

EGFP-2 ≈ HSA ≈ Gag, with all indicated differences between amplicon pairs 

being statistically significant (p < 0.001).  Since G-to-A transitions predominated 

for HIV-1, the observed differences could potentially be explained by varying 

nucleoside content between amplicons.  However, the amplicons contained 

relatively similar frequencies of deoxyguanosine, ranging from 19.6-31.2%.  

Further, the Vif amplicon actually contained the lowest deoxyguanosine content 

of the five amplicons, despite having the second highest transition frequency.  

For HIV-2, transition frequencies were much more evenly distributed between 

amplicons than for HIV-1, with a maximal difference of ~1.3-fold (between Gag 
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and EGFP-2).  We also compared transition frequencies between HIV-1 and HIV-

2 at the level of individual amplicons.  HIV-1 was found to have a higher 

frequency of transitions than HIV-2 in all amplicons except Gag (p = 0.12 for 

Gag; p < 0.001 for all other amplicons); however, the greatest differences were 

observed in the EGFP-1 and Vif amplicons (7.2 and 2.9-fold differences, 

respectively).  

 Detection of G-to-A hypermutation in HIV-1 and HIV-2.  Considering the 

high levels of G-to-A transition mutations (particularly for HIV-1) that we observed 

(Figure 2-2C), we next investigated whether HIV-1 or 2 displayed evidence of G-

to-A hypermutation.  G-to-A hypermutation could potentially arise from the 

activity of APOBEC3 proteins, though relatively little APOBEC3 activity was 

expected in this particular experimental system (see Discussion).  In these 

analyses, hypermutants were defined as read pairs (~120 bp in length) that 

contained two or more mutations of the same type within the read pair.  In 

addition to analyzing G-to-A hypermutants, we determined frequencies of other 

possible types of transition hypermutants (A-to-G, C-to-T, and T-to-C) as well, as 

HIV-1 A-to-G hypermutants have occasionally been reported in the literature (54, 

55).  All hypermutant counts and frequencies (defined as hypermutant read 

pairs/all read pairs) are tabulated in Dataset S2-2, either combined across all 

amplicons or separated by amplicon.  

 In HIV-1, the frequency of G-to-A hypermutants was approximately 7.9 × 

10-3 (or ~1 of 127 read pairs), while in HIV-2 the frequency was much lower, 

approximately 2.8 × 10-4 (or 1 of 3623 read pairs) (Figure 2-3A).  The average G-

to-A hypermutation frequencies were about 1060-fold higher for HIV-1 or about 

17-fold higher for HIV-2 as compared to their corresponding plasmid controls, 

respectively.  HIV-1 and HIV-2 G-to-A hypermutant frequencies were significantly 

higher than the plasmid controls in all five amplicons examined (p-values ranging 

from <0.001 to 0.01).  The G-to-A hypermutation frequency was much higher (i.e, 

about 28-fold) in HIV-1 than observed in HIV-2 (p < 0.001), demonstrating that 

HIV-2 was less susceptible to G-to-A hypermutation in this experimental system.  
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This trend was significant in all five amplicons examined (p < 0.001).  Other types 

of transition hypermutants were also observed (Figure 2-3A), but they were far 

less frequent than G-to-A hypermutants and were not observed at levels 

significantly higher than that of the plasmid controls.  In HIV-1, G-to-A 

hypermutants comprised about 98% of all transition hypermutants, indicating a 

clear dominance over other possible types of transition hypermutants.  When 

subdivided by amplicon, the distribution of HIV-1 G-to-A hypermutation was 

found to resemble that of all transitions (Figure 2-2B), with most G-to-A 

hypermutation concentrated in the EGFP-1 and Vif amplicons (Figure 2-3B).  For 

example, after removal of G-to-A hypermutants, transition frequencies were very 

consistent across all five amplicons, demonstrating that G-to-A hypermutants 

were responsible for the elevated transition frequencies in EGFP-1 and Vif 

(Figure S2-2).  The overall observed trend of G-to-A hypermutation among 

amplicons in HIV-1 was EGFP-1 > Vif > EGFP-2 > HSA > Gag (all p-values < 

0.001).  Despite being much less frequent, HIV-2 G-to-A hypermutants were also 

concentrated mainly in the EGFP-1 and Vif amplicons, although differences 

between amplicons did not reach statistical significance.  These observations 

indicate that G-to-A hypermutation can significantly vary between different genes 

and even between different regions of the same gene (i.e. EGFP-1 vs. EGFP-2).   

 G-to-A hypermutation was further analyzed by determining the number of 

G-to-A mutations per hypermutant read pair.  Most G-to-A hypermutants 

contained low numbers of G-to-A mutations (medians of 4 for both viruses), as 

expected for these short (~120 bp) read pairs (Figure 2-3C).  However, a minority 

of G-to-A hypermutants contained high numbers of G-to-A mutations (maxima of 

22 and 21 for HIV-1 and HIV-2, respectively).  In contrast to the biological 

samples, the ultra-rare G-to-A hypermutants observed in the plasmid controls 

nearly all contained only two G-to-A mutations (one triple G-to-A mutant was 

observed for the HIV-2 plasmid).  Next, the dinucleotide contexts of G-to-A 

mutations in hypermutants were analyzed, as APOBEC3 proteins are strongly 

associated with GG or GA dinucleotide contexts (137, 141-143), depending on 
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the specific APOBEC3 family member.  Most G-to-A mutations were found within 

the GA dinucleotide context for both viruses, and, strikingly, only 1% (HIV-1) or 

4% (HIV-2) were found to occur in either the GT or GC sequence contexts 

(Figure 2-3D).  These dinucleotide contexts were markedly different from the 

contexts of the rare G-to-A hypermutants identified in the plasmid controls 

(Figure 2-3D) as well as from the contexts of single G-to-A mutants (Figure S2-

3).  Although the dinucleotide context appears to differ between the HIV-1 and 

HIV-2 plasmid controls, it should be noted that these contexts are based on 

extremely low numbers of hypermutants for the plasmids (10 for HIV-1 and 17 for 

HIV-2).  The observed bias in the virological samples was not caused by a higher 

prevalence of the GA dinucleotide (relative to GG, GC, and GT) within the 

amplicon sequences, as GA dinucleotides only accounted for 24% of all guanine-

containing dinucleotides.  Taken together, these findings support the conclusion 

that the low level of G-to-A hypermutation observed was primarily caused by one 

or more APOBEC3 family members, despite the presence of Vif in our 

experimental system. 

 The patterns of G-to-A hypermutation were further characterized by 

investigating whether G-to-A mutations in hypermutants occurred at hotspots 

and, if so, whether sequence preferences (beyond the dinucleotide context) 

could be identified.  In this analysis, we defined G-to-A hypermutation hotspots 

as statistical upper outliers using the 1.5 × interquartile range (IQR) rule.  Using 

this criterion, 18 (HIV-1) or 16 (HIV-2) hotspots for G-to-A hypermutation were 

identified, all of which were located in the Vif or EGFP-1 amplicons (Table S2-4).  

Of these, 14 (13 in EGFP-1 and 1 in Vif) were shared between HIV-1 and HIV-2, 

suggesting a common mechanism of mutation.  Because specific APOBEC3 

proteins have been shown to exhibit additional sequence preferences at the -1 

and +2 positions (relative to the mutated guanine), sequence logos for total G-to-

A hypermutation hotspots, GA context hotspots, and GG context hotspots were 

generated. However, statistically significant preferences at other positions were 

not observed for HIV-1 or HIV-2 in any of these categories.  Furthermore, in 
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order to gauge the potential effects of hypermutation on protein expression 

and/or function, the coding changes introduced at G-to-A hypermutation hotspots 

were examined (Table S2-4).  G-to-A hypermutation did not result in the 

introduction of premature stop codons at any of the examined hotspots.  

Missense mutations were typically R-to-K (semi-conservative), D-to-N (semi-

conservative), or E-to-K (non-conservative); however, other types were 

occasionally observed.  Interestingly, several of the Vif mutations occurring in G-

to-A hypermutants at these hotspots have been previously characterized (see 

Discussion) (159).           

 HIV-1 and HIV-2 mutation frequencies and spectra are not significantly 

different in the absence of G-to-A hypermutants.  The HIV-1 and HIV-2 

mutational data was analyzed with and without G-to-A hypermutants in order to:  

1) estimate the extent to which G-to-A hypermutation contributed to the total 

mutational data, and 2) determine whether G-to-A hypermutation was primarily 

responsible for observed differences between HIV-1 and HIV-2 mutation 

frequencies and spectra.  While removal of G-to-A hypermutants had little effect 

on HIV-2 mutation frequencies (reducing the total mutation frequency by only 

5%), their removal reduced the overall HIV-1 mutation frequency by 53% and the 

G-to-A transition mutation frequency by 81% (Figure 2-4A).  Thus, G-to-A 

hypermutation was responsible for approximately half of all mutations observed 

in HIV-1, despite being a relatively rare event (~1 of 127 read pairs were G-to-A 

hypermutants).  In the absence of G-to-A hypermutants, HIV-1 and HIV-2 total 

mutation frequencies were found to be 3.2 or 2.9 × 10-4 m/bp respectively, a 1.1-

fold difference that was not statistically significant (p = 0.14; Figure 2-4A).  

However, as noted earlier, HIV-2 displayed an ~1.1-fold lower frequency of A-to-

G transitions (p = 0.049) and an ~1.5-fold higher frequency of C-to-T transitions 

(p = 0.0019) than HIV-1, and these findings were not altered by the removal of G-

to-A hypermutants.  Further, HIV-1 still demonstrated an ~1.8-fold higher 

frequency of G-to-A transitions (p < 0.001) than HIV-2 after removal of G-to-A 

hypermutants.  As expected, the mutation spectra for HIV-1 and HIV-2 were also 
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much more comparable in the absence of the G-to-A hypermutation data 

(compare Figures 2-4B and 2-2C), although HIV-1 displayed a somewhat higher 

percentage of G-to-A (27% vs 17%) and lower percentage of C-to-T (14% vs 

23%) transitions than HIV-2.  Taken together, these observations suggest that 

most of the observed differences in viral mutation patterns between HIV-1 & 2 

were due to the highly reduced levels of G-to-A hypermutants for HIV-2.  These 

findings imply that the fidelities of other mutational sources, such as RT, are 

relatively similar for HIV-1 and HIV-2. 

 

Discussion 
 Detection of rare mutations is often difficult with next-generation 

sequencing technologies due to high error rates, which for Illumina platforms 

typically range from ~10-2 m/bp for unfiltered data and ~10-3-10-4 m/bp for 

stringently filtered data (234-236, 242-245).  We adopted numerous measures to 

minimize background errors due to PCR and sequencing, as well as to minimize 

PCR-mediated recombination (see Materials and Methods).  We also performed 

control amplifications from plasmids in which we matched conditions as closely 

as possible with the biological samples.  After stringent filtering, we obtained 

error frequencies of 2.8 (HIV-1) or 2.6 (HIV-2) × 10-4 m/bp for the plasmid 

controls (Figure 2-2A).  The frequencies and distribution of background errors 

were nearly identical between the HIV-1 & 2 plasmid controls (Figure 2-2A-C), as 

expected considering that the amplicons were either identical (HSA, EGFP-1, 

EGFP-2) or ~60% homologous (Gag, Vif) in sequence.  Consistent with previous 

reports on Illumina background errors (234-237, 245), the spectra of background 

errors were more heavily biased toward transversions than biological samples 

(Figure 2-2C), specifically C-to-A and G-to-T transversions (Figure S2-1).  This 

trend was observed despite prior masking of plasmid error hotspots, which were 

also mostly (~83%) C-to-A and G-to-T transversions (see Materials and Methods 

and Table S2-5).  Two mechanisms for these transversion types have been 

suggested in the literature (234-237, 246):  1. Oxidative conversion of guanine to 
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8-oxoguanine during sample processing, which would lead to fixation of C-to-A 

and G-to-T mutations during PCR, and 2. Imaging errors that result from 

crosstalk between the C and A channels or between the G and T channels, as 

the fluorophores attached to these bases are excited by the same lasers and 

then distinguished using different filters.  Due to these issues, we unfortunately 

were not able to make a detailed comparison of transversion frequencies 

between HIV-1 & 2.  However, transition frequencies (5.8 [HIV-1] and 2.0 [HIV-2] 

× 10-4 m/bp) were significantly higher than the plasmid controls for both viruses 

(HIV-1: p < 0.001; HIV-2: p = 0.038), and many previous reports have 

established transitions as the dominant type of mutations that occur during HIV-1 

replication (53, 55, 57-59, 225, 241).  Thus, further analyses focused primarily on 

these mutational types.  

 Relative to previous estimates of the HIV-1 mutation rate (which range 

from 1.4 to 8.5 × 10-5 mutations/bp/cycle) (53-59, 222), we obtained a somewhat 

higher mutation frequency for HIV-1 of 6.9 × 10-4 m/bp (or 5.8 × 10-4 m/bp if 

considering only transitions).  However, these discrepancies may be due to 

several key differences between the assays used and the ways in which the data 

were analyzed.  First, the level of background error in previous studies was likely 

much lower.  Most previous estimates of the HIV-1 mutation rate were 

determined using the LacZα assay (53-55, 57, 58), in which a proviral lacZα 

sequence is purified (using the Lac repressor or Hirt extraction), directly 

transformed into E. coli (without using PCR), and subjected to blue/white color 

screening, followed by Sanger sequencing of mutants.  While this assay results 

in little background, it is low-throughput and can only detect and measure 

mutations within the lacZα marker gene.  Second, previously used marker gene 

assays (such as the LacZα assay) necessarily underestimate true mutation rates 

because they only detect mutations leading to a phenotypic change (silent 

mutations are not detected unless co-occurring with other mutations).  For the 

LacZα assay, measured mutation rates are thought to underestimate actual 
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mutation rates by ~2 to 3-fold (55).  In contrast, the assay we used based on 

direct PCR and Illumina sequencing of multiple amplicons should detect all 

mutations, provided that they do not prevent amplification.  Third, most previous 

studies used a second marker gene (typically an antibiotic resistance gene) to 

select for infected cells or to select for transformed E. coli (53-59).  This 

approach will not detect heavily mutated sequences (such as hypermutants) in 

which both marker genes are mutated and functionally disrupted.  Fourth, actual 

mutation frequencies may vary between the genes analyzed here (gag, vif, hsa, 

and egfp) and mutational targets from previous studies.  Fifth, many previous 

studies scored mutants harboring multiple mutations as single mutants for the 

purposes of calculating mutation rates (53-58).  Also, in some cases background 

error frequencies were subtracted from the mutation frequencies of the biological 

samples in order to calculate mutation rates (222).      

 Unexpectedly, we identified G-to-A hypermutants for both HIV-1 & 2, 

though the frequency was much higher (~28-fold) for HIV-1 than HIV-2 (Figure 2-

3A; p < 0.001).  The presence of G-to-A hypermutants could not be attributed to 

background errors, as their frequencies were much higher in the biological 

samples than in the plasmid controls.  Also, the patterns of G-to-A hypermutation 

(in terms of dinucleotide context preferences and hypermutation hotspots) were 

markedly distinct between the biological samples and plasmid controls (Figure 2-

3D and data not shown).  Unlike single G-to-A mutants from the biological 

samples, G-to-A hypermutants exhibited a strong bias toward GA dinucleotide 

contexts (Figures 2-3D and Figure S2-3).  In sum, these findings support the idea 

that the G-to-A hypermutants were caused by low-level activity of one or more 

APOBEC3 proteins.  However, APOBEC3G cannot be primarily responsible, due 

to its strong preference for GG dinucleotides (137, 141, 142, 247).  Further 

experiments in which specific APOBEC3 proteins are down-regulated (through 

knockout or knockdown) are required to prove that the G-to-A hypermutants we 

observed are APOBEC3-mediated, as well as to identify the specific APOBEC3 

protein(s) responsible.  



 

  41 

 The observation of G-to-A hypermutation was somewhat surprising 

because:  1) the HIV-1 and HIV-2 vectors used in these studies encoded for a 

functional Vif protein, 2) the expression levels of most APOBEC3 proteins are 

relatively low in 293T (i.e., the cells that produced the HIV-1 and HIV-2 vector 

viruses) (225), and 3) Vif-proficient and Vif-deficient viruses exhibit similar 

infectivities when produced in 293T cells (156, 159, 233, 248).  Upon observing 

G-to-A hypermutation, we confirmed via Sanger sequencing that the vif genes in 

the HIV-1 and HIV-2 vectors were intact (data not shown).  Notably, previous 

studies have demonstrated that Vif does not always fully neutralize the activity of 

APOBEC3 proteins (140, 141, 144, 145, 156).  In addition, Vif from different 

subtypes or containing naturally occurring polymorphisms have been shown to 

vary widely in their neutralization capacities (144-146).  Further, multiple 

APOBEC3 proteins (including B, C, D, and F) have been detected at the mRNA 

level in 293T cells and could be involved in the observed G-to-A hypermutation 

(225, 249).  Previous studies by our group have identified rare G-to-A 

hypermutants occurring at GA dinucleotides by Sanger sequencing of clones (in 

which case the virus stocks were also generated in 293T cells) (120, 225).  

Taken together, the G-to-A hypermutation observed here was likely due to the 

failure of HIV-1 or HIV-2 Vif to fully neutralize low levels of APOBEC3 proteins 

present in 293T producer cells.  Consistent with this hypothesis, G-to-A 

hypermutation was observed very infrequently even for HIV-1 (~1 of 127 read 

pairs were G-to-A hypermutants), despite contributing to about half of all 

mutations (Figure 2-4A).  Although HIV-2 was less susceptible than HIV-1 to G-

to-A hypermutation in this experimental system, further investigation will be 

required to determine whether these trends hold true under conditions of higher 

APOBEC3 expression.  Intriguingly, HIV-2 Δvif has been reported to be less 

sensitive than HIV-1 Δvif to APOBEC3G (233), but susceptibilities to other 

APOBEC3 proteins (in the presence or absence of Vif) have not yet been 

compared.  Further, HIV-1 and HIV-2 Vif were recently shown to interact with 

APOBEC3F and APOBEC3G through completely separate sequence 



 

  42 

determinants, and differences in HIV-1 and HIV-2 Vif-induced degradation of 

specific APOBEC3 proteins were also noted (250).    

 Most of the G-to-A hypermutants occurred within the EGFP-1 and Vif 

amplicons (Figure 2-3B).  This may be due in part to higher frequencies of GA 

dinucleotides in these particular amplicons.  For HIV-1, the frequencies of GA 

dinucleotides (relative to GG, GT, and GC) were 13% (Gag), 32% (Vif), 9% 

(HSA), 32% (EGFP-1), and 30% (EGFP-2).  Thus, the GA dinucleotide frequency 

varied maximally by 3.6-fold, whereas G-to-A hypermutation frequencies varied 

up to 26.3-fold (EGFP-1 vs Gag).  However, APOBEC3-mediated hypermutation 

can also be influenced by broader sequence contexts and secondary structures 

(141, 142, 159, 160, 251-253).  Further, APOBEC3 activity follows a twin 

gradient along the HIV-1 genome corresponding to the amount of time the minus 

strand viral DNA remains single-stranded, such that the positioning of the 

amplicon could affect hypermutant frequencies (124, 254).  Thus, one or more of 

these other features may have favored hypermutation in the EGFP-1 and Vif 

amplicons.  Full genome sequencing will be required to address the distribution 

of G-to-A hypermutation in more detail.  G-to-A hypermutation hotspots were also 

identified (Table S2-4), which all occurred in the EGFP-1 and Vif amplicons.  G-

to-A hotspots did not result in any nonsense mutations, consistent with the notion 

that GA dinucleotide-biased hypermutation generates fewer stop codons than 

GG-biased hypermutation.  However, the G-to-A hotspots did introduce a number 

of missense mutations, particularly D-to-N, E-to-K, and R-to-K.  Surprisingly, all 

of the mutations resulting from the four hotspots in HIV-1 Vif were recently 

identified in another study in which humanized mice were infected with an HIV-1 

variant that cannot neutralize APOBEC3D or F (159).  One of these Vif mutants 

(E134K) lost the ability to neutralize APOBEC3G, raising the possibility that 

hypermutation itself can influence susceptibility to hypermutation in further 

rounds of replication.     

 We initially hypothesized that HIV-2 would exhibit a lower mutation 

frequency than HIV-1 due to its attenuated pathogenicity, reduced evolutionary 
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rate (19, 20), a conserved fidelity-improving V75I polymorphism in RT (231, 232), 

and reduced susceptibility to APOBEC3G (233).  More specifically, HIV-2 Env 

has been found to diversify more slowly than HIV-1 Env when compared to HIV-

1-infected individuals with high viral loads (19).  However, HIV-1 and HIV-2 

diversification rates were similar when compared to HIV-1-infected individuals 

with low viral loads.  In the same report, HIV-2 Env was found to evolve more 

slowly than HIV-1 Env and to be subject to strong purifying selection.  Indeed, 

HIV-2 infection appears to elicit broad and potent neutralizing antibody 

responses against Env more frequently than for HIV-1 (24).  In another report, 

HIV-2 Env was found to exhibit a lower rate of synonymous substitutions than 

HIV-1, implying reduced viral mutation and/or replication rates (20), though 

another group has reported opposing findings (21).  Unfortunately, it is difficult to 

compare the results of our analyses to these published reports due to these 

contradicting results, and larger studies of HIV-2 intra-patient diversification and 

evolution are clearly warranted.  Nonetheless, we found that HIV-1 and HIV-2 

exhibited similar total mutation frequencies in the absence of G-to-A 

hypermutants, suggesting that differences in replication fidelity do not have a 

major impact on differences in evolutionary or synonymous substitution rates 

between HIV-1 and HIV-2.      

  

Conclusions  

 In sum, we have found that HIV-2 exhibited significantly lower total and 

transition mutation frequencies than HIV-1, as well as a mutation spectrum less 

biased toward G-to-A transitions.  However, these differences were mostly due to 

a significantly higher G-to-A hypermutation frequency for HIV-1 than HIV-2.  

These findings raise the intriguing possibility that HIV-2 might be less sensitive 

than HIV-1 to APOBEC3-mediated hypermutation, consistent with a previous 

report (233), but additional experiments in other cell types will be required to fully 

address this question.  After removal of all G-to-A hypermutants, HIV-1 and HIV-

2 total mutation frequencies were not significantly different, although small but 
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significant differences were still observed in the frequencies of G-to-A and C-to-T 

transitions.  Overall, these results suggest that the fidelities of other mutagenic 

processes (such as reverse transcription) are relatively similar between the two 

viruses.  Nevertheless, we cannot rule out the possibility that HIV-1 and HIV-2 

exhibit more minor differences in mutation frequencies or spectra that we were 

not able to detect or that differences would be observed in other cell types.  

Overall, these data imply that differences in replication fidelity are likely not a 

major contributing factor to the unique clinical features of HIV-2 infection. 

 

Materials and Methods 
 Plasmids, cell lines, and reagents.  The HIV-1 vector, pNL4-3 HIG, has 

been previously described (118).  This vector contains a cassette encoding heat 

stable antigen (HSA), an internal ribosomal entry site (IRES), and enhanced 

green fluorescent protein (EGFP).  The HIV-2 vector, pROD HIG, was created 

from pHIV-2 H0G (255), a kind gift from Dr. Wei-Shau Hu (HIV Drug Resistance 

Program, Frederick National Laboratory for Cancer Research, Frederick, MD).  

The pHIV-2 H0G vector does not express Vpr or EGFP due to multiple point 

mutations.  In order to construct pROD HIG, the vpr and egfp genes were 

restored by site-directed mutagenesis using the QuikChange II XL kit (Agilent 

Technologies, Inc.; Santa Clara, CA), and the resulting vector was verified by 

DNA sequencing.  Both HIV-1 and HIV-2 vectors contain intact open reading 

frames for all genes except for the env and nef genes.  Vector viral stocks from 

pNL4-3 HIG were produced by co-transfecting with pNL4-3 Env, a kind gift from 

Dr. Eric Freed (HIV Drug Resistance Program, Frederick National Laboratory for 

Cancer Research, Frederick, MD).  Vector viral stocks of pROD HIG were 

produced by co-transfecting pROD10-Env (256), a kind gift from Dr. Paula 

Cannon (University of Southern California, Los Angeles, CA).  The human 

embryonic kidney (HEK 293T) cells were purchased from American Type Culture 

Collection (Manassas, VA) and maintained in Dulbecco's Modified Eagle's 

Medium (DMEM) from Cellgro (Manassas, VA) with 10% HyClone FetalClone III 
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(FC3) from Thermo Scientific (Waltham, MA) and 1% penicillin/streptomycin from 

Life Technologies (Grand Island, NY).  U373-MAGI-CXCR4CEM cells were 

obtained from Dr. Michael Emerman through the NIH AIDS Reagent Program, 

Division of AIDS, NIAID, NIH (257).  U373-MAGI cells were maintained similarly 

to 293T cells but with addition of 1.0 µg/mL puromycin, 0.1 mg/mL hygromycin B, 

and 0.2 mg/mL G418 to the medium.  For transfections, poly-L-lysine was from 

Newcomer Supply (Middleton, WI) and polyethylenimine (PEI) was from 

Polysciences, Inc. (Warrington, PA).  

 Virus production and titering.  Virus was produced by co-transfecting 

pNL4-3 HIG or pROD HIG with pNL4-3 Env or pROD10 Env, respectively, into 

293T cells via the PEI method (258).  PEI stocks were prepared at 1 mg/mL by 

dissolving PEI in water, adjusting the pH to 7.0, and filtering through a 0.2 µm 

filter.  24 h before transfection, 4 million 293T cells/plate were seeded onto 10 cm 

plates pre-coated for 5 min with poly-L-lysine.  For each plate, 10 µg of pNL4-3 

HIG or pROD HIG + 5 µg Env expression plasmid + 45 µL 1 mg/mL PEI were 

combined with serum-free DMEM to a final volume of 1 mL.  After 20 min of 

incubation, the medium on the 293T cells was replaced and the DNA-PEI mixture 

was added.  The medium was replaced 16 h post-transfection, and viral stocks 

were collected 48 h post-transfection by filtering the supernatants through a 0.2 

µm filter.  For each viral stock, five plates were transfected, and the resulting 

supernatants were pooled and concentrated (~10-fold) using 100,000 MWCO 

filtration columns (Vivaproducts; Littleton, MA).  Viral stocks were then treated 

with 10 U/mL of DNase I (New England Biolabs; Ipswich, MA) for 2 hr at 37 °C to 

degrade residual plasmid DNA from transfections.  Viral stocks were then divided 

into 1.0 mL aliquots and frozen at -80 °C.   

 Prior to large-scale infections, viral stocks were first titered in U373-MAGI 

cells based on EGFP expression.  The day before infection, 31,250 cells/well 

were plated in 24-well plates.  After 24 h, the media was replaced and varying 

volumes of virus ranging from 15.625 to 500 µL (2-fold dilution series) were 

added.  To improve infectivity, the cells were infected by spinoculation (1200×g 
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for 2 h at 24 °C).  The media was replaced again 24 h post-infection and cells 

were collected at 72 h post-infection for analysis of EGFP expression by flow 

cytometry.  The cells were treated with trypsin, transferred to 96-well plates, 

pelleted at 500×g for 5 min, and resuspended in 200 µL Dulbecco’s phosphate-

buffered saline (DPBS) + 2% FC3/well.  EGFP expression from at least 10,000 

gated cells was analyzed using a BD LSR II flow cytometer (BD Biosciences; 

San Jose, CA).  EGFP was excited with a blue 488-nm laser and emission 

detected using 505LP and 525/50 filters.  Virus titers (expressed as infectious 

units/mL) were calculated based upon EGFP expression at low infectivities 

(<40%) as previously described (259). 

 Infections for Illumina sequencing.  In order to prepare samples for 

Illumina sequencing, 1 x 106 U373-MAGI cells were infected at a multiplicity of 

infection (MOI) of 1.0.  These infections were performed in 24-well plates (31,250 

cells/well) in order to avoid any potential effect of the plate format on infectious 

titer.  Uninfected cells and cells infected with heat-inactivated viruses (i.e. virus 

stocks that were incubated at 65 °C for 1 h) were included as negative controls.  

The cells were infected by spinoculation, and the medium was replaced 24 h 

post-infection.  Cells were collected for genomic DNA extraction at 72 h post-

infection by treating with trypsin, pelleting, and washing three times with DPBS to 

further reduce plasmid carryover.  Extra wells of infected cells were analyzed by 

flow cytometry to verify infectivity.  In this assay, all proviruses result from a 

single cycle of infection, as neither producer cells nor target cells can be re-

infected, due to a lack of the appropriate receptor and co-receptor or to a lack of 

envelope expression, respectively (Figure 2-1).    

 Genomic DNA extraction and quantification of plasmid carryover.  
Genomic DNA was extracted from all collected cells using the High Pure PCR 

Template Preparation Kit (Roche; Basel, Switzerland) following the 

manufacturer’s instructions and eluted in 150 µL buffer.  Genomic DNA was 

treated with DpnI for 1 h at 37 °C to further reduce plasmid carryover from the 
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transfections, after which DpnI was heat-inactivated at 80 °C for 20 min.  In order 

to quantify any residual plasmid carryover, two approaches based on quantitative 

PCR (qPCR) were adopted: 1. The ampicillin resistance gene copy number was 

determined and divided by the proviral copy number (as measured using the 

HSA Illumina amplicon), or 2. The proviral copy number from heat-inactivated 

virus infections was determined and divided by the proviral copy number from the 

corresponding un-treated infections.  For both approaches, qPCR was performed 

using 4 µL water, 6.25 µL 2X Power SYBR Green Master Mix (Life 

Technologies), 0.625 µL each primer (500 nM final concentration), and 1 µL 

template.  The cycling conditions used were an initial denaturation of 95 °C 10 m, 

40 cycles of 95 °C 15 s/55 °C 15 s/72 °C 30 s, and a final extension of 72 °C 7 

min.  The sequences of the primers to the ampicillin resistance gene were 5’-

ACTTTATCCGCCTCCATCCAGTC-3’ and 5’- GAGCGTGACACCACGATGC-3’.  

Absolute standard curve series (from 101-106 copies/µL) were constructed by 

quantifying the pNL4-3 HIG and pROD HIG plasmids with the Qubit dsDNA HS 

Assay Kit (Life Technologies).  We found that the level of plasmid carryover for 

HIV-1 was 0.2% when measured by either method, while the level of carryover 

was 2.8% or 1.4% for HIV-2, depending on the approach used (Table S2-1).  

These results are comparable to those obtained in a similar study of HIV-1 

mutagenesis (222) and are too low to significantly affect measured mutation 

frequencies. 

 Amplifications for Illumina sequencing.  PCR was performed on five small 

(~150-170 bp) amplicons (Gag, Vif, HSA, EGFP-1, EGFP-2) for each sample, 

with HIV-1 & 2 amplicons positioned in homologous locations.  All forward 

primers contained 5-base barcodes (differing by at least two bases) to allow 

demultiplexing of pooled PCR products.  All primer and barcode sequences are 

listed in Table S2-6.  Barcodes were randomly generated using a program written 

by Luca Comai and Tyson Howell 

(http://comailab.genomecenter.ucdavis.edu/index.php/Barcode_generator) (260).  
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PCR was performed using the Phusion Hot Start II High-Fidelity DNA 

Polymerase (Fisher Scientific; Pittsburgh, PA).  PCR reactions were performed 

with 8 µL of genomic DNA (~50,000 target copies), 500 nM of each primer, and a 

final volume of 50 µL/reaction.  The cycling conditions used were an initial 

denaturation of 98 °C 30 s, 30 cycles of 98 °C 10 s/56 °C 30 s/72 °C 15 s, and a 

final extension of 72 °C 10 min.  All PCR reactions were performed in triplicate to 

reduce the risk of clonal amplification, and the products were pooled after 

amplification.  Negative control reactions were performed lacking template or with 

genomic DNA from uninfected cells.   

 In order to assess the degree of background error due to PCR and 

Illumina sequencing, control amplifications were performed from pNL4-3 HIG or 

pROD HIG plasmids using the same cycling conditions.  For these reactions, 

50,000 copies of plasmid per 50 µL reaction was used, a target level found via 

qPCR to be similar to that of the other samples.  Genomic DNA (8 µL/reaction) 

from uninfected cells was added to the plasmid PCR reactions to account for any 

potential impact of genomic DNA on amplification.  Further, the degree of intra-

sample PCR-mediated recombination was investigated in the plasmid controls, 

as recombination could affect the association between mutations and thus alter 

hypermutant frequencies.  To determine recombination frequencies, EGFP-1 was 

amplified from a 1:1 mixture (i.e. 25,000 copies each) of wild-type and mutant 

EGFP-1 sequences.  The mutant EGFP-1 sequence contained two genetic 

markers positioned ~50 bp apart, and each marker consisted of two mutations to 

facilitate distinction from PCR and sequencing-induced errors.  Intra-sample 

recombinants were detected by identifying read pairs from the plasmid controls 

with a single marker set, rather than the expected zero or two marker sets 

present in the wild-type and mutant EGFP-1 sequences, respectively.  

Importantly, all mutations utilized as recombination markers were masked before 

mutational analysis.   

 Library preparation and Illumina sequencing.  Amplicons were gel-purified 

using the Promega SV Gel Extraction Kit (Promega Corp.; Madison, WI).  After 
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gel purification, all amplicons were quantified using the Qubit dsDNA HS Assay 

Kit (Life Technologies) and a Qubit 2.0 fluorometer.  For each sample, all 

amplicons were pooled together in an equimolar fashion to normalize coverage 

between amplicons.  Next, 100 ng of each sample (12 samples in total) were 

submitted to the University of Minnesota Genomics Center for library preparation.  

The libraries were constructed with the TruSeq Nano DNA Sample Preparation 

Kit following the manufacturer’s instructions but using AMPure XP beads 

(Beckman Coulter, Inc.; Indianapolis, IN) at a bead to sample ratio of 1.8.  The 15 

libraries were again quantified using the Qubit dsDNA BR Assay Kit, size-

confirmed with Agilent DNA 1000 chips (Agilent Technologies; Santa Clara, CA), 

and pooled in an equimolar fashion to normalize coverage between libraries.  

Samples were pooled after library preparation, rather than before, because it had 

been previously determined that significant inter-sample recombination can occur 

during the 10 cycles of PCR typically utilized in library construction (data not 

shown).  In order to improve sequence diversity and quality, a PhiX library was 

added in at ~25% of total mass.  Next, 2 µL of the 10 nM library pool was 

denatured and diluted to a final concentration of 4 pM for DNA sequencing.  

Sequencing of proviral DNA was conducted by using the Illumina MiSeq with 

2×150 paired-end sequencing.         

 Processing of proviral DNA sequencing data.  First, paired-end reads from 

the Illumina MiSeq reaction were demultiplexed based on perfect barcode 

matches, and barcode sequences were trimmed off during the process.  Second, 

poor quality reads were filtered out using quality criteria found to reduce Illumina 

background error rates (236).  Specifically, read pairs were discarded in which 

either read contained a B-tail (i.e. one or more low quality bases at the end of the 

read), contained at least one uncalled base, had less than two-thirds of bases 

with Q-score ≥ 30 in the first half of the read, or had an average Q-score < 30 in 

the first 30% of the read.  Third, reads from each of the 12 samples were 

mapped to the appropriate reference sequence (pNL4-3 HIG or pROD HIG) with 

GSNAP (261) using default parameters.   Finally, a small number of read pairs 
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(~35,000) that were aligned either partially or fully outside of the appropriate 

amplicon regions were excluded.  For each sample, the numbers of initial read 

pairs, read pairs lost during mapping or filtering, and final read pairs are listed in 

Table S2-2.  We obtained ~4.7 million total read pairs after all processing steps, 

which removed primarily PhiX read pairs or HIV read pairs with imperfect 

barcodes or poor quality.  About 319,000-461,000 read pairs were obtained per 

sample (average of 395,000 read pairs/sample), or 46,000-111,000 read pairs 

per amplicon per sample (average of 79,000 read pairs/amplicon/sample).       

 In order to identify mutations present in read pairs passing the above 

processing steps, a custom algorithm was developed to compile mutation 

frequency data for each sample, built using the Genome Analysis Toolkit (GATK) 

walker framework (262).  This algorithm determines both the frequency of total 

mutations as well as of specific mutational types (substitutions, transitions, 

transversions, every type of transition or transversion, insertions, deletions, etc.).  

In order to minimize background error rates, mutations were required to be 

identified on both sequences in a read pair, which was possible because forward 

and reverse reads were mostly overlapping due to small amplicon sizes (~150-

170 bp).  Furthermore, substitutions and insertions were only counted if they had 

a Q-score ≥ 30 for the relevant base(s) on both reads.  Wild-type bases had to 

meet the same criteria as mutations (i.e. identified as wild-type and Q-score ≥ 30 

on both sequences of a read pair).  Non-overlapping segments of read pairs as 

well as single reads were excluded from mutational analyses.  All primer 

sequences were also excluded from mutational analysis, as errors within primers 

would not represent biologically meaningful mutations.  We also examined the 

distribution of all background errors (from PCR and sequencing) in the plasmid 

controls and identified numerous plasmid error hotspots (defined as upper 

outliers within the distribution of frequencies of individual mutations based on the 

1.5 × IQR rule).  Most plasmid error hotspots (~83%) were G-to-T or C-to-A 

transversions.  Within identical amplicons (HSA/EGFP-1/EGFP-2), many 

common plasmid error hotspots were identified in the HIV-1 and HIV-2 plasmid 
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controls (~88% overlap), whereas the degree of overlap was much lower for the 

~60% homologous viral amplicons (~49% overlap in Gag and ~31% overlap in 

Vif).  Plasmid error hotspots that were shared between the HIV-1 and HIV-2 

plasmid controls (Table S2-5) were masked before further downstream analysis, 

as the presence of these mutations in the biological samples would most likely 

represent background errors.  Rather than masking all mutational types at error 

hotspots, only the problematic type(s) (e.g. G-to-T) were masked at the indicated 

positions.  Insertions and deletions were scored as single events regardless of 

the number of bases inserted or deleted.  Mutation frequencies (defined as 

mutations/bp) were calculated by dividing the number of mutations passing filters 

by all reference bases (mutations + wild-type bases) passing filters.   

 In addition to examining mutation frequencies and spectra, hypermutants 

were identified and characterized within the Illumina sequencing data.  Using a 

custom GATK walker, hypermutant counts for each type of transition were 

collected (G-to-A, A-to-G, T-to-C, and C-to-T).  Hypermutants were defined as 

individual read pairs containing two or more of the same type of transition.  All 

transitions had to be identified on both sequences with Q-scores ≥ 30, and a 

single read pair could theoretically count as two different types of hypermutants if 

it contained multiple instances of two different transition types.  Hypermutant 

frequencies were calculated by dividing the number of hypermutant read pairs by 

all (hypermutant + non-hypermutant) read pairs that passed the processing 

steps.  In order to examine G-to-A hypermutation hotspots, ranked lists of G-to-A 

mutation frequencies were generated at individual bases within G-to-A 

hypermutants.  Hypermutation hotspots were then defined as statistical upper 

outliers within the distribution of frequencies using the 1.5 × IQR rule.  

 Biostatistical analysis of Illumina DNA sequencing data.  To test for factors 

that may influence mutation frequencies, generalized linear mixed effects models 

were applied to the data that came from our Illumina data processing pipeline. 

The raw counts for each type of mutation (e.g. transitions) were modeled as 

Poisson random variables with an offset given by the total number of reference 
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bases. The type of sample (i.e. HIV-1, HIV-2, and plasmid controls for HIV-1 and 

HIV-2), the type of amplicon, and their interactions were treated as fixed effects 

while the replicate was treated as a random effect.  The logarithmic link was 

used, as is standard for Poisson outcomes, and penalized quasilikelihood was 

used to estimate the model parameters (263).  These computations were 

conducted using R v 3.1.0 and the MASS package.  All figures and tables were 

created in GraphPad Prism v 6.0 (GraphPad Software, Inc.; La Jolla, CA) or 

Microsoft Office for Mac 2011 v 14.3.8 (Microsoft Corp.; Redmond, WA). 



 

  53 

 

 
Figure 2-1. Experimental strategy for investigating HIV-1 and HIV-2 
mutagenesis by Illumina DNA sequencing.  Vector virus stocks were 

produced by co-transfecting 293T cells with HIV-1 or HIV-2 Env-deficient vectors 

and HIV-1 or HIV-2 CXCR4-tropic Env expression constructs.  Virus stocks were 

concentrated, DNase I-treated to reduce plasmid carryover, and titered in U373-

MAGI cells.  To prepare samples for Illumina sequencing, 1 x 106 U373-MAGI 

cells were infected at an MOI of 1.0, generating approximately 1 x106 proviruses 

per experimental replicate.  This assay represents a single round of viral 

replication, as producer cells and target cells cannot be re-infected, due to a lack 

of receptor or Env expression, respectively.  Polymerase chain reaction (PCR) of 

five amplicons (Gag, Vif, HSA, EGFP-1, and EGFP-2) was performed from the 

proviral DNA.  Amplicons from the HIV-1 and HIV-2 proviral DNAs were either 

identical (HSA, EGFP-1 & 2) or homologous (Gag and Vif) in sequence.  The 

EGFP-1 and EGFP-2 amplicons represent non-overlapping segments of the egfp 

gene.  Sequencing libraries were prepared from the amplicons, pooled in an 

equimolar fashion to normalize coverage, and subjected to 2x150 bp sequencing 

on the Illumina MiSeq, generating approximately 4.7 million read pairs after data 

processing.   
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Figure 2-2. HIV-2 has a lower mutation frequency and distinct mutation 
spectrum relative to HIV-1. A.  Mutation frequency analysis. Mutation 

frequencies were calculated by dividing the number of mutations by the number 

of reference bases (mutations + wild-type bases) and are expressed as 

mutations/bp, or m/bp.  Mutation frequencies were determined for HIV-1 and 

HIV-2, as well as for plasmid controls to assess background error levels. B.  

Transition frequency analysis. Transition frequencies were compared across the 

five different amplicons subjected to Illumina DNA sequencing. C. Mutation 

spectra analysis. Mutation spectra were determined by dividing the frequency of 

each type of mutation by the total mutation frequency, with the results expressed 

as a percentage of total mutations.  Data in all panels represent the mean of 

three experimental replicates, with error bars indicating the standard deviation.  

Asterisks denote statistically significant differences between HIV-1 & 2 (* p < 

0.05, *** p < 0.001, N.S. = not significant).  The actual numbers of read pairs, 

mutations, and reference bases are listed in Dataset S2-1.  
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Figure 2-3. HIV-1 demonstrates higher G-to-A hypermutant frequencies 
than HIV-2. A.  The frequencies of each type of transition hypermutant were 

compared between HIV-1, HIV-2, and the plasmid controls. For this analysis, 

hypermutants were defined as read pairs containing two or more mutations of the 

indicated type within an individual read pair (approximately 120 bp in length).  
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The frequency of hypermutation was then calculated by dividing the number of 

hypermutant read pairs by all read pairs. B) The frequency of G-to-A 

hypermutation was compared across all five amplicons examined by Illumina 

DNA sequencing. C) The degree of G-to-A hypermutation was analyzed by 

determining the numbers of G-to-A mutations within hypermutant read pairs. D) 

The dinucleotide context of G-to-A mutations from G-to-A hypermutants was 

determined and expressed as a percentage of the total.  Data in panels A, B, and 

D represent the mean of three experimental replicates, with error bars 

representing standard deviation, while data in panel C represent the total (i.e. 

compiled) data.  Asterisks denote statistically significant differences between 

HIV-1 & 2 (* p < 0.05, *** p < 0.001, N.S. = not significant).  The actual numbers 

of G-to-A hypermutant read pairs and reference read pairs are listed in Dataset 

S2-2.  
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Figure 2-4. HIV-1 and HIV-2 mutation frequencies and spectra are similar in 
the absence of G-to-A hypermutation. A.  Analysis of mutation frequency in 

the absence of G-to-A hypermutation.  HIV-1 and HIV-2 mutation frequencies 

were determined either including or excluding G-to-A hypermutants, with the 

results superimposed.  The relative percentage of the total data that can be 

attributed (or not attributed) to G-to-A hypermutation is indicated within the bars. 

B. Analysis of HIV-1 and HIV-2 mutation spectra in the absence of G-to-A 

hypermutation. HIV-1 and HIV-2 mutation spectra were examined after excluding 

all G-to-A hypermutants.  Mutation spectra were determined by dividing the 

frequency of each type of mutation by the total mutation frequency, with the 

results expressed as a percentage.  Data in both panels represent the mean of 

three experimental replicates.  
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Introduction 
 RNA viruses often mutate at high rates, ranging from 10-4 to 10-6 

mutations/bp/cycle (61), enabling rapid adaption to constantly changing 

environments.  However, rapid adaptability comes at a price—relatively small 

increases in the mutation rate can drive the viral population into error 

catastrophe, during which genetic information cannot be stably maintained and 

the viral population collapses (41, 176, 177).  As a result, RNA viruses have been 

hypothesized to be susceptible to compounds that would elevate the viral 

mutation rate, a therapeutic strategy referred to as lethal mutagenesis (119).  

Lethal mutagenesis has now been demonstrated in cell culture with a wide 

variety of RNA viruses and mutagenic agents (179, 264).  While experimental 

results in cell culture have been promising, the clinical translation of lethal 

mutagenesis has been a slow process, due largely to a lack of strong lead 

compounds.  Notably, ribavirin may inhibit hepatitis C virus in vivo at least in part 

through a lethal mutagenesis mechanism, but this topic remains controversial 

(184-187).  The nucleoside analog KP-1212 has been shown to inhibit human 

immunodeficiency virus type 1 (HIV-1) replication by lethal mutagenesis in cell 

culture (198).  However, in phase II clinical trials, KP-1461 (a prodrug of KP-

1212) did not reduce viral loads and demonstrated only slight evidence of 

mutagenic effects, despite sufficient bioavailability (199, 200).  The nucleobase 

analog favipiravir (T-705) exerts broad-spectrum anti-viral activity in cell culture 

and is currently being investigated in phase III clinical trials for influenza in the 

United States and in phase II clinical trials for Ebola virus in West Africa (188, 

265).  T-705 has been shown to elicit antiviral mutagenesis against influenza in 

cell culture and against norovirus in a mouse model of infection (189, 190). 

However, T-705 has also been shown to directly inhibit viral RNA polymerases 

(191-193), and it therefore remains unclear whether T-705 acts in vivo primarily 

as a lethal mutagen or as a direct inhibitor of viral replication.        

 Most lethal mutagens investigated thus far have been nucleobase or 

nucleoside analogs that base-pair promiscuously, due to properties such as 
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conformational flexibility, tautomerization, structural rearrangement, or ionization 

(264).  For HIV-1 lethal mutagenesis, several active compounds have been 

identified, including decitabine (5-aza-2’-deoxycytidine), 5-azacytidine (5-AZC, 

the ribonucleoside equivalent of decitabine), 5,6-dihydro-5-aza-2’-deoxycytidine 

(KP-1212), and 5-hydroxy-2’-deoxycytidine (117-119, 198).  Notably, HIV-1 lethal 

mutagenesis based on mutagenic nucleosides is similar to APOBEC3-mediated 

hypermutation that occurs naturally to restrict viral replication in the absence of 

Vif (122, 123).  Thus, targeting the Vif-APOBEC3 interaction (or other necessary 

interactions for APOBEC3 degradation, such as between Vif and CBF-β) 

represents an additional strategy to achieve lethal mutagenesis, and this avenue 

is also actively being explored (180-183).      

 Decitabine is a particularly promising candidate for the lethal mutagenesis 

of HIV-1 because it exhibits potent antiviral activity (EC50 of ≈200 nM) in the 

absence of significant cytotoxicity (117).  Furthermore, decitabine synergizes with 

low, non-cytotoxic concentrations of several anti-metabolites, including 

gemcitabine and resveratrol (117, 201).  The combination of decitabine and 

gemcitabine was also shown to exhibit potent antiretroviral activity in an MLV-

based mouse model for AIDS (213).  Although decitabine exhibits poor 

bioavailability when administered orally, a prodrug form called decitabine 

divalerate has recently been synthesized that demonstrates improved stability 

and permeability while retaining anti-HIV-1 activity (266).  Previous studies found 

that decitabine increased the mutant frequency of HIV-1 by inducing 

predominantly G-to-C transversions, which rarely occurred in the absence of 

drug (117).  However, the factors that determine the susceptibilities of individual 

sequence positions in HIV-1 to decitabine have not yet been analyzed in great 

depth.  To examine this, we performed Illumina high-throughput sequencing of 

five amplicons prepared from proviral DNA that was recovered from untreated or 

decitabine-treated cells infected with HIV-1.  We found that decitabine induced 

an ≈4.1-fold increase in the total mutation frequency of HIV-1, largely due to an 

≈155-fold increase in the frequency of G-to-C transversions.  Intriguingly, 
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decitabine also resulted in an ≈29-fold increase in the frequency of C-to-G 

transversions.  G-to-C frequencies varied significantly (up to ≈80-fold) between 

different sequence positions, but, unexpectedly, mutational hotspots (defined as 

upper outliers within the distribution of mutation frequencies) were not observed.  

We also found that every single guanine position examined (134/134) and nearly 

every cytosine position examined (163/169) were significantly susceptible to the 

mutagenic effects of decitabine.  Taken together, these observations show for 

the first time that decitabine-mediated lethal mutagenesis of HIV-1 is 

promiscuous and occurs without a clear bias for mutational hotspots.  These data 

imply that decitabine-mediated mutagenesis is a highly effective approach for 

extinguishing the infectivity of HIV-1 and support further evaluation of decitabine 

in animal models of HIV-1 infection.  

 
Results 

Illumina sequencing of HIV-1 proviral DNA produced in the presence or 

absence of decitabine.  In order to investigate the impact of decitabine on HIV-1 

mutagenesis, we prepared samples for Illumina amplicon sequencing as 

described previously (see Materials and Methods and (267)).  Briefly, we 

produced viral stocks by co-transfecting an envelope-deficient HIV-1 vector with 

an HIV-1 X4-tropic Env expression plasmid and then infected 1 million U373-

MAGI-X4 cells at an MOI of 1.0.  In this assay, only a single cycle of viral 

replication can occur, as neither producer cells nor target cells can be re-

infected.  U373-MAGI-X4 cells were pre-treated (or not pre-treated) with 2 µM 

(an ≈EC65 concentration) of decitabine divalerate, a prodrug form of decitabine, 

for 2 h before infection.  The media was replaced 24 h post-infection, and cells 

were collected 72 h post-infection.  Genomic DNA was purified from infected 

cells and used to prepare five amplicons by PCR, including viral (Gag, Vif) and 

marker (HSA, EGFP-1, EGFP-2) gene targets.  The EGFP-1 and EGFP-2 

amplicons represent non-overlapping portions of the egfp gene.  Plasmid 

amplifications were included to measure the level of background error due to 
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PCR and Illumina sequencing.  Amplicons from the same sample were pooled 

and used to prepare sequencing libraries, which were then subjected to 2×150 

paired-end sequencing on the Illumina MiSeq.  In total, nine samples were 

analyzed, including three experimental replicates each of HIV-1, HIV-1 exposed 

to decitabine, and HIV-1 plasmid controls.  For the decitabine samples, Illumina 

sequencing resulted in ≈425,000 read pairs/sample, representing ≈125,000 

mutations and ≈45 million reference bases (wild-type bases + mutations) per 

sample after all bioinformatics processing steps (Table S3-2).  The Illumina 

sequencing data for the controls (HIV-1 without drug, HIV-1 plasmid control) has 

previously been described elsewhere but was re-analyzed for the purposes of 

this study (267).  Using this data, we determined mutation frequencies 

(expressed as mutations per base pair, or m/bp) for all samples, both for total 

mutations and every possible mutational subclass (e.g. substitutions, transitions, 

transversions, etc.).  The data were analyzed both combined across all five 

amplicons and separated by amplicon.   
Decitabine induces primarily G-to-C transversion mutations during HIV-1 

replication.  We found that decitabine increased the total mutation frequency of 

HIV-1 from ≈6.9 × 10-4 m/bp to ≈2.9 × 10-3 m/bp (Figure 3-1A), a difference of 

≈4.1-fold (p < 0.001).  Decitabine increased the transversion frequency of HIV-1 

by ≈23-fold (p < 0.001), while transition frequencies were not significantly 

affected by the presence of the compound (p = 0.23).  Upon dividing out the eight 

possible types of transversions, we found that decitabine increased the 

frequency of G-to-C transversions from 1.1 × 10-5 m/bp to 1.7 × 10-3 m/bp, a 

striking difference of ≈155-fold (p < 0.001).  As a result, the HIV-1 mutational 

spectrum shifted significantly in the presence of the drug, with an increase in the 

relative percentage of G-to-C transversions from 2% to 57% (Figure 3-1B).  

Intriguingly, we also observed an ≈29-fold increase (p = 0.003) in the frequency 

of C-to-G transversions in the presence of decitabine (Figure 3-1A), which was 

not observed in a previous report analysing the activity of decitabine against HIV-

1 (117) (see also Discussion).  The relative percentage of C-to-G transversions 
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increased from 2% in the absence of decitabine to 10% in the presence of 

decitabine (Figure 3-1B).  Decitabine-mediated G-to-C transversions have 

previously been hypothesized to result from incorporation into the minus strand 

viral DNA, followed by structural rearrangement and mispairing during plus 

strand synthesis (117), while C-to-G transversions could be caused by plus 

strand incorporation of decitabine or minus strand incorporation of decitabine 

decomposition products (see Discussion).  The preponderance of G-to-C 

transversions over C-to-G transversions is consistent with the hypothesis that 

most of the decitabine incorporated into the plus strand viral DNA is removed by 

host repair processes (see Discussion). 

Most decitabine-induced G-to-C and C-to-G mutant read pairs have 

relatively low mutational loads.  Decitabine could potentially lead to high levels of 

G-to-C and C-to-G transversions by inducing high numbers of mutations in 

relatively few read pairs or by inducing low numbers of mutations in many read 

pairs.  To address this, we determined the numbers of G-to-C or C-to-G 

mutations per mutant read pair (Figure 3-2).  We found that 12% of all read pairs 

(≈149,000/1,272,000) contained at least one G-to-C transversion in the presence 

of decitabine (Figure 3-2A), whereas 3% (≈33,000/1,272,000) contained at least 

one C-to-G transversion (Figure 3-2B).  As expected, the total numbers of G-to-C 

and C-to-G mutants were much higher in the presence of decitabine than in its 

absence.  Most of the decitabine-induced mutant read pairs contained a single 

G-to-C or C-to-G transversion, with single mutants representing ≈71% of all G-to-

C mutants and ≈83% of all C-to-G mutants.  However, decitabine treatment also 

led to a significant number of read pairs with multiple G-to-C or C-to-G 

transversion mutations.  While most of these multiply mutated sequences 

contained two or three mutations, we identified rare sequences that were 

excessively mutated, with as many as 13 G-to-C or 9 C-to-G transversions in a 

single read pair.  Decitabine-induced mutants with multiple G-to-C or C-to-G 

transversions accounted for ≈53% of all G-to-C transversions and ≈33% of all C-

to-G transversions, indicating their important contribution to decitabine-mediated 
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HIV-1 mutagenesis.  Notably, given the small size of Illumina read pairs (≈120 bp 

after processing), the full-length proviral genomes (≈11.2 kb including marker 

genes) likely contained much higher levels of G-to-C and C-to-G transversions in 

the presence of decitabine.   

All amplicons are susceptible to decitabine-mediated HIV-1 mutagenesis.  
In order to further examine the distribution of decitabine-induced mutations, we 

analysed the mutational data separately for each of the five amplicons (Gag, Vif, 

HSA, EGFP-1, and EGFP-2).  We hypothesized that differences in amplicon 

primary sequences, nucleic acid folding, or positioning within the viral genome 

could potentially lead to varying susceptibilities to the drug.  We found that all five 

amplicons were highly sensitive to decitabine-induced G-to-C transversions (p < 

0.001), with increases ranging from 77-fold (Gag) to 248-fold (EGFP-2) (Figure 3-

3A).  The EGFP-1 and EGFP-2 amplicons were most sensitive to G-to-C 

transversions, both in terms of absolute G-to-C frequencies and in terms of fold-

induction.  The absolute G-to-C frequencies were 2-3-fold higher for these 

amplicons than for the Gag, Vif, and HSA amplicons (p < 0.001).  Likewise, all 

five amplicons were significantly susceptible to decitabine-mediated C-to-G 

transversions (p < 0.001), with increases ranging from 15-fold (EGFP-2) to 45-

fold (Gag) (Figure 3-3A).  The absolute frequencies of C-to-G transversions 

varied between amplicons up to ≈2.1-fold (Gag vs. EGFP-2).  Small differences 

in the susceptibilities of the five amplicons to G-to-C or C-to-G transversions 

could potentially be due to varying nucleotide content of the amplicon sequences.  

We found that guanine content varied from 20% to 31% while cytosine content 

varied from 15% to 43% between amplicons.  To account for these differences, 

we divided G-to-C and C-to-G transversion frequencies by the guanine or 

cytosine content of each amplicon, respectively, and normalized the resulting 

data to the amplicon with the highest transversion frequency (EGFP-1 for G-to-C, 

Vif for C-to-G) (Figure 3-3B).  After normalization, the general trends remained 

unchanged:  EGFP-1 and EGFP-2 demonstrated ≈2.0-2.5-fold higher G-to-C 
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frequencies than Gag, Vif, and HSA, while conversely EGFP-1 and EGFP-2 

demonstrated the lowest C-to-G frequencies. 

Decitabine-induced mutations in HIV-1 are not caused by DNA 

methyltransferase-mediated hydrolysis.  Decitabine-induced mutations in 

genomic DNA have been previously found by one group to be heavily biased 

toward CpG dinucleotides, suggesting that DNA methyltransferases (DNMTs) 

were involved in their mechanism of formation (196).  DNMTs were proposed to 

attack the C6 position of decitabine, leading to ring opening and formation of a 

pre-mutagenic lesion capable of base-pairing with cytosine.  However, decitabine 

is also known to be highly unstable in aqueous solution, undergoing rapid 

spontaneous hydrolysis and deformylation into a variety of ring-opened 

derivatives (197, 268, 269).  To determine the mechanism of hydrolysis most 

relevant to the antiviral activity of decitabine, we analysed the dinucleotide 

context of all G-to-C and C-to-G transversions that occurred in the presence of 

the drug.  We found that only 19% of G-to-C transversions occurred within CpG 

dinucleotides (as opposed to TpG, ApG, and GpG dinucleotides, sites of 

mutations underlined) (Figure 3-4).  In particular, after taking into account the 

varying frequencies of the dinucleotides within the amplicon sequences, there 

was no significant bias of G-to-C transversions toward any particular dinucleotide 

(Figure S3-1).  Likewise, only 11% of C-to-G transversions occurred within the 

CpG dinucleotide context (as opposed to CpA, CpC, and CpT dinucleotides, sites 

of mutation underlined) (Figure 3-4).  Even after taking into account the lower 

frequency of CpG dinucleotides within the amplicon sequences, only 18% of C-

to-G transversions occurred within the CpG context, although a possible bias 

toward CpT dinucleotides was observed (Figure S3-1).  Taken together, these 

data support the hypothesis that most decitabine-mediated transversions in HIV-

1 are due to spontaneous hydrolysis, deformylation, and mispairing rather than 

DNMT-mediated hydrolysis. 

Lack of decitabine-induced G-to-C transversion hotspots.  In order to 

investigate whether certain sequence positions were more susceptible to 
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decitabine-mediated mutagenesis than others, the G-to-C frequency was 

determined at every individual guanine position (134 in total) and the C-to-G 

frequency at every individual cytosine position (169 in total).  G-to-C frequencies 

were highly variable, ranging from ≈2.0 × 10-4 m/bp to ≈1.7 × 10-2 m/bp (median 

of 7.1 × 10-3 m/bp), a maximal difference of ≈83-fold (Figure 3-5A).  However, we 

failed to identify G-to-C mutational hotspots, which we defined as upper outliers 

within the mutation frequency distribution using the 1.5 × interquartile range 

(IQR) rule.  For C-to-G transversions, we also identified a wide range of 

frequencies in the presence of decitabine, varying from 0 to 3.5 × 10-3 m/bp 

(median of 9.0 × 10-4 m/bp) (Figure 3-5B).  Using the 1.5 × IQR rule, we identified 

four decitabine hotspots for C-to-G transversions, all located within the Gag and 

Vif amplicons.  We next examined the locations and coding effects of the most 

frequently mutated guanines and cytosines in order to determine whether they 

occurred in specific amplicons and to gauge the effects of the mutations on gene 

function.  We found that the twenty most frequent decitabine-induced G-to-C 

transversions all occurred within the EGFP-1 and EGFP-2 amplicons (Table 3-1), 

consistent with the higher G-to-C frequencies observed earlier in these 

amplicons (Figure 3-3).  Most (18/20) of these G-to-C transversions would lead to 

non-synonymous missense mutations, and notably G-to-C mutations cannot 

introduce premature stop codons.  However, decitabine induced a wide array of 

semi-conservative and non-conservative amino acid changes that could 

potentially disrupt protein function.  In contrast to G-to-C transversions, the most 

common C-to-G transversions were located in the Gag and Vif amplicons (Table 

3-2), in agreement with the higher C-to-G frequencies observed in these 

amplicons (Figure 3-3).  Although C-to-G mutations could potentially introduce 

stop codons, the most frequent C-to-G transversions did not result in stop codons 

but instead introduced missense mutations.  Overall, these findings demonstrate 

that 1) decitabine-induced G-to-C transversion mutation frequencies vary widely 
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among sequence positions but without clear mutational hotspots and that 2) 

decitabine triggers HIV-1 lethal mutagenesis mainly through missense mutations.  

Virtually all guanine and cytosine positions are susceptible to decitabine-

mediated mutagenesis.  Intriguingly, we observed that the minimal G-to-C and C-

to-G frequencies in the presence of decitabine were similar to the highest G-to-C 

and C-to-G frequencies in the absence of drug (Figure 3-5), suggesting that most 

guanines and cytosines are susceptible to decitabine-mediated mutagenesis.  In 

order to more thoroughly examine this possibility, we determined the fold 

difference (decitabine/no drug) in G-to-C or C-to-G transversion frequency at 

every individual guanine or cytosine position, respectively.  Fold differences 

could not be calculated for a handful of positions (1 of 134 for G-to-C and 6 of 

169 for C-to-G) because they were not mutated at all in the absence of 

decitabine.  We found that G-to-C transversion frequencies increased by ≈15 to 

≈1010-fold (median of ≈178-fold) in the presence of decitabine (Figure 3-6).  

Likewise, C-to-G transversion frequencies increased by ≈3 to ≈152-fold (median 

of ≈27-fold) in the presence of decitabine.  In order to determine whether these 

increases were statistically significant, we compared G-to-C and C-to-G 

frequencies in the presence or absence of decitabine at every possible sequence 

position using the Mantel-Haenszel test (see Materials and Methods).  We found 

that 100% of the guanine positions (134/134) were significantly susceptible to 

decitabine-mediated G-to-C transversions (p < 0.001).  Similarly, 96% of the 

cytosine positions (163/169) were significantly susceptible to decitabine-induced 

C-to-G transversions (p < 0.001).  Overall, these data suggest that virtually all 

guanines and cytosines within the HIV-1 genome are susceptible to the 

mutagenic effects of decitabine, although full genome sequencing will be 

required to address this in more detail (see Discussion).      
 
Discussion 

In this study, we have shown that decitabine is strongly mutagenic of HIV-

1, inducing ≈4.1, 23, and 155-fold increases in total, transversion, and G-to-C 
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mutation frequencies, respectively (Figure 3-1).  We also observed an ≈29-fold 

increase in C-to-G transversions in the presence of decitabine, which was not 

found in a previous report on the mutagenic and antiviral effects of decitabine 

(117).  These discrepancies are likely due to differences in the sequencing 

methodologies applied.  Previously, cells harbouring mutant proviruses (HSA+ 

EGFP-) were isolated, and the mutated marker gene (egfp) was amplified and 

analysed by Sanger sequencing.  In total, 82 mutations were identified, 31 (i.e. 

38%) of which were G-to-C transversions.  Here, we found that the frequency of 

C-to-G transversions in the presence of decitabine was ≈3.0 × 10-4 m/bp, while 

the G-to-C transversion frequency was ≈1.7 × 10-3 m/bp, a 5.5-fold difference 

(Figure 3-1).  However, we also found that G-to-C mutations were over-

represented and C-to-G mutations were under-represented in the EGFP-1 and 

EGFP-2 amplicons compared to the other amplicons we examined (Figure 3-3).  

In these amplicons, the G-to-C transversion frequency was ≈12-fold higher than 

the C-to-G transversion frequency.  Thus, on the basis of our results, we would 

expect only two to three C-to-G transversions to have been identified in the 

earlier study involving Sanger sequencing, a level that would likely be too low to 

result in a statistically significant increase in C-to-G transversions.  Additionally, it 

is possible that decitabine and decitabine divalerate (the prodrug form used here) 

may exhibit small differences in mutagenicity due to the improved permeability 

and stability of decitabine divalerate (266). 

 The observation that decitabine induces primarily G-to-C transversions in 

HIV-1 is consistent with a previously proposed model (117) for decitabine:  1. 

Decitabine is incorporated in place of deoxycytidine during minus strand 

synthesis by the HIV-1 reverse transcriptase (RT), 2. Decitabine undergoes 

structural rearrangement (hydrolysis and deformylation), resulting in a pre-

mutagenic lesion, and 3. The ring-opened derivative of decitabine mispairs with 

deoxycytidine during plus strand synthesis, leading to fixation of G-to-C 

transversions.  In contrast, while decitabine is presumably also incorporated 

during plus strand synthesis by the HIV-1 RT, the ring-opened derivatives of 
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decitabine can be correctly removed and replaced by host repair process after 

import of viral DNA into the nucleus, preventing fixation of C-to-G transversions.  

However, we have demonstrated here that decitabine increased the C-to-G 

transversion frequency of HIV-1 by ≈29-fold, clearly demonstrating that this 

process is more complex.  While the mechanism responsible for decitabine-

induced C-to-G transversions is presently unknown, one possible explanation is 

that they result from the incorporation of decitabine during plus strand synthesis, 

followed by structural rearrangement and inefficient repair by host processes.  In 

the absence of repair by host processes, ring-opened derivatives of decitabine 

could lead to the fixation of C-to-G transversions upon replication of the 

eukaryotic genomic DNA during cell division or during PCR.  In some cases, 

decitabine may be incorporated but not immediately undergo structural 

rearrangement, potentially evading host repair processes.  However, the in vitro 

half-life of decitabine is quite short (≈11 h) under physiological conditions (197), 

and cells were not collected for genomic DNA extraction until 72 h post-infection.  

Nonetheless, the stability of decitabine may significantly vary between double-

stranded DNA, single-stranded DNA, and unincorporated forms.  In the future, it 

would be of great interest to better define the host repair processes and enzymes 

that act on decitabine and its derivatives, as such processes could greatly 

influence the mutagenicity of decitabine against HIV-1 proviral DNA and 

eukaryotic genomic DNA.  Notably, 2’-deoxyriboguanylurea (dRGU), the primary 

decomposition product of decitabine, was recently shown to be mutagenic in 

human cells and found to base pair with both deoxycytidine and deoxyguanosine 

in Taq-based PCR reactions (270).  Thus, decitabine-mediated transversions (G-

to-C and C-to-G) in HIV-1 could also result from direct incorporation of 

decomposition products by RT during minus strand synthesis.  For example, C-

to-G transversions could result from the incorporation of dRGU in place of 

deoxyguanosine during minus strand synthesis, followed by base pairing with 

deoxyguanosine during plus strand synthesis.  However, the ability of dRGU to 
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directly induce the mutagenesis of HIV-1 has not yet been examined in cell 

culture or in assays with purified RT.       

 Decitabine is primarily used clinically for the management of 

myelodysplastic syndromes as an inhibitor of DNA methyltransferases (DNMTs), 

by which decitabine leads to the reactivation of aberrantly silenced genes (271).  

DNMTs can attack decitabine at the C6 position, resulting in the formation of 

trapped covalent complexes and depletion of functional DNMTs in the cell.  In a 

previous study, decitabine was found to induce C-to-G and G-to-C transversions 

in eukaryotic genomic DNA mostly within CpG dinucleotides, suggesting that the 

mutations resulted from DNMT attack, followed by hydrolysis and deformylation 

(196).  However, other studies found either that decitabine did not increase the 

mutation frequency of eukaryotic genomic DNA (272), or that decitabine was 

mutagenic through spontaneous rather than DNMT-mediated hydrolysis (273).  

We predicted that most G-to-C transversions would not be caused by DNMT 

attack, as the preponderance of G-to-C over C-to-G transversions suggests that 

they mostly result from decitabine incorporation and rearrangement during 

reverse transcription, which takes place in the cytoplasm.  Nonetheless, DNMTs 

could still be involved in the formation of C-to-G transversions and of some G-to-

C transversions.  In this study, we found that there was no bias of G-to-C or C-to-

G transversions toward CpG dinucleotides, even after correcting for the varying 

frequencies of dinucleotides in our amplicon sequences (Figures 3-4 & S3-1).  

This data supports the hypothesis that most decitabine-induced mutations result 

from spontaneous hydrolysis and deformylation. 

 Upon examining the distribution of decitabine-mediated mutations, we 

observed significant variability between amplicons and between individual 

sequence positions (Figures 3-3 & 3-5).  The positions most susceptible to G-to-

C transversions were located in the EGFP-1 and EGFP-2 amplicons, whereas 

the positions most susceptible to C-to-G transversions were located in the Gag 

and Vif amplicons (Tables 3-1 & 3-2).  Notably, many previous studies on HIV-1 

mutagenesis have reported wide variability in the distribution of mutations across 
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the sequences of mutational targets, even in the absence of a mutagen (53, 55, 

57).  Unfortunately, the factors that create favorable positions for RT-mediated 

substitutions are still very poorly understood, although homopolymeric runs are 

known to trigger most insertions and deletions.  We hypothesize that certain 

sequence positions were more susceptible to decitabine than others because: 1. 

They occurred within primary sequence contexts that favoured decitabine 

incorporation, 2. They occurred within nucleic acid secondary structures that 

favoured decitabine incorporation, or 3. They occurred within regions of the HIV-

1 genome more susceptible than others to decitabine-mediated mutagenesis.  

More specifically, the positioning of the amplicon within the viral genome impacts 

the amount of time the minus strand viral DNA remains single-stranded during 

reverse transcription, which has previously been proposed to drive differences in 

APOBEC3-mediated hypermutation across the genome (124, 254).  Decitabine 

that is incorporated into regions of the genome that remain single-stranded 

longer than others may more efficiently undergo structural rearrangement prior to 

plus strand synthesis.  The differences in G-to-C frequencies we observed 

between amplicons are in general agreement with this hypothesis (Figure 3-3).  

However, full genome sequencing will be required to determine the extent to 

which these factors can explain the variability of decitabine-mediated 

mutagenesis across amplicons and sequence positions. 

 In order to more thoroughly investigate the susceptibility of individual 

sequence positions to decitabine, we determined fold changes in mutation 

frequencies at individual positions and also evaluated the results statistically.  

Strikingly, we found that every guanine position examined (134/134) and nearly 

every cytosine position examined (163/169) were significantly susceptible to the 

mutagenic effects of decitabine, with increases in G-to-C and C-to-G transversion 

frequencies ranging from ≈15 to 1000-fold and ≈3 to 150-fold, respectively 

(Figure 3-6).  These results were obtained by sequencing five different amplicons 

representing multiple genes, nucleotide contents, and positions within the 

genome.  Thus, these findings support the hypothesis that the vast majority of 
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guanines and cytosines within the HIV-1 genome are susceptible to decitabine-

mediated mutagenesis, although full genome sequencing will be required to 

examine this possibility in more detail.  Overall, these findings demonstrate for 

the first time that decitabine-mediated mutagenesis of HIV-1 is widely 

promiscuous and occurs in the clear absence of mutational hotspots.  These data 

imply that decitabine-mediated G-to-C mutagenesis is a highly effective 

mechanism for extinguishing HIV-1 infectivity and encourage further evaluation of 

decitabine in animal models for the induction of HIV-1 lethal mutagenesis.            

 

Materials and Methods 
Production of viral stocks.  The production and titering of HIV-1 viral 

stocks for single-cycle infections and Illumina sequencing were previously 

described (267).  Briefly, we used the envelope-deficient HIV-1 vector, pNL4-3 

HIG (118), which contains a cassette inserted into nef that encodes heat stable 

antigen (HSA), an internal ribosomal entry site (IRES), and enhanced green 

fluorescent protein (EGFP).  Viral stocks were produced by co-transfecting 10 µg 

of pNL4-3 HIG and 5 µg of pNL4-3 Env per 10 cm plate of 293T cells.  For each 

viral stock, five 10 cm plates were transfected, and the resulting supernatants 

were pooled and concentrated (≈10-fold) using 100,000 MWCO filtration columns 

(Vivaproducts; Littleton, MA).  Viral stocks were then treated with 10 U/mL of 

DNase I (New England Biolabs; Ipswich, MA) for 2 h at 37 °C to degrade residual 

plasmid DNA from transfections.  Lastly, viral stocks were titered in U373-MAGI-

X4 cells based on EGFP expression at low infectivities as described (267). 

Preparation of genomic DNA from infected cells.  In order to prepare 

samples for Illumina sequencing, 1 x 106 U373-MAGI-X4 cells were infected at a 

multiplicity of infection (MOI) of 1.0 as described (267).  Cells were pre-treated 

(or not pre-treated) with 2 µM decitabine divalerate (an ≈EC65 concentration) for 2 

h before infection.  Uninfected cells and cells infected with heat-inactivated 

viruses (i.e. virus stocks that were incubated at 65 °C for 1 h) were included as 

negative controls.  The medium was replaced 24 h post-infection, and the cells 
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were harvested for genomic DNA extraction at 72 h post-infection.  Notably, only 

a single round of replication can occur within this assay, due to the lack of 

envelope expression in target cells.  All infections were performed in triplicate, 

using independently produced viral stocks.  Infections in the presence or 

absence of decitabine were performed using the same viral stock for each 

replicate.  Genomic DNA was isolated from all collected cells using the High Pure 

PCR Template Preparation Kit (Roche; Basel, Switzerland) following the 

manufacturer’s instructions and eluted in 150 µL buffer.  Genomic DNA was 

analyzed by qPCR in order to quantify the amount of plasmid carryover from 

transfections and found to be ≈0.2% of the proviral copy number, a level that 

would not significantly impact measured mutation frequencies.   

Proviral DNA amplification and Illumina sequencing.  PCR was performed 

as described previously (267) to generate five small (150-170 bp) amplicons 

(Gag, Vif, HSA, EGFP-1, EGFP-2) for each sample, representing a mixture of 

viral and marker gene targets.  All forward primers contained barcodes for later 

demultiplexing of samples.  Primer and barcode sequences for the decitabine 

samples are listed in Table S3-1, while others have been previously reported 

(267).  PCR was performed using the Phusion Hot Start II High-Fidelity DNA 

Polymerase (Fisher Scientific; Pittsburgh, PA).  PCR reactions were performed 

with 8 µL of genomic DNA per 50 µL reaction and cycling conditions of 98 °C 30 

s, 30 cycles of 98 °C 10 s/56 °C 30 s/72 °C 15 s, and a final extension of 72 °C 

10 min.  All PCR reactions were performed in triplicate, pooled after amplification, 

and gel-purified.  Plasmid control amplifications from pNL4-3 HIG were 

performed in parallel under closely matched conditions to measure background 

error due to PCR and Illumina sequencing.  For each sample, all amplicons were 

pooled together in an equimolar fashion to normalize coverage between 

amplicons.  Next, sequencing libraries were constructed from each sample (9 

samples in total; 3 each for HIV-1, HIV-1 + decitabine divalerate, and HIV-1 

plasmid control) using the TruSeq Nano DNA Sample Preparation Kit and 

following the manufacturer’s instructions.  Libraries were quantified using the 



 

  74 

Qubit dsDNA BR Assay Kit, size-confirmed with Agilent DNA 1000 chips (Agilent 

Technologies; Santa Clara, CA), and pooled in an equimolar fashion to normalize 

library coverage.  Before sequencing, a PhiX library was added in at 25% of total 

mass to improve sequence diversity.  The pooled libraries were then subjected to 

2×150 paired-end sequencing on the Illumina MiSeq.  All Illumina sequencing 

data supporting the results of this manuscript have been deposited into the NCBI 

Sequence Read Archive (SRA) under accession code SRP059680.       

Illumina sequencing data processing.  Illumina sequencing data were 

subjected to multiple read-level and base-level quality filtering steps, as 

described previously (267).  Samples were first demultiplexed based on perfectly 

matching barcodes.  Read pairs with poor quality or improper mapping or 

alignment to target amplicon sequences were excluded from analysis.  After all 

filtering steps, we obtained ≈413,000-494,000 read pairs per sample (see Table 

S3-2 and (267)).  We then used a custom algorithm based on the Genome 

Analysis Toolkit (GATK) walker framework (262) to identify mutations and 

calculate mutation frequencies for total mutations as well as every possible 

mutational subclass.  Mutations and wild-type bases were required to be 

identified on both forward and reverse reads, as read pairs were mostly 

overlapping.  Mutations and wild-type bases were also required to have a Q-

score ≥ 30 on both reads.  Furthermore, background error hotspots were 

identified using the plasmid controls and masked prior to mutational analysis, as 

described previously (267).  Most (≈83%) of the mutations excluded by this 

process were G-to-T or C-to-A transversions, and only one of the excluded 

mutations was a G-to-C or C-to-G transversion.  Mutation frequencies (defined 

as mutations/bp) were calculated by dividing the number of mutations passing 

filters by all reference bases (mutations + wild-type bases) passing filters, both 

combined across amplicons and separated by amplicon.  We also determined 

the relative percentage of each mutational type (mutation spectra), numbers of 

mutants, dinucleotide contexts of mutants, and the mutation frequencies at 

individual sequence positions within the target amplicons.  
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Biostatistical analysis of Illumina DNA sequencing data.  To test for 

variables that may influence mutation frequencies, generalized linear mixed 

effects models were applied to the data that came from our Illumina data 

processing pipeline. The raw counts for each type of mutation (e.g. transitions) 

were modeled as Poisson random variables with an offset given by the total 

number of reference bases. The type of sample (i.e. HIV-1 without drug, HIV-1 + 

decitabine, and HIV-1 plasmid control), the type of amplicon, and their 

interactions were treated as fixed effects while the replicate was treated as a 

random effect.  The logarithmic link was used, as is standard for Poisson 

outcomes, and penalized quasilikelihood was used to estimate the model 

parameters (263).  These computations were conducted using R v 3.1.0 and the 

MASS package.  Mutation frequencies at individual sequence positions were 

compared using the Mantel-Haenszel test.  All figures and tables were created in 

GraphPad Prism v 6.0 (GraphPad Software, Inc.; La Jolla, CA) or Microsoft 

Office for Mac 2011 v 14.3.8 (Microsoft Corp.; Redmond, WA). 
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Figure 3-1. Decitabine primarily induces G-to-C transversion mutations 
during HIV-1 replication. A.  Mutation frequency analysis.  Using Illumina 

sequencing data, mutation frequencies were calculated by dividing the number of 

mutations by the number of reference bases (mutations + wild-type bases) and 

are expressed as mutations/bp, or m/bp.  Mutation frequencies were determined 

for HIV-1 in the presence or absence of decitabine (2 µM, an ≈EC65 value), as 

well as for a plasmid control to determine the level of background errors.  Fold 

increases in mutation frequencies in the presence of decitabine are indicated.  B.  

Mutation spectra analysis.  Mutation spectra were determined by dividing the 

frequency of each type of mutation by the total mutation frequency, with the 

results expressed as a percentage of total mutations.  Data in both panels 
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represent the mean of three experimental replicates, with error bars indicating 

the standard deviation.  Asterisks denote statistically significant differences 

between HIV-1 and HIV-1 + decitabine (** p < 0.01, *** p < 0.001, N.S. = not 

significant).  The actual numbers of read pairs, mutations, and reference bases 

are listed in Table S3-2 and in a previous report (267).  
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Figure 3-2. Most decitabine-induced G-to-C and C-to-G mutant read pairs 
have relatively low mutational loads.  For all G-to-C (A) or C-to-G (B) mutants, 

the numbers of G-to-C or C-to-G mutations per read pair were determined in 

order to evaluate mutational loads.  The means, medians, and ranges are also 

indicated.  Note that due to the short length of the Illumina read pairs (≈120 bp 

after processing), the total numbers of G-to-C and C-to-G mutations in the full-

length viral genome may be much higher.  The figure represents compiled data 

across three experimental replicates.   
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Figure 3-3. All amplicons are susceptible to decitabine-mediated HIV-1 
mutagenesis. A.  Analysis of mutation frequencies separated by amplicon.  G-

to-C and C-to-G transversion frequencies were determined in all five amplicons 

subjected to Illumina sequencing.  The EGFP-1 and EGFP-2 amplicons 

represent non-overlapping portions of the egfp gene.  Fold increases in mutation 

frequencies in the presence of decitabine are indicated.  B. Analysis of amplicon 

mutation frequencies normalized for variations in amplicon nucleoside content.  

To account for varying nucleoside content across amplicons, G-to-C and C-to-G 

transversion frequencies were divided by the proportion of guanines or cytosines, 

respectively, within each amplicon.  These values were then normalized to the 

amplicon with the highest G-to-C or C-to-G frequency (EGFP-1 and Vif, 

respectively).  Data in both panels represent the mean of three experimental 

replicates, with error bars indicating the standard deviation.  Asterisks denote 

statistically significant differences between HIV-1 and HIV-1 + decitabine (*** p < 

0.001).



 

  80 

 
Figure 3-4. Decitabine-induced mutations in HIV-1 are not caused by DNA 
methyltransferase-mediated hydrolysis.  Decitabine-induced mutations in 

eukaryotic genomic DNA can either be biased toward CpG dinucleotides, 

implicating formation via DNA methyltransferases (196), or not be biased toward 

CpG dinucleotides, implicating spontaneous structural rearrangement (273).  In 

order to investigate the mechanism most important for decitabine-mediated HIV-

1 mutagenesis, the dinucleotide contexts of all G-to-C and C-to-G transversions 

observed in the presence of decitabine were determined.  Note that G-to-C 

transversions likely arise from decitabine incorporation in place of deoxycytidine 

in the minus strand viral DNA, such that a 5’-CpG-3’ context on the minus strand 

corresponds to a 5’-CpG-3’ context on the plus strand (sites of mutation 

underlined).  The data represent the mean of three experimental replicates.  
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Figure 3-5. Lack of decitabine-induced G-to-C transversion mutation 
hotspots.  In order to determine whether certain sequence positions in HIV-1 

were more susceptible to decitabine than others, the G-to-C frequency at each 

individual guanine position (134 in total, panel A) and the C-to-G frequency at 

each individual cytosine position (169 in total, panel B) were determined.  The 

boxplots indicate the observed minima, maxima, and medians.  We also 

investigated whether decitabine induced mutational hotspots, which we defined 

as upper outliers within the mutation frequency distributions using the 1.5 × 

interquartile range rule.  Decitabine was not found to induce any G-to-C 

mutational hotspots, although several C-to-G mutational hotspots (denoted by ×) 

were observed.  The data represent the mean of three experimental replicates. 
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Figure 3-6. Virtually all guanine and cytosine positions are susceptible to 
decitabine-mediated mutagenesis.  In order to further investigate the 

susceptibilities of individual nucleotides in HIV-1 to decitabine, fold differences in 

mutation frequencies (decitabine/no drug) were calculated at every possible 

sequence position.  Fold differences could not be calculated for a small number 

of positions (1 of 134 for G-to-C and 6 of 169 for C-to-G), as they were not 

mutated in the absence of decitabine.  Mutation frequencies at individual 

sequence positions were also compared statistically using the Mantel-Haenszel 

test (see Results). 
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Table 3-1. Locations and effects of common decitabine-induced  
G-to-C transversions in HIV-1.a Table 1. Locations and effects of common decitabine-induced G-to-C 

transversions in HIV-1.a 

Rank Positionb Amplicon Frequencyc 
Mutation 

Typed 
Amino Acid 

Change 
1 324 EGFP-1 1.65E-02 N K108N 
2 417 EGFP-1 1.56E-02 N E139D 
3 383 EGFP-1 1.49E-02 N G128A 
4 608 EGFP-2 1.45E-02 N S203T 
5 427 EGFP-1 1.43E-02 N E143Q 
6 416 EGFP-1 1.41E-02 N G139A 
7 429 EGFP-1 1.40E-02 N E143D 
8 388 EGFP-1 1.34E-02 N D130H 
9 415 EGFP-1 1.33E-02 N G139R 

10 368 EGFP-1 1.32E-02 N R123P 
11 606 EGFP-2 1.29E-02 S N/A 
12 555 EGFP-2 1.29E-02 N Q185H 
13 552 EGFP-2 1.25E-02 N Q184H 
14 352 EGFP-1 1.22E-02 N D118H 
15 350 EGFP-1 1.21E-02 N G117A 
16 626 EGFP-2 1.19E-02 N S209T 
17 534 EGFP-2 1.18E-02 N Q178H 
18 624 EGFP-2 1.17E-02 S N/A 
19 592 EGFP-2 1.16E-02 N D198H 
20 615 EGFP-2 1.15E-02 N Q205H 

!1!  
a. The data indicate the positions, frequencies, and coding effects of the 20 most 

common G-to-C transversions observed in HIV-1 exposed to decitabine, 

although these were not technically defined as mutational hotspots by our 

statistical criterion. 

b. All numbers refer to the position relative to the start of the egfp gene. 

c. The G-to-C transversion frequency (mutations/bp) was determined at every 

individual guanine position, though only the top 20 are shown here.  The data 

represent the average of three experimental replicates. 

d. N = non-synonymous mutation, S = synonymous mutation 
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Table 3-2. Locations and effects of common decitabine-induced  
C-to-G transversions in HIV-1.a Table 2. Locations and effects of common decitabine-induced C-to-G 

transversions in HIV-1.a 

Rank Positionb Amplicon Frequencyc 
Mutation 

Typed 
Amino Acid 

Change 
1* 438 Gag 3.50E-03 S N/A 
2* 446 Gag 3.30E-03 N P149R 
3* 392 Vif 3.00E-03 N P131R 
4* 431 Vif 3.00E-03 N S144C 
5 452 Gag 2.70E-03 N T151S 
6 379 Vif 2.60E-03 N R127G 
7 412 Gag 2.60E-03 N L138V 
8 388 Gag 2.40E-03 N Q130E 
9 356 Vif 2.30E-03 N A119G 

10 369 Vif 2.30E-03 S N/A 
11 437 Gag 2.20E-03 N A146G 
12 398 Gag 2.20E-03 N P133R 
13 414 Gag 2.20E-03 S N/A 
14 415 Vif 2.10E-03 N H139D 
15 118 HSA 2.00E-03 N P40A 
16 368 Vif 2.00E-03 N T123S 
17 325 Vif 2.00E-03 N L109V 
18 445 Gag 2.00E-03 N P149A 
19 160 HSA 1.90E-03 N L54V 
20 461 Gag 1.90E-03 N A154G 

!1!  
a. The data indicate the positions, frequencies, and coding effects of the 20 most 

common C-to-G transversions observed in HIV-1 exposed to decitabine, 

although only the top four of these (those marked by asterisks) were mutational 

hotspots, defined as upper outliers within the mutation frequency distribution 

using the 1.5 × interquartile range rule. 

b. All numbers refer to the position relative to the start of the indicated gene (gag, 

vif, or hsa). 

c. The C-to-G transversion frequency (mutations/bp) was determined at every 

individual cytosine position, though only the top 20 are shown here.  The data 

represent the average of three experimental replicates. 

d. N = non-synonymous mutation, S = synonymous mutation 
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Introduction 
 RNA viruses exhibit high mutation rates and have been postulated to 

replicate near the error threshold—the maximal mutation rate compatible with the 

maintenance of genetic information (41, 177).  Thus, they may be particularly 

sensitive to small molecules that promote viral mutations, an antiviral strategy 

called lethal mutagenesis (119).  Lethal mutagenesis has been pursued as a 

potential antiviral approach for many different RNA viruses (274).  Most small 

molecule candidates for lethal mutagenesis identified thus far have been 

nucleoside analogs with altered base-pairing properties.  These nucleoside 

analogs base-pair promiscuously due to ionization, structural rearrangement, 

tautomerization, or conformational flexibility (264).  Alternatively, small molecules 

can be used to promote viral mutagenesis by leveraging host nucleic acid editing 

enzymes that are part of the innate immune response.  For example, molecules 

have been identified that block the degradation of APOBEC3 enzymes by the 

human immunodeficiency virus type-1 (HIV-1) Vif accessory protein (180-183).  

These molecules ultimately promote incorporation of APOBEC3 proteins into 

virions, resulting in lethal G-to-A hypermutation during the next cycle of 

replication. 

 The ribonucleoside analog 5-azacytidine (5-aza-C) reduces the infectivity of 

HIV-1 by inducing lethal mutagenesis (118).  5-aza-C is active during both the 

early and late phases of viral replication, reflecting incorporation during reverse 

transcription and during transcription of viral genomic RNA, respectively.  When 

added during the late phase of viral replication, 5-aza-C induces primarily C-to-G 

transversions in HIV-1.  In contrast, during the early phase of replication, 5-aza-C 

induces primarily G-to-C transversions in the virus.  These G-to-C transversions 

are thought to be caused by the incorporation of 5-aza-C into minus strand viral 

DNA, followed by its hydrolysis and deformylation into ring-opened remnants 

(118).  These ring-opened remnants can then mispair with deoxycytidine during 

plus strand synthesis, leading to the fixation of G-to-C transversions in proviral 

DNA.  However, it remains possible that 5-aza-C hydrolysis products are directly 
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incorporated by HIV-1 reverse transcriptase (RT) as well.  Notably, 5-aza-C is 

closely related to 5-aza-2’-deoxycytidine (5-aza-dC), another nucleoside analog 

that has been explored for the lethal mutagenesis of HIV-1 (117, 275), with the 

primary difference being that 5-aza-dC is much more potent than 5-aza-C and 

likely only incorporated into viral DNA.   

 Two different mechanisms could account for the antiviral activity of 5-aza-C 

during the early phase of replication:  First, 5-aza-C could be incorporated during 

reverse transcription primarily as a deoxyribonucleotide (i.e. as 5-aza-2’-

deoxycytidine-5’-triphosphate, or 5-aza-dCTP).  For this to occur, the cellular 

enzyme ribonucleotide reductase (RNR) would have to first convert 5-aza-C (in 

its diphosphate form) to 5-aza-dC, which could then be phosphorylated to form 5-

aza-dCTP.  Notably, one previous study has demonstrated that ~10-20% of 5-

aza-C is reduced to 5-aza-dC by RNR (276), suggesting that 5-aza-dCTP would 

likely be available for incorporation during reverse transcription.  However, the 

reduction of 5-aza-C to 5-aza-dC has not yet been demonstrated in cell types for 

which antiviral activity has been reported.  In further support of this possibility, 

HIV-1 RT has been shown to selectively exclude ribonucleotides using a residue 

(Y115) that acts as a steric gate (216-218).  Alternatively, 5-aza-C could be 

incorporated during reverse transcription directly as a ribonucleotide (i.e. as 5-

azacytidine-5’-triphosphate, or 5-aza-CTP).  Notably, HIV-1 RT has been found 

to incorporate significant levels of endogenous ribonucleotides when the levels of 

deoxyribonucleotides are very low (resulting in high NTP:dNTP ratios), such as in 

macrophages (219, 220).  Previous studies have found that high concentrations 

of 5-aza-C are required to elicit antiviral activity in cell culture (118), potentially 

skewing the NTP:dNTP ratio enough to allow for significant 5-aza-CTP 

incorporation.  However, these findings could also reflect the inefficient reduction 

of 5-aza-C to 5-aza-dC.  

 To determine the primary form of 5-aza-C active during HIV-1 reverse 

transcription, Illumina high-throughput sequencing was performed to compare 

viral mutagenesis in the presence of 5-aza-C or 5-aza-dC.  5-aza-C and 5-aza-
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dC caused similar levels of G-to-C and C-to-G transversions in HIV-1.  Further, 

G-to-C and C-to-G transversions were distributed at individual sequence 

positions in a highly similar pattern for 5-aza-C and 5-aza-dC.  In addition, 5-aza-

dCTP was detected in cells treated with 5-aza-C, indicating that 5-aza-C was 

reduced to 5-aza-dC by RNR.  Importantly, 5-aza-dCTP levels were similar in 

cells treated with equivalent antiviral effect concentrations of 5-aza-C or 5-aza-

dC.  Lastly, 5-aza-CTP was incorporated in vitro by HIV-1 RT, but much less 

efficiently than 5-aza-dCTP.  Overall, the data support the conclusion that 5-aza-

C enhances HIV-1 mutagenesis and diminishes HIV-1 infectivity primarily by 

acting as 5-aza-dCTP, which may have important implications for the design of 

antiretroviral ribonucleoside analogs. 
 
Results 

5-azacytidine and 5-aza-2’-deoxycytidine induce similar levels of G-to-C 

and C-to-G transversions in HIV-1.  In order to determine the primary form of 5-

aza-C active against HIV-1, the effects of 5-aza-C and 5-aza-dC on HIV-1 

mutagenesis were compared using Illumina amplicon sequencing.  The direct 

incorporation of 5-aza-C as a ribonucleotide (5-aza-CTP) was predicted to lead 

to a distinct mutational pattern relative to 5-aza-dCTP, because incorporated 

ribonucleotides can: 1. be replaced (correctly or incorrectly) by RNase H2-

mediated repair, 2. cause mutations if left unrepaired, particularly short (2-5 bp) 

deletions, and 3. elevate the HIV-1 RT mismatch extension frequency on the 

opposite strand (277-279).  To prepare samples for sequencing, U373-MAGI 

cells were treated with DMSO (i.e. no drug), 5-aza-C (EC75, ~260 µM) or 5-aza-

dC (EC75, ~3.8 µM).  Cells were then infected 2 h after drug addition at an MOI of 

1.0 with NL4-3 MIG-VSVG.  Genomic DNA was purified from cells collected 72 h 

post-infection, and PCR was performed of multiple amplicons (Gag, Pol, Vif, Env, 

Nef) from proviral DNA.  Plasmid control amplifications were included to measure 

the level of background error from PCR and sequencing.  The amplicons were 

pooled, used to prepare libraries, and subjected to 2×250 paired-end sequencing 
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on the Illumina MiSeq.  Illumina sequencing generated ~5.5 million read pairs 

after all bioinformatics processing steps, containing ~570,000 mutations and 

~630 million reference bases.  5-aza-C and 5-aza-dC were found to significantly 

increase the frequencies of G-to-C and C-to-G transversions relative to the no 

drug control in all amplicons examined (p < 0.0001 for all comparisons), although 

C-to-G transversions were ~5 to 6-fold less prevalent than G-to-C transversions 

(Figure 4-1).  In the presence of 5-aza-C, ~67% of all mutations were G-to-C 

transversions and ~12% were C-to-G transversions (compared to 64% and 12% 

for 5-aza-dC).  C-to-G transversions were not previously observed when 5-aza-C 

was added during the early phase of viral replication, likely due to the lower 

sequencing depth of earlier studies (see Discussion).  Notably, 5-aza-C and 5-

aza-dC increased the levels of G-to-C transversions (Figure 4-1A) and C-to-G 

transversions (Figure 4-1B) to similar extents in all five amplicons, and the 

resulting mutation frequencies did not significantly differ (p > 0.05 for all 

comparisons).  Depending on the amplicon, 5-aza-C and 5-aza-dC raised G-to-C 

frequencies by ~45 to 75-fold and C-to-G frequencies by ~25 to 60-fold.  Further, 

we did not observe short (2-5 bp) deletions that are characteristic of 

ribonucleoside incorporation in the 5-aza-C-treated sample (data not shown).  

These data demonstrate that 5-aza-C and 5-aza-dC cause very similar changes 

in viral mutation frequencies and spectra, arguing that 5-aza-C acts primarily as 

5-aza-dCTP during reverse transcription.  

5-azacytidine and 5-aza-2’-deoxycytidine cause highly similar HIV-1 

mutational patterns.  5-aza-dC has previously been demonstrated to cause highly 

variable levels of G-to-C and C-to-G transversions depending upon the specific 

sequence position (275).  If 5-aza-C acts against HIV-1 after reduction to 5-aza-

dC, the susceptibilities of individual bases to 5-aza-C and 5-aza-dC should 

closely resemble one another.  To address this, mutation frequencies were 

determined at individual sequence positions in the five amplicons.  G-to-C 

frequencies were determined at every guanine position (124 in total), while C-to-

G frequencies were determined at every cytosine position (116 in total).  The 
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extent of correlation between 5-aza-C and 5-aza-dC-induced mutation 

frequencies was then examined.  For both 5-aza-C and 5-aza-dC, significant 

variability (up to ~20-fold) was observed between G-to-C and C-to-G frequencies 

at individual sequence positions (Figure 4-2).  5-aza-C and 5-aza-dC-mediated 

mutation frequencies were found to be strongly positively correlated, both for G-

to-C transversions (Pearson r of 0.93 [95% CI: 0.90-0.95], p < 0.0001) and C-to-

G transversions (Pearson r of 0.96 [95% CI: 0.94-0.97], p < 0.0001).  This 

correlation was able to explain most of the variability in the observed data (R2 of 

0.87 [G-to-C] or 0.91 [C-to-G]).  The slopes of the best-fit linear regression lines 

were also determined, as they would equal 1.0 if 5-aza-C and 5-aza-dC mutation 

frequencies perfectly matched.  The regression lines exhibited slopes of 0.71 (G-

to-C, 95% CI: 0.66-0.76) and 0.88 (C-to-G, 95% CI: 0.83-0.93), indicating that 5-

aza-C-mediated mutation frequencies were slightly higher than for 5-aza-dC.  

These findings indicate that patterns of viral mutagenesis in the presence of 5-

aza-C- and 5-aza-dC closely resembled one another, further indicating that 5-

aza-C likely reduces HIV-1 infectivity after conversion to 5-aza-dC. 

Levels of 5-aza-2’-deoxycytidine-triphosphate are similar in cells treated 

with 5-azacytidine or 5-aza-2’-deoxycytidine.  While a previous report indicated 

that ~10-20% of 5-aza-C is reduced to 5-aza-dC in one particular cell line (276), 

the conversion of 5-aza-C to 5-aza-dC has not yet been assessed in cell lines for 

which antiviral activity has been demonstrated.  To address this, cells were 

treated with multiple concentrations of either 5-aza-C or 5-aza-dC for 4 h 

(corresponding to a time point during which reverse transcription should be 

actively occurring), followed by extraction of nucleotides and LC-MS/MS to 

determine the relative quantities of 5-aza-CTP and 5-aza-dCTP (see Materials 

and Methods).  The relative levels of RGU-TP and dRGU-TP were also 

determined, which are the final hydrolysis products of 5-aza-CTP and 5-aza-

dCTP, respectively, and may be relevant to antiviral activity.  Cells were treated 

with matched antiviral concentrations (EC25, EC50, or EC75) of 5-aza-C or 5-aza-

dC.  If 5-aza-C acts primarily as 5-aza-dCTP against HIV-1, cells treated with 5-
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aza-C or 5-aza-dC should contain approximately equal levels of 5-aza-dCTP at 

equivalent antiviral effect levels.  5-aza-CTP and RGU-TP were only detected in 

cells treated with 5-aza-C (data not shown), as expected considering the lack of 

cellular pathways for conversion of deoxyribonucleotides to ribonucleotides.  In 

contrast, 5-aza-dCTP was detected in cells treated with either 5-aza-C or 5-aza-

dC (Figure 4-3A), indicating that 5-aza-C (in its diphosphate form) was reduced 

to 5-aza-dC by RNR.  Further, the level of 5-aza-dCTP was not significantly 

different between cells treated with 5-aza-C or 5-aza-dC (EC25 and EC75) or was 

higher in cells treated with 5-aza-C (EC50, p < 0.05).  Similar trends were 

observed for dRGU-TP, the final hydrolysis product of 5-aza-dCTP (Figure 4-3B).  

These findings further indicate that 5-aza-C primarily reduces the infectivity of 

HIV-1 after reduction to 5-aza-dC, as HIV-1 RT should incorporate 5-aza-dCTP 

much more readily than 5-aza-CTP. 

HIV-1 reverse transcriptase incorporates 5-azacytidine-triphosphate in 

vitro much less efficiently than 5-aza-2’-deoxycytidine-triphosphate.  Although 

similar levels of 5-aza-dCTP were observed in cells treated with 5-aza-C or 5-

aza-dC, the extent to which 5-aza-CTP and 5-aza-dCTP are incorporated by 

HIV-1 RT has not yet been determined.  5-aza-CTP was hypothesized to be 

incorporated only weakly, while 5-aza-dCTP was hypothesized to be 

incorporated relatively efficiently, as 5-aza-dCTP can be efficiently incorporated 

by cellular DNA polymerases (280, 281).  To address this, the incorporation of 5-

aza-CTP and 5-aza-dCTP was compared using an HIV-1 RT in vitro single 

nucleotide extension assay, with dCTP and CTP included for comparative 

purposes.  Additional control reactions were performed by incubating with all four 

standard dNTPs (50 µM, +) or by omitting RT (-).  It was found that HIV-1 RT 

incorporated 5-aza-dCTP relatively efficiently (Figure 4-4), resulting in total 

primer extension at 5 µM (lane 10) and some detectable extension as low as 50 

nM (lane 8).  However, 5-aza-dCTP was incorporated somewhat less effectively 

than dCTP (compare lanes 7-9 with 19-21).  In contrast, HIV-1 RT incorporated 

5-aza-CTP and CTP only at the highest concentration tested (500 µM) (Figure 4-
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4A, lanes 6 and 18).  These data demonstrate that 5-aza-CTP can be directly 

incorporated by the HIV-1 RT, but only at very high concentrations and in the 

absence of other competing deoxyribonucleotides.  5-aza-dCTP was 

incorporated at least 10,000-fold more efficiently than 5-aza-CTP (compare lanes 

6 and 8).  These observations are consistent with previous findings that HIV-1 RT 

exhibits high selectivity for deoxyribonucleotides, largely due to a steric gate 

(Y115) that blocks incoming ribonucleotides (216-218).  Considering that similar 

levels of 5-aza-dCTP were observed in cells treated with equivalent antiviral 

concentrations of 5-aza-C or 5-aza-dC (Figure 4-3), these findings strongly 

indicate that 5-aza-C primarily exerts activity against HIV-1 through its reduction 

to 5-aza-dC.  

 

Discussion 
The ribonucleoside analog 5-aza-C could potentially act as a 

ribonucleotide or as a deoxyribonucleotide to reduce HIV-1 infectivity during the 

early phase of viral replication.  To address this, Illumina sequencing was 

performed in order to compare the enhancement of HIV-1 mutagenesis by 5-aza-

C and 5-aza-dC.  5-aza-C and 5-aza-dC were found to cause similar changes in 

viral mutation frequencies regardless of the amplicon examined (Figure 4-1).  

Both drugs primarily elicited G-to-C transversions in HIV-1, but also significant 

levels of C-to-G transversions, which were not observed in a previous study of 5-

aza-C (118).  5-aza-C was not found to induce other types of mutations that are 

considered indicative of ribonucleotide incorporation, such as short (2-5 bp) 

deletions (278).  While the mechanism of C-to-G transversions remains unclear, 

they may result from the incorporation of 5-aza-dCTP into plus strand viral DNA 

or, alternatively, from the direct incorporation of 5-aza-dCTP hydrolysis products 

(e.g. dRGU-TP) into minus strand viral DNA.  5-aza-C-mediated C-to-G 

transversions might not have been observed in a previous study (118) due to the 

reduced depth of Sanger sequencing, the lower concentration of 5-aza-C used, 

or other differences in the mutational assay.  Additionally, 5-aza-C and 5-aza-dC-
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mediated mutational patterns strongly correlated with one another even at the 

level of individual sequence positions in HIV-1 (Figure 4-2), further indicating that 

5-aza-C exerts antiviral activity after reduction to 5-aza-dC. 

5-aza-dCTP was detected in cells treated with 5-aza-C, indicating that 5-

aza-C was reduced to 5-aza-dC (Figure 4-3), and, importantly, similar levels of 5-

aza-dCTP were observed in cells treated with equivalent antiviral effect 

concentrations of 5-aza-C and 5-aza-dC.  Notably, the absolute concentrations of 

5-aza-C were ~70 to 300-fold higher than for 5-aza-dC in these experiments, 

indicating that intracellular conversion of 5-aza-C to 5-aza-dCTP was much less 

efficient than conversion of 5-aza-dC to 5-aza-dCTP.   Using an in vitro 

incorporation assay, 5-aza-CTP was found to be successfully incorporated at 

very high concentrations by HIV-1 RT (Figure 4-4).  However, 5-aza-dCTP was 

incorporated at least 10,000-fold more efficiently than 5-aza-CTP, further 

supporting 5-aza-dCTP as the principal form of 5-aza-C active against HIV-1.  

Taken together, these findings clearly indicate that 5-aza-dCTP is the 

primary form of 5-aza-C active during the early phase of HIV-1 replication.  

Further, 5-aza-C has been shown to exert much more potent antiviral activity 

during the early phase of replication than during the late phase of replication 

(118), indicating that 5-aza-C likely acts primarily as 5-aza-dCTP during 

spreading infections as well.  These observations lead to the following model for 

the antiviral activities of 5-aza-C and 5-aza-dC (Figure 4-5):  5-aza-C and 5-aza-

dC enter the cell by facilitated diffusion through a transporter protein and are then 

phosphorylated by the appropriate cellular kinases.  5-aza-CTP is incorporated 

into viral RNA during the late phase of replication, leading to the fixation of C-to-

G transversions during the following round of reverse transcription.  5-aza-C (in 

its diphosphate form) is also converted to 5-aza-dC by RNR, which can then be 

phosphorylated to form 5-aza-dCTP.  Lastly, 5-aza-dCTP is incorporated into 

viral DNA during reverse transcription, resulting in the fixation of G-to-C and (to a 

lesser extent) C-to-G transversions in HIV-1.   
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In the future, it would be of interest to investigate the antiviral activity of 5-

aza-C in other cell types, such as primary CD4+ T-cells and macrophages.  5-

aza-C would likely act primarily as 5-aza-dCTP in activated CD4+ T-cells, as they 

rapidly divide and thus have high levels of RNR and dNTPs (219, 282).  In 

contrast, 5-aza-CTP could potentially be directly incorporated at significant levels 

in macrophages, which have low levels of RNR, low dNTP pools, and much 

higher ratios of NTPs to dNTPs (219, 282).  Indeed, previous work has shown 

that HIV-1 RT can incorporate significant levels of endogenous ribonucleotides in 

macrophages and in vitro under macrophage-like conditions (219, 220).  Further, 

the ribonucleoside analog 3’-deoxyadenosine, which likely cannot be reduced, 

exhibits antiviral activity in macrophages but not in CD4+ T-cells, indicating that 

ribonucleoside analog triphosphates can be directly incorporated in macrophages 

(219). 

 Notably, the findings in this study have important implications for the 

design of ribonucleoside analogs directed against retroviruses.  Ribonucleoside 

analogs are of interest as antiretroviral agents because their synthesis is often 

less complicated, less time-intensive, and more affordable than for their 

deoxyribonucleoside counterparts.  Ribonucleoside analogs may also offer other 

advantages in certain instances, such as better activation by cellular enzymes or 

improved antiviral activity by the targeting of both viral RNA and DNA.  However, 

the findings in this study suggest that it is important to consider the efficiency at 

which ribonucleoside analogs are reduced – at least for the targeting of viral 

replication in cell types with high dNTP pools, such as CD4+ T-cells.  In contrast, 

efficient reduction may not be necessary or even desired for the targeting of viral 

replication in cell types with low dNTP pools, such as macrophages.  

Ribonucleoside analogs that cannot be reduced (such as those lacking a 3’ 

hydroxyl group, e.g. 3’-deoxyadenosine) could be used to specifically target viral 

replication in macrophages, an important viral reservoir (219).  In sum, these 

findings inform efforts to identify additional nucleoside analogs that target HIV-1 
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RT, which continue due to significant concerns regarding the development of 

drug resistance and off-target effects.     

  

Materials and Methods 
Plasmids, cell lines, and reagents.  For single-cycle infections, viral stocks 

were produced by co-transfecting the HIV-1 envelope-deficient vector pNL4-3 

MIG (120), which expresses mCherry and EGFP, and pHCMV-G, a kind gift from 

J. Burns (University of California, San Diego).  Viral stocks were produced in 

human embryonic kidney (HEK 293T) cells from the American Type Culture 

Collection (Manassas, VA).  Viral infections were performed in U373-MAGI-

CXCR4CEM cells obtained from Michael Emerman through the NIH AIDS Reagent 

Program, Division of AIDS, NIAID, NIH (257).  5-aza-C was purchased from 

Sigma-Aldrich (St. Louis, MO), while 5-aza-dC divalerate (hereafter referred to 

simply as 5-aza-dC), a more stable prodrug form of 5-aza-dC, was synthesized 

by the Center for Drug Design at the University of Minnesota as previously 

described (266).  5-aza-CTP and 5-aza-dCTP were purchased from American 

Advanced Scientific (College Station, TX) and Jena Bioscience (Jena, Germany), 

respectively.  All drugs were dissolved in the appropriate solvent and stored in 

aliquots at -20 °C.  

Production and titration of viral stocks for Illumina sequencing.  HIV-1 viral 

stocks for Illumina sequencing were produced by co-transfecting 10 µg of pNL4-3 

MIG and 1 µg of pHCMV-G per 10 cm plate of 293T cells.  Transfections were 

carried out using the PEI method, as previously described (120).  Viral 

supernatants were collected 48 h post-transfection, treated with 10 U/mL of 

DNase I for 2 h at 37 °C to reduce plasmid carryover from transfections, and 

frozen in aliquots at -80 °C.  Viral stocks were titered by infecting U373-MAGI 

cells (31,250 cells/well in 24-well plates) with volumes of virus ranging from 1.25 

to 40 µL (2-fold series).  Viral infectivity was determined by performing flow 

cytometry of cells collected 72 h post-infection.  Viral titers were determined by 
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plotting the volume of virus against the percentage of infected cells (i.e. 

expressing mCherry and/or EGFP). 

Determination of viral mutation frequencies by Illumina sequencing.  

Samples were prepared for Illumina amplicon sequencing as described 

previously (283), but with several minor modifications.  Briefly, DMSO (for the no 

drug control), 5-aza-C (EC75: 260 µM) or 5-aza-dC (EC75: 3.75 µM) was added to 

U373-MAGI cells (1 million cells/sample) 2 h before infection.  Cells were then 

infected at an MOI of 1.0 by adding the appropriate volume of NL4-3 MIG-VSVG.  

The medium was replaced 24 h post-infection, and cells were collected 72 h 

post-infection.  Genomic DNA was purified from cell pellets, and plasmid 

carryover (from transfections) was then assessed by qPCR.  Levels of plasmid 

carryover were determined by dividing the starting quantity of ampicillin 

resistance gene by the starting quantity of HIV-1 vif, using previously published 

primers (283).  The average level of plasmid carryover was found to be ~0.4% 

(range 0.1-0.7%).  Five small (~160-170 bp) amplicons (Gag, Pol, Vif, Env, Nef) 

were then prepared from each sample by PCR, using the primers listed in Table 

4-1.  PCR reactions were also performed from purified plasmid to determine the 

level of background error due to PCR and Illumina sequencing.  For each 

sample, all amplicons were gel-purified, quantified, and pooled together in an 

equimolar fashion to normalize coverage between amplicons.  Sequencing 

libraries were prepared from each sample using the TruSeq Nano DNA Kit, 

pooled in an equimolar fashion, and subjected to 2×250 paired-end sequencing 

on the Illumina MiSeq.  Sequencing reads were analyzed as described before 

(283) but were demultiplexed based on library indices instead of internal 

barcodes.  As before, background error hotspots (mostly G-to-T and C-to-A 

transversions) were identified using the plasmid controls and masked prior to 

mutational analysis of the biological samples.  The final sequencing data were 

also used in separate analyses that were focused on drug interactions between 

5-aza-C and RNR inhibitors (Rawson J, et al. Submitted).   
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Determination of 5-azacytidine-triphosphate and 5-aza-2’-deoxycytidine-

triphosphate levels by LC-MS/MS.  Samples were prepared for liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) by splitting U373-

MAGI cells onto 10 cm plates (1.3 million cells/plate), using two plates per 

treatment group.  The medium was replaced 24 h later, and 5-aza-C, 5-aza-dC, 

or DMSO (for the no drug control) was added.  5-aza-C and 5-aza-dC were 

added at equivalent antiviral effect levels (i.e. EC25, EC50, or EC75).  Cells were 

collected 4 h after 5-aza-C or 5-aza-dC addition, corresponding to the time of 

early reverse transcription (data not shown).  Cell pellets were then resuspended 

in 750 µL of 60% methanol (stored at -20 °C) and incubated at -20 °C for 18 h.  

The samples were vortexed, heated at 95 °C for 3 min, and centrifuged at 

16,000×g for 5 min.  The supernatants were transferred to new microcentrifuge 

tubes, dried using a Savant SPD1010 SpeedVac Concentrator (Thermo Fisher 

Scientific, Inc.) at maximum pressure, and frozen at -80 °C until the time of 

analysis.   

To perform LC-MS/MS, dried extracts were dissolved in 200 µL of water 

containing 10 µM of an internal standard, 5-iodo-dCTP.  The samples were 

centrifuged at 14,000 rpm for 5 min at 4 °C, and the supernatants were analyzed 

by LC-MS/MS.  5-aza-C and 5-aza-dC samples were reconstituted immediately 

prior to LC-MS/MS injection to minimize their degradation during the procedure.  

LC-MS/MS was used to determine levels of 5-aza-CTP, 5-aza-dCTP, 

riboguanylurea-5’-triphosphate (RGU-TP, the final hydrolysis product of 5-aza-

CTP), and 2’-deoxyriboguanylurea-5’-triphosphate (dRGU-TP, the final hydrolysis 

product of 5-aza-dCTP), using a previously published method (284) with minor 

modifications.  Purified 5-aza-CTP and 5-aza-dCTP were included as standards 

to verify the procedure.  The LC-MS/MS system consisted of an AB Sciex QTrap 

5500 mass spectrometer and an Agilent 1260 Infinity HPLC.  Chromatographic 

separation of analytes was achieved using a Thermo Scientific Hypercarb 

column (100 × 3 mm, 5 µm).  The two eluents were: (A) 0.5 % diethylamine in 

water, pH adjusted to 10 with acetic acid; and (B) 50% acetonitrile in water. The 



 

  98 

mobile phase was delivered at a flow rate of 0.5 mL/min using stepwise gradients 

of A and B: 0–20 min, 0-25% B (v/v); 20-28 min, 25-50% B (v/v); 28-28.5 min, 50-

95% B (v/v); 28.5-30.5 min, 95-95% B (v/v); 30.5-31 min, 95-0% B, (v/v); 31-39 

min, 0-0% B (v/v).  Only eluate from 10-30 min was diverted into the mass 

spectrometer for analysis.  MS/MS detection of the analytes was conducted 

using an ESI ion source with MRM detection in negative mode, with the curtain 

gas set to 20 psi.  The ionspray voltage was set at -4500 V, and the temperature 

at 650 °C. The nebulizer gas (GS1) and turbo gas (GS2) were both set at 45 psi. 

HIV-1 RT in vitro incorporation assay.  The HIV-1 RT single nucleotide 

extension assay was performed similarly to a previous study (114) but with minor 

modifications.  Briefly, a 32P 5’-end-labeled DNA primer of 18 nt ( 5’-

GTCCCTCTTCGGGCGCCA-3’) was annealed to a DNA template of 19 nt (3’-

CAGGGAGAAGCCCGCGGTG-5’) at a 1:2 ratio.  Single nucleotide extension 

indicates that the compound of interest (5-aza-CTP, 5-aza-dCTP, CTP, or dCTP) 

was successfully incorporated.  The reactions contained 200 fmol 

template/primer, 2 µL of the test compound at the indicated concentrations (or 2 

µL of dNTPs for a final concentration of 50 µM for the positive control), 4 µL of 

purified RT (HIV-1 NL4-3), 25 mM Tris–HCl, pH 8.0, 2 mM dithiothreitol, 100 mM 

KCl, 5 mM MgCl2, and 10 µM oligo(dT), for a final volume of 20 µL/reaction.  

Reactions were incubated at 37 °C for 5 min and then quenched with 10 µL of 40 

mM EDTA and 99% (vol/vol) formamide at 95 °C for 2 min.  The reactions were 

resolved on a 14% urea-PAGE gel (AmericanBio, Inc.; Natick, MA) and analyzed 

using a PharosFX Molecular Imager (Biorad) and Image Lab software (Biorad). 

Statistical analyses.  All figures were created in Microsoft Office for Mac 

2011 v 14.5.2 (Redmond, WA) or GraphPad Prism v 5.0 (GraphPad Software, 

Inc.; La Jolla, CA).  To determine the EC25, EC50, and EC75 of 5-aza-C and 5-

aza-dC, infectivity data were normalized to the no drug control, plotted against 

log-transformed drug concentrations, and subjected to non-linear regression in 

GraphPad Prism.  In order to determine whether differences in 5-aza-dCTP 

levels between cells treated with 5-aza-C and 5-aza-dC were statistically 
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significant, normalized data were analyzed by one-way repeated measures 

ANOVA (without assuming equal variability of differences) in GraphPad Prism.  

Sidak’s post-test was used to compare the relative quantity of 5-aza-dCTP at 

each effect level (i.e. EC25, EC50, or EC75).  To test for variables that may 

influence mutation frequencies, generalized linear mixed effects models were 

applied to processed Illumina sequencing data.  The raw counts for each type of 

mutation (e.g. transitions) were modeled as overdispersed Poisson random 

variables with an offset given by the total number of reference bases. The type of 

sample, the type of amplicon, and their interactions were treated as fixed effects 

while the replicate was treated as a random effect.  The logarithmic link was 

used, as is standard for Poisson outcomes, and penalized quasilikelihood was 

used to estimate the model parameters (263).  These computations were 

conducted using R v 3.1.0 and the MASS package.   
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Figure 4-1. 5-azacytidine and 5-aza-2’-deoxycytidine induce similar levels of 
G-to-C and C-to-G transversion mutations during HIV-1 replication.  In order 

to determine whether 5-azacytidine (5-aza-C) and 5-aza-2’-deoxycytidine (5-aza-

dC) induce similar changes in HIV-1 mutation frequencies and spectra, U373-

MAGI cells were treated with DMSO (for the no drug control), 5-aza-C, or 5-aza-

dC.  5-aza-C and 5-aza-dC were added 2 h before infection at an EC75 

concentration (~260 or 3.8 µM, respectively).  Cells were infected at an MOI of 

1.0 with NL4-3 MIG-VSVG and collected 72 h post-infection for purification of 

genomic DNA.  PCR was performed to prepare multiple amplicons (Gag, Pol, Vif, 

Env, Nef) from proviral DNA, which were then pooled, used to prepare libraries, 

and analysed by 2×250 paired-end sequencing on the Illumina MiSeq.  Plasmid 

control amplifications were performed to determine the levels of background 

errors resulting from PCR and sequencing.  Mutation frequencies for each 
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amplicon were calculated by dividing the number of mutations by the number of 

reference bases (mutations + wild-type bases) and are represented as 

mutations/bp, or m/bp.  The data represent the mean ± s.d. of three independent 

biological replicates; N.S.: not significant (p > 0.05).    

 

 
Figure 4-2. 5-azacytidine and 5-aza-2’-deoxycytidine induce similar patterns 
of mutation during HIV-1 replication.  Using the Illumina sequencing data, G-

to-C and C-to-G transversion frequencies were determined at every individual 

guanine position (124 in total) or cytosine position (116 in total) within the 

sequences of the five amplicons.  5-aza-C and 5-aza-dC mutation frequencies 

were then plotted against each other for every individual sequence position, and 

the resulting data were subjected to linear regression and correlation analyses.  

The data represent the average of three independent biological replicates, with 

R2 denoting the extent to which the best-fit regression line explains observed 

variability in the data, p indicating the significance of the correlation, and m 

indicating the slope of the best-fit regression line.  
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Figure 4-3. 5-aza-2’-deoxycytidine-triphosphate levels are comparable in 
cells treated with 5-azacytidine or 5-aza-2’-deoxycytidine.  In order to 

determine the extent to which 5-aza-C is reduced intracellularly to 5-aza-dC, 

U373-MAGI cells were incubated with varying concentrations (EC25, EC50, or 

EC75) of 5-aza-C or 5-aza-dC.  Cells were collected for analysis four hours after 

drug addition, corresponding to the expected time of reverse transcription.  LC-

MS/MS was then used to determine the relative levels of 5-aza-2’-deoxycytidine-

triphosphate (5-aza-dCTP) and 2’-deoxyriboguanylurea-5’-triphosphate (dRGU-

TP).  dRGU-TP is the final hydrolysis product of 5-aza-dCTP, and it could be 

incorporated directly by HIV-1 RT and thus relevant to antiviral activity.  The data 

represent the mean ± s.d. of three independent experiments, normalized to the 

EC75 concentration of 5-aza-dCTP; N.S.: not significant, * p < 0.05.  
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Figure 4-4. HIV-1 RT incorporates 5-azacytidine-triphosphate in vitro much 
less efficiently than 5-aza-2’-deoxycytidine-triphosphate.  The relative ability 

of HIV-1 RT to incorporate 5-azacytidine-triphosphate (5-aza-CTP), 5-aza-2’-

deoxycytidine-triphosphate (5-aza-dCTP), CTP, and dCTP was determined using 

an in vitro single nucleotide extension assay.  The HIV-1 RT was incubated with 

a radiolabeled primer (18 nt) annealed to a DNA template (19 nt) in the presence 

of 5 nM to 500 µM (10-fold series from left to right) of each compound.  Additional 

control reactions were performed by incubating with all four standard dNTPs (50 

µM, +) or by omitting RT (-).  All of the reactions were analyzed on the same gel.  
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Figure 4-5. Model of 5-azacytidine and 5-aza-2’-deoxycytidine-mediated 
HIV-1 mutagenesis.  5-aza-C and 5-aza-dC are first transported into the cell by 

facilitated diffusion through the human equilibrative nucleoside transporter 1 

(hENT1).  5-aza-C and 5-aza-dC are then phosphorylated by uridine-cytidine 

kinase (UCK) or deoxycytidine kinase (dCK), respectively, to form 

monophosphates.  Nucleoside monophosphate and diphosphates kinases 

(NMPK and NDPK) phosphorylate the monophosphate and diphosphate forms, 

respectively, resulting in the formation of 5-aza-CTP and 5-aza-dCTP.  5-aza-

CTP can be incorporated during transcription of viral genomic RNA, resulting in 

C-to-G transversions.  5-azacytidine-diphosphate (5-aza-CDP) is also reduced to 

5-aza-2’-deoxycytidine-diphosphate (5-aza-dCDP), ultimately forming 5-aza-

dCTP.  5-aza-dCTP is incorporated during reverse transcription, resulting in 

primarily G-to-C transversions (reflecting minus strand incorporation), but also 
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low levels of C-to-G transversions.  The mechanism by which C-to-G 

transversions are formed is still unclear but may be due to plus strand 

incorporation of 5-aza-dCTP or minus strand incorporation of 5-aza-dCTP 

hydrolysis products.     

          

Table 4-1. Primer sequences for Illumina amplicon sequencing of HIV-1.a 

Amplicon Sense Forward Primer 

Gag + NNAAGCAGCAGCTGACACAGGAA 

- NNTTCTGGGCTGAAAGCCTTCTCT 

Pol + NNAGCAGTTCATGTAGCCAGTGGA 

- NNACAGGCGGCCTTAACTGTAGTA 

Vif + NNACCCTGACCTAGCAGACCAACTAA 

- NNGCTGCTAGTGCCAAGTACTGTAGA 

Env + NNACAGCTGAACACATCTGTAG 

- NNAGTGGCATTCCATTTTGCTC 

Nef + NNGCAGCTGTAGATCTTAGCCA 

- NNTCAGTGGATATCTGACCC 

 
a Illumina primers were designed to prepare five different amplicons (~160-170 

bp in length) from different viral genes.  Primers were designed with two 5' 

terminal degenerate bases (NN) to promote similar efficiency of ligation to 

Illumina adapters.  The Gag and Vif primers are the same as those utilized in a 

previous study (283) but lacking barcodes, as samples were demultiplexed 

based on library index rather than internal barcode for this study. 
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Introduction 
 Human immunodeficiency virus type-1 (HIV-1) infects ~37 million individuals 

worldwide and has resulted in ~39 million deaths since the onset of the pandemic 

(www.unaids.org).  Despite the approval of almost 30 drugs for the treatment of 

HIV-1 infection, current therapies are still limited by issues such as toxicity, 

cross-resistance, and the transmission of drug resistance variants (285-287).  

Like most RNA viruses (61), HIV-1 exhibits a high mutation rate (53), which 

enables rapid adaptation but may also confer susceptibility to therapeutics that 

further elevate the viral mutation rate, an antiviral strategy termed lethal 

mutagenesis (119).  Lethal mutagenesis was first demonstrated by Holland and 

colleagues using a variety of mutagenic ribonucleosides and alkylating agents in 

poliovirus and vesicular stomatitis virus (178), but has since been demonstrated 

in cell culture for many other RNA viruses (274).  Lethal mutagenesis has also 

been explored in vivo using a small number of mutagenic drugs against a limited 

number of viruses, but clinical translation has proceeded slowly.  Ribavirin may 

block hepatitis C virus replication in vivo by inducing lethal mutagenesis, but 

these findings remain controversial because ribavirin has several other reported 

antiviral mechanisms as well (184-187).  Notably, viral variants with modest 

decreases in fidelity are often severely attenuated in vivo in terms of viral fitness 

and pathogenicity, further supporting lethal mutagenesis as an antiviral strategy 

(288-293).  Additionally, lethal mutagenesis using small molecule mutagens 

closely mimics innate antiviral systems based on nucleic acid editing, such as 

APOBEC3-mediated hypermutation that restricts the replication of HIV-1 (in the 

absence of Vif) and other viruses (294, 295).  

 Most of the drugs investigated thus far for HIV-1 lethal mutagenesis have 

been mutagenic ribonucleoside or deoxyribonucleoside analogs with altered 

base-pairing properties, such as 5-azacytidine (5-aza-C), 5-aza-2’-deoxycytidine 

(5-aza-dC), 5,6-dihydro-5-aza-2’-deoxycytidine (KP-1212), and 5-hydroxy-2’-

deoxycytidine (5-OH-dC) (117-119, 198).  Mutagenic deoxyribonucleoside 

analogs can be potentiated in some cases by small molecule inhibitors of 



 

  108 

ribonucleotide reductase (RNR).  RNR inhibitors prevent the reduction of 

ribonucleotide diphosphates to deoxyribonucleoside diphosphates and thus 

ultimately deplete endogenous deoxyribonucleotide triphosphate (dNTP) pools 

and introduce dNTP pool imbalances, as certain dNTPs are reduced more 

dramatically than others (296).  RNR inhibitors typically reduce HIV-1 infectivity 

even in the absence of nucleoside analogs, likely by inhibiting viral DNA 

synthesis (due to a lack of dNTPs) and increasing the viral mutant frequency 

(due to dNTP pool imbalances) (117, 120, 201, 297-299).  In combination 

experiments, low concentrations of RNR inhibitors (i.e. concentrations with little 

or no antiviral activity) often potentiate mutagenic deoxyribonucleoside analogs, 

resulting in antiviral synergy (117, 201).  This strategy has also been used to 

potentiate the activity of conventional chain-terminating nucleoside analogs 

against HIV-1 (203, 204, 214, 297).  While the mechanisms of many of these 

combinations have not been fully resolved, RNR inhibitors may upregulate the 

import, phosphorylation, and/or incorporation of deoxyribonucleoside analogs by 

depleting the competing endogenous dNTPs.    

 The mutagenic ribonucleoside analog 5-aza-C is active during both the 

early phase (i.e. reverse transcription) and the late phase (i.e. transcription) of 

HIV-1 replication (118).  Although HIV-1 reverse transcriptase (RT) can 

incorporate significant levels of ribonucleotides in certain circumstances (219, 

220), 5-aza-C was recently demonstrated to act primarily after reduction to 5-

aza-dC during HIV-1 reverse transcription (Rawson J, et al. Submitted).  Thus, 

RNR inhibitors were predicted to effectively antagonize the antiviral activity of 5-

aza-C by inhibiting its reduction to 5-aza-dC.  Surprisingly, 5-aza-C and RNR 

inhibitors exhibited antiviral synergy rather than antagonism, and RNR inhibitors 

were able to improve the selectivity index of 5-aza-C.  RNR inhibitors caused 

subtle changes in endogenous dNTP pools but failed to efficiently inhibit 

reduction of 5-aza-C to 5-aza-dC, suggesting that 5-aza-C acted primarily as 5-

aza-dC against HIV-1 even in the combinations.  The combination of resveratrol 

and 5-aza-C was investigated further, and antiviral synergy was found to be 
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primarily due to the reduced accumulation of RT products rather than enhanced 

viral mutagenesis.  Taken together, these observations demonstrate the 

synergistic reduction of HIV-1 infectivity by 5-aza-C and RNR inhibitors.  These 

findings suggest new potential avenues for enhancing anti-HIV-1 therapy through 

the use of synergistic drug interactions.      

     

Results 
5-azacytidine synergizes with multiple ribonucleotide reductase inhibitors 

to reduce HIV-1 infectivity.  Considering that 5-aza-C acts primarily after 

reduction to 5-aza-dC during HIV-1 reverse transcription (Rawson J, et al. 

Submitted), 5-aza-C activity was predicted to be antagonized by the down-

regulation or inhibition of RNR.  To address this, RNA interference was 

performed to decrease expression of the large subunit of RNR (RRM1), but 

RRM1 knockdown was extremely cytotoxic and, unlike most RNR inhibitors, did 

not exhibit antiviral activity in the absence of cytotoxicity (data not shown).  

Further, low, non-cytotoxic concentrations of siRNAs targeting RRM1 did not 

significantly alter the potency of 5-aza-C against HIV-1 (data not shown).  As an 

alternative strategy, the potency of 5-aza-C was determined in combination with 

four different RNR inhibitors⎯clofarabine, gemcitabine, hydroxyurea, and 

resveratrol⎯that inhibit RNR through a variety of different mechanisms (296, 

300-304).  Multiple RNR inhibitors were utilized in these experiments to exclude 

the possibility of off-target effects that might alter the potency of 5-aza-C.  In 

these combination experiments, cells were pre-incubated for 2 h with a fixed 

concentration of each RNRI that exhibited little antiviral activity or cytotoxicity on 

its own (Figure S5-1), followed by the addition of varying concentrations of 5-aza-

C.  Contrary to initial predictions that RNR inhibitors would antagonize the activity 

of 5-aza-C, all four RNR inhibitors significantly potentiated the activity of 5-aza-C 

against HIV-1 (Figure 5-1A).  RNR inhibitors reduced the EC50 of 5-aza-C from 

136 µM to 10.0-53.5 µM (Table 5-1), corresponding to relative increases in 

potency of 2.5 to 13.6-fold.  We also examined the effect of RNR inhibitors on the 
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cytotoxicity of 5-aza-C, although RNR inhibitors alone did not exhibit significant 

cytotoxicity at the concentrations used in combination experiments (Figure S5-1).  

Most of the RNR inhibitors (all except gemcitabine) resulted in small but 

statistically significant increases in 5-aza-C cytotoxicity (Figure 5-1B), with 

relative decreases in the CC50 ranging from 1.5 to 2.7-fold (Table 5-1).  However, 

all of the RNR inhibitors increased the distance between the antiviral activity and 

cytotoxicity of 5-aza-C, ultimately improving the selectivity index (CC50/EC50) of 5-

aza-C by 1.9 to 5.2-fold (Table 5-1) and demonstrating that the antiviral activity of 

the combinations cannot be attributed to cytotoxicity.  Notably, the combination of 

5-aza-C with the natural product resveratrol resulted in the greatest improvement 

in antiviral selectivity index. 

 Combination index analysis was performed in order to determine whether 

the combinations of 5-aza-C and RNR inhibitors exhibited additive or synergistic 

antiviral activity.  The combination index (CI) is a simple quantitative measure of 

whether two drugs interact in an additive (CI = 1), antagonistic (CI > 1) or 

synergistic (CI < 1) fashion.  The CI is calculated by first normalizing the drug 

concentration that produces a particular effect alone (e.g. EC50) to the drug 

concentration that produces the same effect in a combination, followed by taking 

the sum of the values for the two drugs (see Materials and Methods).  For the 

combinations of 5-aza-C and RNR inhibitors, CIs were calculated at the EC50, 

EC75, and EC90 (levels relevant to antiviral activity), and the resulting values were 

then averaged.  Combinations of 5-aza-C and RNR inhibitors resulted in CI 

values ranging from ~0.33 to 0.55, indicative of moderate synergy (Figure 5-2).  

Thus, 5-aza-C and RNR inhibitors interacted in a synergistic fashion to reduce 

HIV-1 infectivity, in stark contrast to the initial prediction of antagonism.                       

5-azacytidine and resveratrol exhibit antiviral synergy in a pattern similar 

to that of 5-aza-2’-deoxycytidine and resveratrol.  In the initial combination 

experiments, RNR inhibitors may not have antagonized the antiviral activity of 5-

aza-C because their concentrations or pre-incubation times were insufficient.  To 

address this, additional combination experiments were performed in which the 
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concentrations of both drugs were varied, and the resulting data were analysed 

by isobologram analysis, another method commonly used for the analysis of drug 

interactions (305, 306).  These experiments were performed for the combination 

of 5-aza-C and resveratrol, as this combination demonstrated the best selectivity 

index (Table 5-1).  Further, resveratrol is not a nucleoside analog (unlike 

gemcitabine and clofarabine), reducing the likelihood of off-target metabolic 

interactions with 5-aza-C.  Isobologram analysis was performed by pre-

incubating cells with varying concentrations of resveratrol (0 to 300 µM) for 2 h 

and then adding 5-aza-C (0 to 300 µM), resulting in a matrix of 80 different 

treatments.  Isobologram analysis was also performed for the combination of 

resveratrol with 5-aza-dC divalerate, a prodrug of 5-aza-dC with improved 

stability and permeability (hereafter referred to simply as 5-aza-dC) (266).  The 

combination of resveratrol and 5-aza-dC has previously been shown to 

synergistically reduce the infectivity of HIV-1 (201).  5-aza-C and resveratrol 

exhibited significant antiviral synergy across multiple resveratrol concentrations, 

most notably at 25, 50, or 100 µM resveratrol (Figure 5-3).  Peak antiviral 

synergy was observed at 50 µM of each drug.  Notably, even at higher 

concentrations (150 to 300 µM), resveratrol did not significantly antagonize the 

activity of 5-aza-C.  However, resveratrol alone exhibits substantial antiviral 

activity at these concentrations (120, 201), such that it would be statistically 

difficult to observe antagonism or synergy in these combinations.  The pattern of 

synergy between 5-aza-C and resveratrol closely mirrored that of 5-aza-dC and 

resveratrol (Figure 5-3), even though 5-aza-dC does not need to be reduced by 

RNR in order to decrease HIV-1 infectivity.  For this combination, peak antiviral 

synergy was observed at 25 µM resveratrol and 1 µM 5-aza-dC.  While multiple 

concentrations of resveratrol potentiated 5-aza-C, it remains possible that 5-aza-

C was simply reduced to 5-aza-dC by RNR faster than resveratrol was able to 

inhibit RNR, despite the addition of resveratrol 2 h before 5-aza-C in these 

experiments.  To address this, the potency of 5-aza-C was determined in 
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combination with 50 µM resveratrol using varying resveratrol pre-incubation 

times.  The duration of pre-incubation time (2, 4, 6, or 8 h) did not significantly 

alter the potency of resveratrol alone or the potency of 5-aza-C in combination 

with resveratrol (Figure S5-2).  Thus, 5-aza-C and resveratrol exhibited synergy 

against HIV-1 under a wide variety of experimental conditions, and, surprisingly, 

the overall synergy pattern of 5-aza-C and resveratrol closely matched that of 5-

aza-dC and resveratrol.   

Ribonucleotide reductase inhibitors deplete the endogenous dNTP pools 

differentially.  Other studies have demonstrated that 5-aza-C acts primarily as 5-

aza-dC against HIV-1 during reverse transcription (Rawson J, et al. Submitted).  

Thus, in 5-aza-C and RNR inhibitor combinations, RNR inhibitors were 

hypothesized to either:  1. not effectively inhibit reduction of 5-aza-C to 5-aza-dC, 

or 2. deplete endogenous dNTPs enough to allow for significant incorporation of 

5-aza-CTP by HIV-1 RT.  In order to distinguish between these possibilities, the 

effects of all individual drugs (RNR inhibitors as well as 5-aza-C and 5-aza-dC) 

on endogenous dNTP pools were examined using LC-MS/MS.  In these 

experiments, 5-aza-C and 5-aza-dC were analysed at an EC75 concentration, 

while RNR inhibitors were analysed at two concentrations:  the low (L) 

concentrations correspond to levels with little antiviral activity and were used in 

earlier combination experiments (Figures 5-1 & 5-2), while the high (H) 

concentrations exhibit significant antiviral activity (> EC75) but were not utilized in 

combination experiments (due to the difficulty in observing statistically significant 

drug interactions at high effect levels).  Unexpectedly, 5-aza-C and 5-aza-dC 

significantly depleted the endogenous dCTP pool, resulting in decreases of ~50-

55% relative to the no drug control (Figure 5-4).  This depletion would 

presumably result in self-potentiation, as sequencing data suggests that 5-aza-

dCTP is primarily incorporated in place of dCTP during reverse transcription 

(117, 275).  RNR inhibitors exhibited differential effects on dNTP pools 

depending upon the specific inhibitor, concentration, and dNTP (Figure 5-4).  

RNR inhibitors reduced the dATP pool much more effectively than other dNTP 
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pools, consistent with several previous reports and possibly due to inefficient 

formation of dATP by nucleotide salvage pathways (see Discussion) (205, 297, 

298, 307).  RNR inhibitors (except hydroxyurea) also significantly depleted the 

dGTP and dCTP pools at high concentrations.  However, only resveratrol 

significantly depleted the dTTP pool.  In previous reports, RNR inhibitors have 

been found in some cases to result in either unaltered or even increased dTTP 

pools due to the upregulation of multiple salvage pathways (see Discussion) 

(302, 308, 309).  Overall, RNR inhibitors depleted endogenous dNTP pools in the 

order of dATP > dCTP = dGTP > dTTP.  Low concentrations of RNR inhibitors 

did not significantly deplete dTTP, dGTP, or dCTP, but did significantly deplete 

levels of dATP (except for hydroxyurea), with decreases ranging from ~30 to 

50%.  Interestingly, these results suggest that low concentrations of RNR 

inhibitors might not effectively inhibit reduction of 5-aza-C to 5-aza-dC, as the 

dCTP pool was not depleted. 

Low concentrations of ribonucleotide reductase inhibitors do not reduce 

the level of 5-aza-2’-deoxycytidine-triphosphate in cells treated with 5-

azacytidine. 

 In order to determine whether RNR inhibitors prevented the reduction of 5-aza-C 

to 5-aza-dC, cells were treated with combinations of RNR inhibitors (at low or 

high concentrations) and 5-aza-C or 5-aza-dC (at an EC75 concentration).  In 

these experiments, RNR inhibitors were pre-incubated for 2 h prior to addition of 

5-aza-C or 5-aza-dC (as before), and cells were collected 4 h later for analysis by 

LC-MS/MS.  High concentrations of three RNR inhibitors (all except hydroxyurea) 

significantly depleted 5-aza-dCTP levels in cells treated with 5-aza-C (Figure 5-

5A).  However, RNR inhibitors at low concentrations did not deplete 5-aza-dCTP 

levels in cells treated with 5-aza-C, similar to observations for dCTP in cells 

treated with low concentrations of RNR inhibitors alone (Figure 5-4).  In contrast, 

in cells treated with 5-aza-dC, RNR inhibitors either significantly increased or had 

no effect on the 5-aza-dCTP levels (Figure 5-5A).  In addition, the levels of 

dRGU-TP in the combinations were measured, as dRGU-TP may contribute to 
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the antiviral activity of 5-aza-dC.  However, the overall trends in dRGU-TP levels 

were similar to those observed for 5-aza-dCTP, both for the combinations of 

RNR inhibitors with 5-aza-C (Figure S5-3A) and with 5-aza-dC (Figure S5-3B).  

Additionally, the levels of dCTP and the ratio of 5-aza-dCTP to dCTP were 

examined in these drug combinations.  Based on sequencing results from 

previous studies, 5-aza-dCTP likely competes primarily with dCTP for 

incorporation during reverse transcription (117, 275).  Thus, the ratio of 5-aza-

dCTP to dCTP may be a more important determinant of antiviral antagonism or 

synergy than simply the level of 5-aza-dCTP alone.  As demonstrated earlier, 5-

aza-C and 5-aza-dC both depleted the endogenous dCTP pool alone relative to 

the no drug control (Figure 5-5B).  The addition of RNR inhibitors at high 

concentrations to cells treated with 5-aza-C resulted in significant further 

depletions of the dCTP pool relative to 5-aza-C alone.  However, low 

concentrations of RNR inhibitors did not significantly alter the level of dCTP in 

cells treated with 5-aza-C.  Also, most of the RNR inhibitors did not significantly 

alter the ratio of 5-aza-dCTP to dCTP in cells treated with 5-aza-C (Figure 5-5C).  

In contrast, in cells treated with 5-aza-dC, RNR inhibitors often resulted in more 

pronounced depletions of dCTP relative to 5-aza-dC alone (Figure 5-5B) and 

corresponding increases in the ratio of 5-aza-dCTP to dCTP (Figure 5-5C).  

Overall, these results help explain the lack of antagonism between RNR 

inhibitors and 5-aza-C in terms of antiviral activity, as RNR inhibitors (at low 

concentrations) did not significantly reduce levels of 5-aza-dCTP or the ratio of 5-

aza-dCTP to dCTP in cells treated with 5-aza-C.  However, they also 

demonstrate that the mechanism of antiviral synergy between 5-aza-C and RNR 

inhibitors is complex and cannot simply be attributed to higher levels of 5-aza-

dCTP (see Discussion).  

Resveratrol does not potentiate 5-azacytidine-mediated increases in the 

HIV-1 mutation frequency.  In order to better determine the mechanism of 

antiviral synergy in combinations of 5-aza-C and RNR inhibitors, the effects of 

single drugs and drug combinations on HIV-1 mutation frequencies were 
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examined using Illumina sequencing.  Illumina sequencing was performed only 

for the combination of 5-aza-C and resveratrol, as resveratrol increased the 

selectivity index of 5-aza-C to the greatest degree.  Further, resveratrol is not a 

nucleoside analog, reducing the likelihood of off-target interactions.  To prepare 

samples for sequencing, U373-MAGI cells were first treated with DMSO (i.e. no 

drug), resveratrol (50 µM) alone, 5-aza-C (EC75, ~260 µM) alone, or 5-aza-C in 

combination with resveratrol.  For comparative purposes, 5-aza-dC (EC75, ~3.8 

µM) was also examined, alone or in combination with resveratrol.  Cells were 

infected at an MOI of 1.0 with NL4-3 MIG-VSVG and collected 72 h post-infection 

for genomic DNA extraction, followed by PCR of multiple amplicons (Gag, Pol, 

Vif, Env, Nef) from proviral DNA.  Plasmid control amplifications were included to 

measure the level of background error due to PCR and sequencing.  Amplicons 

were pooled, subjected to library preparation, and analysed by paired-end 

sequencing (2×250) on the Illumina MiSeq.  The numbers of read pairs, 

mutations, and reference bases resulting from Illumina sequencing for each 

sample and amplicon are listed in Table S5-2.  5-aza-C alone was found to 

increase the total mutation frequency of HIV-1 from 2.5 × 10-4 mutations/base 

pair (m/bp) to 1.7 × 10-3 m/bp, a significant difference of 6.8-fold (p < 0.001; 

Figure 5-6A).  Consistent with a previous report (118), 5-aza-C induced primarily 

G-to-C transversions in HIV-1, increasing the G-to-C frequency by ~67-fold (p < 

0.001; Figure 5-6A) and the relative percentage of G-to-C transversions by 60% 

(Figure 5-6B).  5-aza-C also increased the frequency of C-to-G transversions by 

~43-fold (p < 0.001; Figure 5-6A) and the relative percentage of C-to-G 

transversions by 10% (Figure 5-6B).  Resveratrol alone was found to increase 

the total mutation frequency of HIV-1 by ~1.5-fold (Figure 5-6A), a difference that 

was statistically significant (p < 0.001).  Resveratrol significantly increased the 

frequencies of both transitions (p  = 0.002; 1.3-fold difference) and transversions 

(p < 0.001; 1.8-fold difference).  Resveratrol significantly increased the 

frequencies of six different types of transversions (C-to-A: 1.3-fold, p = 0.03; A-to-
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C: 1.8-fold, p = 0.001; A-to-T: 1.8-fold, p < 0.001; T-to-A: 1.8-fold, p < 0.001; G-

to-C: 2.0-fold, p = 0.002; T-to-G: 3.2-fold, p < 0.001).  Further, resveratrol 

increased the frequency of T-to-C transitions by 2.0-fold (p < 0.001).  Ultimately, 

resveratrol shifted the mutational spectrum of HIV-1 toward transversions (Figure 

5-6B), as transversions were induced to a greater extent than transitions.  

Overall, these data indicate that resveratrol (at 50 µM) was weakly mutagenic 

and induced complex changes in the viral mutation spectrum, although higher 

concentrations of resveratrol could potentially have more pronounced effects.  

Surprisingly, the combination of resveratrol with 5-aza-C or 5-aza-dC led to 

decreased total mutation frequencies relative to 5-aza-C or 5-aza-dC alone (p < 

0.001), although mutation frequencies were still significantly higher than for the 

no drug control (p < 0.001; Figure 5-6A).  This effect was observed for both G-to-

C and C-to-G transversions (p < 0.001; Figure 5-6A), and was further 

consistently observed across all five amplicons (data not shown).  As a result, the 

combinations exhibited decreased relative percentages of G-to-C and C-to-G 

transversions relative to 5-aza-C or 5-aza-dC alone (Figure 5-6B).  Thus, the 

ability of resveratrol to potentiate the antiviral activity of 5-aza-C cannot be 

attributed to induction of synergistic increases in the HIV-1 mutation frequency 

(see Discussion). 
Combinations of 5-azacytidine and resveratrol reduce levels of HIV-1 

reverse transcription products.  The RNR inhibitor hydroxyurea has previously 

been demonstrated to inhibit viral DNA synthesis in HIV-1 by depleting 

endogenous dNTP pools (297, 298).  Thus, resveratrol was hypothesized to 

potentiate the antiviral activity of 5-aza-C by inhibiting viral DNA synthesis rather 

than by enhancing viral mutagenesis.  To address this, U373-MAGI cells were 

pre-treated with individual drugs or drug combinations, infected, and collected at 

various time-points after infection (0, 2, 6, 12, or 72 h post-infection).  Genomic 

DNA was then extracted, and qPCR was performed to measure levels of RT 

products or cellular genes (for normalization).  All drugs were examined at 

multiple concentrations ranging from little antiviral activity (EC5-EC15) to high 
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antiviral activity (> EC90), as determined by flow cytometry.  The assay was first 

validated using two drugs as controls:  emtricitabine (FTC), a deoxycytidine 

analog that inhibits RT by chain termination, and raltegravir (RAL), an integrase 

inhibitor.  Emtricitabine was found to significantly reduce the level of late RT 

product (LRT; U5-gag) at 6, 12, and 72 h in a concentration-dependent manner 

(Figure 5-7A).  In contrast, raltegravir did not significantly reduce the level of LRT 

product at any concentration at 6 or 12 h post-infection.  At 72 h post-infection, 

raltegravir significantly reduced the level of LRT product (by ~40%) at 50 or 100 

nM, consistent with previous observations by others (310) and likely due to the 

progressive loss of unintegrated viral DNA during cell division (311).  Next, we 

examined the effects of resveratrol, 5-aza-C, and 5-aza-dC individually on LRT 

product levels (Figure 5-7B).  Resveratrol reduced the level of LRT product at 6, 

12, and 72 h post-infection, similar to previous observations with another RNRI 

(hydroxyurea) and likely due to depletion of endogenous dNTP pools (205, 298).  

Notably, the concentration of resveratrol used in earlier combination experiments 

(50 µM) significantly reduced the level of LRT product at 6 h post-infection but 

not 12 or 72 h post-infection.  5-aza-C and 5-aza-dC also significantly decreased 

levels of LRT product, although these molecules are thought to act primarily as 

mutagens against HIV-1 (117, 118).  Previous groups have found that the 

incorporation of 5-aza-dCTP does not directly inhibit DNA synthesis by cellular 

DNA polymerases (280, 281).  However, 5-aza-C and 5-aza-dC could reduce 

levels of RT products through a variety of indirect mechanisms (see Discussion).  

Lastly, LRT product levels were analysed in cells treated with 5-aza-C or 5-aza-

dC in combination with 50 µM resveratrol (Figure 5-7C).  Resveratrol potentiated 

the ability of 5-aza-C or 5-aza-dC to reduce levels of LRT product.  Additionally, 

qPCR was performed on the same samples to determine levels of a second RT 

product (gag, an intermediate product), and similar trends were observed (Figure 

S5-4), further supporting the conclusion that resveratrol potentiates 5-aza-C and 

5-aza-dC-mediated decreases in levels of RT products.  Overall, these findings 

indicate that the primary mechanism of antiviral synergy between resveratrol and 
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5-aza-C is likely the reduced formation of RT products rather than enhanced 

mutagenesis.  

 

Discussion 
This study has shown that RNR inhibitors do not antagonize the antiviral 

activity of 5-aza-C, as originally predicted, but instead synergize with 5-aza-C to 

reduce the infectivity of HIV-1 (Figures 5-1, 5-2, & 5-3).  5-aza-C exhibited 

antiviral synergy with four different RNR inhibitors, which act by different 

mechanisms and include both nucleoside analogs and non-nucleoside analogs 

(296), indicating that synergy was not due to potential off-target effects of RNR 

inhibitors.  While initial combination experiments used a single, fixed 

concentration and pre-incubation time for each RNR inhibitor, additional 

experiments with 5-aza-C and resveratrol demonstrated synergy under a wider 

array of conditions (Figure 5-3), including multiple resveratrol concentrations (25, 

50, or 100 µM) and pre-incubation times (Figure S5-2).  Further, antiviral synergy 

was demonstrated using multiple methods for the analysis of drug-drug 

interactions (i.e. combination index analysis and isobologram analysis).  RNR 

inhibitors ultimately improved the selectivity index of 5-aza-C, demonstrating that 

antiviral synergy could not be attributed to cytotoxicity, with the addition of 

resveratrol improving the selectivity index of 5-aza-C to the greatest degree 

(Table 5-1).  These findings closely match the antiviral synergy observed when 

combining 5-aza-dC and RNR inhibitors, observed both here (Figure 5-3) and in 

previous reports (117, 201).  However, these findings are quite surprising 

considering that 5-aza-C acts primarily as 5-aza-dCTP in the absence of RNR 

inhibitors (Rawson J, et al. Submitted), implying that 5-aza-C must be reduced in 

order to effectively inhibit viral replication.  

 Low concentrations of RNR inhibitors did not significantly reduce levels of 

5-aza-dCTP or the ratio of 5-aza-dCTP to dCTP in cells treated with 5-aza-C 

(Figure 5-5), indicating that 5-aza-C likely acted predominantly as 5-aza-dCTP in 

synergistic drug combinations.  In fact, even high concentrations of RNR 
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inhibitors (defined as > EC75 in terms of antiviral activity alone) only depleted 5-

aza-dCTP levels by ~60% in cells treated with 5-aza-C, suggesting that RNR 

inhibitors can exert high levels of antiviral activity without completely inhibiting the 

activity of RNR.  In terms of antiviral activity, the effects of high concentrations of 

one particular RNRI (resveratrol) on the potency of 5-aza-C were examined, but 

only additive effects were observed (Figure 5-3).  However, resveratrol (as well 

as the other RNR inhibitors examined here) independently exhibit strong antiviral 

activity (due to depletion of endogenous dNTP pools) at high concentrations, 

such that drug interactions would be statistically difficult to detect.  High 

concentrations of RNR inhibitors could potentially antagonize the activity of 5-

aza-C by inhibiting the reduction of 5-aza-C to 5-aza-dC or, alternatively, could 

exhibit additive or synergistic effects by promoting significant direct incorporation 

of 5-aza-CTP during reverse transcription.  Indeed, previous work has shown that 

HIV-1 RT can incorporate significant levels of ribonucleotides (both endogenous 

ribonucleotides as well as chain-terminating analogs) in macrophages (219, 220), 

where low levels of intracellular dNTPs lead to much higher rNTP:dNTP ratios 

than in activated CD4+ T-cells (219, 282).  The treatment of rapidly dividing 

immortalized cell lines (which contain high levels of dNTPs) with high levels of 

RNR inhibitors could potentially mimic conditions within macrophages, and it 

would be of great interest to investigate 5-aza-C activity and mechanism of action 

in macrophages in the future.  

Intriguingly, both 5-aza-C and 5-aza-dC resulted in reproducible 

decreases (of ~50-55%) in the intracellular dCTP pool (Figure 5-4), which to our 

knowledge has not been previously reported and would be expected to result in 

self-potentiation.  While the mechanism for this decrease is not yet clear, it could 

be due to competition for cellular enzymes involved in the production of dCTP 

(e.g. RNR or deoxycytidine kinase) and/or feedback inhibition mechanisms.  

Consistent with the findings reported in this study, one previous group found that 

the anti-HIV-1 drug 2’,3’-dideoxycytidine (ddC) also depleted the endogenous 

dCTP pool (297).  RNR inhibitors clearly depleted endogenous dNTP pools to 
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varying extents as well, with decreases following a trend of dATP > dGTP = 

dCTP > dTTP.  In most previous reports, RNR inhibitors have been found to 

deplete dATP the most effectively (205, 297, 298, 302, 307), possibly reflecting 

the inefficiency of the dATP salvage pathway (298), although others have found 

the dGTP or dCTP pool to be the most affected (301, 303).  These observations 

have been used to explain the finding that RNR inhibitors exhibit stronger anti-

HIV-1 synergy when combined with chain-terminating deoxyadenosine analogs 

(such as didanosine and tenofovir) than other types of nucleoside analogs (203, 

214, 297).  However, there are not yet any reported mutagenic deoxyadenosine 

analogs with anti-HIV-1 activity.  RNR inhibitors were found to have little effect on 

the dTTP pool, which has also been observed by others and has been 

demonstrated in one case to result from the salvage of dTTP from dUMP and 

dCMP (302, 308, 309).  

The mechanism of antiviral synergy in combinations of 5-aza-C and RNR 

inhibitors cannot be attributed simply to an increase in the amount of 5-aza-dCTP 

relative to dCTP, as most RNR inhibitors did not significantly alter this ratio 

(Figure 5-5).  However, low concentrations of most RNR inhibitors did 

significantly deplete the dATP pool (by ~30-50%) (Figure 5-5), which could 

contribute to antiviral synergy in the combinations.  In contrast, RNR inhibitors 

often significantly increased the ratio of 5-aza-dCTP to dCTP in cells treated with 

5-aza-dC, which could potentially enhance the incorporation of 5-aza-dCTP and 

lead to antiviral synergy (Figure 5-5).  The mechanism of antiviral synergy for the 

combination of 5-aza-C and resveratrol was further examined by Illumina 

sequencing and qPCR, with 5-aza-dC and resveratrol included for comparative 

purposes.  5-aza-C and 5-aza-dC were found to induce primarily G-to-C and, to a 

lesser extent, C-to-G transversions in HIV-1 (Figure 5-6).  Resveratrol caused a 

mild increase in the total mutation frequency of HIV-1, resulting from small 

increases in several different types of substitutions.  While resveratrol was 

hypothesized to increase the frequency of 5-aza-C-mediated transversions, the 

combinations were found to exhibit decreased mutation frequencies relative to 5-
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aza-C alone, both for G-to-C and C-to-G transversions.  This data indicates that 

the antiviral synergy between resveratrol and 5-aza-C cannot be attributed to 

enhanced viral mutagenesis, suggesting that another mechanism was 

responsible for antiviral synergy.   

The mechanism of antiviral synergy between resveratrol and 5-aza-C was 

further addressed by qPCR to measure levels of intermediate and late RT 

products (Figures 5-7 and S5-4).  Resveratrol depleted levels of RT products, 

similar to previous observations with hydroxyurea (205, 298).  5-aza-C and 5-

aza-dC also resulted in decreased levels of RT products, although previous 

groups have found that 5-aza-dCTP does not directly inhibit DNA synthesis by 

cellular DNA polymerases (280, 281).  However, 5-aza-C and 5-aza-dC could 

reduce levels of RT products through a variety of indirect mechanisms.   5-aza-

dC has been found by multiple groups to induce alkali-labile sites (ALS) in DNA, 

which have been proposed to result from either the spontaneous hydrolysis of 5-

aza-dC or from the removal of 5-aza-dC by glycosylases, resulting in abasic sites 

(281, 312, 313).  ALS can ultimately lead to both single-stranded and double-

stranded breaks, which could in turn decrease detected levels of RT products.  

Alternatively, sequences mutagenized by 5-aza-dC may not amplify well during 

PCR due to mutations in the template sequence that interfere with annealing of 

primers.  However, decreased levels of RT products were observed even when 

using primers with mixed bases designed to better amplify mutagenized 

sequences (Figure S5-4).  It is also possible that internal, unrepaired 5-aza-C (or 

hydrolysis products) interferes with DNA polymerization (on the opposite strand) 

during PCR.  Notably, another group previously found indirect evidence 

suggesting that the final hydrolysis product of 5-aza-dC (dRGU) acts as a 

replication block to Taq polymerase (270).  Further studies will be required to 

fully elucidate the mechanism by which 5-aza-C and 5-aza-dC result in 

decreased levels of RT products.  Notably, resveratrol potentiated 5-aza-C-

mediated decreases in levels of RT products (Figure 5-7), indicating that the 
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primary mechanism of antiviral synergy in the combinations was the reduction of 

RT products. 

In total, these observations demonstrate that low concentrations of RNR 

inhibitors potentiate the antiviral activity of the ribonucleoside analog 5-aza-C, 

even though 5-aza-C acts primarily as a deoxyribonucleotide against HIV-1 in the 

absence of RNR inhibitors (Rawson J, et al. Submitted).  Further studies will be 

required to determine whether RNR inhibitors are able to potentiate the 

antiretroviral activity of other mutagenic and/or chain-terminating ribonucleoside 

analogs as well.  It would also be of great interest to investigate the activities of 

RNR inhibitors and 5-aza-C (individually or in combination) in cell types with 

naturally low dNTP pool levels, such as macrophages.  5-aza-C may be directly 

incorporated as a ribonucleotide at significant levels in macrophages.  Even in 

this case, RNR inhibitors would likely still potentiate the activity of 5-aza-C, as 

further depletion of endogenous dNTP pools might promote increased 

incorporation of 5-aza-CTP.  In addition, it would be of interest to determine the 

effects of RNR inhibitors on the potency of antiviral ribonucleoside analogs that 

cannot undergo reduction (i.e. those lacking a 3’-hydroxyl group, such as 3’-

deoxyadenosine).  These types of ribonucleoside analogs have been proposed 

as a means to specifically target the replication of HIV-1 in macrophages (an 

important viral reservoir), as they are not active in proliferating CD4+ T-cells 

(219).  Together, the observations here further support the use of anti-

metabolites such as RNR inhibitors to potentiate both ribonucleoside and 

deoxyribonucleoside analogs, ultimately opening additional avenues for the 

design of synergistic drug combinations directed against HIV-1 and other viruses.  

          

Materials and Methods 
Plasmids, cell lines, and reagents.  For single-cycle infections, viral stocks 

were produced using the HIV-1 envelope-deficient vector pNL4-3 MIG (120), 

which expresses mCherry and EGFP reporter proteins upon infection.  Viral 

stocks were pseudotyped with VSV-G expressed from pHCMV-G, a kind gift from 
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J. Burns (University of California, San Diego).  The human embryonic kidney 

(HEK 293T) cells were purchased from American Type Culture Collection 

(Manassas, VA) and maintained in Dulbecco's Modified Eagle's Medium (DMEM) 

from Mediatech, Inc. (Manassas, VA) with 10% HyClone FetalClone III (FC3) and 

1% penicillin/streptomycin from Thermo Fisher Scientific, Inc. (Waltham, MA).  

U373-MAGI-CXCR4CEM cells were obtained from Michael Emerman through the 

NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH (257).  U373-MAGI 

cells were maintained in 293T medium supplemented with 1.0 µg/mL puromycin, 

0.1 mg/mL hygromycin B, and 0.2 mg/mL G-418.  Antiviral drugs were obtained 

from Sigma-Aldrich (5-aza-C, hydroxyurea, and resveratrol; St. Louis, MO), 

Carbosynth (clofarabine and gemcitabine; Compton, UK), Selleck Chemicals 

(raltegravir; Houston, TX), or the NIH AIDS Reagent Program, Division of AIDS, 

NIAID, NIH (emtricitabine).  5-aza-dC divalerate, a more stable prodrug form of 

5-aza-dC, was synthesized by the Center for Drug Design at the University of 

Minnesota, as previously described (266).  5-azacytidine-5’-triphosphate (5-aza-

CTP) and 5-aza-2’-deoxycytidine-5’-triphosphate (5-aza-dCTP) were used as 

standards for LC-MS/MS and were provided by American Advanced Scientific 

(College Station, TX) and Jena Bioscience (Jena, Germany), respectively.  All 

drugs were dissolved in the appropriate solvent and stored in aliquots at -20 °C.  

For transfections, poly-L-lysine was from Newcomer Supply (Middleton, WI), and 

polyethylenimine (PEI) was from Polysciences, Inc. (Warrington, PA).    

Production and titration of viral stocks.  HIV-1 viral stocks for single-cycle 

infections were produced by co-transfecting 10 µg of pNL4-3 MIG and 1 µg of 

pHCMV-G per 10 cm plate of 293T cells.  Transfections were performed using 

the PEI method, as previously described (120).  Viral supernatants were 

collected ~48 hours (h) post-transfection and frozen in aliquots at -80 °C.  For 

qPCR or Illumina sequencing experiments, viral stocks were treated with 10 

U/mL of DNase I (New England Biolabs; Ipswich, MA) for 2 h at 37 °C to degrade 

residual plasmid DNA from transfections prior to freezing at -80 °C.  Viral stocks 
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were titered by infecting U373-MAGI cells (31,250 cells/well in 24-well plates) 

with varying amounts of virus ranging from 1.25 to 40 µL.  The medium was 

replaced 24 h post-infection, and cells were collected 72 h post-infection for 

analysis by flow cytometry.  The infectious titer was calculated from the flow 

cytometry data by adding all positive quadrants (mCherry+ only, EGFP+ only, 

and mCherry+/EGFP+) to determine infectivity and then plotting the volume of 

virus against infectivity. 

Antiviral infectivity assays.  All drug treatments were performed using 

U373-MAGI cells in 24-well plates (31,250 cells/well).  For single drug 

treatments, 5-aza-C and 5-aza-dC were added 2 h before infection, while RNR 

inhibitors (clofarabine, gemcitabine, hydroxyurea, and resveratrol) were added 4 

h before infection.  For combination drug treatments, these times remained 

unchanged, such that RNR inhibitors were added 2 h before 5-aza-C or 5-aza-

dC.  Most combination drug treatments were performed using a fixed 

concentration of RNRI (clofarabine-50 nM, gemcitabine-2.5 nM, hydroxyurea-500 

µM, resveratrol-50 µM) and varying concentrations of 5-aza-C or 5-aza-dC.  

Drugs (1-2 µL) were added to a final volume of 0.5 mL medium/well, with 

uninfected cells and infected cells without drug (i.e. DMSO-treated cells) included 

as controls.  At the time of infection, virus and additional media were added to a 

final volume of 1 mL/well.  All indicated drug concentrations are based on the 

final volume of 1 mL.  The amount of virus added was targeted to achieve ~20% 

infection (for the no drug control) based on the previously determined viral titer.  

Drugs were removed by replacing the medium 24 h post-infection, and the cells 

were collected 72 h post-infection for determination of viral infectivity by flow 

cytometry.  

Cell viability analysis.  The effects of single drugs or drug combinations on 

cell viability were assessed using the CellTiter-Glo Luminescent Cell Viability 

Assay from Promega (Madison, WI).  Five thousand U373-MAGI cells/well were 

plated in 96-well plates the day before drug treatments.  The medium was 

replaced 24 h later and drugs (alone or in combination) were added to a final 
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volume of 100 µL/well.  Drugs were added with the same timing as for infectivity 

assays (e.g. RNR inhibitors added 2 h before 5-aza-C).  No drug (DMSO only) 

and no cell wells were included as controls.  The medium was replaced 24 h after 

the addition of 5-aza-C, and the cell viability assay was performed 72 h after the 

addition of 5-aza-C according to the manufacturer’s instructions.  The 

luminescence was recorded using an Orion microplate luminometer from 

Berthold Detection Systems (Huntsville, AL).  The data were analyzed by first 

subtracting the background signal (the average no cell control value) and then 

normalizing to the no drug control. 

Combination index analysis of drug combinations.  The combination 

indices (CIs) of drug combinations were calculated similarly to previous reports 

(305, 306, 314).  First, the EC50, EC75, and EC90 values for each single drug and 

drug combination were determined by non-linear regression in GraphPad Prism v 

5.0 (GraphPad Software, Inc.; La Jolla, CA).  Next, the CI was determined by the 

following formula:  CI = Ca,x/ICx,a + Cb,x/ICx,b, where a and b represent each drug, 

x represents a particular effect level (e.g. EC50), and C or IC represent the 

concentration of drug required to produce effect x individually or in a 

combination, respectively.  CIs were determined at the EC50, EC75, and EC90 of 

each combination (i.e. levels relevant to antiviral activity), with the results 

averaged for simplicity. 

Isobologram analysis of drug combinations.  Cells were treated with 5-

aza-C or 5-aza-dC alone or in combination with resveratrol as described before.  

However, in these experiments, the concentrations of both 5-aza-C (or 5-aza-dC) 

and resveratrol were varied simultaneously.  Resveratrol was tested at 10, 25, 

50, 100, 150, 200, or 300 µM.  The resulting data were analyzed using the 

MacSynergy II program (315) to determine the percent inhibition above additivity 

in drug combinations (i.e. the extent of synergy). The lower limits of the 99% 

confidence intervals were used to generate isobolograms, such that points above 

0% represent areas of statistically significant synergy.   
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Determination of HIV-1 mutation frequencies by Illumina sequencing.  

Illumina sequencing was performed as described previously (283), but with 

several minor modifications.  Briefly, 1 million U373-MAGI cells were treated with 

DMSO or 50 µM resveratrol at 4 h pre-infection, followed by the addition of 

DMSO, 5-aza-C (EC75: 258.5 µM) or 5-aza-dC (EC75: 3.751 µM) at 2 h pre-

infection.  Cells were then infected at an MOI of 1.0 with NL4-3 MIG-VSVG, and 

genomic DNA was purified from cells collected 72 h post-infection.  The amount 

of plasmid carryover from transfections was determined by performing qPCR of 

the ampicillin resistance gene and of HIV-1 vif (using the Illumina Vif primers) in 

the samples without drug and was found to be ~0.4% (range 0.1-0.7%).  Next, 

PCR was performed to generate five small (160-170 bp) amplicons (Gag, Pol, 

Vif, Env, Nef) for each sample, using the primers listed in Table S5-1.  Plasmid 

control amplifications from pNL4-3 MIG were performed in parallel under closely 

matched conditions to measure background error due to PCR and Illumina 

sequencing.  For each sample, all amplicons were gel-purified and pooled 

together in an equimolar fashion to normalize coverage between amplicons. 

Illumina sequencing libraries were then constructed from each sample (21 

libraries in total), pooled in an equimolar fashion, and analyzed by 2×250 paired-

end sequencing on the Illumina MiSeq.  The sequencing reads were analyzed as 

described before (283), but were demultiplexed based on library indices rather 

than internal barcodes.  As before, background error hotspots (mostly G-to-T and 

C-to-A transversions) were identified using the plasmid controls and masked 

prior to mutational analysis.  The final sequencing data for this project was also 

used in separate analyses for another project focused on comparing the 

mutational patterns of 5-aza-C and 5-aza-dC (Rawson J, et al. Submitted).   

Determination of intracellular RT product levels by qPCR.  U373-MAGI 

cells were pre-treated with individual drugs or drug combinations and infected as 

described before, but were collected at various time points after infection (0, 2, 6, 

12, or 72 h post-infection).  Uninfected cells and cells infected with heat-treated 

viruses (i.e. virus stocks that were incubated at 65 °C for 1 h) were included as 
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negative controls.  Viral DNA was extracted by incubating cells at 50 °C for 1 h in 

50 µL lysis buffer (50 mM KCl, 10 mM Tris pH 8.3, 1.8 mM MgCl2, 0.45% 

IGEPAL CA-630, 0.45% Tween 20, and 0.12 mg/mL proteinase K), followed by 

heat inactivation of proteinase K at 95 °C for 15 min.  Next, qPCR was performed 

using 4 µL water, 6.25 µL 2X Power SYBR Green Master Mix (Thermo Fisher 

Scientific, Inc.), 0.625 µL each primer (500 nM final concentration), and 1 µL 

template.  The cycling conditions used were an initial denaturation of 95 °C 10 m, 

40 cycles of 95 °C 15 s/55 °C 15 s/72 °C 30 s, and a final extension of 72 °C 7 

min.  The sequences of the late RT (LRT; U5-gag) and cellular 18S rRNA 

primers have been previously reported (316, 317), while gag (an intermediate RT 

product) was amplified using primers containing mixed bases (S = G/C) to 

promote amplification from templates mutagenized by 5-aza-C or 5-aza-dC: 5’-

ACATCAASCASCCATSCAAAT-3’ (forward) and 5’-

GTASTAGTAGTTSSTGSTATG-3’ (reverse).  The quantity of each target was 

determined using a plasmid standard curve series (101-106 copies/µL, pNL4-3 

MIG for LRT or gag, pCR-18S for 18S rRNA), followed by normalization of RT 

products to the cellular 18S rRNA gene. 

Determination of 5-aza-CTP, 5-aza-dCTP, and dNTP levels using LC-

MS/MS.  To prepare samples for liquid chromatography-tandem mass 

spectrometry (LC-MS/MS), 1.3 million U373-MAGI cells/ were plated on 10 cm 

plates, using two plates per treatment group.  The following day the medium was 

replaced and RNR inhibitors were added.  5-aza-C or 5-aza-dC were added 2 h 

later, and cells were harvested 4 h after 5-aza-C or 5-aza-dC addition 

(corresponding to the 2 h post-infection time point in earlier antiviral infectivity 

assays).  Cell pellets were then resuspended in 750 µL of 60% methanol (stored 

at -20 °C) and incubated at -20 °C for ~18 h.  The samples were then vortexed, 

heated at 95 °C for 3 min, and centrifuged at 16,000×g for 5 min.  The 

supernatants were transferred to new microcentrifuge tubes and dried using a 

Savant SPD1010 SpeedVac Concentrator (Thermo Fisher Scientific, Inc.) at 
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maximum pressure.  Dried samples were frozen at -80 °C until the time of 

analysis. 

Dried extracts were reconstituted in 200 µL of water containing 10 µM of 

an internal standard, 5-iodo-dCTP. The samples were then centrifuged at 14,000 

rpm for 5 min at 4 °C, and the supernatants were subjected to LC-MS/MS.  

Samples containing 5-aza-CTP or 5-aza-dCTP were reconstituted immediately 

before each injection into LC-MS/MS to minimize their degradation by hydrolysis.  

The levels of 5-aza-CTP, 5-aza-dCTP, riboguanylurea-5’-triphosphate (RGU-TP, 

a hydrolysis product of 5-aza-CTP), 2’-deoxyriboguanylurea-5’-triphosphate 

(dRGU-TP, a hydrolysis product of 5-aza-dCTP), and the four endogenous 

dNTPs (dTTP, dGTP, dCTP and dATP) were determined on an LC-MS/MS 

system following a previous published method (284) with minor modifications.  

The LC-MS/MS system consisted of an AB Sciex QTrap 5500 mass 

spectrometer and an Agilent 1260 Infinity HPLC.  The chromatographic 

separation of analytes was achieved using a Thermo Scientific Hypercarb 

column (100 × 3 mm, 5 µm).  The two eluents were: (A) 0.5 % diethylamine in 

water, pH adjusted to 10 with acetic acid; and (B) 50% acetonitrile in water. The 

mobile phase was delivered at a flow rate of 0.5 mL/min using stepwise gradients 

of A and B: 0–20 min, 0-25% B (v/v); 20-28 min, 25-50% B (v/v); 28-28.5 min, 50-

95% B (v/v); 28.5-30.5 min, 95-95% B (v/v); 30.5-31 min, 95-0% B, (v/v); 31-39 

min, 0-0% B (v/v).  Only eluate from 10-30 min was diverted into the mass 

spectrometer for analysis. 

MS/MS detection of the analytes was conducted using an ESI ion source 

with MRM detection in negative mode.  The curtain gas was set at 20 psi. The 

ionspray voltage was set at -4500 V, and the temperature at 650 °C. The 

nebulizer gas (GS1) and turbo gas (GS2) were both set at 45 psi.  Under these 

conditions, the two analytes ATP and dGTP, which share the same MRM 

transition (m/z: 506 → 159), were baseline separated in the chromatogram (data 

not shown).  dTPP, CTP and UTP, which exhibit cross-channel interference with 

each other, were also well separated (data not shown). 
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Statistical analyses.  All figures were created in Microsoft Office for Mac 

2011 v 14.5.2 (Redmond, WA) or GraphPad Prism v 5.0.  To determine the 

potency of single drugs and drug combinations, the infectivity data were 

normalized to the no drug control, plotted against log-transformed drug 

concentrations, and subjected to non-linear regression to determine the EC50 of 

each drug or drug combination (with 95% confidence intervals) in GraphPad 

Prism v 5.0.  Likewise, to determine the cytotoxicity of individual drugs and drug 

combinations, the cell viability data were normalized to the no drug control, 

plotted against log-transformed drug combinations, and subjected to non-linear 

regression to determine CC50 values.  In order to determine whether differences 

in dNTP pools or RT product levels were statistically significant, the normalized 

data were analyzed by one-way repeated measures ANOVA (without assuming 

equal variability of differences) in GraphPad Prism v 5.0.  Dunnett’s post-test was 

used to compare drug treatments to either the no drug control (for single drug 

treatments) or the single drug control (for combination treatments).  To test for 

factors that may impact mutation frequencies, generalized linear mixed effects 

models were applied to processed Illumina data.  The raw counts for each type of 

mutation were modelled as overdispersed Poisson random variables with an 

offset given by the total number of reference bases. The type of sample, the type 

of amplicon, and their interactions were treated as fixed effects, and the replicate 

was treated as a random effect.  The logarithmic link was used, as is standard for 

Poisson outcomes, and penalized quasilikelihood was used to estimate the 

model parameters (263).  These calculations were performed using R v 3.1.0 and 

the MASS package. 
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Figure 5-1. Effects of 5-azacytidine and ribonucleotide reductase inhibitor 
combinations on HIV-1 infectivity and cell viability. A.  Cells were pre-treated 

for 2 h with a fixed concentration of four different ribonucleotide reductase (RNR) 

inhibitors (clofarabine-50 nM, gemcitabine-2.5 nM, hydroxyurea-500 µM, 

resveratrol-50 µM) that exhibited little antiviral activity or cytotoxicity alone (see 

Figure S5-1).  5-azacytidine (5-aza-C) was then added at varying concentrations, 

and 2 h later the cells were infected using a single-cycle HIV-1 vector.  Cells 

were then collected 72 h post-infection for analysis by flow cytometry, allowing 

for the determination of viral infectivity. B.  In parallel, cells were collected for 
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determination of cell viability using an ATP-based luciferase assay.  The data 

represent the mean ± s.d. of three independent experiments, normalized to the 

no drug control.    

 

 
Figure 5-2. 5-azacytidine and ribonucleotide reductase inhibitors exhibit 
synergy against HIV-1.  In order to determine whether combinations of 5-aza-C 

and RNR inhibitors display additive or synergistic antiviral activity, combination 

index analysis was performed for each combination.  The combination index (CI) 

was calculated by dividing the drug concentration that produced a desired effect 

level alone by the drug concentration that produced the same effect level in a 

combination, with the resulting values for each drug added together (see 

Materials and Methods).  The CI indicates whether the drug combination is 

additive (CI = 1), antagonistic (CI > 1), or synergistic (CI < 1).  The data represent 

the mean ± s.d. of the CI values calculated at the EC50, EC75, and EC90 (i.e. 

levels relevant to antiviral activity), using the infectivity data from Figure 5-1A.   
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Figure 5-3. 5-azacytidine and resveratrol exhibit antiviral synergy in a 
pattern similar to that of 5-aza-2’-deoxycytidine and resveratrol.  To 

investigate the extent of synergy between 5-aza-C and resveratrol, combination 

experiments were performed in which the concentrations of both drugs were 

varied, and the resulting data were used to generate isobolograms in the 

MacSynergy II program (315).  The combination of 5-aza-2’-deoxycytidine (5-

aza-dC) and resveratrol was included for comparative purposes, as this 

combination has previously been shown to exhibit synergy against HIV-1 (201).  

Both 5-aza-C and 5-aza-dC synergized most effectively with lower 

concentrations of resveratrol (25, 50, or 100 µM).  The data graphed on the plots 

represent the lower limits of the 99% confidence intervals of the mean from three 

independent experiments.  
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Figure 5-4. Differential depletion of endogenous dNTP pools by 
ribonucleotide reductase inhibitors.  In order to determine the extent to which 

RNR inhibitors deplete endogenous dNTP pools, cells were incubated with two 

different concentrations (L = low, H = high) of RNR inhibitors for 6 h (clofarabine: 

50 or 200 nM, gemcitabine: 2.5 or 25 nM, hydroxyurea: 0.5 or 2.0 mM, 

resveratrol: 50 or 200 µM).  Cells were also incubated with 5-aza-C or 5-aza-dC 

(at an EC75 concentration) for 4 h to determine whether these drugs could alter 

endogenous dNTP pools.  Next, dNTPs were isolated by methanol extraction and 

subjected to LC-MS/MS analysis to determine the relative levels of dTTP, dGTP, 

dCTP, and dATP.  The data represent the mean ± s.d. of six independent 

experiments, normalized to the no drug control; * p < 0.05, ** p  < 0.01, *** p < 

0.001.    
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Figure 5-5. Low concentrations of ribonucleotide reductase inhibitors do 
not decrease the level of 5-aza-2’-deoxycytidine-triphosphate in cells 
treated with 5-azacytidine.  In order to determine the effect of RNR inhibitors on 

5-aza-2’-deoxycytidine-5’-triphosphate (5-aza-dCTP) levels in cells treated with 
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5-aza-C or 5-aza-dC, cells were incubated with two different concentrations (L = 

low, H = high) of RNR inhibitors for 2 h.  Next, 5-aza-C or 5-aza-dC (at an EC75 

concentration) was added, and cells were collected 4 h later for dNTP extraction.  

LC-MS/MS analysis was used to quantify the levels of 5-aza-dCTP (A) and dCTP 

(B), which in turn were used to determine the ratio of 5-aza-dCTP to dCTP (C).  

The data represent the mean ± s.d. of six independent experiments, normalized 

to either 5-aza-C or 5-aza-dC alone (A & C) or to the no drug control (B).  All 

symbols of statistical significance indicate differences relative to the single drug 

(5-aza-C or 5-aza-dC) control; * p < 0.05, ** p  < 0.01, *** p < 0.001.  
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Figure 5-6. Resveratrol does not potentiate 5-azacytidine-mediated 
increases in the HIV-1 mutation frequency.  In order to further investigate the 

mechanism of synergistic antiviral combinations, U373-MAGI cells were treated 

with 50 µM resveratrol (or DMSO), followed by 5-aza-C or 5-aza-dC at an EC75 

concentration (~260 or 3.8 µM, respectively).  Cells were then infected at an MOI 

of 1.0 with NL4-3 MIG-VSVG and collected 72 h post-infection for genomic DNA 

extraction.  Multiple amplicons (Gag, Pol, Vif, Env, Nef) were then prepared from 

proviral DNA by PCR and subjected to library preparation and paired-end 
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sequencing (2×250) on the Illumina MiSeq.  Plasmid control amplifications were 

included to determine the levels of background errors resulting from PCR and 

sequencing. A.  Mutation frequency analysis.  Mutation frequencies were 

calculated by dividing the number of mutations by the number of reference bases 

(mutations + wild-type bases) and are represented as mutations/bp, or m/bp. B.  

Mutation spectra analysis.  Mutation spectra were determined by dividing the 

frequency of each type of mutation by the total mutation frequency, with the 

results expressed as a percentage of total mutations.  Data in both panels 

represent the mean of three independent biological replicates, with error bars in 

panel A indicating standard deviation.  All symbols of statistical significance 

indicate differences of the drug combinations to the single drug (5-aza-C or 5-

aza-dC) control; *** p < 0.001.  The actual numbers of read pairs, mutations, and 

reference bases are listed in Table S5-2. 
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Figure 5-7. Combinations of 5-azacytidine and resveratrol reduce levels of 
HIV-1 reverse transcription products.  In order to determine the effects of 

single drugs and drug combinations on reverse transcription, cells were pre-

incubated with drugs as before, infected with NL4-3 MIG-VSVG, and collected at 

various time-point after infection (0, 2, 6, 12, or 72 h), for analysis of late reverse 
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transcription product (LRT, U5-gag) by qPCR.  All drugs were examined at 

multiple concentrations ranging from little antiviral activity (EC5-EC15) to high 

antiviral activity (> EC90), as determined by flow cytometry. A.  The effects of 

emtricitabine (FTC, a chain-terminating nucleoside analog) and raltegravir (RAL, 

an integrase inhibitor) on reverse transcription were determined as controls to 

validate the assay. B.  The effects of 5-aza-C, 5-aza-dC, or resveratrol alone on 

levels of LRT product were determined. C.  The effects of 5-aza-C or 5-aza-dC in 

combination with 50 µM resveratrol on LRT product were determined.  The data 

represent the mean ± s.d. of three independent experiments, normalized to the 

quantity of cellular 18S rRNA gene (to account for variations in cell number or 

extraction efficiency) and set relative to the no drug control at 12 h post-infection.  

Asterisks indicate that the drug significantly reduced (p  < 0.05) the level of late 

RT product at one or more concentrations relative to the no drug control. 
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Table 5-1. Effects of ribonucleotide reductase inhibitors on the antiviral 
activity and cytotoxicity of 5-azacytidine.a 

  

5-aza-C 

5-aza-C 

+Clofarabine 

5-aza-C 

+Gemcitabine 

5-aza-C 

+Hydroxyurea 

5-aza-C 

+Resveratrol 

EC50 (µM) 136 

 (115-162) 

30.4 

 (26.0-35.7) 

53.5 

 (45.9-62.3) 

25.8 

 (21.4-31.0) 

10.0 

 (8.6-11.7) 

CC50 (µM) 387 

 (327-457) 

243 

 (181-325) 

284 

 (225-358) 

252 

 (206-307) 

145 

 (114-185) 

SI 

(CC50/EC50) 

2.8 8.0 5.3 9.8 14.5 

 

a. The antiviral activity and cytotoxicity of 5-azacytidine (5-aza-C) was 

determined in the absence or presence of ribonucleotide reductase inhibitors.  

The concentrations of 5-aza-C required to reduce viral infectivity or cell viability 

by 50% (i.e. the EC50 or CC50, respectively) are indicated, as determined from 

non-linear regression of the data presented in Figure 5-1.  The data represent the 

mean of three independent experiments, with 95% confidence intervals indicated 

in parentheses.  The selectivity index (SI) for each treatment was determined by 

dividing the CC50 by the EC50.  
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CHAPTER VI 
5,6-DIHYDRO-5-AZA-2’-DEOXYCYTIDINE POTENTIATES THE ANTI-HIV-1 

ACTIVITY OF RIBONUCLEOTIDE REDUCTASE INHIBITORS 
 

 
 
 
 
 
 
 
 
 
 
 
Reprinted with permission from:  Rawson JM, Heineman RH, Beach LB, Martin 
JL, Schnettler EK, Dapp MJ, Patterson SE, Mansky LM. 5,6-Dihydro-5-aza-2’-
deoxycytidine potentiates the anti-HIV-1 activity of ribonucleotide reductase 
inhibitors. Bioorg Med Chem (2013) 21/22, 7222-8. Copyright © 2013, Elsevier Ltd. 
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Introduction 
Human immunodeficiency virus type-1 (HIV-1) infects about 34 million 

individuals globally and resulted in the deaths of 1.7 million in 2011 alone 

(www.unaids.org).  Despite great strides in antiretroviral therapy, current drugs 

are still limited by toxicity, cross-resistance, and the transmission of drug-

resistant viral variants (318).  HIV-1 has a high mutation rate (3 to 9 x 10-5 

mutations/base pair/cycle) (53, 59, 319), and it has been postulated to replicate 

near the error threshold—a theoretical upper limit to the mutation rate beyond 

which genetic information cannot be maintained (120, 320, 321).  Thus, it is 

conceivable to exceed the error threshold with small molecule viral mutagens.  

This antiviral strategy, called lethal mutagenesis, was first investigated using 

mutagenic ribonucleoside analogs and RNA-damaging agents in poliovirus and 

vesicular stomatitis virus by Holland and colleagues in the 1990s (178, 322).  It 

was later demonstrated in HIV-1 using 5-hydroxy-2’-deoxycytidine (119), and 

subsequently explored in several other RNA viruses (323-326). 

HIV-1 lethal mutagenesis has not been clinically exploited, but a prodrug 

of 5,6-dihydro-5-aza-2’-deoxycytidine (KP-1212) has advanced to clinical trials.  

KP-1212 potently inhibited HIV-1 replication in culture (EC50 of ~10 nM) with low 

cellular, mitochondrial, and genome toxicities, as well as activity against both 

wildtype (wt) and drug resistant strains (198).  KP-1212 was shown to induce 

primarily G-to-A and A-to-G (and to a lesser extent T-to-C and C-to-T) transition 

mutations within HIV-1.  The prodrug of KP-1212 (KP-1461) was well tolerated in 

clinical trials, but was not effective in reducing viral loads despite adequate drug 

bioavailability (199, 221).  Nonetheless, there was a detectable increase in the 

number of private mutations (i.e., those most likely to have occurred in the latest 

round of replication) and evidence of an altered mutation spectrum in clinical 

samples (200). 

We have previously demonstrated that combinations of nucleoside 

analogs that act as viral mutagens and ribonucleotide reductase inhibitors 

(RNRIs) can result in synergistic decreases in viral infectivity (117, 201).  
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Similarly, combining nucleoside reverse transcriptase inhibitors (NRTIs) with 

RNRIs results in potentiation of anti-HIV-1 activity (203, 297, 327).  RNRIs likely 

have a threefold antiretroviral mechanism in such combinations:  1) inhibition of 

retroviral DNA synthesis via depletion of deoxynucleoside triphosphate (dNTP) 

pools (205, 301, 309, 327); 2) many RNRIs do not inhibit synthesis of all four 

natural dNTPs equally, thus generating dNTP pool imbalances that increase the 

viral mutation rate (297, 301, 309, 328); and 3) decreases in cellular dNTP 

concentrations result in the upregulation of nucleotide kinases, leading to more 

efficient activation of nucleoside analogues such as KP-1212 (117, 201, 203, 

297, 327).  Given this, the combination of an RNRI with KP-1212 or a KP-1212 

prodrug should result in potent inhibition of HIV-1 infectivity.   

We report here that while KP-1212 alone had minimal antiviral activity in 

our single round replication assay, it potentiated the activity of the RNRIs 

gemcitabine and resveratrol.  The combination of KP-1212 with resveratrol, in 

particular, reduced the EC50 by 1.9-fold relative to resveratrol alone (i.e., from 

99.6 µM to 52.8 µM).  The KP-1212-RNRI combinations led to corresponding 

increases in the viral mutant frequency in the absence of cell cytotoxicity relative 

to that of RNRIs alone.  Taken together, these observations represent the first 

demonstration of a mild anti-HIV-1 mutagen having the ability to potentiate the 

antiretroviral activity of RNRIs.  These findings may improve the potential for 

clinical translation of KP-1212 in the treatment of HIV-1 infection. 

  

Results and Discussion 
Development of an mCherry/GFP dual reporter HIV-1 vector.  In order to 

efficiently assess both HIV-1 infectivity and mutant frequency, we constructed a 

HIV-1 vector expressing two fluorescent proteins—mCherry and the green 

fluorescence protein (GFP) (Figure 6-1A).  The resulting vector expresses all 

viral proteins except Env and Nef.  Infectious vector virus was produced by trans-

complementing with the vesicular stomatitis virus G protein (VSV-G) via co-

transfection with the vector virus plasmid.  This strategy limits virus replication to 
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a single cycle of replication.  The utility of the construct for detecting drug-

induced increases in virus mutant frequency was confirmed using 5-azacytidine 

(5-AZC), a ribonucleoside analog previously shown to have antiretroviral activity 

against HIV-1 (118).  We found that treatment of target cells with 5-AZC reduced 

HIV-1 infectivity in a concentration-dependent manner, with an EC50 of 53.0 µM, 

comparable to the previously reported value of 57.0 µM (Figure 6-1B) (118).  We 

also observed a concentration-dependent elevation of the viral mutant frequency 

to a maximum of 19.8-fold relative to the no drug control, confirming previous 

findings with 5-AZC (118). 

Individual effects of RNRIs and KP-1212 on HIV-1 infectivity & mutant 

frequency.  We initially combined KP-1212 at 100 µM with a panel of several anti-

metabolites and found that KP-1212 potentiated the antiretroviral activity of 

gemcitabine (2’,2’-difluoro-2’-deoxycytidine, dFdC), resveratrol, and 

deferoxamine (data not shown).  These three compounds have all been 

previously reported to have RNRI activity as well as antiretroviral activity, though 

inhibition of ribonucleotide reductase has not been clearly demonstrated to be 

their primary mechanism of action against HIV-1 (117, 201-203, 300, 301, 329, 

330).  Resveratrol, in particular, has been reported to interact with a wide variety 

of cellular targets in exerting its anti-inflammatory, anti-tumorigenic, and antiviral 

effects (331).  We next characterized the individual effects of each compound on 

HIV-1 infectivity and mutant frequency.  We found that gemcitabine, resveratrol, 

and deferoxamine all reduced HIV-1 infectivity (Figure 6-2A & Table 6-1) and 

elevated the viral mutant frequency in a concentration-dependent fashion (Figure 

6-2B).   

We observed that KP-1212 exerted only a mild antiviral effect alone, 

without concentration dependence in the concentration range of 5 to 200 µM 

(Figure 6-2A).  However, we observed a slight dose-dependent increase in 

mutant frequency (up to  ~1.6-fold) (Figure 6-2B).  Our observations using this 

assay are somewhat different than previous findings of KP-1212 being a potent 

inhibitor of HIV-1 replication (198).  We tested multiple batches of KP-1212 to 
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rule out the possibility of degradation of our liquid drug stocks (data not shown).  

Additionally, 1H NMR and combustion analysis confirmed the purity and stability 

of KP-1212 in our hands (data not shown).  The differences in observed activity 

of KP-1212 may be due to the previous study using a very low multiplicity of 

infection (MOI), ranging from 1:1000 to 1:5000 (198).  These authors found that 

higher MOIs led to higher EC50 values, and were not able to obtain a 

reproducible EC50 at MOIs of 1:300 or greater.  In line with this, we used a much 

higher MOI (~1:3 to 1:5) and were unable to obtain an EC50.  Additionally, the 

previous study used a different cell line (MT-2) and centrifuged the drug onto 

cells, potentially altering the uptake and/or phosphorylation of KP-1212.  Finally, 

the virus was likely not limited to a single round of replication, which potentially 

enhanced the observed effects of KP-1212.  Despite the apparent discrepancies 

in antiretroviral potency, our findings are in relatively good agreement with the 

Phase II clinical trials on KP-1212, which found no clinically significant decline in 

viral loads but some evidence of mutagenicity (increases in private mutations and 

altered mutation spectra) (199, 200).   

KP-1212 potentiates the effects of RNRIs on HIV-1 infectivity & mutant 

frequency.  To further investigate the interaction between RNRIs and KP-1212, 

we combined a fixed low concentration of each RNRI with varying concentrations 

of KP-1212 (i.e., ranging from 5 to 200 µM).  For the gemcitabine and KP-1212 

drug combination, we observed an unexpected trend:  low concentrations of KP-

1212 (5 to 50 µM) enhanced the antiviral activity of gemcitabine, whereas high 

concentrations partially (100 µM) or fully (200 µM) antagonized the antiviral 

activity (Figure 6-3A).  Similarly, the corresponding mutant frequencies increased 

to a maximum of 4.8-fold at 25 µM KP-1212 and then decreased to levels lower 

than for gemcitabine alone (Figure 6-3B).  KP-1212 likely antagonized 

gemcitabine at high concentrations because they are both deoxycytidine analogs 

that require transport and metabolic conversion to their active forms.  

Specifically, they may utilize the same transporter proteins to breach the plasma 

membrane (either through facilitated diffusion or active transport), and they are 
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both phosphorylated by deoxycytidine kinase to become active within cells (332-

335).  Furthermore, the drugs were simultaneously added to cells, and KP-1212 

was used at a much higher concentration than gemcitabine (10,000-fold higher 

for 200 µM KP-1212).  Our observation of potential drug interference could likely 

be circumvented by 1) using a more potent mutagenic deoxycytidine analog, 2) 

using a mutagenic nucleoside analog that is not phosphorylated by deoxycytidine 

kinase, 3) applying the drugs sequentially rather than simultaneously, or 4) using 

an RNRI that is not a nucleoside analog. 

We therefore examined the interactions of KP-1212 with two non-

nucleoside RNRIs—resveratrol and deferoxamine.  The addition of KP-1212 (5 to 

200 µM) to resveratrol (50 µM) resulted in a concentration-dependent decline in 

viral infectivity, with the greatest potentiation observed at 200 µM KP-1212 

(Figure 6-3A).  We observed a similar, though less concentration-dependent, 

trend for the combination of KP-1212 with deferoxamine.  For both of these 

combinations, we also observed increases in the viral mutant frequencies (to a 

maximum of 6.2-fold for resveratrol and 4.7-fold for deferoxamine relative to that 

of no drug) (Figure 6-3B).  These results indicate, in contrast to gemcitabine, high 

concentrations of KP-1212 were superior compared of that of low concentrations 

for potentiating the antiviral activity of resveratrol and deferoxamine.  The 

elevation of the viral mutant frequency by the drug combinations is consistent 

with an increase in virus mutational load as a major mechanism of antiretroviral 

activity. 

KP-1212 potentiates the anti-HIV-1 activity of RNRIs without enhancing 

cytotoxicity.  To further characterize these drug combinations, we investigated 

the extent to which KP-1212 can augment the potency of RNRIs.  We found that 

the addition of KP-1212 at a fixed amount (5 µM for gemcitabine or 200 µM for 

resveratrol) enhanced the potency of both gemcitabine and resveratrol, as 

evidenced by the significant decrease in EC50 values upon addition of KP-1212 

(Table 6-1).  The greatest enhancement was observed for resveratrol, with the 

EC50 approximately halved.  The effect was much less for gemcitabine, as only 
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low concentrations of KP-1212 could be used due to antagonism.   The effect of 

KP-1212 in combination with deferoxamine was not statistically significant 

compared to deferoxamine alone. We then examined the effect of the drugs 

(alone and in combination) on cell viability in order to determine whether drug 

cytotoxicity could explain the antiviral effects observed.  For gemcitabine, some 

degree of cytotoxicity was observed at all concentrations tested, but the CC50 

was higher than the EC50 (62.0 µM vs. 27.5 nM), indicating that the antiviral 

activity of gemcitabine cannot be explained by cytotoxicity (Figure 6-4 & Table 6-

1).  We also performed combustion analysis to confirm high purity of drug stocks, 

and conducted a separate cytotoxicity assay (trypan blue staining) to confirm 

cytotoxicity results (data not shown).  Taken together, we conclude that 

gemcitabine has low cytotoxicity in this cell line, possibly due to inactivation by 

rapid deamination of gemcitabine to its major metabolite, 2',2'-difluoro-2'-

deoxyuridine (dFdU) (336, 337).  Unlike gemcitabine, KP-1212 was non-toxic up 

to 200 µM (data not shown), and the addition of KP-1212 (5 µM) did not alter the 

cytotoxicity of gemcitabine (Figure 6-4 & Table 6-1).  These results indicate that 

enhanced cytotoxicity cannot explain the potentiation of the antiviral activity of 

gemcitabine by KP-1212.  Similarly, the antiviral activity of resveratrol also could 

not be explained by cytotoxicity, as the CC50 was markedly higher than the EC50 

(>400 µM; Figure 6-4 & Table 6-1).  Furthermore, the addition of KP-1212 (200 

µM) did not significantly alter the cytotoxicity of resveratrol.  In summary, KP-

1212 potentiates the antiviral activity of gemcitabine and resveratrol without 

augmenting cytotoxicity, which improves their selectivity indices against HIV-1 

(Table 6-1). 

Characterization of viral mutation spectra in the presence of KP-1212 and 

RNRIs.  To determine the types of mutations resulting from these drugs (i.e., 

individually and in combination), we sorted out mCherry+/GFP- cells infected in 

the presence or absence of drug.  We then amplified and performed Sanger 

sequencing of the gfp gene.  We chose not to include deferoxamine in this 

analysis due to its poor potency against HIV-1 (Table 6-1).  We obtained a total 
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of 376 unique mutations across all treatments, but several G-to-A hypermutants 

(likely a result of APOBEC3 activity) were excluded from further analysis (see 

Section 3.7 for details), lowering the total number of mutations to 303.  In the 

absence of drug, G-to-A mutations were the most common, followed by A-to-G, 

T-to-C, and C-to-T transitions, with the remainder representing transversions 

(Figure 6-5).  In the presence of only gemcitabine or resveratrol, no statistically 

significant (p < 0.05; 2-way Fisher’s exact test) change in the relative appearance 

of each mutation type within the HIV-1 mutation spectrum was observed 

compared to the no drug control, suggesting that these drugs did not cause an 

increase in any particular mutation type.  KP-1212, despite having only a modest 

ability to elevate the mutant frequency of HIV-1, caused a significant increase (p-

value = 0.004) in the frequency of G-to-C mutations (from 1% to 22% of all 

mutations identified, relative to that of no drug), a transversion mutation rarely 

observed during HIV-1 replication.  Strikingly, the combination of KP-1212 with 

resveratrol led to an even greater increase in the frequency of G-to-C mutations 

(up to 41% of all substitutions identified), which is significantly different from 

either resveratrol alone (p-value < 0.0001) or KP-1212 alone (p-value = 0.048).  

The combination of KP-1212 and gemcitabine did not result in a significant 

increase in the frequency of G-to-C mutations (p-value = 0.130), likely due to a 

lower concentration of KP-1212 used in this combination (i.e., 5 µM versus 200 

µM) due to drug antagonism observed at higher concentrations of KP-1212. 

KP-1212 has not been previously found to induce G-to-C transversions, 

but 5-aza-2’-deoxycytidine (decitabine) and its ribonucleoside counterpart (5-

AZC), have been reported to cause G-to-C transversions in HIV-1 and cellular 

genomic DNA (117, 118, 196).  These molecules decompose in water at 

physiological temperature and pH by hydrolytic opening and deformylation of the 

triazine ring (195, 197, 268, 269, 338, 339).  The resulting ring-opened 

guanylurea derivatives are thought to pair with cytosine leading to G-to-C 

transversions (196).  It is unclear how KP-1212 might induce G-to-C 

transversions, as KP-1212 should be resistant to hydrolysis.  
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Conclusions.  While KP-1212 exerted minimal antiviral and mutagenic 

activity against HIV-1 in our assay, it was able to enhance the antiviral activities 

of the RNRIs gemcitabine and resveratrol, leading to robust reductions in HIV-1 

infectivity and improvement of their selectivity indices.  We found that the 

combinations simultaneously elevated the mutant frequency of HIV-1, suggesting 

enhancement of virus mutational loads as a major mechanism of the drug 

combinations.  While the RNRIs gemcitabine and resveratrol do not appear to 

cause a specific type of mutation, the addition of KP-1212 to resveratrol led to a 

pronounced increase in G-to-C transversion mutations.  Further studies of the 

antiretroviral mechanisms of these combinations are warranted, as are efforts to 

identify prodrug forms and derivatives exhibiting reduced toxicity, improved 

potency, and prolonged stability.  Our findings suggest that the enhancement of 

viral mutant frequency is a major contributor to these antiviral mechanisms but do 

not preclude other activities, such as inhibition of reverse transcription.  

Resveratrol, while well-tolerated, has low bioavailability due to rapid and 

extensive metabolism in a number of clinical trials (340) but may serve as a lead 

for further development.  It would also be of great interest to investigate the 

interplay of RNRIs ± KP-1212 with conventional anti-HIV-1 inhibitors.  Previous 

studies have shown that these inhibitors can accelerate mutagen-driven viral 

extinction.  This has been demonstrated for HIV-1 using AZT and 5-hydroxy-2’-

deoxycytidine in combination and in foot-and-mouth disease virus, in which case 

sequential treatments were superior to combination therapy (194, 341).  Overall, 

our findings are the first to demonstrate that a mild anti-HIV-1 mutagen can 

significantly potentiate the antiretroviral activity of RNRIs.  These observations 

may enhance the potential for clinical translation of KP-1212 for the treatment of 

HIV-1 infection. 

  

Materials and Methods 
Plasmids, cell lines, and reagents.  The molecular clone of HIV-1 we used 

to produce virus, pNL4-3 MIG, was created from pNL4-3 HIG, which has been 
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previously described (117).  The virus encoded by this plasmid contains 

mCherry, an internal ribosome entry site (IRES), and enhanced green fluorescent 

protein (GFP).  We pseudotyped virions with VSV-G expressed from pHCMV-G, 

a kind gift from J. Burns (University of California, San Diego).  The human 

embryonic kidney (HEK 293T) cells were purchased from American Type Culture 

Collection (Manassas, VA) and maintained in Dulbecco's Modified Eagle's 

Medium (DMEM) from Cellgro (Manassas, VA) with 10% HyClone FetalClone III 

(FC3) from Thermo Scientific (Waltham, MA) and 1% penicillin/streptomycin from 

Invitrogen (Carlsbad, CA).  U373-MAGI-CXCR4CEM cells were obtained from 

Michael Emerman through the NIH AIDS Reagent Program, Division of AIDS, 

NIAID, NIH (257).  U373-MAGI cells were maintained similarly to 293T cells but 

with addition of 1.0 µg/mL puromycin, 0.1 mg/mL hygromycin B, and 0.2 mg/mL 

neomycin to the medium.  The chemicals investigated were obtained from 

Sigma-Aldrich (deferoxamine and resveratrol; St. Louis, MO), Carbosynth (5-AZC 

and gemcitabine; Compton, UK), and Berry & Associates (KP-1212; Dexter, MI), 

dissolved in the appropriate solvent, and stored at -20 °C.  For cloning, PCR was 

performed using the Platinum PCR Supermix from Invitrogen, while restriction 

enzymes, Klenow fragment, and T4 DNA ligase were from New England Biolabs 

(Ipswich, MA).  For transfections, poly-L-lysine was from Newcomer Supply 

(Middleton, WI), and polyethylenimine (PEI) was from Polysciences, Inc. 

(Warrington, PA).    

Construction of an mCherry/GFP HIV-1 vector for rapid mutation 

detection.  The mCherry gene was swapped with the mouse heat stable antigen 

(hsa) in pNL4-3 HIG to generate pNL4-3 MIG as follows.  From NL4-3 HIG, an 

IRES-GFP fragment was amplified via PCR and cloned into a pEGFP-N1-based 

mCherry vector using NotI and XbaI.  The NotI site was then destroyed by fill-in 

with large Klenow fragment.  The entire MIG cassette was then amplified using 

primers that added a NotI site to the 5’ end and a XhoI site to the 3’ end of the 

cassette.  The PCR product was directly digested with NotI and XhoI and ligated 

into NotI and XhoI-digested pNL4-3 HIG using T4 DNA ligase.  The resulting 
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plasmid, pNL4-3 MIG, expresses mCherry and GFP as well as all viral proteins 

except Env and Nef.     

Virus production and titering.  Virus was produced by co-transfecting 

pNL4-3 MIG and pHCMV-G into 293T cells via the PEI method (258).  PEI stocks 

were prepared at 1 mg/mL by dissolving PEI in water, adjusting the pH to 7.0, 

and filtering through a 0.2 µM filter.  Stocks were divided into 1 mL aliquots and 

frozen at -80 °C.  On the day before transfection, 4 million 293T cells were plated 

on each 10 cm plate (pre-coated with poly-L-lysine) to be transfected.  For each 

plate, 10 µg pNL4-3 MIG + 1 µg pHCMV-G + 33 µL 1 mg/mL PEI were mixed in a 

1.6 mL microcentrifuge tube to a final volume of 1 mL using serum-free DMEM.  

After 20 minutes of incubation, the medium on the 293T cells was replaced and 

the DNA-PEI mixture was added.  The medium was replaced the morning after 

transfection, and virus was collected ~48 hours post-transfection by filtering the 

supernatant through a 0.2 µm filter.  Viral stocks were divided into 1 mL aliquots 

and frozen at -80 °C.   

Prior to any drug treatments, viral stocks were first titered in U373-MAGI 

cells.  The day before infection, 62,500 cells/well were plated in 12-well plates.  

The next day the media was replaced and varying amounts of virus ranging from 

1.25 to 40 µL were added.  The media was replaced again 24 hours post-

infection and cells were collected at 72 hours post-infection for analysis by flow 

cytometry.  The infectious titer was calculated from the flow data by adding all 

positive quadrants (mCherry+ only, GFP+ only, and mCherry+/GFP+) to 

determine infectivity and then plotting the volume of virus against infectivity. 

Drug treatments and infections.  Drug treatments were performed using 

U373-MAGI cells in 12-well plates similar to the way in which viral stocks were 

titered (Section 3.3).  Two hours prior to infection, drugs (1-2 µL) were added to a 

final volume of 0.5 mL media in each well.  Uninfected cells and no drug (DMSO 

only-treated cells) were included as controls.  After two hours, virus and 

additional media were added, resulting in a final volume of 1 mL in each well.  

Drug concentrations were based on the final volume of 1 mL.  The amount of 
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virus added was targeted to achieve 15-30% infection (for the no drug control) 

based on the previously determined viral titer.  Drugs were removed by replacing 

the media 24 hours post-infection.  The cells were collected 72 hours post-

infection for flow cytometry by treating with trypsin, pelleting at 500xg for 5 

minutes, resuspending in 200 µL Dulbecco’s Phosphate-Buffered Saline (DPBS) 

+ 2% FC3, and transferring to 96-well plates.       

Infectivity and mutant frequency determination by flow cytometry.  Cells 

were analyzed for mCherry and GFP expression on a BD LSR II flow cytometer 

(BD Biosciences; San Jose, CA).  Cells were first gated based on forward scatter 

and side scatter, and a minimum of 10,000 gated cells were analyzed per 

sample.  GFP was excited with a blue 488 nm laser and emission detected using 

505LP and 525/50 filters.  mCherry was excited by a custom green 561 nm laser 

and emission detected using 595LP and 610/20 filters.  It should be noted that 

early on in our work we determined that very little fluorescent compensation was 

necessary with this particular combination of fluorophores, lasers, and filters 

(data not shown).  These control experiments were performed by transfecting 

mCherry or GFP into 293T cells and then analyzing the transfected cells (either 

kept separately or mixed together) by flow cytometry.  Flow cytometry data were 

examined in FlowJo v. 7.6.1 (Ashland, OR).  Infectivity was determined by adding 

all three positive populations:  mCherry+ only, GFP+ only, and mCherry+/GFP+.  

Mutant frequency was calculated by dividing the single positive populations 

(mCherry+ only and GFP+ only) by all infected cells.  Double negative (mCherry-

/GFP-) cells were excluded due to the difficulty in detecting these rare events; 

mutant frequency calculations are therefore underestimates.  Infectivity and 

mutant frequency data were normalized to the no drug controls. 

Cellular toxicity analysis.  The cytotoxicity of drugs was assessed using 

the CellTiter-Glo Luminescent Cell Viability Assay from Promega (Madison, WI) 

following the manufacturer’s instructions.  5000 U373-MAGI cells/well were 

plated in 96-well plates the day before drug treatment.  The following day the 

medium was replaced and drugs (alone or in combination) were added to a final 
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volume of 200 µL/well.  No drug (DMSO only) and no cell wells were included as 

controls.  The luminescence was recorded using an Orion microplate 

luminometer from Berthold Detection Systems (Huntsville, AL).  The data were 

analyzed by first subtracting the no cell control value and then normalizing to the 

no drug control. 

Characterization of mutation spectra in HIV-1.  Infected mCherry+/GFP- 

U373-MAGI cells were sorted at the Masonic Cancer Center at the University of 

Minnesota using a BD FACSAria II.  A minimum of 3000 cells were collected per 

sample.  Genomic DNA was isolated by the High Pure PCR Template kit from 

Roche (Indianapolis, IN).  GFP was amplified in a single PCR reaction using the 

Platinum PCR Supermix from Invitrogen and the primers 5’-

CAAGCGTATTCAACAAGG-3’ and 5’-GCAATACAGCAGCTAACAATG-3’.  The 

PCR product was ligated into pGEM-T (Promega) and the gfp gene was 

sequenced at Functional Biosciences, Inc. (Madison, WI) using the T7 promoter 

primer.  Sequences were aligned to the reference and mutations identified using 

Lasergene (DNASTAR, Inc., Madison, WI).  Duplicate mutations, presumably 

arising from PCR amplification, were excluded from analyses.  Several G-to-A 

hypermutants (multiple G-to-A mutations within the same sequence) were 

observed, and these likely resulted from APOBEC3 activity, as they occurred in a 

GA or GG dinucleotide context and were present in both the no drug as well as 

drug treatment samples.  These rare events were excluded from the analyses 

due to their potential for creating false differences in the rate of G-to-A mutations 

between samples.   

Statistical analyses.  All graphs were created in Microsoft Excel v 12.3.5 

(Redmond, WA) or GraphPad Prism v 5.0 (GraphPad Software, Inc.; La Jolla, 

CA).  EC50 values of drugs (drug concentration at which there is a 50% reduction 

in viral infectivity) were determined by plotting normalized infectivity against the 

log-transformed drug concentrations and fitting a non-linear regression curve to 

the data.  Likewise, CC50 values of drugs (drug concentration at which there is 

50% cytotoxicity) were determined by plotting normalized cell viability against the 



 

  154 

log-transformed drug concentrations and fitting a non-linear regression curve to 

the data.  Two-way ANOVA was performed using the statistical package R to 

compare the impact of drug combinations against single drugs on infectivity and 

mutant frequency.  All analyses were performed on the log-transformed data 

without normalization.  Differences in mutation spectra were assessed using 

Fisher’s exact test in GraphPad Prism. 
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Figure 6-1. Vector and assay design for rapid determination of HIV-1 
infectivity and mutant frequency.  (A) A dual-reporter (mCherry/GFP) HIV-1 

vector was created and co-transfected with VSVG to produce infectious virus.  

Target cells were pre-incubated with drugs for 2 h before infection.  Drug was 

removed 24 h post-infection and cells were collected 72 h post-infection for 

determination of infectivity and mutant frequency via flow cytometry, as described 

in Section 3.5. (B) The utility of the dual reporter HIV-1 vector for detecting 

alterations in infectivity and mutant frequency was validated using 5-azacytidine, 

a previously characterized potent mutagen of HIV-1 (118). The data were 

normalized to the no drug (DMSO only) control and represent the mean ± sd of 

three independent experiments.  
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Figure 6-2. Effect of KP-1212 and RNRIs on HIV-1 infectivity and mutant 
frequency.  Cells were infected with HIV-1 after being treated with KP-1212 or 

selected ribonucleotide reductase inhibitors (RNRIs) for 2 h.  Treatments were 

concluded at 24 h post-infection by replacing the media, and cells were collected 

for analysis by flow cytometry at 72 h post-infection.  The effects of the drugs on 

infectivity (A) and mutant frequency (B) were determined and normalized to the 

no drug control.  The data shown are the mean ± sd of three independent 

experiments. 
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Figure 6-3. KP-1212 potentiates the antiviral and mutagenic activities of 
RNRIs against HIV-1.  Cells were pre-treated with a set amount of each 

ribonucleotide reductase inhibitor (RNRI) and varying amounts of KP-1212 (from 

0 to 200 µM) as described in Section 3.4.  Flow cytometry was used to determine 

HIV-1 infectivity (A) and mutant frequency (B), which were plotted relative to no 

drug.  Statistical significance of drug combinations relative to both single drugs 

was assessed using a two-way ANOVA.  * p-value < 0.05, ** p-value < 0.01, *** 

p-value <0.001.  The data shown represent the mean ± sd of three independent 

experiments.   
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Figure 6-4. The ability of KP-1212 to potentiate RNRIs is not due to 
enhanced cytotoxicity.  U373-MAGI cells were treated with ribonucleotide 

reductase inhibitors (RNRIs) ± KP-1212 (5 µM for gemcitabine, 200 µM for 

resveratrol and deferoxamine) for 24 h, then washed and replenished with fresh 

media.  Cell viability was assessed 24 h after molecule removal using a 

luminescent ATP-based kit, and the data were normalized to the no drug control.  

The data shown are the mean ± sd of four independent experiments. 
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Figure 6-5. Characterization of viral mutation spectra in the presence of KP-
1212 and RNRIs.  U373-MAGI cells were pre-treated with KP-1212 and/or 

ribonucleotide reductase inhibitors (RNRIs) and infected with HIV-1.  

mCherry+/GFP- cells were sorted to enrich for mutants, and the gfp gene was 

amplified and sequenced.  Each number in a wedge of a pie chart represents the 

specific corresponding mutational type, expressed as the percentage of the total 

mutations observed for that treatment.  The total number of mutations sequenced 

were:  no drug, 45, gemcitabine (Gem), 38; resveratrol (Res), 45; KP-1212, 49; 

gemcitabine + KP-1212, 57; resveratrol + KP-1212, 69 (303 mutations in total).  

Statistically significant (p-value < 0.05) changes relative to the no drug control 

are indicated with an asterisk.     
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Table 6-1. KP-1212 improves the antiretroviral potency of RNRIs without 
altering cytotoxicity.   

 
The EC50 and CC50 values for ribonucleotide reductase inhibitors (RNRIs) in the 

presence or absence of KP-1212 (5 µM for gemcitabine; 200 µM for 

resveratrol/deferoxamine) in U373-MAGI cells were calculated as described in 

Materials and Methods.  Selectivity indices were determined by dividing the CC50 

by the respective EC50.  The 95% confidence intervals are indicated in 

parentheses.  The data shown represent the mean ± sd of at least three 

independent experiments. 
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 This dissertation has demonstrated that the major difference in viral 

mutagenesis between HIV-1 and HIV-2 is a lower frequency of G-to-A 

hypermutants for HIV-2 (Chapter II).  In the absence of G-to-A hypermutants, 

HIV-2 did not exhibit a significantly different total mutation frequency than HIV-1, 

although small but statistically significant differences in G-to-A, A-to-G, and C-to-

T transition frequencies were still noted.  The pattern of G-to-A hypermutation 

was consistent with the editing activity of APOBEC3 proteins, suggesting that in 

this particular experimental system HIV-2 was less susceptible to APOBEC3 

editing than HIV-1.  These findings suggest that differences in general replication 

fidelity (i.e. in the absence of APOBEC3 proteins) may not contribute to the 

unique clinical features of HIV-2 infection, namely attenuated pathogenesis, 

reduced viral loads, and better control by the host immune response (9, 215).   

These findings raise a number of unresolved issues that will be addressed 

in future studies.  First, it is not yet clear whether HIV-2 exhibits reduced 

susceptibility to APOBEC3 proteins under physiologically relevant expression 

levels.  In fact, surprisingly little is known about the restriction and hypermutation 

of HIV-2 by APOBEC3 proteins.  Previously, one group demonstrated that HIV-1 

Vif and HIV-2 Vif interact with APOBEC3 proteins using distinct binding surfaces 

and that they vary in their ability to degrade specific APOBEC3 proteins (250).  

Further, a second group found that Vif-deficient HIV-2 is restricted by 

APOBEC3G, although not quite as potently as for Vif-deficient HIV-1 (233).  The 

ability of other APOBEC3 proteins to restrict HIV-2 has not yet been examined, 

such that the restrictive repertoire of APOBEC3 proteins for HIV-2 remains 

almost entirely undefined.  In the study described in this dissertation, 293T cells 

were used for the production of HIV-1 and HIV-2, as large quantities of highly 

infectious virus stocks were needed for Illumina sequencing.  However, 293T 

cells express low levels of most APOBEC3 proteins, particularly those capable of 

restricting Vif-deficient HIV-1, such that viruses produced in the presence or 

absence of Vif in 293T cells exhibit similar infectivities (156, 159, 225, 233, 248).  

This was not initially viewed as a limitation for the comparison of HIV-1 and HIV-2 
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mutagenesis since the primary interest was in comparing the fidelity of reverse 

transcription between the two viruses.  Given the finding of differences in 

hypermutation frequencies between HIV-1 and HIV-2, it would be of interest to 

re-examine the mutagenesis of HIV-1 and HIV-2 using virus stocks produced in 

the presence of physiologically relevant levels of APOBEC3 expression, such as 

in immortalized or primary CD4+ T-cells.  Second, the specific APOBEC3 

protein(s) responsible for the differences in hypermutation has not yet been 

determined.  Most G-to-A mutations in hypermutants were positioned at GA 

dinucleotides, indicating that A3G (which prefers almost exclusively GG 

dinucleotides) cannot be the primary driver of the observed hypermutation (137, 

141, 142, 247).  Several other APOBEC3 proteins, including A3C, A3D, and A3F 

have been detected at the mRNA level in 293T cells (225), although protein 

expression could not be examined due to a lack of specific antibodies.  Unlike 

A3D and A3F, A3C does not restrict the replication of Vif-deficient HIV-1 in T-

cells (134), but it remains possible that A3C could induce the low levels of 

hypermutation (<1%) observed in our study.  The specific APOBEC3 protein 

responsible for the observed hypermutation could be identified by knock-out or 

knock-down of select APOBEC3 proteins in 293T cells.  However, this would be 

difficult, time-consuming, and of limited significance considering the low levels of 

APOBEC3 expression in 293T cells.  Instead, HIV-1 and HIV-2 hypermutation 

should first be compared using immortalized or primary CD4+ T-cells, followed by 

knock-out or knock-down of select APOBEC3 proteins to examine the basis for 

any observed differences.  For example, HIV-1 and HIV-2 hypermutation could 

be compared in CEM2n cells, for which a variety of stable APOBEC3 knock-out 

and knock-down derivatives have already been constructed (135).   

If HIV-2 is found to exhibit reduced susceptibility to APOBEC3 proteins in 

CD4+ T-cells, further experiments could be performed to determine the 

mechanistic basis for differences in susceptibility.  The reduced susceptibility of 

HIV-2 to G-to-A hypermutation could potentially be due to decreased levels of the 

responsible APOBEC3 protein(s) in virions, which could result from either: 1. 
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more efficient degradation of APOBEC3 protein(s) by HIV-2 Vif than by HIV-1 Vif, 

or 2. less efficient packaging of APOBEC3 proteins into the viral core for HIV-2 

than for HIV-1.  Additionally, experiments could be performed to examine the 

potential significance of reduced hypermutation to HIV-2 replication, 

diversification, and evolution.  The reduced susceptibility of HIV-2 to APOBEC3 

proteins could promote viral replication by leading to decreased instances of 

lethal hypermutation but, on the other hand, could prevent HIV-2 from capitalizing 

on APOBEC3 proteins as a source of genetic variation. 

 While several differences in viral mutagenesis between HIV-1 and HIV-2 

were identified in this initial study, a detailed comparison of all mutational types 

could not be performed due to high levels of background error from PCR and/or 

sequencing.  To address this, a method based on single-strand consensus 

sequencing (SSCS) (342, 343) was developed and shown to efficiently reduce 

the frequencies of most types of background errors (Appendix I).  More 

specifically, SSCS reduced background error frequencies for insertions, 

deletions, and all types of substitutions except C-to-A transversions.  SSCS also 

completely eliminated background G-to-A hypermutants (defined as reads with at 

least two G-to-A mutations), although the background level of G-to-A 

hypermutants was already quite low during standard Illumina sequencing.  SSCS 

was used to collect preliminary data comparing the mutagenesis of HIV-1 and 

HIV-2, and HIV-2 was again found to exhibit a lower total mutation frequency 

than HIV-1, due in part to lower levels of G-to-A hypermutants (Appendix I).  In 

continuing studies, SSCS is being used to compare viral mutagenesis using viral 

vectors that contain reverse transcriptase (RT) from 16 different viral isolates (10 

from HIV-1, 6 from HIV-2; see Table 7-1).  Notably, these vectors will allow 

comparison of viral mutagenesis between HIV types as well as between the most 

prevalent subtypes of HIV-1 Group M.  Several previous studies have reported 

differences in transmissibility and pathogenicity depending on HIV-1 subtype 

(344-348), and SSCS will test the hypothesis that these differences could relate 

to variable mutation frequencies and spectra.  These viral vectors were created 
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in an isogenic manner (in which only the RT was altered) so that any observed 

differences in mutagenesis could be attributed to RT.  In contrast, swapping the 

entire viral sequence could lead to differences in mutagenesis due to variability in 

Vif or in the template sequence.  These studies using SSCS and multiple viral 

vectors will expand our initial report by: 1. enabling the comparison of HIV-1 and 

HIV-2 mutagenesis under conditions of  much lower background error, which 

may resolve additional differences in mutagenesis between HIV-1 and HIV-2, 2. 

determining whether initial findings were truly representative of HIV-1 and HIV-2 

as a whole (as multiple RTs will be examined from each type), and 3. examining 

whether there are differences in viral mutagenesis between the most prevalent 

subtypes of HIV-1 Group M (A, B, and C).  

 Although SSCS significantly enhanced the examination of viral 

mutagenesis by high-throughput sequencing, there are still areas whether further 

improvements to the method could be made.  SSCS did not reduce levels of C-

to-A transversions, the most common type of background error during our 

experiments, thus leading to only mild reductions (2- to 3-fold) in the total 

background error frequency (Appendix I).  SSCS also lowered background G-to-

A transitions somewhat less effectively than C-to-T, A-to-G, and T-to-C 

transitions.  It was hypothesized that background C-to-A and G-to-A mutations in 

consensus sequences were created by low levels of DNA damage in the starting 

template.  If so, SSCS could likely be greatly improved by the use of double-

stranded tags (i.e. duplex consensus sequencing) (246) or the incorporation of 

DNA repair enzymes into sample preparation protocols.  Further, SSCS currently 

only examines one region of interest (~250 bp) in the provirus at a time, and the 

number of targets cannot easily be expanded due to the laborious nature of the 

protocols involved.  In the future, it may be possible to amplify and sequence 

multiple targets of interest at the same time, either by multiplexing SSCS 

reactions or by isolating proviral DNA and performing SSCS by ligating adapters 

with unique tags to sheared proviral DNA. 
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 Illumina high-throughput sequencing was also used to characterize the 

lethal mutagenesis of HIV-1 by decitabine in great detail (Chapter III).  Decitabine 

was previously shown to potently reduce the infectivity of HIV-1 by inducing 

primarily G-to-C transversions in the virus (117).  G-to-C transversions were 

hypothesized to be caused by incorporation of decitabine in place of 

deoxycytidine during minus-strand synthesis, followed by hydrolysis and base-

pairing with deoxycytidine during plus-strand synthesis.  In contrast, decitabine 

incorporated during plus-strand synthesis was hypothesized to be repaired 

appropriately by host enzymes in the nucleus, explaining the lack of C-to-G 

transversions.  Using Illumina sequencing, previous observations were confirmed 

by the finding that decitabine induced primarily G-to-C transversions, but 

decitabine also induced (to a lesser extent) C-to-G transversions.  C-to-G 

transversions were likely observed in the present study due to the much greater 

sequencing depth of Illumina sequencing compared to Sanger sequencing.  

While the mechanism of C-to-G transversions was not determined, it is 

hypothesized that C-to-G transversions were caused by the incorporation of 

decitabine during plus-synthesis, followed by improper repair or simply a lack of 

repair.  Alternatively, C-to-G transversions could have been caused by the direct 

incorporation of decitabine hydrolysis products during minus-strand synthesis. 

Illumina sequencing was also used to examine the susceptibility of individual 

sequence positions to decitabine and to determine whether certain sequence 

positions acted as decitabine hotspots or coldspots.  It was found that every 

guanine position examined (134/134) and nearly every cytosine position 

examined (163/169) was significantly susceptible to the mutagenic effects of 

decitabine, indicating extreme promiscuity of decitabine incorporation during 

reverse transcription.  However, the degree of susceptibility varied greatly among 

sequence positions.  Due to this extensive variability, decitabine-mediated G-to-C 

mutational hotspots were not identified, which were defined as upper outliers 

within the mutation frequency distribution. 
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 Additional studies will be required to explain the mechanistic basis for 

decitabine-induced C-to-G transversions in HIV-1.  As part of this process, it will 

be important to determine which host repair enzymes remove and replace 

incorporated decitabine, the kinetics by which repair proceeds, and the fidelity of 

the repair process.  It will also be important to try to separate the effects of 

decitabine and decitabine-derived hydrolysis products (both in cell-based assays 

and in assays performed with HIV-1 RT in vitro), as C-to-G transversions may be 

caused by direct incorporation of hydrolysis products.  However, this will likely 

prove challenging due to the instability of decitabine and hydrolysis 

intermediates, lack of commercial availability of some of the required 

compounds, and difficulties in synthesizing some of the required compounds 

(and oligonucleotides containing those compounds).  Further, while decitabine-

mediated mutation frequencies varied between amplicons and individual 

sequence positions, susceptibility could not be clearly associated with sequence 

context or amplicon position within the genome.  Illumina sequencing of the 

entire genome could reveal whether decitabine exhibits subtle sequence context 

preferences and whether certain regions of the genome (such as those that 

remain single-stranded for a longer period of time) are more susceptible to 

decitabine than others.  Also, while decitabine was previously found to be non-

cytotoxic and non-mutagenic of the host cellular DNA at antiviral concentrations 

(117), the potential mutagenicity of decitabine of host cellular DNA (mitochondrial 

or genomic) has not yet been examined by direct high-throughput sequencing.  In 

future studies, Illumina sequencing could be performed of total, sheared genomic 

DNA in order to examine the potential mutagenicity of decitabine throughout the 

entire genome at concentrations relevant to antiviral activity.  Lastly, the total 

mutational load in proviruses exposed to decitabine could not be assessed by 

Illumina sequencing, and therefore the average number of decitabine-induced 

mutations required to eliminate viral infectivity could not be determined.  The total 

mutational load could not be determined by Illumina sequencing because the 

read pairs were short (~120 bp in length) and un-linked between amplicons.  
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Additional experiments using single genome amplification and Sanger 

sequencing will be required to determine the total mutational load in proviruses 

exposed to decitabine. 

The ribonucleoside analog 5-azacytidine (5-AZC) has previously been 

reported to reduce HIV-1 infectivity in the early phase of replication by inducing 

G-to-C transversions (118).  5-AZC could potentially be incorporated during 

reverse transcription as a ribonucleotide (i.e. as 5-AZC-triphosphate, or 5-AZC-

TP) or as a deoxyribonucleotide (i.e. as 5-aza-2’-deoxycytidine-triphosphate, or 

decitabine-TP).  For the latter to occur, 5-AZC-diphosphate would first have to be 

reduced to decitabine-diphosphate by the cellular enzyme ribonucleotide 

reductase.  While HIV-1 RT selectively excludes ribonucleotides using a steric 

gate mechanism (216-218), HIV-1 RT can incorporate substantial levels of 

endogenous ribonucleotides under certain circumstances (219, 220).  

Nonetheless, it was hypothesized that 5-AZC would act primarily as decitabine-

TP during HIV-1 reverse transcription. In Chapter IV, using a combination of in 

vitro incorporation assays, analytical methods, and high-throughput sequencing, 

5-AZC was clearly shown to act primarily as decitabine-TP against HIV-1.  These 

data have important implications for the design of anti-retroviral ribonucleoside 

analogs, which are of general interest because they are often easier to synthesis, 

purify, and modify than deoxyribonucleoside analogs, and are also capable of 

targeting both viral RNA and DNA.  These findings suggest that the efficient 

reduction of ribonucleoside analogs to deoxyribonucleoside analogs is likely a 

crucial determinant of their antiviral potency, at least for targeting viral replication 

in cell types with high dNTP pools, such as CD4+ T-cells (282).  Further studies 

will be required to determine whether 5-AZC can be directly incorporated as a 

ribonucleotide in cell types with low dNTP pools, such as macrophages.  It would 

also be of interest to examine the antiviral activity of chain-terminating or 

mutagenic ribonucleoside analogs that cannot be reduced, as these compounds 

may provide a means to specifically target viral replication in macrophages, an 

important viral reservoir.    
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In Chapter V, experiments were performed to test the hypothesis that the 

anti-HIV-1 activity of 5-AZC would be antagonized by ribonucleotide reductase 

inhibitors (RNRIs).  RNRIs were expected to inhibit reduction of 5-AZC to 

decitabine, ultimately decreasing the amount of decitabine-TP available for 

incorporation during reverse transcription.  Surprisingly, 5-AZC instead exhibited 

antiviral synergy with low concentrations of four different RNRIs (clofarabine, 

gemcitabine, hydroxyurea, and resveratrol), similar to previous observations with 

combinations of RNRIs and decitabine (117, 201).  RNRIs did not significantly 

inhibit reduction of 5-AZC to decitabine, explaining the lack of antagonism in the 

combinations.  For one particular combination, 5-AZC and resveratrol, the 

mechanism of antiviral synergy was assessed in more detail by high-throughput 

sequencing and qPCR.  Resveratrol potentiated 5-AZC-mediated decreases in 

RT products but not 5-AZC-mediated increases in viral mutation frequencies.  

These data indicate that the primary mechanism of antiviral synergy for this 

combination was the depletion of RT products rather than lethal mutagenesis.   

Collectively, these findings demonstrate that RNRIs can potentiate the 

activity of a ribonucleoside analog against HIV-1, which has not previously been 

reported and may generally apply to other antiviral ribonucleoside analogs as 

well.  In the future, it would be of interest to investigate whether RNRIs can 

potentiate the activity of 5-AZC in cell types with naturally low levels of 

endogenous dNTPs, such as macrophages (282).  Even if 5-AZC is directly 

incorporated as a ribonucleotide in macrophages, RNRIs could likely further 

enhance its incorporation by further depleting endogenous dNTP pools.  It would 

also be of interest to determine whether RNRIs potentiate other antiviral 

ribonucleoside analogs, including ribonucleosides that cannot be reduced within 

the cell.  These compounds have been proposed as a means to specifically 

target HIV-1 replication in macrophages (219).  Lastly, further studies are 

required to fully elucidate the mechanism by which resveratrol and 5-AZC 

reduced levels of RT products.  Resveratrol and 5-AZC could decrease RT 

products by directly inhibiting viral DNA synthesis or, more likely, by a variety of 
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indirect mechanisms, such as depletion of dNTP pools or mutation-induced 

degradation of viral DNA.  

Lastly, in Chapter VI, the anti-HIV-1 activity of the deoxyribonucleoside 

analog KP-1212 was investigated.  KP-1212 was initially reported to potently 

inhibit HIV-1 replication in cell culture by lethal mutagenesis (198).  However, in 

clinical trails, KP-1461 (a prodrug of KP-1212) unfortunately did not exhibit 

significant antiviral activity and demonstrated only mild mutagenicity against HIV-

1 (199, 200).  In Chapter VI, it was hypothesized that the antiviral activity and 

mutagenicity of KP-1212 would be improved by combining KP-1212 with RNRIs.  

It was found that KP-1212 alone exhibited very little antiviral activity, in 

agreement with results from clinical trials (199) but in apparent contrast to 

previous findings in cell culture (198).  The stocks of KP-1212 used in this study 

were analysed by NMR and elemental combustion analysis, which excluded 

compound impurity or degradation as the factor responsible for the lack of 

antiviral activity.  However, it was found that KP-1212 significantly potentiated the 

antiviral activity of multiple RNRIs.  The combination of KP-1212 and resveratrol 

was shown to increase the HIV-1 mutant frequency by inducing G-to-C 

transversions, consistent with enhanced mutagenesis as the primary mechanism 

of the combination.  However, the impact of the combinations on levels of RT 

products was not assessed, such that an effect on viral DNA synthesis cannot be 

excluded.  Overall, these findings may enhance the clinical translation of KP-

1212 and related nucleoside analogs for the treatment of HIV-1 or other viruses.           

 It is not yet clear why KP-1212 did not exhibit significant antiviral activity in 

the experiments performed in Chapter VI or in phase II clinical trials (199), as KP-

1212 was originally reported to exhibit potent antiviral activity (198).  Although 

there were a number of minor differences between the assays used (e.g. cell 

type, viral vector, etc.), none of these differences would be expected to result in a 

major difference in the potency of KP-1212.  Nonetheless, KP-1212 activity has 

not yet been tested in exactly the same manner in which its activity was originally 

identified.  Importantly, the stocks of KP-1212 used were confirmed to be pure 
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and not degraded.  It remains possible that the KP-1212 stocks used in the 

original study contained impurities or degradation products that were responsible 

for the observed activity of the compound.  While it did not exhibit antiviral 

activity, KP-1212 was found to potentiate the antiviral activity of multiple RNRIs, 

most notably the natural product resveratrol, resulting in induction of G-to-C 

transversions in HIV-1.  Further studies will be required to identify the mechanism 

by which resveratrol and KP-1212 caused G-to-C transversions in HIV-1.  It is 

hypothesized that KP-1212 was converted intracellularly to decitabine, a closely 

related nucleoside analog that induces primarily G-to-C transversions.  Even if 

the conversion of KP-1212 to decitabine was extremely inefficient, it would likely 

be enough to explain the observed results, as decitabine exhibits fairly potent 

anti-HIV-1 activity (117).  Further, additional studies should be performed to 

identify pro-drug forms of resveratrol with prolonged stability, as resveratrol was 

found to interact the most favourably with 5-AZC and KP-1212 but is rapidly 

metabolized within the body (340). 

 In sum, the research performed in this dissertation has demonstrated that:  

1. HIV-1 and HIV-2 exhibit similar mutation frequencies and spectra, at least in 

the absence of G-to-A hypermutation, 2. Decitabine is incorporated 

promiscuously by HIV-1 RT and does not induce G-to-C mutational hotspots, 3. 

5-AZC primarily enhances the mutagenesis of HIV-1 after reduction to 

decitabine, 4. Combinations of 5-AZC and RNRIs (at low concentrations) 

unexpectedly lead to anti-HIV-1 synergy, and 5. KP-1212 potentiates the anti-

HIV-1 activity of RNRIs.  Taken together, these findings advance our 

understanding of determinants of HIV mutagenesis, a key process that promotes 

viral evolution and acts as a barrier to vaccines and antiviral drugs.  Further, this 

work has offered support for the use of lethal mutagenesis as an effective 

strategy for eliminating HIV-1 infectivity and has opened additional avenues for 

the design of synergistic drug combinations directed against HIV-1 and other 

retroviruses.   
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Table 7-1. HIV-1 and HIV-2 vectors for comparison of viral mutagenesis by 
single-strand consensus sequencing.a 

HIV Type Number Subtype (HIV-1) 
or Group (HIV-2) 

Isolate Name 

HIV-1 1 A 94CY017.41 
HIV-1 2 B NL4-3 
HIV-1 3 B YU2 
HIV-1 4 B BH10 
HIV-1 5 B 93BR029.4 
HIV-1 6 C MJ4 
HIV-1 7 C 96ZM651.8 
HIV-1 8 C 98IS002.5 
HIV-1 9 D 94UG114.1.6 
HIV-1 10 G 92NG003.1 
HIV-2 11 A ROD 
HIV-2 12 A ST 
HIV-2 13 A ISY 
HIV-2 14 A D194 
HIV-2 15 A CBL-20 
HIV-2 16 A GH 

 

a. A panel of 10 HIV-1 and 6 HIV-2 vectors were created by sub-cloning the 

reverse transcriptase regions from other viral isolates into pNL4-3 MIG (HIV-1) or 

pROD MIG (HIV-2) in an isogenic fashion.  HIV-1 vectors were engineered with 

RTs from multiple subtypes of Group M, especially subtypes B (the predominant 

subtype in the U.S.) and C (the predominant subtype globally).  HIV-2 vectors 

were engineered with RTs only from Group A.  HIV-2 Group B is also 

widespread, although significantly less prevalent than Group A, but only one 

Group B molecular clone could be obtained, and it was found to be highly 

unstable in E. coli and not suitable for sub-cloning. 
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Abstract 
The high mutability of retroviruses is critical to their ability to evade the 

immune response, develop drug resistance, and modulate host cell tropism. 

While direct amplification and high-throughput sequencing of viral genes can be 

used to study viral mutagenesis, these experiments often lead to high levels of 

background errors that hinder identification of true viral mutations.  To help 

overcome this limitation, a method was devised based on single-strand 

consensus sequencing (SSCS) for the identification of mutations in proviral DNA 

and was applied to compare viral mutagenesis between HIV type-1 (HIV-1) and 

HIV type-2 (HIV-2).  We found that SSCS efficiently reduced all types of 

background errors with the exception of C-to-A transversion mutations, although 

the fold reductions varied widely depending upon the specific error type.  Using 

SSCS, HIV-2 displayed a lower overall mutation frequency as well as lower 

substitution and transition mutation frequencies than that of HIV-1, due in part to 

a reduced recovery of HIV-2 G-to-A hypermutants.  HIV-1 G-to-A hypermutants 

were heavily biased toward GA dinucleotides, consistent with the editing activity 

of APOBEC3 proteins.  After exclusion of G-to-A hypermutants, HIV-2 still 

exhibited a somewhat lower total mutation and G-to-A transition mutation 

frequency than HIV-1.  Taken together, these findings demonstrate that SSCS 

improves the detection of viral mutations compared to traditional high-throughput 

sequencing approaches.  Furthermore, this study demonstrates that there are 

multiple differences between HIV-1 and HIV-2 mutagenesis, which may impact 

the relative abilities of these closely related viruses to evolve within hosts.   

 
Introduction 

Retroviruses have typically been found to mutate on the order of 10-4-10-5 

mutations/base pair/cycle (m/bp/c) (1-7), a rate approximately 10,000-100,000 

times faster than eukaryotic genomic DNA (8).  In the past, retroviral mutation 

rates have primarily been determined using reporter gene assays, as direct 

amplification and Sanger sequencing of viral genes is typically far too low-



	
	

204 

throughput to survey sufficient numbers of mutations.  For example, assuming a 

mutation rate of 10-4 m/bp/c (corresponding to the approximate upper end of 

previous estimates of retroviral mutation rates) and a sequence length of 800 bp, 

~12.5 sequences would be required to identify a single mutation (or ~1250 

sequences to identify 100 mutations).  Thus, it is difficult to use Sanger 

sequencing of viral genes to examine appreciable numbers of mutations, 

especially for experiments involving multiple samples and biological replicates.  

High-throughput sequencing of viral amplicons has also recently been used to 

determine retroviral mutation frequencies (7, 9), but PCR and high-throughput 

sequencing often lead to high levels of background errors, typically ~10-2 m/bp 

for raw sequencing data and 10-3 to 10-4 m/bp for stringently filtered data (10-16).  

Thus, although large numbers of mutations can readily be identified, it becomes 

difficult to distinguish biologically meaningful mutations from PCR and/or 

sequencing artifacts. 

 In the last few years, several different approaches have been developed 

that allow for the identification and exclusion of most PCR and sequencing errors 

that arise during high-throughput sequencing experiments, thus greatly reducing 

the background error rates of such experiments.  These error-correcting 

techniques can broadly be divided into three categories:  single-strand 

consensus sequencing (SSCS) (17-20), duplex consensus sequencing (DCS) 

(21, 22), and circle sequencing (CirSeq) (23, 24).  For SSCS and DCS, starting 

templates are uniquely tagged (usually by a string of random bases), 

exponentially amplified, redundantly sequenced, and consensus sequences are 

constructed from reads containing identical tags.  For CirSeq, starting templates 

are subjected to rolling circle amplification, resulting in multiple, physically-linked 

copies that can then be used to construct consensus sequences.  Thus far, these 

approaches have been used for the analysis of viral populations (18, 23, 25), the 

identification of mutations in eukaryotic mitochondrial or chromosomal DNA (19, 

21, 22, 24, 26), determination of background error rates during PCR or 

oligonucleotide synthesis (19), characterization of microbiota (i.e. 16S rRNA 
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sequencing) (17, 20), and analysis of rare circulating tumor DNA (27).  In regard 

to analysis of viral populations, an SSCS-related method (referred to as Primer 

ID) has been used to identify rare polymorphisms (including drug resistance-

associated mutations) in HIV-1 protease and to study their evolution within 

patients over time (18, 25).  Additionally, CirSeq has been used to determine the 

mutation rate and spectrum of poliovirus in cell culture, as well as to determine 

the effects of individual mutations on viral fitness by tracking their frequency 

during viral passaging (23).  Notably, these error-correcting approaches also 

mitigate the effects of PCR-mediated recombination and PCR-mediated skewing 

of mutation frequencies.   

Previously, Illumina high-throughput sequencing was used to compare 

viral mutation frequencies and spectra between human immunodeficiency virus 

type-1 (HIV-1) and type-2 (HIV-2) (9).  HIV-2 was hypothesized to exhibit a lower 

mutation frequency, which might aid in explaining its reduced viral fitness, 

transmissibility, and pathogenicity (28, 29).  We found that HIV-2 displayed lower 

total, substitution, and transition mutation frequencies than HIV-1, particularly 

due to reduced levels of G-to-A hypermutants that were consistent with the 

activity of APOBEC3 proteins.  However, high levels of background errors were 

observed during this approach, which made it difficult to perform a detailed 

comparison between HIV-1 and HIV-2 for every possible error type.  To address 

this limitation, a high-throughput sequencing method based on SSCS was 

developed for the determination of mutation frequencies and spectra in HIV-1 

and HIV-2 proviral DNA.  SSCS effectively reduced most types of background 

errors, although fold reductions varied widely among error types.  Using SSCS, 

HIV-2 was found to exhibit a lower total mutation frequency than HIV-1, due in 

part to reduced levels of G-to-A hypermutation for HIV-2.  Overall, SSCS greatly 

improved the determination of retroviral mutation frequencies and spectra by 

high-throughput sequencing.  This technical advancement enables future studies 

of factors that may influence retroviral mutagenesis, including virus type or 

subtype, cell type, and antiviral drugs. 
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Results  
 Development of SSCS for identification of mutations in HIV-1 and HIV-2 

proviral DNA.  While a previous study described an SSCS method for the 

detection of mutations in HIV-1 protease (18), their approach was developed for 

sequencing viral RNA, whereas retroviral mutation frequencies and spectra are 

typically calculated by analysis of proviral DNA.  Thus, a similar method was 

developed for the amplification and sequencing of HIV-1 and HIV-2 proviral DNA, 

which incorporated select features of SSCS protocols from other published 

studies as well (17, 19, 20).  The SSCS protocol is described in detail in Figure 

A1-1 and in the Materials and Methods.  Briefly, U373-MAGI-X4 cells were first 

infected by HIV-1 or HIV-2 in a single cycle of replication, and genomic DNA 

(containing proviral DNA) was purified from cells collected 72 h post-infection.  

Proviral DNA was then subjected to linear extension using a forward primer 

(specific to HIV-1 or HIV-2 integrase) that contains a unique identifier (UID) 

composed of fourteen degenerate bases.  The number of possible UIDs (414, or 

~268 million) far exceeded the number of proviruses per sample (~375,000), 

such that it is highly unlikely two different templates were assigned the same 

UID.  The complementary strand was then synthesized from the uniquely tagged 

copies of starting templates using an HIV-1 or HIV-2 integrase-specific reverse 

primer.  Next, the doubly-extended templates were amplified by exponential 

qPCR using primers specific to the tails (corresponding to Illumina adapter 

sequence) of earlier tagging primers.  The results of initial qPCR reactions were 

used to estimate the approximate starting copy number of doubly-tagged 

templates, which then allowed for targeting of specific copy numbers in additional 

downstream qPCR reactions.  Further PCR was then performed to add sample 

indices and the remaining Illumina adapter sequences.  Last, redundant 

sequencing was performed on the Illumina MiSeq, leading to the generation of 

consensus families of variable sizes (mean family size varied from ~11 to 27 

members/family).  Consensus sequences were constructed from all consensus 
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families containing at least three members, and bases (whether wild-type or 

mutations) had to be present in at least 75% of members in order to be 

represented in the consensus sequence.  Ambiguous bases were converted to 

uncalled bases and were not included in subsequent analysis of mutational 

events.  Consensus sequences were then mapped to the appropriate reference 

sequence, and mutation frequencies and spectra were assessed as described 

before (9).  

           

 SSCS effectively reduces background error frequencies for most error 

types.  After performing SSCS, the extent to which SSCS reduced the levels of 

various types of background errors was determined using the HIV-1 and HIV-2 

plasmid controls.  Plasmid control reactions were performed by tagging and 

amplifying purified plasmid DNA that was diluted into genomic DNA from 

uninfected cells.  Mutation frequencies of the plasmid controls were determined 

by both standard analysis (involving read-level and base-level quality filters) of 

reads prior to building of consensus sequences as well as by SSCS (see 

Materials and Methods).  SSCS decreased the total mutation frequency by ~1.8-

fold for the HIV-1 plasmid control (3.1 to 1.8 × 10-4 m/bp) and by ~3.3-fold for the 

HIV-2 plasmid control (2.8 × 10-4 to 8.5 × 10-5 m/bp) (Figure A1-2A).  However, 

SSCS reduced background transition frequencies by 6.4-fold [HIV-1] or 10.7-fold 

[HIV-2], much more effectively than for transversion frequencies.  As 

transversions comprised the majority of background errors (~70% using standard 

analysis, Figure A1-2D), they had a greater impact on total mutation frequencies 

than transitions.  These results indicate that analysis of biological-occurring 

transversions might be problematic even with SSCS.  However, SSCS effectively 

reduced background transition frequencies, and many previous reports have 

demonstrated that transitions are the primary mutation type during HIV-1 

replication (3, 4, 30-34).   

 Interestingly, SSCS reduced frequencies of specific types of transitions 

and transversions more effectively than others.  G-to-A transitions were reduced 
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to a smaller degree than other types of transitions (Figure A1-2B), possibly due 

to low level DNA damage in the starting template, as has been observed by 

others using these error-reducing techniques (21, 24).  Spontaneous 

deamination of deoxycytidine to deoxyuridine could lead to G-to-A or C-to-T 

errors during PCR, depending upon the strand(s) amplified.  In the protocol 

described here, only the antisense strand of the starting template is amplified, 

such that spontaneous deamination would result in G-to-A transitions.  Likewise, 

C-to-A and, to a lesser extent, G-to-T background transversion errors were 

reduced much less effectively than other types of transversion errors (Figure A1-

2C), a phenomenon which has also been observed by others (21, 24).  Notably, 

C-to-A transversions comprised the majority of background errors (~60%) 

observed during standard analysis, and they represented ~90% of all background 

errors using SSCS (Figure A1-2D).  Thus, the limited reduction of total mutation 

frequencies observed during SSCS (Figure A1-2A) was primarily due to C-to-A 

transversions.  These C-to-A transversions may have resulted from low-level 

oxidative damage of the starting template that converted guanine to 8-

oxoguanine (8-oxoG).  During linear extension, 8-oxoG in the antisense template 

could result in a first-cycle C-to-A error, which would then become fixed within all 

members of a consensus family (see Discussion).  Although SSCS did not 

provide much benefit for analysis of G-to-T or C-to-A errors, the other six types of 

transversion errors were effectively reduced by SSCS (Figure A1-2C), thus 

facilitating their detection in biological samples. 

 

 HIV-1 and HIV-2 exhibit different mutation frequencies and spectra.  Next, 

SSCS was utilized to compare mutation frequencies and spectra between HIV-1 

and HIV-2.  HIV-1 and HIV-2 viral stocks were used to infect 375,000 U373-

MAGI cells at an MOI of 1.0 in a single cycle of replication.  Genomic DNA was 

purified from cells collected 72 h post-infection and subjected to SSCS.  In 

addition to applying SSCS, background error hotspots (defined as upper outliers 

within the mutation frequency distribution of the plasmid controls) were identified 
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and masked from the consensus sequences as well (see Materials and 

Methods).  Notably, all masked errors were C-to-A transversions, again reflecting 

the dominance of C-to-A transversions over other mutational types within the 

plasmid controls (Figure A1-2).  HIV-1 exhibited a 2.2-fold higher total mutation 

frequency than HIV-2 (8.0 vs. 3.6 × 10-5 m/bp) (Figure A1-3A).  This difference 

was primarily due a 2.5-fold higher transition frequency for HIV-1, although HIV-1 

also displayed a 1.6-fold higher frequency of transversions than HIV-2.  For 

transitions, the primary difference observed was an ~5.0-fold higher frequency of 

G-to-A transitions for HIV-1 (Figure A1-3B), consistent with our previous report 

(9).  We also observed smaller differences (~1.5 to 1.8-fold) between HIV-1 and 

HIV-2 in C-to-T, A-to-G, and T-to-C frequencies.  HIV-1 exhibited higher 

frequencies than HIV-2 for all transition types except A-to-G transitions.  For 

transversions, two types (G-to-T and C-to-A) were not compared between HIV-1 

and HIV-2 because they were not detected at significantly higher levels in the 

biological samples than the plasmid controls.  For the remaining types, the most 

striking differences observed were ~3.8- and 4.9-fold higher T-to-A and G-to-C 

frequencies, respectively, for HIV-1 (Figure A1-3C).  The relative distribution of 

mutation types, or mutation spectrum, also varied between HIV-1 and HIV-2, with 

HIV-2 exhibiting a lower relative percentage of G-to-A transitions (25% vs. 56%) 

and a higher relative percentage of A-to-G transitions (21% vs. 6%) compared to 

HIV-1 (Figure A1-3D).  The frequencies of insertions and deletions for HIV-1 and 

HIV-2 were also determined, but insertions and deletions were much less 

frequent than substitutions (composing ~2 to 4% of all mutations, Figure A1-3D) 

and were detected at similar levels in HIV-1 and HIV-2 (data not shown).       

 

 Differences in mutation frequencies between HIV-1 and HIV-2 are due in 

part to HIV-1 G-to-A hypermutants.  Previously, we found that differences 

between HIV-1 and HIV-2 mutation frequencies and spectra were primarily due 

to higher levels of G-to-A hypermutants for HIV-1, although subtle but statistically 

significant differences were observed in G-to-A, A-to-G, and C-to-T frequencies 
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even after removal of G-to-A hypermutants (9).  G-to-A hypermutants were 

biased toward GA dinucleotides, consistent with APOBEC3 activity.  To 

determine whether the higher total, transition, and G-to-A frequencies observed 

here for HIV-1 (Figure A1-3) were again due to hypermutants, hypermutant 

frequencies were determined for all four possible types of transition 

hypermutants.  Hypermutants were defined as individual consensus reads (~200 

bp in length after processing) containing at least two mutations of the appropriate 

type.  In total, 88 G-to-A hypermutants were identified for HIV-1 and 6 G-to-A 

hypermutants were identified for HIV-2.  HIV-1 exhibited a G-to-A hypermutant 

frequency of ~1.1 × 10-3 (hypermutant reads/all reads), which was ~22-fold 

higher than the G-to-A hypermutant frequency for HIV-2 (5.1 × 10-5) (Figure A1-

4A).  HIV-1 G-to-A hypermutants were heavily biased toward GA dinucleotides 

(Figure A1-4A; inset), consistent with the preferences of multiple APOBEC3 

family members.  

 Next, in order to determine whether differences in HIV-1 and HIV-2 were 

primarily due to G-to-A hypermutants, mutation frequencies and spectra were 

calculated in the absence of G-to-A hypermutants.  After excluding G-to-A 

hypermutants, HIV-1 and HIV-2 exhibited total mutation frequencies of 6.0 × 10-5 

[HIV-1] or 3.6 × 10-5 m/bp [HIV-2] (Figure A1-4B).  Thus, HIV-1 had an ~1.7-fold 

higher total mutation frequency than HIV-2, less than the 2.2-fold difference 

originally observed (Figure A1-3A).  Even after removing G-to-A hypermutants, 

HIV-1 had an ~2.9-fold higher G-to-A frequency than HIV-2, a somewhat more 

pronounced difference than observed in a previous study (see Discussion) (9).  

The mutation spectra of HIV-1 and HIV-2 were also more similar after the 

removal of G-to-A hypermutants (compare Figures A1-3D and A1-4C).  However, 

HIV-2 still demonstrated a lower relative percentage of G-to-A transitions (23% 

vs. 40%) and a higher relative percentage of A-to-G transitions (22% vs. 8%) 

than HIV-1 (Figure A1-4C).            
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Discussion 
 The advent of next-generation sequencing has enabled the detection of 

large numbers of mutations in viral genes, which can then be used to examine 

mutation frequencies and spectra in great depth.  However, rates of background 

errors from PCR and sequencing are often similar to or even higher than 

published estimates of retroviral mutation rates, making it difficult to distinguish 

true viral mutations from experimental artifacts.  To address these issues, a high-

throughput sequencing method was developed that utilizes single-strand 

consensus sequencing (SSCS) for the identification of mutations in a targeted 

region of HIV-1 or HIV-2 proviral DNA.  SSCS effectively reduced background 

error frequencies for most types of substitutions (Figure A1-2).  However, C-to-A 

transversions comprised the bulk of background errors and were not significantly 

reduced by SSCS, such that total mutation frequencies did not decrease as 

much as originally anticipated.  Indeed, while SSCS reduced the total mutation 

frequency by only 1.7-fold [HIV-1 plasmid] or 3.3-fold [HIV-2 plasmid], SSCS 

reduced the total mutation frequency by 6.9-fold [HIV-1 plasmid] or 13.0-fold 

[HIV-2 plasmid] in the absence of C-to-A transversions.  Based on these results 

and the work of others (21, 24), C-to-A transversions may have been primarily 

caused by low-level oxidative damage of the starting template, which could 

convert guanine to 8-oxoG and ultimately lead to the propagation of C-to-A 

transversions to all members of consensus families.   

 Although SSCS successfully reduced most types of background errors, 

there are still several limitations of the assay that will hopefully be addressed by 

future improvements.  First, C-to-A (and to a lesser extent G-to-A and G-to-T) 

errors were not as effectively reduced as other error types, likely due at least in 

part to damage of the starting template before (and possibly during) linear 

extension and exponential amplification.  These errors could be prevented by 

using duplex consensus sequencing (DCS) instead of SSCS, as DCS excludes 

mutations unless they are present in both original template strands (21).  DCS of 

HIV-1 proviral DNA might prove technically challenging, because DCS requires 
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the ligation of double-stranded tags to sheared genomic DNA, and proviral 

sequences would then have to be specifically enriched prior to exponential PCR.  

Alternatively, the starting template for SSCS could be treated with repair 

enzymes (e.g. 8-oxoG glycosylase, uracil DNA glycosylase, DNA polymerase, 

DNA ligase) prior to linear extension and PCR.  Additionally, our current method 

can only analyze a small region of proviral DNA, and mutation frequencies and 

spectra may vary across viral genes.  In the future, it may be possible to 

sequence multiple regions or even the entire proviral genome either by 

multiplexing linear extension reactions or by shearing genomic DNA, enriching 

proviral DNA using a probe-based capture assay, and adding UIDs by ligation.  

As these technologies continue to rapidly develop, our ability to detect ultra-rare 

mutations in viral populations will likely continue to improve. 

 Using SSCS, the primary difference between HIV-1 and HIV-2 was found 

to be an ~5.0-fold higher G-to-A frequency for HIV-1 (Figure A1-3).  Smaller 

differences (~1.5 to 1.8-fold) in the frequencies of other transitions were also 

observed.  In this study, transversion frequencies between HIV-1 and HIV-2 for 

all error types except G-to-T and C-to-A were compared, whereas in a previous 

study transversions could not be assessed at all due to high background error 

(9).  HIV-1 was found to have an ~3.8-fold and an ~4.9-fold higher frequency of 

T-to-A and G-to-C errors than HIV-2, respectively.  HIV-1 had a higher total 

mutation frequency in part due to a higher frequency of G-to-A hypermutants 

(Figure A1-4A), as observed previously (9).  G-to-A hypermutants were heavily 

biased toward GA dinucleotides (Figure A1-4A), unlike single G-to-A mutants 

(data not shown), indicating they were likely the result of APOBEC3 activity.  

However, even in the absence of these hypermutants, HIV-1 still had a higher 

total and G-to-A frequency than HIV-2 (Figure A1-4B).  Additionally, the removal 

of G-to-A hypermutants did not impact differences in mutation frequencies that 

were observed for many other types of substitutions (Figure A1-3).  Although the 

total mutation frequencies of HIV-1 and HIV-2 did not differ after removal of G-to-

A hypermutants in a previous study (9), the differences observed here were likely 
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due to the much lower background error rate of SSCS.  Further, there were 

several other differences between the methods used that hinder direct 

comparison of results, such as the amplicon (integrase in this study), PCR 

protocols, sequencing format, and data processing steps.  Taken together, the 

findings described here demonstrate that there are multiple differences in 

mutation frequencies and spectra between HIV-1 and HIV-2, which may impact 

the relative abilities of the viruses to adapt within hosts.  These results suggest 

that both APOBEC3 proteins and reverse transcriptase may contribute to the 

variable fidelity of HIV-1 and HIV-2 replication.  Additional studies are in progress 

to determine: 1) whether these differences are representative of HIV-1 and HIV-2 

as a whole, 2) whether there are differences in mutation frequencies and spectra 

between subtypes of HIV-1, 3) whether HIV-1 and HIV-2 mutation frequencies 

vary in relevant primary cell types (i.e. macrophages and CD4+ T-cells), and 4) 

whether HIV-1 and HIV-2 vary in their susceptibility to APOBEC3 hypermutation 

using higher, physiologically-relevant levels of APOBEC3 expression.  Overall, 

the development of SSCS for detection of mutations in proviral DNA will likely 

greatly improve the feasibility of such studies, leading to new insights into 

retroviral mutagenesis. 

  

Materials and Methods 
 Preparation of HIV-1 and HIV-2 proviral DNA.  Viral stocks were prepared 

using pNL4-3 MIG (HIV-1) and pROD MIG (HIV-2) vectors (35, 36).  These 

vectors express two reporter proteins, mCherry and EGFP, which enable 

determination of infectivity by flow cytometry.  The vectors contain intact open 

reading frames for all viral genes except for env and nef.  Viral stocks were 

produced, concentrated, DNaseI-treated, and titered in U373-MAGI cells as 

described previously (9).  Next, large-scale infections were performed in which 

375,000 U373-MAGI cells were infected at a multiplicity of infection (MOI) of 1.0.  

Uninfected cells were included as negative controls.  All infections were 

performed three times, using independently produced viral stocks.  Cells were 
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collected at 72 h post-infection, and genomic DNA was purified using the High 

Pure PCR Template Preparation Kit (Roche; Basel, Switzerland), eluting in 100 

µL buffer.   

 

 Assignment of unique identifiers (UIDs) by linear extension.  To prepare 

samples for SSCS, 50 µL linear extensions were performed using 16 µL water, 

20 µL genomic DNA, 10 µL 5X HF buffer, 1 µL dNTPs (10 mM), 2.5 µL forward 

primer (10 µM), and 0.5 µL Phusion Hot Start II High-Fidelity DNA Polymerase 

(Thermo Fisher Scientific; Waltham, MA).  The cycling conditions used were an 

initial denaturation of 98 °C 30 s, and 10 cycles of 98 °C 10 s/61 °C 30 s/72 °C 

30 s.  Although it would be preferable to use a single cycle of linear extension (to 

minimize re-extension from the same starting template), extension efficiencies in 

a single cycle were usually very low (~1-5%), thus necessitating the use of 

multiple extension cycles.  The forward primers in these reactions contained a 

region specific to integrase, a UID composed of 14 degenerate bases (Ns), and 

Illumina adapter sequence (Table A1-1).  HIV-1 and HIV-2 primers were 

homologous in sequence. 

 The newly synthesized and tagged strand was purified to remove free 

unextended primer.  Free primers could lead to further extension from proviral 

DNA and also lead to the formation of primer heterodimers that would be difficult 

to remove, a common problem when using long primers containing Illumina 

adapter sequences (due to partial complementarity between the adapter 

sequences).  The tagged strand was purified using AMPure XP beads (Beckman 

Coulter; Brea, CA) at a 0.8:1 (beads:DNA) ratio and eluted in 42 µL water, 

followed by transfer of 36 µL/sample to a new 96-well plate.  Next, the 

complementary strand was synthesized using a reverse primer specific to 

integrase by mixing 36 µL purified DNA, 10 µL 5X HF buffer, 1 µL dNTPs, 2.5 µL 

primer, and 0.5 µL Phusion.  The reaction was incubated at 98 °C 40 s, 58 °C 30 

s, and 72 °C 30 s.  During this step, the reverse primer added part of the Illumina 
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adapter sequence.  Lastly, the doubly-tagged DNA was again purified using 

AMPure XP beads at a 0.8:1 ratio, eluting in 41 µL water.  The purified DNA (~35 

µL) was then transferred to a new 96-well plate.  Three extensions (forward + 

reverse) were performed per sample and pooled after the final bead purification. 

 

 Exponential qPCR of tagged DNA.  Tagged DNA was next subjected to 

exponential qPCR using primers specific to the tails of earlier primers, which 

represent Illumina adapter sequences.  Thus, templates lacking one or both tags 

could not be exponentially amplified.  Initially, small-scale qPCR reactions were 

performed in order to estimate the absolute copy number of starting molecules, 

as this information would allow for the targeting of specific family sizes during 

consensus sequencing.  To accomplish this, 12.5 µL qPCR reactions were 

performed using 4.25 µL water, 2.5 µL 5X HF buffer, 0.25 µL dNTPs, 0.625 µL 

each primer, 0.625 µL SYBR Green I (Life Technologies; Carlsbad, CA) diluted 

1:2000 in DMSO, 3.5 µL purified DNA, and 0.125 µL Phusion polymerase.  The 

cycling conditions were 98 °C 30 s, 40 cycles of 98 °C 10 s/70 °C 30 s/72 °C 30 

s, and a final extension of 72 °C 2 min.  To create appropriate standard curves 

for qPCR, we produced fully tailed PCR products from plasmids using nested 

PCR and Platinum PCR SuperMix (Thermo Fisher Scientific).  These A-tailed 

PCR products were then ligated to the pGEM-T vector (Promega; Madison, WI), 

purified, and fully verified by Sanger sequencing.  Absolute standard curve series 

(from 102-106 copies/µL) were constructed by quantifying the resulting plasmids 

with the Qubit dsDNA HS Assay Kit (Life Technologies) and diluting 

appropriately.    

 Based on results of the initial qPCR, additional 50 µL qPCR reactions 

were performed using 25,000 copies of starting template per reaction and 4 

reactions per sample.  Thus, ~100,000 starting copies were amplified per 

sample, which was expected to result in consensus families of ~10-12 

members/family based on typical MiSeq 2×250 sequencing outputs.  These 
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reactions were performed using 31 µL of water + template (25,000 copies), 10 µL 

5X HF buffer, 1 µL dNTPs, 2.5 µL each primer, 2.5 µL SYBR Green, and 0.5 µL 

Phusion polymerase.  The cycling conditions were 98 °C 30 s, 30 cycles of 98 °C 

10 s/70 °C 30 s/72 °C 30 s, and a final extension of 72 °C 2 min.  While SYBR 

Green could potentially be omitted from these reactions, it was included in order 

to ensure that the observed starting quantity was close to that expected.  

Quadruplicate reactions were then pooled, purified by gel extraction, quantified 

by the Qubit dsDNA HS assay, and normalized to a concentration of 2.5 ng/µL.  

 

 Library preparation and Illumina sequencing.  100 ng (40 µL) of each gel-

purified amplicon was submitted to the University of Minnesota Genomics Center 

for library preparation and sequencing.  Additional PCR was performed on the 

amplicons in order to add library indices and remaining Illumina adapter 

sequences.  This amplification was performed using 5 µL template DNA, 1 µL 

water, 2 µL 5x KAPA HiFi buffer (Kapa Biosystems, Woburn, MA), 0.3 µL dNTPs 

(10 mM), 0.5 µL DMSO, 0.5 µL each primer (10 µM), and 0.2 µL KAPA HiFi 

Polymerase (Kapa Biosystems).  The cycling conditions were 95 °C for 5 min, 

followed by 10 cycles of 98 °C for 20 s, 55 °C for 15 s, 72°C for 1 min, and a final 

extension at 72 °C for 10 min.  The primers used were standard Illumina Nextera 

dual-indexing primers (Table A1-1).  PCR products were quantified using the 

Qubit dsDNA BR Assay Kit (Life Technologies), and the libraries were 

normalized, pooled, purified with 1.8X AMPure XP beads, and eluted in 20 µL of 

EB buffer (10 mM Tris-HCl, pH 8.5).  The final library pool was again quantified 

using the Qubit dsDNA BR assay and further assessed by a Bioanalyzer High 

Sensitivity chip (Agilent Technologies, Inc. Santa Clara, CA).  The library pool 

was denatured with 0.2N NaOH, diluted to 8 pM, spiked with 15% PhiX to 

improve sequence diversity and quality, and subjected to 2×250 paired-end 

sequencing on the Illumina MiSeq. 
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 Bioinformatics processing of sequencing data.  Samples were 

demultiplexed using the standard indices added during library preparation.  

Illumina adapters were trimmed using cutadapt (37), and paired-end reads were 

merged using PANDAseq (38).  The amplicons were small enough (~254 bp, not 

including Illumina adapter sequences) such that forward and reverse reads were 

almost totally overlapping.  If a base did not match between forward and reverse 

reads, the base with higher quality was chosen by PANDAseq.  Next, consensus 

families were generated using BioPython (5) and a custom Python script.  The 

script was used to create a list of the unique identifier (UID) sequences 

corresponding to the first 14 bp of each merged read.  For each UID that was 

present at least three times in the dataset, a list of sequences containing the UID 

was generated and the consensus sequence at each position was determined by 

a simple pileup.  The threshold used for making a consensus call was 75%.  In 

cases where there was not a consensus base, the position was converted to an 

uncalled base (X) and was not considered during mutational analysis. 

 For the identification of mutations by standard (i.e. non-SSCS) methods, 

merged reads were analyzed prior to the construction of consensus sequences.  

Reads were mapped to the appropriate reference sequence (pNL4-3 MIG or 

pROD MIG) using GSNAP (39), and a small number of misaligned reads were 

discarded.  Mutation frequencies and hypermutant frequencies were determined 

using a custom algorithm based on the Genome Analysis Toolkit walker 

framework (40).  Both mutations and wild-type bases were required to have a 

quality score of at least 30 in the merged read in order to be considered.  All 

primer sequences were excluded from mutational analysis, as errors within 

primers would not represent biologically meaningful mutations.  For initial 

analyses (Figure A1-2), plasmid error hotspots (defined as upper outliers within 

the distribution of frequencies of individual mutations based on the 1.5 × IQR 

rule) were not masked, a strategy previously used to reduce the level of 

background error (9).  For later analyses (Figures A1-3 & A1-4), plasmid error 

hotspots were masked in order to further reduce the level of background error 
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during SSCS.  All plasmid error hotspots were C-to-A transversions, and thus 

their removal only influenced the C-to-A frequency.  Rather than masking all 

mutational types at hotspot positions, only the problematic type (i.e. C-to-A) was 

masked at error hotspots.  
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Figure A1-1. Experimental strategy for performing single-strand consensus 
sequencing of proviral DNA.  Single-strand consensus sequencing (SSCS) 

was performed as follows: 1) HIV-1 proviral DNA was mixed in a linear extension 

reaction containing a forward primer specific to HIV-1 integrase.  The forward 

primer contained a unique identifier (UID) composed of fourteen degenerate 

bases. 2) Linear extension resulted in unique tagging of sequence 

complementary to the starting template. 3) The tagged strand was purified to 

remove free primer, and the complementary strand was synthesized using a 

reverse primer specific to HIV-1 integrase. 4-5) The doubly-extended template 
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was again purified and subjected to exponential PCR using primers specific to 

the tails of earlier primers. 6) The amplicons were purified, and sample indices 

were added by further PCR. 7) Redundant sequencing was performed on the 

Illumina MiSeq (2×250) and consensus families were generated. 8-9) Consensus 

sequences were constructed from all families with at least three members, with 

mutations required to be identified in at least 75% of members.  Examples of 

wild-type (8) and mutant (9) consensus sequences are illustrated, with several 

PCR or sequencing errors being excluded.  SSCS of HIV-2 proviral DNA was 

carried out in a similar manner using primers to the homologous region of 

integrase.  
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Figure A1-2. SSCS effectively reduces background error frequencies for 
most error types. A-C. Mutation frequency analysis. Mutation frequencies were 

calculated by dividing the number of mutations by the number of reference bases 

(mutations + wild-type bases) and are expressed as mutations/bp, or m/bp.  

Mutation frequencies were determined for the HIV-1 and HIV-2 plasmid controls 

(PC) in order to assess background error levels, using either standard analysis of 

merged reads prior to building of consensus families or using SSCS.  Mutation 
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frequencies were calculated for total mutations and other broad categories of 

mutations (A), individual types of transitions (B), and individual types of 

transversions (C). D. Mutation spectra analysis. Mutation spectra were 

determined by dividing the frequency of each type of mutation by the total 

mutation frequency, with the results expressed as a percentage of total 

mutations.  Data in all panels represent the mean of three experimental 

replicates, with error bars indicating the standard deviation.  
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Figure A1-3. HIV-1 and HIV-2 exhibit different mutation frequencies and 
spectra. A-C. Mutation frequency analysis. Mutation frequencies were 

determined for HIV-1, HIV-2, and corresponding plasmid controls, using SSCS to 

exclude background errors.  Mutation frequencies were calculated for total 

mutations and other broad categories of mutations (A), individual types of 

transitions (B), and individual types of transversions (C). D. Mutation spectra 

analysis. Mutation spectra were determined for HIV-1 and HIV-2 by dividing the 

frequency of each type of mutation by the total mutation frequency, with the 

results expressed as a percentage of total mutations.  Data in all panels 

represent the mean of three experimental replicates, with error bars indicating 

the standard deviation.  
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Figure A1-4. Differences in mutation frequencies between HIV-1 and HIV-2 
are due in part to G-to-A hypermutants. A. The frequencies of each type of 

transition hypermutant were compared between HIV-1, HIV-2, and the plasmid 

controls.  For this analysis, hypermutants were defined as individual consensus 

sequences (~200 bp in length after processing) containing two or more mutations 

of the indicated type.  Hypermutant frequencies were calculated by dividing the 

number of hypermutant reads by all reads.  The inset indicates the dinucleotide 

context distribution for HIV-1 G-to-A hypermutants. B. Mutation frequencies were 

calculated in the absence of G-to-A hypermutants. C. HIV-1 and HIV-2 mutation 

spectra were determined after excluding all G-to-A hypermutants.  The data in all 

panels represent the mean of three experimental replicates, with error bars 

denoting standard deviation. 
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Abstract 
Retrovirus population diversity within infected hosts is commonly high 

due in part to elevated rates of replication, mutation, and recombination.  This 

high genetic diversity often complicates the development of effective 

diagnostics, vaccines, and antiviral drugs.  This review highlights the diverse 

vectors and approaches that have been used to examine mutation and 

recombination in retroviruses.  Retroviral vectors for these purposes can 

broadly be divided into two categories:  those that utilize reporter genes as 

mutation or recombination targets and those that utilize viral genes as targets 

of mutation or recombination.  Reporter gene vectors greatly facilitate the 

detection, quantification, and characterization of mutants and/or 

recombinants, but may not fully recapitulate the patterns of mutagenesis or 

recombination observed in native viral gene sequences.  In contrast, the 

detection of mutations or recombination events directly in viral genes is more 

biologically relevant but also typically more challenging and inefficient.  We 

will highlight the advantages and disadvantages of the various vectors and 

approaches used as well as propose ways in which they could be improved.     

 
Introduction 

Retroviruses share a remarkable capacity to rapidly evolve, which can 

be attributed to several key variables:  high rates of mutation, recombination, 

and replication, large numbers of infected cells, and strong positive selective 

pressures (1-3).  These factors act together to drive the expansion of a small 

number of viruses that are initially transmitted to a particular host into a 

population of diverse but interacting variants, termed the viral quasispecies.  

Genetic diversification enables escape from the host immune response, 

accelerates the emergence of drug resistance, and promotes cross-species 

transmission.  The ability of human retroviruses like human immunodeficiency 

virus type-1 (HIV-1) to rapidly evolve poses a tremendous challenge to the 

development of effective prophylactics and therapeutics. 



  
 

 231 

Retroviruses mutate at an average rate of ~3 × 10-5 mutations/base 

pair (bp)/cycle, corresponding to roughly one mutation per three genomes 

synthesized (4-8).  This mutation rate is ~10-1000 fold higher than DNA 

viruses (10-6-10-8 mutations/bp) (9) and at least 10,000-fold higher than for 

eukaryotic DNA (≤ 10-9 mutations/bp) (10).  Mutations could arise during 

several different steps of the retroviral life cycle.  Reverse transcriptase (RT) 

converts the single-stranded viral RNA into double-stranded DNA and is 

thought to be one of the key drivers of viral mutagenesis, primarily due to its 

high error rates (typically 10-4-10-5 mutations/bp) (11) in vitro.  However, RNA 

polymerase II (Pol II) can also generate mutations when transcribing the viral 

genomic RNA from the integrated proviral DNA (12), though the relative 

contribution of Pol II compared to RT has not been well defined.  Cellular DNA 

polymerases can also create mutations when replicating the integrated 

provirus during cell division, but the high fidelity of cellular DNA replication 

argues that this is a relatively minor source of virus variation.  Lastly, nucleic 

acid-editing enzymes such as the APOBEC3 family of cytosine deaminases 

can edit minus strand viral DNA during reverse transcription (13, 14), 

ultimately leading to G-to-A mutations on the plus strand viral DNA.  

APOBEC3-mediated editing is often lethal, as multiple G-to-A mutations are 

usually induced in the same provirus (i.e. G-to-A hypermutation), but editing 

has been reported to accelerate viral evolution in certain contexts (15, 16).  

Furthermore, while HIV-1 expresses an accessory protein called Vif to 

counteract APOBEC3 proteins, Vif alleles have been shown to vary widely in 

their abilities to counteract various APOBEC3 proteins (17-19).  In addition, G-

to-A hypermutants have often been observed in patient samples (17, 20-26), 

which provides strong evidence that APOBEC3-mediated editing occurs in 

vivo.  All of these processes together contribute to the high mutation rates of 

retroviruses, leading to the evolution of variants that may confer drug 

resistance, improve transmissibility, or allow for cytotoxic T-cell or neutralizing 

antibody escape.  Many additional variables have been shown to influence 
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retroviral mutagenesis, including RT variants (27-31), antiviral drugs (27, 28, 

30, 32), and accessory proteins (28, 33-35).  

In addition to mutating at high rates, retroviruses are also able to 

recombine at high rates (e.g. ~3-14 crossovers/genome/cycle for HIV-1) (36-

42).  Retroviruses are able to recombine rapidly because (unlike other RNA 

viruses) they co-package two copies of the RNA genome into every viral 

particle.  During reverse transcription, recombination between RNA genomes 

often occurs but only one DNA provirus is ultimately formed, such that 

retroviruses are considered pseudodiploid in nature (43).  Recombination 

events between identical co-packaged genomes are effectively silent since 

new viral sequences are not generated.  In contrast, recombination events 

between distinct genomes (i.e., from heterozygous virions) can lead to novel 

viral variants.  Recombination permits the completion of DNA synthesis even 

in the presence of RNA damage and also promotes the generation of novel 

variants through the shuffling of viral mutations.  For example, recombination 

can link beneficial mutations together, such as low-level drug resistance 

mutations into a highly drug-resistant complex (44) or single-drug resistance 

mutations into multi-drug resistance (45).  Conversely, recombination can 

allow escape from deleterious or lethal mutations (46-48).  While often 

beneficial, recombination can also dissociate co-adapted mutations, leading to 

unfit viral variants (49).  The importance of recombination to the establishment 

of the global AIDS pandemic is clear:  65 circulating recombinant forms 

(CRFs) have been identified to date (www.hiv.lanl.gov), accounting for ~ 20% 

of HIV-1 infections worldwide (50). 

As a pre-requisite for recombination to occur between distinct viruses, 

the producer cells must become dually infected, either as a result of co-

infection (near simultaneous infection) or super-infection (sequential infection).  

Thus, factors that alter the incidence of dual infection through either 

mechanism will impact the frequency of recombination.  HIV-1 readily co-

infects primary CD4+ T-cells ex vivo with little evidence of interference (51-54).  

In fact, co-infection has been found to occur more frequently than expected 
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from random interactions between viruses and cells (51, 52), but this may be 

due to reactivation of silent proviruses upon co-infection (55).  In contrast to 

co-infection, cells infected by HIV-1 (and many other retroviruses) are 

resistant to re-infection, a phenomenon called super-infection resistance (56).  

Super-infection of humans at the organismal level has often been documented 

(57-62), though initial infection may be somewhat protective of re-infection 

(61).  However, such individuals do not necessarily contain super-infected 

cells, as only a small fraction of CD4+ T-cells become infected.  Nonetheless, 

the wide prevalence of intra-subtype, inter-subtype, and inter-group 

recombinants of HIV-1 demonstrate that cellular super-infection resistance is 

not absolute.  Of note, dually infected splenocytes can readily be observed in 

samples from HIV-1 infected individuals (63, 64) or SIVmac-infected rhesus 

macaques (65).  However, another study found that most peripheral blood 

CD4+ T-cells harbor only a single provirus (66).  Unfortunately, it is not yet 

clear whether these discrepancies are due to the different compartments 

sampled, unique features of the infected individuals, or other factors.    

In addition to the incidence of dual infection, rates of retroviral 

recombination are influenced by factors that alter the ability of genetically 

distinct genomes to co-package into the same virus particle.  For example, the 

HIV-1 genome contains the dimerization initiation signal (DIS), a six 

nucleotide palindromic sequence within the first stem loop of the 5’ 

untranslated region.  The DIS sequence is the dominant factor that drives 

HIV-1 genomic RNA co-dimerization and co-packaging (67-70).  Thus, HIV-1 

variants with matched DIS sequences ultimately recombine much more 

frequently than those with mismatched DIS sequences.  Additionally, the rate 

of recombination depends on the frequency of template switching during 

reverse transcription.  Template switching is thought to be controlled by the 

relative balance of polymerase and RNase H activities of RT, referred to as 

the dynamic copy choice model of recombination (71, 72).  Factors that 

reduce the speed of RT-mediated DNA synthesis promote template switching, 

including low dNTP pool levels (71, 73-75), RNA secondary structures (76-
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78), and mutations in RT that impair processivity (71, 74, 75).  In contrast, RT 

mutations that reduce RNase H activity decrease the level of template 

switching (71, 74, 79).  The level of template switching also correlates fairly 

well with the degree of sequence homology between templates, such that 

closely related sequences (e.g. from the same subtype of HIV-1) recombine 

more frequently than divergent sequences (e.g. from different subtypes of 

HIV-1) (70, 80).  

In developed countries, the advent of highly active antiretroviral therapy 

(HAART) directed against HIV-1 has enabled the indefinite suppression of 

viral replication in the vast majority (>95%) of infected individuals, provided 

proper drug adherence is maintained.  This raises the issue of the settings in 

which the high mutation and recombination rates of HIV-1 remain relevant.  

Prior to the initiation of treatment, rapid viral replication and diversification 

permit escape from CD8+ cytotoxic T-cell and neutralizing antibody 

responses, ultimately preventing effective immune system control of the virus.  

Defining the roles of viral mutation and recombination in these processes may 

inform efforts to develop an effective vaccine.  Further, during HAART, a low 

level of ongoing viral replication may persist in areas of limited drug 

penetration, such as the gut-associated lymphoid tissue and central nervous 

system (81, 82), permitting continual viral evolution.  However, the presence 

of ongoing viral replication during HAART has remained controversial, and the 

predominant mechanism of viral persistence is thought to be latent infection of 

resting CD4+ T-cells (83).  HAART is also not completely suppressive in all 

individuals, as ~3% of infected individuals develop triple-class virological 

failure (84), though this may result from suboptimal drug adherence.  

Additionally, high rates of mutation and recombination are features often 

shared by other RNA viruses (9, 85-87), many of which cannot be effectively 

countered by drug treatment.  The investigation of these processes in HIV-1 

will serve as a useful model system for studying the genetic diversification of 

other RNA viruses.                  
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Although many advances have been made, there are still a number of 

fundamental questions surrounding the nature of retroviral mutagenesis and 

recombination that remain unanswered.  For example, very few studies have 

examined these processes in primary cells rather than immortalized cell lines.  

Differences in dNTP pool levels and expression of relevant cellular factors 

between immortalized cell lines and primary cells could have a large impact 

on viral mutagenesis and recombination.  Even primary cell types can differ 

substantially in this regard, as the most relevant targets of HIV-1 infection, 

activated CD4+ T-cells and macrophages, differ by ~130-250-fold in dNTP 

pool levels (88).  In addition, very few studies have examined mutagenesis or 

recombination in native viral genes rather than foreign reporter genes, 

primarily due to the increased difficulty of detecting such events.  Given this, 

there remains a clear need for continued dissection of these processes in 

retroviruses, and improved vectors and methodologies to aid in these 

investigations.   

Many different vectors and approaches have been used to examine 

retroviral mutagenesis and recombination.  Retroviral vectors can broadly be 

divided into two categories:  those that utilize reporter genes (e.g. antibiotic 

resistance genes, β-galactosidase, or fluorescent proteins) and those that 

utilize viral genes as targets for mutation or recombination.  Reporter gene 

vectors greatly facilitate the detection, quantification, and characterization of 

mutants or recombinants, but the results may not be representative of native 

viral genes in regards to the frequency or types of mutation and/or 

recombination hotspots.  In contrast, the detection of mutations or 

recombination events directly in viral genes is more biologically relevant, but 

the methods to do so are also much less efficient.  Most of the retroviral 

vectors utilized for studies of viral mutagenesis and recombination are not 

replication-competent and must be trans-complemented in order to produce 

infectious vector virus.  The benefit of this approach is that it allows for the 

more accurate quantification of mutation and recombination rates, as all 

events must occur in a single cycle of replication.  In other instances, 
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replication-competent vectors have been used to examine retroviral 

mutagenesis and recombination, but they have been limited to a single round 

of replication by neutralizing antibodies or antiviral drugs.  In contrast, multi-

cycle replication assays are valuable for understanding how natural selection 

acts upon emerging mutants and recombinants, and some of these studies 

will briefly be addressed.  Here, the design and application of a number of 

different retroviral vectors that have been employed in assays to investigate 

retroviral mutagenesis and recombination is reviewed.  The benefits and 

drawbacks of each approach are highlighted and potential ways to improve 

current vectors and methodologies are explored.     

          

Vectors for Examination of Retroviral Mutagenesis 
Reporter Gene Vectors for Reversion Assays 

Some of the earliest vectors for quantification of retroviral mutation 

rates relied upon the detection of mutations that restored defective drug 

resistance genes (see Table A2-1).  Many of these initial studies utilized 

spleen necrosis virus (SNV)-based vectors.  SNV is an avian gammaretrovirus 

capable of infecting several types of mammalian cells and has often been 

employed as a model system for retrovirus biology.  The first mutation rate of 

a retrovirus was determined using a SNV-based vector containing a 

dysfunctional neomycin resistance gene (neo) and a functional hygromycin B 

resistance gene (hph), as shown in Figure A2-1A (89).  The neomycin 

resistance gene had a single point mutation introducing a premature stop 

codon, and neo revertants could be selected for using the neomycin analog 

G-418.  The reversion mutation frequency of SNV was determined by 

calculating the ratio of G-418-resistant (neor) to hygromycin-resistant (hygror) 

colonies and was found to be 2.2 × 10-5.  In this particular assay, the reversion 

mutation frequency was equivalent to the reversion mutation rate (defined as 

mutations/bp/cycle), as the size of the mutational target was a single base and 

the vector was limited to one round of replication. 
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Viral mutagenesis has been investigated in several other retroviruses 

using reversion vectors as well.  The mutation rate of murine leukemia virus 

(MLV), another gammaretrovirus, has been determined using a neo/hph 

cassette similar to the one used for SNV (90).  More recently, the 

mutagenesis of HIV-1 has been investigated using a defective luciferase gene 

containing an insertion of eight T residues near the 5’ end of the gene (30).  

This vector was designed specifically to detect frameshift events, which are 

often triggered by homopolymeric runs (91-94).  Relative mutation frequencies 

were determined by comparing ratios of relative light units to the viral titers, 

which were determined using an integrated LTR-driven marker gene in the 

same cell line.  In addition to luciferase, vectors containing an inactivated 

blasticidin resistance gene (bsr) and enhanced yellow fluorescent protein 

(EYFP) have been used to measure mutation rates of several retroviruses, 

including avian leukosis virus (ALV), MLV, and HIV-1 (95).  In these assays, 

reversion frequencies were defined as the ratio of blasticidin-resistant/EYFP+ 

cells to all EYFP+ cells.  

Although used infrequently, reversion reporter vectors do greatly 

facilitate the detection and quantification of viral mutants, and sequencing can 

determine the nature of reverting mutations.  However, these vectors can only 

detect the few specific mutations that are able to restore a functional gene 

phenotype.  Thus, many types of mutations cannot be detected at all, and 

those mutations that can be observed are limited to very narrow sequence 

contexts.  Therefore, calculated mutation rates may not be representative of 

the overall mutation rate within the reporter gene or virus.  In addition, the 

influence of factors on the mutation spectra cannot readily be addressed.  For 

these reasons, vectors that instead rely on the elimination of functional 

reporter genes (i.e. forward mutation assays) have been utilized much more 

frequently than vectors that measure reversion mutation frequencies. 
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2.2. Reporter Gene Vectors for Forward Mutational Assays  

2.2.1 LacZα/LacZ (β-galactosidase)     

     Rather than monitoring the restoration of defective reporter genes, forward 

mutational assays detect the elimination of functional reporter gene products.  

Thus, these assays can detect every mutational class, including the twelve 

types of substitutions, insertions, deletions, and more complex events.  

Furthermore, mutations can be detected in a variety of sequence contexts.  

Though many different reporter genes have been used in these assays (see 

Table A2-1), the lacZα peptide gene (or, in some cases, the full-length lacZ) is 

one of the most widely used reporters for analyses of retroviral mutagenesis.  

The lacZα gene encodes a small fragment (~150-170 bp) of β-galactosidase 

that can interact with another fragment (lacZω) to reconstitute full-length β-

galactosidase.  The formation of functional β-galactosidase can be detected 

by blue-white color screening in E. coli.  This system has been used to 

determine forward mutation rates and spectra for a number of different 

retroviruses (see Table A2-1).  Furthermore, this system has been used to 

characterize the impact of factors such as drugs, drug resistance-associated 

mutations, and viral accessory proteins on viral mutagenesis. 

     While specific details vary between laboratories, the general steps of the 

lacZα assay are as follows:  First, producer cells are established that contain 

an integrated packaging construct with a shuttle cassette.  The shuttle 

cassette often consists of lacZα, an antibiotic resistance gene (for selection of 

producer and target cells), and a bacterial origin of replication (see Figure A2-

1B).  Virus production is initiated by transient transfection with helper 

plasmids, and the collected virus is used to infect target cells.  The virus can 

only replicate a single time in the target cells due to the lack of essential viral 

genes.  Next, the lacZα DNA is recovered, usually through a process that 

avoids the use of PCR, as PCR can generate background errors.  For 

example, the lacZα DNA can be recovered by purification with the Lac 

repressor protein (4) or by Hirt extraction (96), which recovers 
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extrachromosomal DNA.  For Hirt extraction, vectors have been designed with 

inactivating mutations in integrase to facilitate the recovery of lacZα DNAs.  

The DNA can then be transformed into bacteria, selected with antibiotics, and 

subjected to blue-white color screening using the chromogenic substrate X-

gal.  Mutation frequencies are calculated by dividing the number of mutant 

colonies (white or light blue) by the total number of colonies.  Forward 

mutation rates can be calculated by dividing the mutation frequencies by the 

size of lacZα or by the known number of detectable sites (97, 98) for 

mutations in lacZα (this is possible because lacZα has been extensively 

mutated).  Mutation spectra can be determined by targeted sequencing of 

white colonies, leading to identification of a wide array of mutations.   

2.2.2. Thymidine Kinase (TK) 

     In addition to lacZα, the herpes simplex virus thymidine kinase (tk) gene 

has been used in forward reporter vectors in analyses of retroviral 

mutagenesis (Table A2-1).  Thymidine kinase is a nucleotide salvage enzyme 

that converts thymidine into thymidine monophosphate (TMP).  Cells 

expressing thymidine kinase are resistant to inhibitors of de novo TMP 

synthesis (e.g. aminopterin) but sensitive to the thymidine analog 

bromodeoxyuridine (BrdU).  These vectors contain both tk as well as an 

antibiotic resistance gene (hygro or neo) for determination of viral titers (see 

Figure A2-1C).  To use these vectors, producer cells are established, virus 

production is initiated by transfection of helper plasmids, and TK- target cells 

are infected, such that the viral vector is the only source of TK.  Forward 

mutation frequencies can be calculated by dividing the number of antibiotic-

resistant (hygror or neor) and BrdU-resistant (BrdUr) colonies by all antibiotic-

resistant colonies.  Forward mutation rates can be calculated by dividing 

mutation frequencies by the size of tk (~1.2 kb), and spectra can be examined 

by PCR and sequencing.  Relative to lacZα, tk vectors offer several 

advantages, such as the ability to propagate and further characterize mutant 

proviruses that survive drug selection.  As tk is substantially longer than lacZα 

(~1.2 kb and ~0.2 kb, respectively), the general likelihood of observing 



  
 

 240 

mutations is greater.  However, the increased length of tk also necessitates 

that more sequencing be performed to identify all mutations within the reporter 

gene.  In addition, the use of PCR to recover tk sequences results in some 

level of background errors.  Further, many types of cells cannot be used as 

target cells of infection in this assay because they express endogenous TK. 

 

2.2.3. Fluorescent Proteins & Cell Surface Markers 

     HIV-1 mutagenesis has been investigated using several single-cycle 

reporter vectors that encode fluorescent proteins and/or cell surface markers, 

which can be stained by antibodies conjugated to fluorescent dyes.  To 

construct the first vector (99), the mouse heat stable antigen (hsa, a cell 

surface marker) and enhanced green fluorescent protein (egfp) were inserted 

in place of nef within an HIV-1 envelope-deficient molecular clone.  The 

reporter genes were separated by an internal ribosome entry site (IRES) 

element necessary for translation of EGFP.  More recently, the hsa gene has 

been replaced with mCherry (Figure A2-1D), eliminating the need for antibody 

staining (100).  In addition, a similar mCherry/egfp vector has been 

constructed for mutagenesis studies in human immunodeficiency virus type-2 

(HIV-2) (101).  In order to determine mutant frequencies, these vectors are co-

transfected with an envelope plasmid into 293T cells.  Viral stocks are 

collected and used to infect target cells, and flow cytometry is performed to 

quantify the number of infected cells (cells expressing at least one reporter) as 

well as the number of cells with mutant proviruses (cells expressing only one 

reporter).  Mutant frequencies are calculated by dividing the number of 

mutants by the total number of infected cells.  To assess mutational spectra, 

fluorescence-activated cell sorting (FACS) can be performed to isolate cells 

expressing only one reporter gene, from which genomic DNA can be purified.  

Lastly, the defective gene (e.g. egfp from mCherry+/EGFP- cells) can be 

amplified by PCR, ligated into a cloning vector, and sequenced.  To date, 

these vectors have been employed to examine the impact of small molecule 

mutagens (99-105), drug resistance-associated mutations (106), cell type 
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(107), and APOBEC3G (105, 108) on HIV-1 mutagenesis.  The primary 

advantage of these vectors is that they allow for rapid determination of 

infectivities and mutant frequencies, and thus are ideally suited for the 

screening of small molecules for antiviral and/or mutagenic activities.  

However, cell sorting is required to enrich for mutant sequences prior to 

further processing, as the vast majority of sequences are wild-type in the 

absence of sorting.  Further, PCR is required to amplify, clone, and sequence 

defective genes.  Some mutations that eliminate expression of EGFP may 

occur within the IRES element necessary for EGFP translation, such that the 

entire IRES-EGFP region (~1.3 kb) must be sequenced to identify all 

responsible mutations.   

2.3. Detection of Mutations in Viral Genes 

2.3.1. Biochemical & Sanger Sequencing-Based Approaches 

     Rather than detecting mutations in reporter genes, some studies have 

assessed viral mutagenesis by directly detecting mutations in viral genes 

(Table A2-1).  As reporter genes are unnecessary for this approach, a wide 

variety of retroviral vectors can be used, provided that they can be limited to a 

single round of replication.  In addition to sequencing, mutations can be 

identified in viral genes by biochemical assays, including heteroduplex 

tracking (HTA), RNase T1 fingerprinting, and detection of single-strand 

conformation polymorphisms (SSCP).  In HTA (109), viral RNA is annealed to 

a radiolabeled probe and subjected to denaturing-gradient gel electrophoresis.  

Mismatches caused by viral mutations, particularly in low-melting regions, can 

alter the thermodynamic stability of the heteroduplex and lead to altered 

migration during electrophoresis.  For RNase T1 fingerprinting (110), 

radiolabeled viral RNA is digested with RNase T1, which cleaves at G 

residues in single-stranded RNA.  The digested viral RNA is subjected to two-

dimensional electrophoresis-homochromatography, generating a map, or 

fingerprint, of RNase T1-resistant oligonucleotides.  Mutations within the 

larger RNase T1-resistant oligonucleotides often alter migration, allowing for 

their detection.  Lastly, in SSCP (12), PCR of viral genes is performed from 
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infected cell clones.  The PCR products are radiolabeled, denatured, and 

analyzed by non-denaturing gel electrophoresis.  Again, mutations are 

detected by altered mobility during electrophoresis.  The primary drawback of 

these biochemical approaches is that they are labor-intensive, and are thus 

not conducive to identifying and characterizing large numbers of viral mutants.  

Additionally, they cannot detect all mutations (RNase T1 fingerprinting and 

SSCP have been estimated to detect ~80% of changes) (12, 110), and thus 

calculated mutation rates underestimate true mutation rates. 

     In place of biochemical assays, other groups have simply amplified viral 

genes by PCR and identified mutations by Sanger sequencing (104, 111).  In 

this instance, nearly all mutations can be identified, provided that they do not 

prevent amplification.  Unfortunately, like biochemical assays, this approach is 

extremely low-throughput.  For example, assuming a mutation rate of 3 × 10-5 

mutations/bp/cycle (the retroviral average) and a target size of ~800 bp (the 

length of a typical Sanger read), ~0.024 mutations will be identified per read.  

Thus, in order to obtain 50 mutations, ~2000 Sanger reads would be required.  

Accordingly, studies following this approach have reported very low numbers 

of mutations, which hinders a robust determination of mutation rates and 

spectra.  Additionally, without enriching for mutated sequences, the presence 

of background errors due to PCR and sequencing becomes a much greater 

concern, and the necessary controls to account for this must be included.  To 

circumvent the inefficiency of Sanger sequencing, some groups have 

sequenced virus passaged multiple (~5-10) times (112, 113), but mutation 

rates cannot easily be calculated in these experiments due to purifying 

selection and uncertainty regarding the number of rounds of replication. 

2.3.2. Next-Generation Sequencing-Based Approaches 

     The advent of next-generation sequencing (NGS) technologies has 

revolutionized biology, and retrovirology has been no exception.  NGS has 

been used to infer co-receptor usage (114, 115), examine immune escape 

variants (116), and identify minority variants (117-120) that may contribute to 

drug resistance in samples from HIV-1-infected individuals.  Illumina platforms 
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currently dominate the market due to their high outputs and low costs.  

Illumina can presently generate ~45-50 million 2 × 300 bp paired-end reads 

(MiSeq) or ~600 million 2 × 150 bp paired-end reads (HiSeq 2500 in rapid 

mode).  While NGS can identify thousands of variants, NGS technologies are 

currently hindered by high error rates, due to both PCR and sequencing.  

Although sequencing libraries can be created in the absence of amplification, 

PCR is often employed to generate more material for sequencing and to 

enrich for adapter-ligated templates.  The background error rates from NGS 

have been estimated to range from 10-2 mutations/bp for unprocessed data to 

10-3 or 10-4 mutations/bp for processed data (121-125).  Given this, the 

average retroviral mutation rate is minimally ~10 fold lower than the 

background error rate, which prevents distinction of biological mutations from 

background errors.  This problem is illustrated by a recent study (40) in which 

HIV-1 was allowed to replicate for a single cycle in primary CD4+ T-cells, 

amplified by PCR, and subjected to 454 sequencing.  The background error 

rate was determined by amplifying and sequencing plasmid DNA and found to 

be 7.4 × 10-5 mutations/bp, while the error rate in the biological sample was 

found to be 1.2 × 10-4 mutations/bp.  Thus, assuming equivalent background 

levels, ~60% of the mutations were artifactual, and these mutations could not 

be distinguished from those induced during the viral life cycle.  Nonetheless, 

the mutation rate of HIV-1 was estimated by subtracting the background error 

rate from the error rate of the biological sample, leading to an estimate of ~4.6 

× 10-5 mutations/bp/cycle.  Recently, two key strategies have been developed 

to help circumvent the high error rates of NGS.  In the first strategy, which has 

been referred to as low-error amplicon sequencing (LEA-Seq) (126), unique 

identifier tags (UIDs), such as twelve random bases, are assigned to each 

template molecule, either through ligation, reverse transcription, or linear PCR 

(119, 126-129).  Next, exponential PCR of the tagged molecules is performed, 

followed by redundant sequencing.  Consensus families can be built from 

sequences with identical tags, allowing the identification and exclusion of most 

PCR and sequencing errors.  LEA-Seq has been used for 16S rRNA 
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sequencing in microbial metagenomics (126, 128), identification of mutations 

in human mitochondrial and nuclear DNA (127, 129), determination of DNA 

polymerase fidelity during PCR (129), and tracking minority variants in the 

HIV-1 protease during drug exposure (119).  In the second strategy, called 

circular resequencing (CirSeq), rolling circle amplification of template 

molecules is used to generate three copies from the same starting template 

molecule that are linked in tandem (130-132).  After the linked copies are 

sequenced, consensus families are again built, permitting the removal of most 

background errors.  CirSeq was recently used to determine the mutation rate 

and spectrum of poliovirus, as well as to track the fitness of poliovirus variants 

across serially passaged populations (132).  While neither method has yet 

been used to determine mutation rates or spectra of retroviruses, both 

methods are likely to advance our understanding of how mutations arise in 

viral genes during retroviral replication.               

3. Vectors for Examination of Retroviral Recombination 
3.1. Reporter Gene Vectors  

3.1.1. Antibiotic Resistance Genes 

     Similar to the initial vectors used to investigate retroviral mutation rates, the 

first vectors used to quantify a retroviral recombination rate relied upon a 

cassette containing two antibiotic resistance genes (neo and hph) in an SNV-

derived vector (see Table A2-2 and Figure A2-2A) (43).  Two similar vectors 

were engineered:  one with a dysfunctional neo gene, and the other with a 

dysfunctional hph gene.  In both cases, the respective antibiotic resistance 

genes were disrupted by 4-bp insertions (~1 kb apart), which were found to 

spontaneously revert at low rates.  To examine recombination, dually-infected 

producer cell clones were created by sequential infection with the parental 

viruses at low multiplicities of infection (MOI).  PCR and enzyme digestion 

were performed to ensure that producer cell clones contained a single copy of 

each parental virus and that recombination did not occur during the generation 

of producer cell clones.  While more laborious than simply co-transfecting viral 

vectors, this procedure eliminates transfection-induced recombination and 
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more closely mimics natural viral replication.  Viruses were collected from 

producer cell clones and used to infect target cells at low MOIs.  The 

recombination rate was determined by dividing the titer of double drug-

resistant (neor/hygror) colonies by the lower of the two single drug-resistant 

titers. Using this method, the recombination rate of SNV was found to be 

~2%/kilobase/cycle (43).  Similar MLV-based vectors were later devised and 

used to show that recombination rates increase with the distance between 

genetic markers (133).  Additionally, MLV-based vectors have been used to 

characterize the effects of moving the dimerization linkage structure on 

recombination rates (134).  More recently, HIV-1-based neo/hph vectors were 

used to demonstrate that the HIV-1 recombination rate is ~10-fold higher than 

in gammaretroviruses (41).  Notably, experiments with these vectors must be 

performed at low MOIs, as co-infection can produce the same phenotype as a 

recombinant.  Often, Southern blotting of recombinants is required to 

definitively demonstrate that double-resistant cell clones are not due to co-

infection.  In addition, this system is not easily amenable to other cell lines and 

primary cell types, as antibiotic sensitivities can vary widely between cell 

types. 

 

3.1.2. Fluorescent Proteins 

     Retroviral recombination rates have often been measured with fluorescent 

proteins (Table A2-2), eliminating the need for antibiotic selection of target 

cells.  Importantly, these vectors facilitate the analysis of recombination in a 

variety of cell types (including primary cells), as the antibiotic sensitivities of 

different cell lines do not need to be considered.  In one vector system that 

has often been used for HIV-1, recombination rates are measured using 

combinations of vectors with distinct inactivating mutations in gfp (38).  

Specifically, these vectors contain cassettes encoding a cell surface marker 

(HSA or Thy-1) used to track infectivity, an IRES element, and an inactivated 

GFP as the recombination target.  The expression of GFP can be eliminated 

by introducing mutations at various positions allowing for measurement of 
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recombination at distances ranging from ~100 to 600 bp.  To determine 

recombination rates, producer cell clones were first created by sequential 

infection at low MOIs (0.05-0.1).  Cell sorting of infected cells was used to 

purify dually infected producer cells, which express both cell surface markers 

(HSA and Thy-1).  Virus production from producer cells was initiated by the 

transfection of helper plasmids, and collected viruses were used to infect 

target cells.  Recombination rates in target cells were calculated by comparing 

the frequency of GFP+ cells to all infected cells (HSA+ and/or Thy-1+).  As the 

experiments were performed at relatively high MOIs (0.4-0.5), some cells 

were very likely co-infected.  In contrast to the dual-antibiotic resistance 

vectors described in Section 3.1.1., co-infection with the inactivated GFP 

vectors does not result in a recombinant phenotype.  However, co-infection 

does influence the calculation of the total number of infected cells, which in 

turn could alter calculated recombination rates.  Therefore, the numbers of 

infected cells were converted to MOIs based upon a Poisson distribution of 

co-infection in order to more accurately estimate recombination rates (38).  In 

some studies, further analyses were done to confirm recombination events in 

gfp and map recombination breakpoints in viral genes (69, 135).  In order to 

accomplish this, single GFP+ cell clones were isolated by cell sorting and 

propagated independently in order to prevent PCR-mediated recombination 

between proviruses.  PCR and restriction mapping were used to verify 

reconstitution of functional gfp genes, as the inactivating mutations in gfp were 

designed to introduce specific restriction sites.  Sanger sequencing of PCR 

products was used to further confirm recombination in gfp.  Additional PCR 

and Sanger sequencing of GFP+ cell clones has often been performed to 

identify crossovers in viral sequences as well.  Of note, rather than isolating 

single cell clones, a modified type of PCR called single-genome sequencing 

(SGS) has also been used to prevent PCR-mediated recombination (49).  In 

SGS, templates (e.g. viral RNA or proviral DNA) are diluted such that <30% of 

reactions result in products.  Under these conditions, the vast majority of 
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reactions contain only a single template, thus preventing most PCR-mediated 

recombination between templates.  

     Initially, vectors based on inactivated GFP were used to examine the 

impact of distance, cell type (primary vs immortalized T-cells), and accessory 

genes on the recombination rate of HIV-1 (38).  Similar vectors were later 

used to measure recombination rates in non-B subtypes of HIV-1 as well as 

rates of intersubtype or intergroup recombination (49, 67-70).  Further, these 

vectors have been used to study the impact of cell type (T-cells, monocytes, 

and macrophages) (136) on recombination.  In addition to HIV-1, analogous 

vectors have been engineered for HIV-2 and simian immunodeficiency virus 

from African green monkeys (SIVagm), both of which were found to recombine 

at similar rates to HIV-1 (137).  These vectors have also been used to 

demonstrate that HIV-1 and HIV-2 are able to co-package and recombine 

(135), albeit at very low rates (recombination frequency of 0.2%, ~35-fold 

lower than for intrasubtype recombination in HIV-1).   

     In addition to GFP, several other fluorescent proteins have been used in 

recombination vectors such as enhanced yellow and cyan fluorescent proteins 

(EYFP and ECFP).  These vectors take advantage of the high level of 

homology between different fluorescent proteins.  Specifically, infectious 

molecular clones of HIV-1 have been developed that encode EYFP or ECFP 

in place of the accessory protein Nef, with Nef expressed from a downstream 

IRES element (see Figure A2-2B) (54).  As the critical residues in yfp and cfp 

are ~400 bp apart, recombination between these residues gives rise to a 

modified gfp gene (called gfp*) that can be spectrally separated from yfp with 

the appropriate filters.  Thus, recombination frequencies were calculated by 

determining the ratio of GFP+ to EYFP or ECFP+ cells during flow cytometry.  

To map recombination breakpoints in gfp*, single GFP+ cell clones were 

isolated by FACS, amplified by PCR, and sequenced.  Sequencing was also 

performed to map crossovers in viral genes, which could easily be identified 

as the vectors were engineered in two distinct isolates of HIV-1.  Although 

these vectors express all viral genes and are replication-competent, 



  
 

 248 

replication can still be limited to a single round of replication through use of an 

antiviral drug.  

3.1.3. LacZ (β-galactosidase) 

     Recombination rates have occasionally been determined using other 

reporter genes such as the full-length lacZ gene encoding β-galactosidase 

(42).  For example, HIV-1 and MLV vector pairs have been designed in which 

one encodes a functional lacZ gene but no antibiotic resistance gene, while 

the other encodes a defective lacZ gene and a puromycin resistance gene 

(puro).  Recombination rates were calculated by determining the ratio of 

lacZ+/puromycin-resistant (puror) colonies (i.e. puror colonies that stain blue in 

the presence of X-gal) to all puror colonies.  These vectors have been used to 

compare frequencies of recombination between MLV and HIV-1, as well as to 

investigate factors responsible for observed differences between these 

viruses. 

 

3.1.4. Direct Repeat Reporter Vectors 

     Directly repeated sequences in retroviral genomes and vectors have long 

been known to delete at high frequencies during reverse transcription (138-

141).  Deletions occur at high rates regardless of whether the repeats are in 

tandem or separated by additional sequences.  In one of the earliest 

observations of this phenomenon, the src oncogene was found to be 

frequently lost during RSV replication due to flanking direct repeats (139, 

140).  Direct repeat deletions also contribute to the variable copy number of 

repeats that have been observed in the enhancer sequences of retroviral 

LTRs (142, 143).  These deletions have been shown to occur primarily 

through intramolecular template switching events, rather than through 

homologous recombination between separate viral genomes (144).  Retroviral 

vectors have been developed that take advantage of the high efficiency of 

direct repeat deletion to assay the impact of various factors on template 

switching.  These vectors have large (>100 bp) inactivating duplications in 

reporter genes, such as tk, lacZ, or gfp.  Direct repeat deletion eliminates the 
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duplicated sequence, thus restoring the reporter gene phenotype.  In one 

early study, an MLV vector was engineered with a tk/neo cassette in which tk 

contained an internal 700 bp duplication (145).  Deletion frequencies were first 

assessed by comparing the ratio of tk+ (i.e. aminopterin-resistant)/neor 

colonies to all neor colonies.  Southern blotting and densitometry were 

performed to determine deletion frequencies in a more quantitative fashion.  In 

several other studies, MLV and HIV-1-based vectors were engineered in 

which lacZ reporter genes were inactivated by internal duplications (42, 73, 

79, 146, 147).  Deletion frequencies were calculated by comparing titers of 

lacZ+/puror cell colonies to all puror colonies.  Lastly, MLV and HIV-1 vectors 

with internal duplications (of 200-250 bp) in gfp have been developed (71, 72, 

74).  With these vectors, direct repeat deletion leads to reconstitution of 

functional GFP, and deletion frequencies can be determined as the ratio of 

GFP+/antibiotic-resistant cell colonies to all antibiotic-resistant cell colonies.  

More recently, a similar HIV-1 vector was developed in which the antibiotic 

resistance gene was replaced with the cell surface marker hsa, facilitating use 

in primary cells (148).  As direct repeat deletion is very efficient during reverse 

transcription, the ability of various factors to impact deletion frequencies can 

readily be determined, even when such effects are relatively small.  However, 

as discussed, direct repeat deletions primarily occur through intramolecular 

template switching events rather than intermolecular template switching 

events (144).  Thus, the outcomes observed in these studies may not 

necessarily be representative of retroviral recombination, which requires 

intermolecular template switching events between distinct viruses.                

3.2. Detection of Recombinants in Viral Genes 

3.2.1. Gag Reconstitution Assay 

     Recently, a new HIV-1 vector system has been engineered that is based 

on the reconstitution of functional Gag protein (Figure A2-2C) (70).  This 

vector system combines many of the best features of reporter assays with the 

increased biological relevance of viral genes.  The concept behind the vector 

system was straightforward:  Gag is expressed at high levels on the plasma 
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membranes of infected target cells, such that Gag itself can be treated as a 

reporter gene with a reliable anti-Gag antibody.  More specifically, multiple 

pairs of vectors were engineered in different subtypes and groups of HIV-1 

with distinct inactivating mutations separated by ~300 bp in the capsid portion 

of the Gag polyprotein.  In addition, the gfp genes were inactivated in these 

vectors, allowing for simultaneous detection of recombination in identical (gfp) 

and non-identical (gag) target sequences.  Cell-surface markers such as HSA 

and B7 (i.e. human CD80) permitted tracking of viral infectivity.  These vectors 

were sequentially introduced into producer cells, complemented with Gag-Pol 

in trans to produce infectious virus, and used to infect target cells.  Target 

cells were stained with a PE-conjugated anti-p24 (capsid) antibody to detect 

recombination events that led to expression of full-length Gag.  The authors 

showed that the particular antibody they used could reliably detect a variety of 

parental Gag proteins from different subtypes and groups of HIV-1, as well as 

recombinants between subtypes and groups.  Recombination rates were 

determined by comparing the frequency of Gag+ cells to all infected cells (as 

determined by the cell surface markers).  Furthermore, since these vectors 

also contain defective forms of gfp, recombination rates could simultaneously 

be determined in identical (albeit foreign) gene sequences across viruses.  

While representing a tremendous improvement over standard reporter gene 

vectors, these vectors are limited by a small dynamic range of the assay due 

to the fixed distance (~300 bp of capsid) of the mutations.  However, suitable 

antibodies that recognize other regions of the unprocessed Gag polyprotein 

may be identified in the future, allowing for analysis of a larger region of Gag.  

Generally, this approach would likely not be amenable for identifying 

recombinants in other viral genes and non-coding regions of the genome.  

Additionally, some Gag recombinants may not be identified if, for example, 

they prevent proper folding or recognition by the antibody. 

3.2.2. Use of LacZ (β-galactosidase) to Detect Recombinants in Viral Genes 

     Additional retroviral vectors have been developed that take advantage of 

reporter gene phenotypes but actually detect recombination events within viral 
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targets.  Specifically, vector pairs for different groups and subtypes of HIV-1 

have been designed that contain either a functional lacZ or a completely 

unrelated sequence in its place (such as a defective malT gene in reverse 

orientation), as demonstrated in Figure A2-2D (76, 149, 150).  After the lacZ 

gene, env genes from various viral isolates were inserted, followed by a 

BamHI restriction site (in the lacZ- vector) or no restriction site (in the lacZ+ 

vector).  After PCR amplification, proviral DNA was digested with the BamHI 

restriction enzyme (in conjunction with PstI), ligated into a cloning vector, and 

subjected to blue-white color screening.  Recombination in env results in lacZ+ 

proviruses with the BamHI restriction site, which can then efficiently ligate into 

the cloning vector.  The recombination frequency is then computed by 

determining the ratio of lacZ+ colonies to all colonies.  In this approach, all 

observed recombination events must have occurred within env rather than 

lacZ, as one vector completely lacks the lacZ gene.  When env genes from 

different viral isolates are used, sequencing can be performed to identify the 

exact breakpoints.  While this approach is able to identify recombinants in viral 

genes, it is somewhat laborious and involves the placement of viral genes 

outside of their native sequence contexts. 

3.2.3. Heteroduplex Tracking, Quantitative PCR, and Restriction Mapping  

     Numerous biochemistry and molecular biology-based techniques have 

been used to directly identify and quantify retroviral recombinants occurring 

within viral genes, without any assistance from reporter genes.  Most often, 

these assays rely upon the detection of sequence differences between distinct 

viral isolates, either from the same subtype (intrasubtype) or different 

subtypes (intersubtype), groups, or types of HIV.  Thus, recombination 

frequencies from these assays may somewhat underestimate recombination 

rates between highly homologous viruses.  Even when these assays are able 

to detect recombination between nearly identical viruses (by, for example, 

restriction mapping), the recombination breakpoints cannot be better defined 

unless silent point mutations have been introduced to create intervening 

intervals.  These types of approaches have been used to identify 
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recombinants in viral genes during both single cycle and multi-cycle infections.  

In spreading infections, viral recombinants are subject to strong purifying 

selection, which can restrict observable recombination events.  In some 

cases, parental retroviral vectors have been used that contain different 

defects in essential viral genes (such as deletions in pol and env), such that 

only recombinants are able to spread after the initial round of replication (49, 

151, 152).       

     In several reports, heteroduplex tracking (HTA) has been performed to 

identify recombinants in viral genes (36, 37, 153), which can detect 

recombinants (as well as mutants) when there are sufficient sequence 

differences between the parental viruses.  Recombination can alter the affinity 

of a viral sequence for a radioactive probe (relative to the two parental DNAs), 

which can be detected as a shift in band pattern during gel electrophoresis.  

HTA has been estimated to reliably detect sequence divergence when the 

mismatches exceed ~1% (154, 155), and thus this technique can only identify 

crossovers introducing >1% mismatch relative to the parental viruses.  

Therefore, some recombinants cannot be detected by this method, particularly 

when the parental isolates are quite similar (e..g from the same HIV-1 

subtype).  This method also requires sequencing of fragments to confirm that 

gel shifts were not caused by mutations, insertions, or deletions.  Restriction 

mapping, Southern blotting (with short oligonucleotides specific to one of the 

parental isolates), and/or Sanger sequencing can be used to further refine 

recombination breakpoints between the viruses.  

     As an alternative to HTA, several studies have used PCR or restriction 

mapping to detect recombination (37, 45, 149, 153, 156, 157).  PCR has been 

performed using primers that are specific to one of the two parental viruses.  

By combining one primer from each virus, recombinants can be detected.  

Additionally, different forms of quantitative PCR have been used to determine 

starting amounts of recombinant and parental DNAs, enabling calculation of 

recombination frequencies.  As for HTA, Southern blotting or Sanger 

sequencing can be used to more precisely identify crossover points between 
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distinct viral isolates.  These approaches have been used to track HIV-1 

intersubtype viral recombinants, and have led to identification of 

recombination hotspots as well as characterization of the potential 

mutagenicity of recombination. 

3.2.4. Direct Sequencing of Viral Genes-Sanger 

     As discussed above, Sanger sequencing of viral genes has often been 

employed to further characterize recombinants identified by techniques such 

as HTA, PCR, or restriction mapping.  Sanger sequencing has often also been 

used to find crossovers in viral genes from proviruses that are recombinants in 

reporter genes.  In addition, recombinants have been identified simply by 

direct amplification and sequencing of viral genes from infected cells (37, 39, 

157).  The low-throughput nature of direct Sanger sequencing is somewhat 

less problematic for studies of retroviral recombination than for mutagenesis.  

This is because some retroviruses, such as lentiviruses, recombine ~10 times 

more frequently than they mutate.  While sequencing is often used to map 

recombination breakpoints between heterogeneous viruses, HIV-1 vectors 

have recently been engineered that allow detection of recombination between 

highly homologous viruses, thus more accurately representing the viral 

population found within infected individuals (39).  Specifically, silent mutations 

that could be detected by PCR and Sanger sequencing were introduced 

throughout the gag gene of an HIV-1 infectious molecular clone. These silent 

mutations served as markers for recombination and did not alter the protein 

sequences or any known cis elements.  Further, they were shown to have no 

effect on viral infectivity.  Most markers actually consisted of two mutations, 

typically spaced three bases apart, to facilitate differentiation of markers from 

mutations or background errors.  Notably, the vectors they designed encode 

functional open reading frames for all viral proteins.  In order to investigate 

HIV-1 recombination, viral stocks were first produced by co-transfecting the 

wild-type and marker plasmids into 293T cells.  This is in contrast to many 

earlier studies in which producer cell clones were generated by sequential 

infection or, in some cases, co-infection with parental viruses (38, 41, 43, 67-
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69, 133-137, 144, 158, 159).  While sequential infection is more time-

consuming, it eliminates the possibility of transfection-induced recombination 

(TIR) and more closely resembles native viral replication.  However, the 

investigators of this study measured the frequency of TIR by direct 

sequencing of plasmid DNA from co-transfected cells and found that the 

frequency of TIR was much lower than the recombination rates measured for 

HIV-1.  Next, the authors collected virus from co-transfected cells, infected 

primary T-cells, performed PCR, and identified recombinants by Sanger 

sequencing.  Virus replication was limited to a single round using the T-20 

fusion inhibitor.  All PCR reactions were terminated in the log-linear phase of 

amplification, which reduces the frequency of PCR-mediated recombination 

(160).  Additional controls were performed to show that PCR-induced and 

intervirion recombination did not substantially contribute to the observed data.  

Further, the authors estimated the fraction of heterozygous virions directly 

from the sequencing data and developed a mathematical model that 

accounted for the possibility of multiple template switches, based on distances 

between genetic markers and observed recombination rates.  Using this 

vector system, the HIV-1 recombination rate was observed to be 0.81 × 10-3 

recombination events per nucleotide (REPN), corresponding to a true 

recombination rate of 1.35 × 10-3 REPN (or 12.5 crossovers/genome) after 

considering the possibility of multiple template switches.  

3.2.5. Direct Sequencing of Viral Genes-NGS 

     In several subsequent studies, similar HIV-1 vectors with marker mutations 

throughout the gag and pol genes have been applied to 454 sequencing (40, 

161).  As described above, wild-type and marker vectors were co-transfected 

into 293T cells, and viruses were collected and used to infect primary blood 

mononuclear cells.  Although replication-competent, the virus was limited to a 

single round of replication with fusion inhibitor.  Proviral DNA was amplified by 

PCR, sequencing libraries were prepared, and 454 sequencing was 

performed, generating ~1 million reads per run.  Experimental sources of 

recombination, such as transfection-induced recombination, intervirion 
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recombination, and PCR, were carefully measured in parallel.  These 

background sources were found to result in recombination rates less than 

10% of the recombination rate measured in the biological samples.  Using 

these vectors and 454 sequencing, the overall rates of recombination in HIV-1 

gag and pol were found to be 1.5-2 × 10-3 REPN, or ~14-19 crossovers per 

genome.  In addition, using the large amounts of data generated by 454, 

recombination hot and cold spots could be identified in viral genes (161).  

Further, ~15-20% of mutations were found to be associated with 

recombination, though the direction of causality could not be determined (40).  

As the association of recombination and mutation is itself a topic of great 

research interest, the high background error rates of NGS technologies are 

also somewhat problematic for studies of viral recombination.  Thus, recent 

improvements aimed at lowering NGS error rates (see Section 2.3.2.) will 

surely benefit recombination studies as well.  Additionally, these 

improvements often permit the identification and exclusion of PCR-induced 

crossovers as well as errors, thus limiting the effects of PCR-mediated 

recombination on the observed data.         

4. Conclusions 
     Given the wide variety of retroviral vectors available, choosing a particular 

vector to assess retroviral mutagenesis and/or recombination can be 

daunting.  Retroviral vectors based on reporter genes offer a number of 

distinct benefits that have led to their widespread use in mutation and 

recombination studies.  First, mutants or recombinants can be efficiently 

detected based on phenotypes that are easily observed and quantified, while 

mutants or recombinants in viral targets must be detected through much more 

laborious means.  Targeted sequencing of mutant viruses can determine the 

nature of the underlying mutations, while targeted sequencing of 

recombinants can confirm that recombination took place (though the 

breakpoint locations cannot be precisely defined).  In addition, reporter gene 

vectors are generally somewhat less dependent on PCR for identification of 

mutants or recombinants, and thus relatively less impeded by PCR-induced 
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errors or crossovers.  Nonetheless, reporter gene-based approaches are 

limited in that they may not necessarily be reflective of viral gene sequences.  

Large amounts of evidence have shown that patterns of mutation and 

recombination are affected by factors like homopolymeric runs and secondary 

structures (76-78, 91-94, 153), which may vary between template sequences.  

Given this, the degree to which reporter genes accurately represent viral 

genes cannot be easily ascertained at present, as so few studies have 

examined large numbers of mutations or crossovers in viral genes.  

Additionally, reporter gene vectors typically do not express all viral genes, 

though some exceptions do exist.  In contrast, native viral genes are viewed 

as more desirable targets of mutation and recombination, but detection of 

mutation or recombination is often very laborious and time-consuming.  Next-

generation sequencing (NGS) technologies offer an obvious solution to these 

barriers, but standard NGS methods result in high background error rates, 

hindering identification of true mutations.  Additionally, NGS is heavily reliant 

on PCR for sample preparation, which, under standard conditions, generates 

high levels of artifactual mutations and recombination events.  However, 

several strategies for NGS sample preparation have recently been established 

that allow for identification and exclusion of the vast majority of background 

errors and crossovers due to PCR or sequencing (119, 127, 129, 130, 132).  

While these methods have not yet been used to quantify retroviral mutation or 

recombination rates, they will be key to advancing our understanding of 

retroviral mutagenesis and recombination in viral genes.  In the near future, 

standardized retroviral protocols, vectors, and assays will hopefully be 

developed that allow for application of these improvements to a wide variety of 

questions in retrovirology.  
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Figure A2-1. Vectors for the examination of retroviral mutagenesis.  Most 

accessory genes and cis elements are not shown for simplicity; * represents 

inactivating mutations, while ψ represents packaging signals. (a) SNV vector 

to detect mutations that restore neo, conferring G-418 resistance (89); sd = 

splice donor, sa = splice acceptor. (b) HIV-1 vector that detects mutations in 

lacZα that prevent complementation and expression of functional β-

galactosidase in E. coli, ultimately resulting in white bacterial colonies in the 

presence of X-gal (96); EM = bacterial promoter, zeo = zeomycin resistance 

gene, OriE = E. coli origin of replication. (c) MLV vector to monitor mutations 

that eliminate thymidine kinase (tk), granting resistance to the thymidine 

analog bromodeoxyuridine (BrdU) (8); SNV-P = SNV promoter (U3). (d) HIV-1 

vector to detect mutations that eliminate expression of mCherry or enhanced 

green fluorescent protein (EGFP) by flow cytometry (100); IRES = internal 

ribosome entry site.  
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Figure A2-2. Vector pairs for the investigation of retroviral 
recombination.  Most accessory genes and cis elements are not shown for 

simplicity; * represents inactivating mutations, while ψ represents packaging 

signals. (a) SNV vector pair that detects recombination events that restore 

neo and hph, resulting in viruses that confer G-418 and hygromycin B double 

drug-resistance to infected cells (43); sd = splice donor, sa = splice acceptor. 

(b) HIV-1 vector pair that detects recombination events between ecfp and 

eyfp, which leads to expression of a modified GFP (54); ▼ = essential 

mutations in ecfp and eyfp. (c) HIV-1 vector pair that can simultaneously 

detect recombination events that restore the capsid (CA) portion of the Gag 

polyprotein (by staining with an appropriate antibody) and enhanced green 

fluorescent protein (EGFP) (70).  Viral infection is monitored with cell surface 

markers like the mouse heat stable antigen (HSA) and B7; IRES = internal 

ribosome entry site. (d) HIV-1 vector pair that detects recombination events 

that occur within a region of homology (such as the viral env) inserted 

between β-galactosidase (lacZ) and a BamHI restriction site (76).    
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Table A2-1. Targets for analysis of retroviral mutagenesis. 

 
 1Reporter gene targets include antibiotic resistance genes (neo, bsr), 

thymidine kinase (tk), β-galactosidase (lacZα or full-length lacZ), the cell 

surface marker heat stable antigen (hsa), and enhanced green fluorescent 

protein (egfp).  
2Reporter gene targets are included for both reversion assays (R) as well as 

forward mutational assays (F).  Assays that can detect mutations directly in 

viral genes include heteroduplex tracking (HTA), RNase T1 fingerprinting, 

single-strand conformation polymorphisms (SSCP), Sanger sequencing, and 

next-generation sequencing (NGS) technologies. 
 
 

Target1 Assay Type2 Virus References 

neo Reporter (R) SNV, MLV (89, 90) 

tk Reporter  (F) MLV, HIV-1 (8, 162, 163) 

lacZα/lacZ Reporter  (F) SNV, BLV, HTLV-1, 

HIV-1 

(4-7, 27-29, 31-35, 

96, 164-166) 

luc Reporter  (R) HIV-1 (30) 

bsr Reporter  (R) ALV, MLV, HIV-1 (95) 

hsa Reporter  (F) HIV-1 (107, 108) 

egfp Reporter  (F) HIV-1 (99, 100, 102, 105) 

Viral HTA RSV (109) 

RNase T1 MLV (110) 

SSCP HIV-1 (12) 

Sequencing 

(Sanger) 

HIV-1 (104, 111) 

Sequencing 

(NGS) 

HIV-1 (40) 
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Table A2-2. Targets for analysis of retroviral recombination.   

   Target1 Assay Type2 Virus References 

neo/hph Reporter Gene SNV, MLV, HIV-

1 

(41, 43, 133, 134, 144, 

158, 159) 

tk Reporter Gene MLV (145) 

lacZ Reporter Gene MLV, HIV-1 (42) 

gfp Reporter Gene MLV, HIV-1,  

HIV-2, SIVagm 

(38, 49, 67-70, 135-

137) 

ecfp/eyfp Reporter Gene HIV-1 (54) 

viral Gag 

Reconstitution 

HIV-1 (70) 

Modified LacZ HIV-1 (76, 149, 150) 

PCR/qPCR HIV-1 (149, 153, 156, 157) 

HTA HIV-1 (36, 37, 153) 

Restriction 

Mapping 

HIV-1 (37, 45) 

Sequencing 

(Sanger) 

HIV-1 (37, 39, 45, 157) 

Sequencing 

(NGS) 

HIV-1 (40, 161) 

 
1Reporter gene targets include antibiotic resistance genes (neo, hph), 

thymidine kinase (tk), β-galactosidase (lacZ), and fluorescent proteins (gfp, 

ecfp, eyfp).  
2Reporter gene assays typically detect recombination events that rescue 

defective gene products.  Other assays have been used to detect 

recombination events in viral genes, such as a Gag reconstitution assay (in 

which Gag itself is treated as a reporter gene), a modified LacZ assay, PCR or 

quantitative PCR, heteroduplex tracking (HTA), restriction digest mapping, 

Sanger sequencing, and next-generation sequencing (NGS) technologies. 
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Summary 

The high mutation rate of human immunodeficiency virus type-1 (HIV-1) 

has been a pivotal factor in its evolutionary success as a human pathogen, 

driving the emergence of drug resistance, immune system escape, and invasion 

of distinct anatomical compartments.  Extensive research has focused on 

understanding how various cellular and viral factors alter the rates and types of 

mutations produced during viral replication.  Here, we describe a single-cycle 

dual-reporter vector assay that relies upon the detection of mutations that 

eliminate either expression of mCherry or enhanced green fluorescent protein 

(EGFP).  The reporter-based method can be used to efficiently quantify changes 

in mutant frequencies and mutation spectra that arise due to a variety of factors, 

including viral mutagens, drug resistance mutations, cellular physiology, and 

APOBEC3 proteins.  

 

Introduction 

Human immunodeficiency virus type-1 (HIV-1) mutates at a rate of ~3.6 × 

10-5 mutations/base pair (bp)/cycle (average across all studies; range of 1.4⎯8.5 

× 10-5), corresponding to about one mutation per three genomes synthesized (1-

8).  The rapid mutation rate, in conjunction with high rates of recombination and 

replication (9, 10), drives viral evolution within infected individuals and poses a 

significant barrier to the development of effective vaccines and drug regimens.  

Several studies have demonstrated that a variety of factors can affect the 

frequency and/or types of mutations that arise during viral replication, thus 

potentially altering the evolutionary path of the virus within infected individuals.  

These factors include experimental and approved antiviral therapeutics (e.g. 

nucleoside analogs that cause chain termination or altered base-pairing) (11-19), 

cell type (20), drug resistance-associated mutations in reverse transcriptase (8, 

11, 13, 14, 21), viral accessory proteins (Vif and Vpr) (3, 13, 22), and host 

proteins of the APOBEC3 family (23, 24).  The examination of factors influencing 

the mutagenesis of HIV-1 remains an area of active investigation, necessitating 
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the development of improved vectors and methodologies for quantifying and 

characterizing viral mutants. 

Several methods have been used to determine mutant frequencies, 

mutation rates, and mutation spectra in HIV-1, most of which rely on reporter 

genes that confer a phenotype that can be easily scored, such as lacZα (1, 6), 

egfp (15, 16), and thymidine kinase (5).  Direct amplification and sequencing of 

viral genes has also been used to determine HIV-1 mutation rates and spectra (7, 

25), but Sanger sequencing of viral genes is relatively inefficient (as most 

sequences lack mutations) and next-generation sequencing methods are 

currently too error-prone (error rates of 10-2 to 10-4 mutations/bp depending on 

how the data is processed) to be of much utility (26-28).  Using reporter genes, 

both the restoration of defective reporter gene phenotypes (reversion assays) as 

well as the elimination of functional reporter gene phenotypes (forward mutation 

assays) can be detected.  Forward mutation assays have generally been 

preferred because they allow for the detection of numerous types of mutations at 

many different positions within the reporter sequence.  Using these assays, 

forward mutant frequencies can be calculated by determining the ratio of mutant 

proviruses (i.e. those lacking LacZα or EGFP expression) to all proviruses.  As 

these assays rely on the detection of mutations that eliminate reporter gene 

expression, silent mutations will typically not be detected, and thus the calculated 

mutant frequencies underestimate the intrinsic mutation rates.  In the case of 

lacZα, mutant frequencies can be converted to mutation rates, as saturation 

mutagenesis has determined the target bases at which substitutions or 

frameshifts can be detected within the lacZα gene region (29, 30).  Currently, 

other reporter genes have not yet been characterized to the same extent such 

that this type of conversion is not possible.  In addition to mutant frequencies, 

these mutation assays enable targeted Sanger sequencing of defective reporter 

genes for the characterization of mutation spectra.   

Here, we describe a replication-defective mCherry/EGFP dual-reporter 

vector that has been used in single-cycle assays for determination of HIV-1 
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mutant frequencies and mutation spectra (18, 19).  Recently, a similar vector 

based on HIV type-2 (HIV-2) has been engineered, enabling comparative 

analyses between HIV-1 and HIV-2 (31).  The vector does not express Env and 

must be complemented in trans with an envelope gene to produce infectious 

virus.  Within nef, a cassette containing mCherry and egfp has been inserted, 

separated by an internal ribosome entry site necessary for translation of EGFP.  

Thus, the final molecular clone has functional open reading frames for all genes 

except env and nef.  The resulting vector, called pNL4-3 MIG, can be used to 

determine viral mutant frequencies as follows:  First, infectious viral stocks are 

produced by co-transfecting the vector and the vesicular stomatitis virus 

envelope glycoprotein (VSVG) into 293T cells (Figure A3-1A).  The supernatants 

are collected, filtered, DNase I-treated, and titered to determine infectivity.  Next, 

viral stocks are used to infect U373-MAGI-CXCR4 cells, which are then analyzed 

by flow cytometry to measure mCherry and EGFP expression.  Mutant 

frequencies are calculated by dividing the number of cells expressing only 

mCherry or EGFP by all infected cells.  Lastly, the mutation spectra can be 

analyzed by sorting out single positive cells (mCherry+/EGFP- and/or mCherry-

/EGFP+), isolating genomic DNA, performing PCR, and sequencing the mutated 

reporter gene(s).  The entire assay can be performed in approximately two to 

three weeks, permitting rapid evaluation of the impact of mutations in reverse 

transcriptase, APOBEC3 proteins, viral mutagens, or alterations in cell 

physiology on HIV-1 mutant frequencies and mutation spectra. 

               

Materials 
Cell Culture, Production of Viral Stocks, Infections 

1. Cells:  293T (ATCC; Manassas, VA) and U373-MAGI-CXCR4 (NIH AIDS 

Reagent Program; Germantown, MD) (32).  In addition to U373-MAGI-CXCR4, 

many other cell lines can successfully be used as target cells in this assay (see 

Note 1).   
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2. 293T Medium:  Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. 

3. U373-MAGI-CXCR4 Medium (MAGI Medium):  DMEM supplemented with 

10% FBS, 1% penicillin/streptomycin, 0.2 mg/mL G418, 0.1 mg/mL hygromycin B, 

and 1.0 µg/mL puromycin. 

4. Dulbecco’s Phosphate-Buffered Saline (DPBS) without Ca2+ or Mg2+. 

5. FACS Buffer:  DPBS, 2% FC3, 10 mM HEPES (pH 7.2), 10 U/mL DNase I, 5 

mM MgCl2.  

6. Trypsin-EDTA. 

7. Serum-free DMEM. 

8. Poly-L-Lysine (10X).  Dilute 1:10 in sterile water and store at 4 °C.  Stocks can 

be re-used up to five times. 

9. Polyethylenimine (PEI; Polysciences, Inc.; Warrington, PA).  Other transfection 

reagents can also be used (see Note 2).  Prepare liquid stocks by dissolving the 

PEI in sterile water to a final concentration of 1 mg/mL, adjusting the pH to 7.0 

with 1 M HCl, and filtering through a 0.2 µM filter.  Divide stocks into 1 mL 

aliquots and freeze at -80 °C.  Maintain thawed stocks at 4 °C; stocks should 

retain full activity for up to three weeks. 

10. Plasmids:  pNL4-3 MIG (available upon request) and pHCMV-G (a kind gift 

from J. Burns, University of California, San Diego) or a comparable plasmid, such 

as pHEF-VSVG (available through the NIH AIDS Reagent Program).  HIV-1 Env 

constructs may be used in place of VSVG (see Note 3).  

11. DNase I. 

12. Syringes:  10 mL, 20 mL, or 60 mL, depending on the volume of virus to be 

produced. 

13. 0.2 µm filters. 

14. Hemocytometer. 

15. 96-well polystyrene plates. 

16. Polystyrene round-bottom tubes with strainer caps . 

DNA Isolation and PCR 
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1. Dpn I. 

2. Genomic DNA purification kit, such as the High Pure PCR Template 

Preparation Kit (Roche; Basel, Switzerland). 

3. High-fidelity amplification system, such as Phusion Hot Start II (Thermo Fisher 

Scientific, Inc.; Waltham, MA). 

4. Taq DNA polymerase. 

5. dNTPs. 

6. Primers:  EGFP-Forward (5’-TCAAGCGTATTCAACAAGG-3’) and EGFP-

Reverse (5’-CATTGTTAGCTGCTGTATTGC-3’). 

7. Gel extraction kit. 

8. T/A cloning kit, such as the pGEM-T Vector Kit II (Promega; Madison, WI). 

9. LB plates with ampicillin/IPTG/X-Gal:  LB-agar, 100 µg/mL ampicillin, 0.5 mM 

IPTG, and 80 µg/mL X-Gal.  

10. LB broth with ampicillin:  LB-broth, 100 µg/mL ampicillin. 

11. Standard DNA miniprep kit or 96-well miniprep kit, depending on desired 

throughput. 

12. Sequencing Primers:  T7 promoter (5’-TAATACGACTCACTATAGGG-3’) and 

SP6 upstream (5’-ATTTAGGTGACACTATAG-3’).  Sequencing facilities often 

provide these primers at no additional cost. 

Equipment and Software 

1. Flow cytometer capable of simultaneously detecting and separating mCherry 

and EGFP signals (see Note 4), preferably attached to a high-throughput sample 

(HTS) unit.  

2. Access to a flow cytometer capable of fluorescence-activated cell sorting 

(FACS); this cytometer must also be able to simultaneously detect and separate 

mCherry and EGFP signals. 

3. FlowJo (Tree Star Inc.; Ashland, OR) or similar program for analyzing flow 

cytometry data. 

4. GraphPad Prism (GraphPad Software, Inc.; La Jolla, CA) or similar program 

for data analysis. 
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5. Program capable of assembling many Sanger sequences, such as SeqMan 

Pro (Lasergene Core Suite; DNASTAR, Inc.; Madison, WI) or Vector NTI (Life 

Technologies; Carlsbad, CA). 

 

Methods 
Production of Viral Stocks 

1. Plate 4 million 293T cells/10 cm plate ~24 hours before transfection.  Optional:  

Pre-coat plates with poly-L-lysine to minimize cell detachment during the 

transfection procedure.  Pre-coat plates by adding sufficient poly-L-lysine to 

cover the plates (~5 mL/plate), waiting 5-10 minutes, aspirating or pipetting off 

the poly-L-lysine, and drying the plates for ~1 hour in a certified biosafety cabinet.  

Plates should be ~90-95% confluent at the time of transfection. 

2. Begin the transfection procedure ~24 hours after plating the cells by preparing 

the transfection mixture.  For each 10 cm plate, mix 10 µg pNL4-3 MIG, 1 µg 

pHCMV-G, and serum-free DMEM to a final volume of 0.5 mL in a 

microcentrifuge tube.  Mix 33 µL 1 mg/mL PEI (3:1 ratio of µL PEI to µg of DNA) 

and 467 µL serum-free DMEM in a separate microcentrifuge tube.  Add the 

DNA/DMEM all at once to the PEI/DMEM, mix by pipetting, and incubate 15-20 

minutes. 

3. Replace the medium on the 293T cells (10 mL/plate). 

4. Add the DNA-PEI transfection mixture dropwise to the plates of 293T cells; mix 

with gentle swirling. 

5. Replace the medium again ~12-16 hours post-transfection (7-10 mL/plate).   

6. Collect viral stocks ~36-48 hours post-transfection by filtering the supernatants 

through 0.2 µm filters.  Treat viral stocks with 10 U/mL of DNase I (in 1X DNase I 

buffer) at 37 °C for 3 hours to reduce plasmid contamination (see Note 5).  

Freeze stocks in 0.5-1.0 mL aliquots at -80 °C until the time of infection.  If 

desired, the transfected cells can be collected for analysis of transfection 

efficiency by flow cytometry.      

Titering Viral Stocks 
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1. Plate 31,250 U373-MAGI-CXCR4 cells/well in a 24-well plate ~24 hours before 

infection, using 1 mL MAGI medium/well. 

2. At the time of infection, aspirate the medium and replace with variable volumes 

of the viral stock to be titered and 293T medium, keeping a total volume in each 

well of 1 mL (see Note 6).  Note that 293T medium is used to avoid any effect 

that the selection compounds in the MAGI medium could have on infectivity.  

Perform all infections in triplicate and include uninfected controls. 

3. Replace the medium 24 hours post-infection. 

4. Collect the cells for flow cytometry 72 hours post-infection.  Aspirate the 

medium and add 0.2 mL trypsin-EDTA/well.  Transfer the trypsinized cells to a 

96-well plate and centrifuge at 500 × g for 5 minutes at 4 °C.  Remove the 

trypsin-EDTA and wash the samples with 0.2 mL DPBS/2% FBS/well before 

centrifuging the cells for a second time. Remove the DBPS/2% FBS and again 

add 0.2 mL DPBS/2% FBS/well, wrap in paraffin film, and store at 4 °C until 

samples are assessed by flow cytometry. 

5. Perform flow cytometry to quantify the number of cells expressing mCherry 

and/or EGFP.  Optimize flow cytometer settings before recording data (see Note 

7).  Analyze a minimum of 10,000 gated cells/sample.  Gates should be 

consistent across all samples.  Determine the percent infection in each sample 

by taking the sum of the following quadrants:  mCherry+/EGFP-, mCherry-/EGFP+, 

and mCherry+/EGFP+.  Alternatively, subtract the double negative population 

(mCherry-/EGFP-) from 100. 

6. In GraphPad Prism, plot the volume of virus (in µL) against the percent 

infection.  The relationship between the volume of virus and the percent infection 

should be linear up to ~40%, and we recommend excluding data above this value 

(see note 8).  If less than five data points are below 40% infectivity, repeat the 

titer using less virus.  Fit a trend-line to the data using linear regression; the r2 

value should be > 0.99.  The equation of the trend line allows calculation of 

predicted volumes of viral stocks to achieve targeted infectivities in future 

experiments.  Although not necessary for this protocol, one can also calculate 
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infectious titers from the data, though these titers likely underestimate true 

infectious titers (Note 9). 

Small-Scale Infections to Determine Viral Mutant Frequencies 

1. Plate 31,250 U373-MAGI-CXCR4 cells/well in a 24-well plate ~24 hours before 

infection, using 1 mL MAGI medium/well. 

2. At the time of infection, replace the medium with 293T medium and the 

amount of virus predicted to result in 20% infection based upon the viral titer (see 

Note 10).  Include uninfected controls.  If testing the impact of small molecules on 

viral mutant frequency, add variable amounts of the compounds two hours before 

infection (see Note 11).  

3. Replace the medium 24 hours post-infection. 

4. Collect the cells for analysis by flow cytometry 72 hours post-infection as 

described before.  

5. Perform flow cytometry to quantify the number of cells expressing mCherry 

and/or EGFP.  Determine viral infectivity to ensure that it is close to the targeted 

20% infection.  Determine mutant frequency by adding the single positive cell 

populations and dividing by all infected cells:  (mCherry+/EGFP- + mCherry-

/EGFP+) / (100 – mCherry-/EGFP-).  Sample flow data with corresponding 

infectivities and mutant frequencies are illustrated in Figure A3-1B.  HIV-1 wild-

type mutant frequencies typically fall within the range of 0.04—0.06 in this assay.  

Using the length of the entire cassette (mCherry-IRES-EGFP; 2072 bp) as the 

size of the mutational target (a conservative means of estimating viral mutation 

rates), these mutant frequencies correspond to mutation rates of 1.9—2.9 × 10-5 

mutations/bp/cycle. 

6. In GraphPad Prism, graph the infectivity and mutant frequency of the infected 

control (i.e. untreated wild-type virus) against the other samples (e.g. cells 

treated with compounds of interest or infected with mutant viruses), as shown in 

Figure A3-2A.  Perform at least three independent experiments and graph the 

means ± standard deviations.  Although absolute infectivities and mutant 

frequencies can be graphed, we prefer to normalize the data relative to the 
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control virus (set to 100% for infectivity or 1 for mutant frequency) to simplify data 

interpretation. 

7. Perform statistical analysis to assess significance of differences in mutant 

frequencies between samples.  One-way ANOVA followed by Tukey’s post-test 

using GraphPad Prism or similar software is usually sufficient to examine 

differences in mutant frequencies across multiple treatment groups.  ANOVA 

should be performed using absolute (rather than normalized) mutant frequencies.  

As ANOVA tests rely upon certain assumptions, the data should ideally be 

transformed prior to one-way ANOVA (see Note 12).  Other types of ANOVAs 

may be ideal for more complex comparisons of treatment groups (see Note 13).   

Large-Scale Infections to Determine Viral Mutation Spectra 

1. Plate 1.2 million U373-MAGI-CXCR4 cells/10 cm plate ~24 hours before 

infection, using 10 mL MAGI medium/plate.  Prepare two plates/treatment and 

include uninfected controls. 

2. At the time of infection, replace the medium with fresh 293T medium and the 

amount of virus predicted to result in 20% infection based upon the viral titer (see 

Note 14).  If examining the impact of small molecules on viral mutant frequency, 

add the compounds two hours before infection.   

3. Replace the medium 24 hours after infection. 

4. Collect the cells for fluorescence-activated cell sorting (FACS) 72 hours post-

infection.  Before collecting samples, we advise discussing the procedure with 

the operator of the FACS instrument, as they may suggest modifications to this 

protocol.  Begin by aspirating the medium and adding 3 mL trypsin-EDTA/plate.  

Neutralize the trypsin with 7 mL 293T medium/plate and centrifuge in 15 or 50 

mL conical tubes for 5 min at 500 × g and 4 °C.  Aspirate the trypsin-

EDTA/medium. 

5. Wash the cells twice with 10 mL DPBS/2% FBS/plate.  Resuspend the final 

cell pellet in 1 mL FACS buffer/plate of cells and transfer to 5 mL polystyrene 

tubes.   
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6. Bring the following to the FACS instrument:  samples for analysis, FACS buffer 

(~10 mL in a 15 mL conical tube), polystyrene tubes with strainer caps 

(one/sample), and collection tubes (microcentrifuge tubes with 0.1 mL DPBS/2% 

FBS/tube; bring two/sample). 

7. Subject samples to FACS to sort out the mCherry+/EGFP- and mCherry-

/EGFP+ cell populations (see Note 15).  Each sample should be filtered into a 

polystyrene tube through a strainer cap immediately before FACS to remove cell 

aggregates.  The speed and efficiency of sorting can vary widely depending on 

numerous factors (infectivity, degree of cell death, etc.).  We typically collect at 

least 2000 mCherry+/EGFP- cells per sample, though the ideal number depends 

on the amount of sequencing data required for analysis (see Note 16). 

Extraction of genomic DNA, PCR, and Sequencing 

1. Purify genomic DNA from infected cells using Roche’s High Pure PCR 

Template Preparation Kit (or a similar kit), following the manufacturer’s 

instructions.  Elute in 50 µL sterile water/sample.  Isolate genomic DNA from 

uninfected cells as a negative control for the PCR reaction. 

2. Treat genomic DNA with 0.2 U/µL DpnI in 1X DpnI buffer at 37 °C for 2 hours 

to degrade any residual plasmid DNA. 

3. Perform PCR amplification of egfp using a high-fidelity amplification system 

that is based on a proofreading polymerase, such as Phusion Hot Start II.  

Proofreading polymerases are recommended because they exhibit much lower 

error rates than Taq polymerase, which lacks proofreading activity (error rates of 

10-6-10-7 mutations/bp/cycle or 10-4-10-5 mutations/bp/cycle, respectively).  High-

fidelity polymerases minimize background errors that could otherwise contribute 

to the mutation spectra data (see Note 17 for further discussion). Using Phusion 

Hot Start II, set up the PCR reactions with 28.5 µL nuclease-free water, 10 µL 5X 

HF buffer, 1 µL dNTPs (10 mM), 2.5 µL of each primer (EGFP-Forward and 

EGFP-Reverse primers; 10 µM stocks), 5 µL genomic DNA, and 0.5 µL Phusion 

Hot Start II.  We advise performing the PCR reactions from each sample in 

triplicate and pooling the resulting products in order to increase the number of 



 285 

unique mutations that can be observed by sequencing.  The egfp gene from the 

pNL4-3 MIG plasmid should be amplified as a positive control reaction.  Use 

water and genomic DNA from uninfected cells as negative control reactions.  

4. Perform PCR using the following cycling parameters:  98 °C for 30 seconds, 

40 cycles of 98 °C 10 seconds/60 °C 30 seconds/72 °C 30 seconds, and a final 

extension of 72 °C for 10 min.  In some cases, the number of PCR cycles can be 

reduced to 30 or 35 in order to further decrease PCR-mediated background 

errors, but in general this is not recommended because: 1) the benefit in terms of 

reducing background errors is relatively small (see Note 17), and 2) the PCR 

product may not be sufficiently visible on a gel to allow for DNA purification.  

5. Gel-purify the PCR products (981 bp in length) to remove any non-specific 

products or primer dimers.  Gel extraction also removes the proofreading 

polymerase (i.e. Phusion Hot Start II), which is crucial for efficient A-tailing of 

PCR products. 

6. Add A-tails to the blunt-end PCR products by mixing 6 µL purified PCR product, 

1 µL 10X Taq buffer, 2 µL dATP (1 mM), and 1 µL (5U) Taq polymerase.  

Incubate at 72 °C for 20 minutes. 

7. Ligate the A-tailed PCR products into a T/A cloning vector such as pGEM-T 

following the manufacturer’s instructions.  Use 3 µL of PCR product in each 

ligation reaction and ligate overnight at 4 °C for maximum efficiency. 

8. Transform 5 µL of each ligation reaction into JM109 cells.  Other high-

efficiency competent cells (≥108 colony forming units/µg) can be used as well, 

provided they are compatible with blue-white color screening.  Plate several 

different volumes (e.g. 50, 200, 500 µL) onto LB-amp plates containing IPTG and 

X-Gal for blue-white color screening.  

9. Start 1.5 mL liquid cultures in LB broth with ampicillin from white colonies (i.e. 

those that contain an insert disrupting the lacZα reading frame in pGEM-T) the 

following day.   
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10. Purify plasmid DNA from the liquid cultures the next day.  For smaller 

numbers of cultures (< 48), we recommend using standard miniprep kits.  For 

larger numbers of cultures (≥ 48), use 96-well high-throughput miniprep kits. 

11. Submit the samples for Sanger sequencing using primers that flank the 

ligated insert, such as the T7 promoter and/or SP6 upstream primers (see Note 

18). 

12. Align resulting sequences to the wild-type egfp sequence (this will exclude 

the primer sequences from analysis, as the primers anneal outside of egfp) using 

a program like SeqMan Pro (part of the Lasergene Core Suite) or Vector NTI.  

Perform trimming to remove low-quality sequence data.   

13. Use the program to identify all putative mutations within the assembled 

sequences.  Verify each mutation by viewing the chromatogram.  Compile a list 

of information about each mutation—sequence identifier, position, and mutation 

type.  Exclude identical mutations that are found in multiple clones from the same 

sample, as these may have arisen due to sequencing of amplified products from 

the same original provirus.  It is important to note that even if the identical 

mutations occur in distinct sequences (e.g., with different co-occurring mutations), 

they may still have arisen from one initial provirus, as recombination can occur 

during PCR.  Occasional G-to-A hypermutants (likely due to the activity of 

APOBEC3 proteins) may be identified, and the mutation spectra should be 

analyzed both in the presence and absence of these G-to-A hypermutants (see 

Note 19).    

14. From the list of verified mutations, compile the mutation spectra by 

determining the absolute numbers and relative percentages that each mutational 

type contributes to the total.  The mutation spectra data can be presented in table 

or pie chart format (as shown in Figure A3-2B).  Mutation spectra can be 

compiled both for total mutations as well as for specific classes of mutations, 

such as substitutions.  While insertions and deletions can be observed in this 

assay, we have found that they occur much less frequently than substitutions, 
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and therefore it is difficult to make meaningful comparisons of their frequencies 

between samples. 

15. Analyze statistical significance of differences in mutation spectra using the 

Cochran-Mantel-Haenszel test or Fisher’s Exact test (see Note 20).  These 

analyses should be performed on the absolute numbers of mutants from each 

class, rather than relative percentages of the total.  

     

Notes 
1. Many other cell lines may successfully be used as targets for infection, 

particularly when viral stocks are pseudotyped with VSVG.  Besides U373-MAGI-

CXCR4, we have successfully used immortalized T-cell lines, such as CEM and 

SupT1.  Infectivity of viral stocks can vary widely between cell lines, such that 

they must be titered in each target cell line.   

2. We have also produced viral stocks using standard calcium phosphate 

protocols and lipid-based reagents (such as GenJet and Lipofectamine 2000), 

but the PEI method has provided the best balance between cost, efficiency, and 

speed.  If viral titers are insufficient, lipid-based methods are recommended.  

Alternatively, larger volumes of virus may be produced by PEI transfection and 

then concentrated. 

3. VSVG is usually preferable for pseudotyping the HIV-1 vector as it results in 

high titer viral stocks that can infect a variety of cell lines.  However, when using 

VSVG, it is possible for the virus to re-infect the producer cells (293T).  While this 

may elevate the absolute mutant frequency, it should not affect relative mutant 

frequency comparisons between samples.  In place of VSVG, constructs 

expressing CXCR4-tropic HIV-1 Env may be utilized (the NIH AIDS Reagent 

Program has many available).  While the use of these constructs prevents re-

infection of producer cells, infectivity of viral stocks will likely be reduced.  

4. For our experiments, we have used a BD LSR II flow cytometer (BD 

Biosciences) equipped with 488, 561, and 640 nm lasers.  EGFP is excited by 

the standard 488 nm laser and detected with 505LP and 525/50 filters, while 
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mCherry is excited with the 561 nm laser and detected with 595LP and 610/20 

filters.  With this particular setup, no fluorescence compensation was necessary.  

We recommend optimizing the flow cytometer setup with single-color controls 

(such as 293T cells transfected with EGFP or mCherry) before using the pNL4-3 

MIG construct.  If the mCherry and EGFP signals cannot be satisfactorily 

separated (even with compensation), a similar molecular clone of HIV-1 (pNL4-3 

HIG) that expresses the mouse heat stable antigen (HSA) and EGFP can be 

used instead (15, 16).  In this case, an additional step must be performed in 

which HSA is stained with a phycoerythrin (PE)-conjugated anti-HSA antibody. 

5. DNase I treatment of viral stocks is highly recommended to reduce plasmid 

contamination of genomic DNA used for PCR and sequencing.  Perform this step 

before freezing and titering viral stocks, as the DNase I treatment itself may 

somewhat reduce viral titers.  If viral stocks will only be used to determine mutant 

frequencies by flow cytometry, DNase I treatment is unnecessary. 

6. For NL4-3 MIG-VSVG, infect with 1.25-80 µL of virus (2-fold dilution series).  

For NL4-3 MIG complemented with NL4-3 Env, infect with 31.25-500 µL of virus.  

These ranges should comfortably span the target of 20% infection for further 

experiments.  Titers may vary considerably if other target cell lines or envelopes 

are used. 

7. When initially performing flow cytometry of infected cells, include several extra 

samples (uninfected and infected) for optimization of flow settings (voltages and 

thresholds).  We suggest optimizing the settings in tube mode and then 

proceeding with the analysis of all remaining samples in HTS mode.  After 

gaining familiarity with the procedure, these extra samples can be omitted. 

8. Within this assay, cells infected by a single virus or by multiple viruses cannot 

reliably be distinguished.  However, at low infectivities, the probability of co-

infection is small such that the relationship between the volume of virus added 

and percent infection is highly linear.  We have found that linearity is maintained 

up to ~40% infection. 
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9. Calculate the titer (infectious units/mL) as follows:  (F × N × 1000)/V, where F 

is the percentage of fluorescent cells (expressed in decimal form), N is the 

number of cells at the time of infection, and V is the volume (µL) of virus stock 

added.  Determine the titer for each volume of virus within the linear range of 

infection and average the resulting values.  These titers may underestimate true 

infectious titers because:  1) some cells may be co-infected, and 2) some cells 

may be infected but fail to express mCherry or EGFP (due to mutations in both 

mCherry and egfp, mutations in tat, or integration into a transcriptionally-

repressive region of the genome). 

10. We highly recommend performing experiments within the range of 15-30% 

infection (for the untreated control) whenever possible.  At lower infectivities, 

mutant frequencies become noticeably more variable due to the low number of 

mutants detected.  At higher infectivities, changes in mutant frequencies become 

harder to detect due to high levels of co-infection (in which case wild-type 

proviruses can mask mutant proviruses). 

11. When testing the impact of small molecules on viral mutant frequencies, we 

generally pre-incubate the cells with the compounds of interest for two hours 

prior to infection.  However, some compounds may require longer activation 

periods, necessitating optimization of the time of compound addition.  At the 

desired time point, replace the medium and add the compounds of interest 

(typically 1-2 µL) to a final volume of 0.5 mL/well.  Test a range that spans at 

least six concentrations of each compound.  Include equivalent volumes of the 

compound solvent in the untreated (infected and uninfected) controls.  At the 

time of infection, add virus and medium to bring the final volume to 1 mL/well.  

Compound concentrations are based on the final volume of 1 mL/well; thus, 

adding 1 µL of compound results in a 1000-fold dilution of the compound stock. 

12. ANOVA tests assume that all treatment groups are normally distributed and 

that all treatment groups have equal variance.  The small fractions obtained 

using this reporter assay can invalidate these assumptions and therefore 

invalidate the ANOVA.  Variance stabilization can be performed to account for 
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unequal variance among treatment groups that may arise from small fractions.  

Arcsin transformation is one method of variance stabilization that does not 

require specialized software for statistical analysis.  To analyze the data by this 

method, first transform mutant frequencies (arcsin(square root of mutant 

frequency)) prior to analysis by ANOVA with Tukey’s post-test.  We have used 

ANOVA to evaluate both transformed and untransformed data and found little 

difference in the statistical results, suggesting that the ANOVA is a fairly robust 

procedure.    

13. To compare samples with two factors (e.g. a drug combination) against 

samples with a single factor (e.g. single drug treatments), first transform the data 

using the arcsin square root equation (as described in Note 12) and then perform 

either a one-way or two-way ANOVA.  Although both the one-way and two-way 

ANOVA are valid methods for evaluating the data, the two-way ANOVA is a more 

powerful method for estimating interactions.  To compare multiple treatment 

groups to an untreated control, perform one-way ANOVA with Dunnett’s multiple 

comparison test.  

14. Assay results are typically highly comparable across different plate formats 

as long as the numbers of cells and volumes of viruses are scaled based on 

surface area differences.  The scaling factor between 10 cm plates and 24-well 

plates is 39.27, though this may vary depending on manufacturer.  Therefore, 

one can calculate the amount of virus necessary per 10 cm plate by taking the 

amount needed per well of a 24-well plate and multiplying by 39.27. 

15. Although previous analyses have only included sequences from the 

mCherry+/EGFP- population, other populations (typically up to four total) can be 

sorted without adding any additional time or expense to the experiment.  Thus, 

we suggest isolating the mCherry-/EGFP+ cell population as well.  Genomic DNA 

from these cells can be used to identify additional unique mutations in mCherry, 

which may be useful in cases where mCherry+/EGFP- genomic DNA is 

exhausted.   
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16. The number of cells isolated by FACS should be maximized such that the 

chance of re-sampling identical mutants is low.  Re-sampling of sequences can 

be minimized by increasing the number of cells sorted and/or by decreasing the 

number of colonies selected.  For example, very little, if any, re-sampling would 

be expected if 100 colonies were sequenced from 2,000 cells.   Increasing the 

number of colonies screened to 200 would increase the probability of re-sampling, 

but still less than 10% of the sequences would be expected to be identical due to 

re-sampling. 

17. The frequency of background errors in this assay due to PCR can be 

estimated based on the published fidelities of thermostable DNA polymerases.  

While error rates vary considerably depending on the specific polymerase, 

reaction conditions, and template sequence, error rates for Taq generally range 

from 10-4 to 10-5 mutations/bp/cycle (33-38) while error rates for proofreading 

polymerases range from 10-6 to 10-7 mutations/bp/cycle (36, 37, 39).  Phusion 

Hot Start II exhibits an error rate of 4.4 × 10-7 mutations/bp/cycle according to the 

manufacturer, while published estimates of its error rate range from 4.2 × 10-7 to 

2.6 × 10-6 mutations/bp/cycle (36, 37, 39).  Based on these error rates, the size of 

the mutational target (egfp-720 bp), and 40 cycles of amplification, the use of 

Phusion should result in ~0.02-0.07 errors/sequence.  As we typically observe an 

average of ~1 mutation/sequence, these calculations suggest that PCR-mediated 

errors would contribute <10% of the resulting data.  In contrast, Taq would be 

expected to result in ~0.3-3.0 errors/sequence, and PCR errors would thus 

substantially contribute to resulting mutational spectra data.  PCR errors can also 

be reduced by limiting the number of cycles to 30 or 35, but the benefit is 

marginal (e.g. 30 cycles with Phusion would lower expected errors to 0.01-0.06 

errors/sequence), and the resulting products may not be readily visible by gel 

electrophoresis.       

18. Most of the mutations in the PCR products can be identified by single 

sequencing reactions with primers that anneal to regions of the vector flanking 

the insert, such as the T7 and SP6 promoters.  However, as the PCR product is 
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981 bp in length, both sequencing reactions are necessary to cover the entire 

981 bp region.  The overlapping region of these sequences can also be used to 

ensure that the same mutation is identified in both directions.     

19. In this assay, we have observed occasional G-to-A hypermutants, 

characterized by 2-20 G-to-A mutations in a single sequencing read (18, 20).  

The high numbers of G-to-A mutations as well as their dinucleotide context 

(heavily biased toward GA dinucleotides) suggest that these hypermutants result 

from the activity of APOBEC3 proteins.  Although these sequences are relatively 

rare, they can contain many G-to-A mutations and thus substantially skew the 

mutation spectra.  Therefore, we suggest compiling and comparing mutation 

spectra with and without the G-to-A hypermutants from each sample. 

20. If three independent experiments were performed, analyze the data using the 

Conchran-Mantel-Haenszel test, as this procedure can assess differences in 

mutation types and also account for differences among the independent 

experiments.  If the experiment was not performed three independent times, 

evaluate the data using Fisher’s Exact test. While these analyses are useful, they 

may not be powerful enough to detect small differences between treatment 

groups.  To increase the likelihood of detecting differences in mutation types, it is 

always preferable to have a hypothesis that focuses on one specific mutation 

type.  For example, studies focused on APOBEC3 proteins may only require 

detecting differences in the G-to-A mutations rather than identifying differences in 

all types of mutations. 
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Figure A3-1.  Vector and assay design for rapid determination of HIV-1 
infectivities and mutant frequencies. (A) An HIV-1 vector expressing mCherry 

and EGFP (pNL4-3 MIG) was co-transfected with VSVG to produce infectious 

virus.  The supernatant was used to infect U373-MAGI-CXCR4 target cells.  Cells 

were collected 72 hours post-infection for analysis of infectivity and mutant 

frequency via flow cytometry.  Reprinted in adapted form from Rawson, J.M. et al. 

2013 (18) with permission from Elsevier. (B) Examples of representative flow 

cytometry data (EGFP vs. mCherry) from uninfected cells, infected untreated 

cells, and infected cells treated with a mutagenic drug combination (50 µM 

resveratrol + 200 µM KP-1212).  The infectivities (I) were calculated by adding 

the percentages of cells in all three positive quadrants, whereas mutant 

frequencies (MF) were calculated by adding the single-positive quadrants 

(mCherry+/EGFP- + mCherry-/EGFP+) and dividing by the infectivities.  
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Figure A3-2. Use of the dual-reporter HIV-1 vector to analyze viral 
infectivities, mutant frequencies, and mutation spectra. (A) The impact of a 

mutagenic drug combination (50 µM resveratrol + 0, 5, 50, or 200 µM KP-1212) 

on viral infectivities and mutant frequencies was determined.  The data were 

normalized to the no drug (ND) control, which was set to 100 (infectivity) or 1 

(mutant frequency).  The data represent the means of three independent 

experiments ± standard deviations.  One-way ANOVA with Dunnett’s post-test 

was performed on the un-normalized data to assess statistical significance. *p-

value < 0.05, **p-value < 0.01, ***p-value < 0.001. (B) To examine mutation 

spectra, mCherry+/EGFP- cells were isolated by fluorescence-activated cell 

sorting (FACS).  Genomic DNA was extracted, and egfp from the proviral DNA 

was amplified, cloned, and analyzed by Sanger sequencing.  After alignments 

and identification of mutations, the percentage of mutations belonging to each 

class was determined for the no drug (ND) control and cells treated with a 
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mutagenic drug combination (50 µM resveratrol + 200 µM KP-1212).  The drug 

combination caused an increase in G-to-C mutations from 2% to 41% of total 

mutations, which was statistically significant (p-value < 0.0001).  Total mutations 

analyzed:  45 (no drug) and 69 (drug combination).  Reprinted in adapted form 

from Rawson, J.M. et al. 2013 (18) with permission from Elsevier. 
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Abstract 
Human immunodeficiency virus type 2 (HIV-2) infects about 2 million 

people worldwide. HIV-2 has fewer treatment options than HIV-1, yet may evolve 

drug resistance more quickly. We have analyzed several novel drugs for anti-

HIV-2 activity.  It was observed that 5-azacytidine, clofarabine, gemcitabine and 

resveratrol have potent anti-HIV-2 activity.  The EC50 values for 5-azacytidine, 

clofarabine and resveratrol were found to be significantly lower with HIV-2 

compared to that of HIV-1. A time-of-addition assay was used to analyze the 

ability of these drugs to interfere with HIV-2 replication.  Reverse transcription 

was the likely target for antiretroviral activity.  Taken together, several novel 

drugs have been discovered to have activity against HIV-2. Based upon their 

known activities, these drugs may elicit enhanced HIV-2 mutagenesis and 

therefore be useful for inducing HIV-2 lethal mutagenesis. In addition, the data 

are consistent with HIV-2 reverse transcriptase (RT) being more sensitive than 

HIV-1 RT to dNTP pool alterations. 

Text 
Individuals infected with human immunodeficiency virus type 2 (HIV-2) are 

primarily of west African descent and many of the HIV-2 cases worldwide are 

attributed to immigrant populations of west Africans living abroad (1-4). The low 

prevalence of HIV-2 compared to HIV-1 is attributed to its low infectivity. HIV-2 is 

considered a naturally attenuated infection and HIV-2-infected individuals are 

more likely to have lower viral RNA levels and are less likely to progress to AIDS 

compared to those infected with HIV-1 (2, 4-6). However, when HIV-2 infection 

induces AIDS, there are fewer treatment options than those infected with HIV-1, 

because not all anti-HIV-1 drugs inhibit replication of HIV-2. First generation 

NNRTIs, the fusion inhibitor enfuvirtide, and several protease inhibitors are 

known to be ineffective against HIV-2, while the clinical efficacy of the entry 

inhibitor maraviroc is unknown (7). Furthermore, HIV-2 has been reported to 

have lower genetic barriers to the evolution of multidrug resistance than HIV-1, 

further narrowing the already-limited HIV-2 drug treatment options (7-12).  
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Previous clinical trials to treat HIV-1 infection using drugs or drug 

candidates that enhance HIV-1 mutagenesis were associated with setbacks.  For 

example, hydroxyurea (an inhibitor of cellular ribonucleotide reductase that has 

also been shown to enhance HIV-1 mutagenesis) has been tested clinically, but 

was found to have significant side effects (13-15).  KP-1212 acts as a viral 

mutagen by being incorporated into viral DNA during reverse transcription and 

causing mispairing via tautomerization (16). However, a prodrug version (KP-

1461) was not able to significantly reduce viral loads in clinical studies – though 

an altered spectrum of mutations was observed (17). 

Several significant advancements have been made recently to raise 

renewed enthusiasm to therapeutic approaches that seek to reduce HIV-1 

infectivity by enhancing the viral mutation rate via lethal mutagenesis in cell 

culture (18).  First, 5-azacytidine was shown to induce HIV-1 lethal mutagenesis 

by the specific induction of G-to-C transversion mutations (19).  The combination 

of 5-aza-2’-deoxycytidine (decitabine) and gemcitabine was found to 

synergistically reduce viral infectivity by enhanced viral mutagenesis (20).  

Decitabine and gemcitabine, both alone and in combination, were found to 

reduce viral loads in an AIDS mouse model in the absence of toxicity; stable 

prodrug derivatives have been identified to aid in clinical translation of these 

drugs for treatment of HIV-1 infection (21, 22).  Resveratrol, a phytoalexin, has 

been shown to enhance viral mutation (likely via inhibition of ribonucleotide 

reductase), and has been shown to potentiate the activity of KP-1212 – which 

could enhance the likelihood of the clinical utility of KP-1212 in the treatment of 

HIV-1 infection (21, 23).  In this study, we examined the ability of the 

ribonucleoside mutagen 5-azacytidine and the ribonucleotide reductase inhibitors 

gemcitabine, resveratrol, and clofarabine to reduce HIV-2 infectivity, as 

compared to HIV-1. A time-of-addition drug assay was utilized in order to identify 

the step(s) in the HIV-2 life cycle in which viral replication was perturbed.    

An HIV-2 vector, pROD-MIG, was used in the drug susceptibility assays. 

This HIV-2 vector is an envelope-minus vector in which env gene sequences 
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were deleted and a gene cassette composed of the mCherry gene, an internal 

ribosomal entry site (IRES), and the green fluorescence protein (gfp) gene were 

cloned into the remaining env gene sequence. As a control, a HIV-1 vector, 

pNL43-MIG (env-minus HIV-1 vector with a mCherry-IRES-GFP expression 

cassette), was used in parallel to access HIV-1 infectivity (23).  The molecular 

clone pROD-MIG was created by exchanging the mCherry gene from pHIV-1 

MIG with the mouse heat stable antigen from pROD10-HIG (Rawson et al., 

submitted).  Briefly, a fragment of pHIV-2 HIG spanning env, hsa, and IRES was 

amplified and ligated into pGEM-T (Promega Corp; Madison, WI).  The resulting 

construct and pHIV-1 MIG were digested with BamHI and AvrII (New England 

Biolabs; Ipswich, MA).  The appropriate fragments were purified and ligated 

together using T4 DNA ligase (New England Biolabs), thus exchanging hsa for 

mCherry within the pGEM-T subclone.  The pGEM-T subclone and pHIV-2 HIG 

were then digested with PmlI, cleaving within env and IRES.  The vector was 

treated with Antarctic phosphatase (New England Biolabs), and the appropriate 

fragments were ligated together using T4 DNA ligase.  Like pNL43-MIG, pROD-

MIG expresses mCherry and EGFP and all viral proteins except Env and Nef.   

When treating cells with drugs (Figure A4-1), VSV-G pseudotyped HIV-1 

and HIV-2 vector virus stocks were used to infect 10,000 Magi-U373-CXCR4CEM 

cells/well in a 96-well plate format that had been pre-treated for 2 hours with 

increasing concentrations of drugs or with vehicle, DMSO. Flow cytometry was 

used to quantify infectivity and EC50 values were calculated in GraphPad Prism6 

(San Diego, California, USA). Table A4-A4-1 shows the EC50 values calculated 

for each drug under study along with several drugs that have known mechanisms 

of action (i.e., raltegravir, tenofovir, zidovudine, nevirapine). Dose response 

curves and EC50 values were obtained for each independent experiment using 

nonlinear regression models that generated non-ambiguous EC50 values and that 

gave acceptable fits in a combined replicates test. These replicate EC50 values 

were subjected to an unpaired two-tailed t-test to generate a compiled EC50 value 

for each drug and to compare whether the EC50 values differed for HIV-1 and 
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HIV-2. All drugs tested, except nevirapine, possessed potent anti-HIV-1 and HIV-

2 activity. Consistent with previous publications, nevirapine inhibited HIV-1, but 

not HIV-2 replication (24). Resveratrol, clofarabine, and 5-azacytidine showed 

statistically different EC50 values, as indicated by a p value of 0.05 or less. In 

contrast, zidovudine, tenofovir and raltegravir did not show any significant 

differences in their EC50 values between HIV-1 and HIV-2, in agreement with 

previously published reports (10, 25, 26). This is, to our knowledge, the first 

report of clofarabine, a known inhibitor of ribonucleotide reductase, having 

activity against both HIV-1 and HIV-2.  

Previous studies have described the cytotoxicity of 5-azacytidine (19), 

resveratrol, gemcitabine (20, 23, 27), and clofarabine (Beach et al., unpublished 

data) using the same cell line as reported here. Based on these previous reports, 

the observed antiviral activity cannot be attributed to cytotoxic effects of these 

drugs. In support of this, microscopic inspection of the cells as well as forward 

and side scatter by flow cytometric analysis did not reveal any evidence of 

increased cell death or abnormalities with any of the drug treatments used. The 

finding that nevirapine inhibits HIV-1, but not HIV-2, suggests that the antiviral 

activity is specific and not due to cell cytotoxicity. 

The finding of similar antiviral efficacy for zidovudine, tenofovir, and 

raltegravir, but not for nevirapine, correlates well with previously reported findings 

that compared the anti-HIV-1 and anti-HIV-2 activities of these drugs (10, 28, 29). 

Though some of the confidence intervals were relatively large, Table A4-1 

indicates that HIV-2 is more susceptible to gemcitabine, clofarabine, and 

resveratrol than HIV-1 by approximately 2-fold, 3.5-fold, or 4.2-fold, respectively. 

Since all 3 drugs are known to be inhibitors of ribonucleotide reductase, these 

observations provide one line of evidence for HIV-2 being more sensitive to 

ribonucleotide reductase inhibitors than HIV-1 in cell culture. Intriguingly, only 

resveratrol and clofarabine showed a statistically significant decrease in EC50 

values, but all showed a general trend of inhibiting HIV-2 with greater potency 

than with HIV-1. It was also observed that HIV-2 was approximately 1.4-fold 
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more sensitive than HIV-1 to 5-azacytidine. Taken together, these data also 

suggest HIV-2 may be more sensitive than HIV-1 to viral mutagens that can 

induce lethal mutagenesis. 

Time-of-addition drug assays were next done in order to identify the phase 

in the HIV-2 life cycle perturbed by each drug (Figure A4-2). Infections of 

permissive target cells were done as described above, except that rather than 

pre-treating with drugs for 2 h before infection, drugs were added to cell culture 

media immediately at the time of infection, or at varying time points post 

infection. Cell culture media was changed 24 h after each drug treatment for 

each time point. Cells were incubated at drug concentrations that could 

extinguish viral infectivity. The infectivity observed at the 0 h time point for each 

drug was subtracted and infectivity was subsequently normalized to 24 h no drug 

infectivity.  

The last time point where a drug was observed to consistently extinguish 

viral replication was interpreted to correlate with the step of the viral life cycle that 

the drug likely interferes with (30).  Drugs that interfered with replication at or 

before 1 h were defined as targeting entry or fusion; at 3 to 4 h were defined as 

interfering with reverse transcription; and after 6 h were defined as interfering 

with integration (30). Similar to previous publications, we qualitatively defined the 

time-of-drug inhibition in our assays as the time point after which infectivity was 

consistently detected above baseline (30). For an inhibitor of ribonucleotide 

reductase, it was hypothesized that depending on when dNTP pool imbalances 

occur, the inhibition of viral infectivity could occur after fusion but prior to 

completion of reverse transcription. 

At the 6 h timepoint, gemcitabine, resveratrol and clofarabine were found 

to reduce HIV-2 replication, which was interpreted as likely influencing the 

reverse transcription phase of the virus life cycle (Figure A4-2).  It was observed 

that gemcitabine and resveratrol typically lost their antiviral efficacy at earlier time 

points than that of clofarabine, but within a similar time frame as the loss of 

inhibition of tenofovir and zidovudine.  This suggests that 2 to 4 h was the 
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window of time where an antiviral that affects reverse transcription and would 

extinguish viral replication. The size of this window for interfering with viral 

replication (i.e., 2h) could be a reflection of the different timing of cellular uptake 

and phosphorylation of nucleoside analogs in the Magi-U373-CXCR4CEM cell line. 

This could also be true for the nucleoside analogs analyzed in this study (i.e., 5-

azacytidine, gemcitabine, clofarabine).  The timing of RT perturbation was 

distinct from the inhibition of integrase in our assay. The integrase inhibitor 

raltegravir inhibited inhibited HIV-2 through 8 h (Figure A4-2), the penultimate 

time point tested. Raltegravir was the only drug tested that inhibited HIV-2 

replication beyond 6 h.   

Several lines of evidence suggest that HIV-2 RT may be more sensitive 

than HIV-1 RT to alterations in dNTP pools. First, HIV-2 RT is less processive 

than HIV-1 RT (12, 31, 32), and this effect is enhanced under reduced dNTP 

pools (32). Thus, dNTP pool depletion by ribonucleotide reductase inhibitors 

could more greatly affect HIV-2 reverse transcription than that of HIV-1. Second, 

HIV-2 encodes the Vpx protein (33), which degrades the cellular 

triphosphorhydrolase SAMHD1 (34). SAMHD1 degradation results in an increase 

in dNTP pool concentrations, which allows HIV-2 to replicate in cells with low 

dNTP concentrations such as macrophages (35-38). Third, HIV-1 (which does 

not encode Vpx) can readily replicate in macrophages without counteracting 

SAMHD1 (39, 40). This argues for an important role of Vpx in maintaining dNTP 

pool levels for efficient HIV-2 DNA synthesis.  Fourth, fidelity differences may 

exist between HIV-1 RT and HIV-2 RT that could influence the sensitivity to 

dNTP pool alterations.  Taken together, these observations suggest that HIV-2 

may be more sensitive to dNTP pool alterations.  Therefore, drugs that perturb 

nucleotide pools could have greater potential for treating HIV-2 rather than HIV-1 

infection.   

Drug combinations of nucleoside reverse transcriptase inhibitors and 

ribonucleotide reductase inhibitors may be able to slow the emergence of HIV-2 

drug resistance since, unlike HIV-1, HIV-2 RT cannot excise nucleoside reverse 
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transcriptase inhibitors and instead relies only on the exclusion of dNTP analogs 

to develop antiviral drug resistance (32, 41, 42). Despite a more limited drug 

repertoire for the treatment of HIV-2 infection due to natural occurring resistance 

polymorphisms, and the potential promise of ribonucleotide reductase inhibitors 

to selectively inhibit HIV-2 replication, no studies have examined the efficacy of 

ribonucleotide reductase inhibitors (or other classes of viral mutagens) against 

HIV-2 (7-12).   

The observations made in this study indicate the antiviral activities of 5-

azacytidine, gemcitabine, resveratrol and clofarabine are selective for the reverse 

transcription phase of HIV-2 replication. These findings also indicate 5-

azacytidine, resveratrol, and clofarabine have greater antiviral activity against 

HIV-2 than HIV-1. Nevirapine, as expected, had antiviral activity against HIV-1, 

but not HIV-2.  No statistical difference could be detected in the potency of 

gemcitabine, zidovudine, tenofovir or raltegravir. Recent reports have 

demonstrated that HIV-2, but not HIV-1, must degrade the dNTP pool regulator 

SAMHD1 for successful infection of macrophages and other myeloid cells, which 

are known to have extremely low dNTP pools (38, 39). The increased dNTP 

pools that arise through Vpx-induced SAMHD1 degradation has been 

hypothesized to be responsible for the rapid emergence of nucleoside reverse 

transcriptase inhibitor drug resistance in HIV-2 infected individuals (43). It is 

formally possible that treatment of HIV-2 infection with ribonucleotide reductase 

inhibitors could decrease dNTP pool levels below the Km of HIV-2 RT in 

macrophages, resting CD4 T cells, and dendritic cells, which would disrupt the 

progression of HIV-related pathogenesis and dampen the emergence of drug 

resistant virus. 
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Figure A4-1. Drugs investigated for activity against HIV-2.  Drug structures 

are indicated. 

 
Figure A4-2. Time-of-addition drug assay.  Magi cells were seeded into 96 

well plates and were then infected with VSV-G pseudotyped HIV-2 vector virus. 

At 0, 1, 2, 3, 4, 6, 8 and 24 h post infection (penultimate time point tested was at 

8 h), cells were treated with no drug (DMSO only) or with the IC100 values of 

clofarabine (Clo), zidovudine (AZT), tenofovir (TFV), resveratrol (Res), raltegravir 

(Ral), 5-azacytidine (5AZC), or gemcitabine (Gem). Infections were performed in 

triplicate, background infectivity at the 0 h time point was subtracted, and 

infectivity for drug treatments was normalized to no drug (DMSO only) infectivity 

at the 24 h time point (which was 55%). Values represent the averages of three 

independent experiments, with each treatment at each time point treated in 

duplicate.  Nevirapine was not analyzed due to the lack of antiviral activity 

against HIV-2. 
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Table A4-1. EC50 values of drugs under study for HIV-1 and HIV-2 infection. 
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Abstract 
Fluorescence fluctuation spectroscopy (FFS) quantifies the interactions of 

fluorescently- labeled proteins inside living cells by brightness analysis. However, 

the study of cytoplasmic proteins that interact with the plasma membrane is 

challenging with FFS. If the cytoplasmic section is thinner than the axial size of 

the observation volume, cytoplasmic and membrane-bound proteins are 

coexcited, which leads to brightness artifacts. This brightness bias, if not 

recognized, leads to erroneous interpretation of the data. We have overcome this 

challenge by introducing dual-color z-scan FFS and the addition of a distinctly 

colored reference protein. Here, we apply this technique to study the cytoplasmic 

interactions of the Gag proteins from human immunodeficiency virus type 1 (HIV-

1) and human T-lymphotropic virus type 1 (HTLV-1). The Gag protein plays a 

crucial role in the assembly of retroviruses and is found both at the membrane 

and in the cytoplasm. Dual-color z-scans demonstrate that brightness artifacts 

are caused by a dim non-punctate membrane-bound fraction of Gag. We perform 

an unbiased brightness characterization of cytoplasmic Gag by avoiding the 

membrane bound fraction and reveal previously unknown differences in the 

behavior of the two retroviral Gag species. HIV-1 Gag exhibits concentration-

dependent oligomerization in the cytoplasm, while HTLV-1 Gag lacks significant 

cytoplasmic Gag-Gag interactions. 

 

Introduction 
Two-photon fluorescence fluctuation spectroscopy (FFS) monitors the 

fluorescence fluctuations caused by single molecules that migrate in and out of a 

diffraction-limited observation volume. Analysis of the fluctuations provides 

information on the concentration, mobility, and brightness of fluorescent proteins 

(1-3). An exciting application of FFS lies in the characterization of protein-protein 

interactions in living cells by brightness analysis (1, 4). However, caution is 

required because the cellular environment is far more complex than that in an 

aqueous solution. We recently demonstrated that cytoplasmic brightness 
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analysis leads to artifacts if the observation volume exceeds the physical 

boundaries of the cell (5). Z-scan FCS was introduced to account for artifacts in 

the study of diffusion in both model and cellular lipid bilayers (6-8). Our group 

adapted this technique to account for the brightness artifacts observed in thin 

cells (5). Here we expand the repertoire of FFS by characterizing retroviral Gag 

proteins (9, 10), which are found both in the cytoplasm and on the plasma 

membrane. Gag molecules are retroviral structural proteins that have been 

shown to be sufficient for the production and release of viral-like particles (VLPs).  

VLPs exhibit similar size and morphology to immature infectious virions (11, 12). 

Hundreds to thousands of Gag proteins assemble and organize at the plasma 

membrane to form individual VLPs (13-15). It is believed, however, that the 

process of viral assembly is initiated in the cytoplasm, followed by Gag targeting 

to the membrane for further assembly (16-18). In this study, we investigated the 

cytoplasmic Gag-Gag interactions of two viruses (HIV-1 and HTLV-1) to 

characterize the initial steps of the virus particle assembly pathway.  

Cells expressing Gag display bright puncta at the membrane, which are 

the putative assembly sites of VLPs.  While it is easy to avoid puncta, FFS 

measurements resulted in artifacts that were ultimately traced to the existence of 

a non-punctate Gag-population at the membrane. The finite thickness of 

cytoplasmic sections leads to coexcitation of cytoplasmic and membrane-bound 

Gag, which obfuscates brightness analysis. In this work, we introduced a 

modified z-scan FFS technique to identify appropriate measurement positions for 

brightness analysis of cytoplasmic Gag proteins. The modified FFS technique 

relies on a dual-color z-scan, which was recently introduced into FCS (6). 

We applied the technique to quantify cytoplasmic Gag-Gag interactions 

using brightness analysis for the first time. Our results demonstrate interesting 

differences in the behavior of HTLV-1 and HIV-1 Gag, which appear related to 

the myristic acid moiety known to be involved in Gag membrane targeting (16-

18). We anticipate that the methodology described in this paper will prove useful 
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in the characterization of other cytoplasmic proteins that interact with the 

membrane.  

 

Materials and Methods 
FFS Instrumentation.  A mode-locked Ti:sapphire laser (Tsunami, 

Spectra-Physics, Mountain View, CA) serves as a source for two-photon 

excitation of a modified Zeiss Axiovert 200 microscope (Thornwood, NY) as 

previously described (1).  Cells reside in a chamber slide mounted on a 

motorized stage (PZ2000 piezo stage, ASI, Eugene, OR). The location and 

positioning of cells expressing both the Gag-EYFP construct and mCherry was 

achieved using fluorescence epi-illumination.  The microscope was subsequently 

switched to bright-field illumination to verify cell-health as well as to locate a 

measurement position which appeared free from organelles. Finally, 

fluorescence epi-illumination was used to ensure that no puncta were present at 

the chosen measurement location.  

Once a cell was selected, the excitation source was switched to the 

Ti:sapphire laser for FFS experiments. Excitation light is focused through a Zeiss 

63x Plan Apochromat oil immersion objective (N.A. = 1.4). Control experiments 

(data not shown) confirm that 0.3 mW excitation power is sufficiently low to avoid 

saturation and photobleaching effects.   Each FFS measurement lasts 82 s and 

uses two-photon excitation of the sample at 1000 nm. Intensity z-scans were 

obtained using a PZ2000 piezo stage (ASI, Eugene, OR) to move the sample in 

the axial direction. Scan voltages were controlled by an Agilent 33250A arbitrary 

waveform generator (Agilent Technologies, Santa Clara, CA) running a linear 

ramp signal with a frequency of 30.5 mHz  and a peak-to-peak amplitude of 1.4 

V. This voltage corresponds to an axial travel of 14.2 µm. The fluorescence 

emission of the FFS and z-scan measurements was separated into two different 

detection channels with a 580 nm dichroic mirror (585DCXR, Chroma 

Technology).  Photon counts were detected with avalanche photodiodes (APD) 

(Perkin-Elmer, SPCM-AQ-14) and recorded by a data acquisition card (ISS, 
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Champaign, IL), which stores the complete sequence of photon counts using 

sampling frequencies ranging from 20 to 200 kHz.  Two-photon imaging is 

described in the Supporting Material.  

 

Sample Preparation and Data Analysis.  Plasmid construction, 

transfection, and cell treatment are described in the Supporting Material. The 

photon counts were analyzed with programs written in IDL 6.0 (Research 

Systems, Boulder, CO). The determination of protein concentrations and 

brightness values from FFS experiments has been described previously (1, 2, 4). 

The z-scan fluorescent intensity traces ( );F z h  were fit using (5): 

   ( ) ( ) ( ); RIPSFF z h A S z dζ ζ ζ= ⋅ +∫         (1) 

The fluorescent intensity at position z for a slab of height h depends on the 

amplitude A and the spatial convolution of the radially-integrated point spread 

function RIPSF with a sample shape factor S. For cell measurements the shape 

factor is modeled as a slab of height h,  

   ( ) 0 01,

0 0,
; , { h z h h

otherwise
S z h h

< < +
=                      (2) 

The parameter h0 is required to describe the difference between the initial 

position of the z-scan and the start position of the slab. The RIPSF of the 

observation volume is modeled using a modified Gaussian-Lorentzian point 

spread function (PSF) as previously described (5). The beam parameters of the 

PSF were determined daily from fits of z-scan profiles to Eq. 1 and changed very 

little. The axial beam waist Rz  is ~0.7 µm and the y-factor is ~1.9.  

 

Results 
Cells which express either the HIV-1 Gag-EYFP or the HTLV-1 Gag-EYFP 

construct exhibit both bright puncta and a diffuse, dim fluorescence from 

cytoplasmic regions of the cell (see Fig. S1 of Supporting Material). The puncta 

are generally believed to be plasma membrane-anchored sites of VLP assembly 
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containing hundreds to thousands of individual Gag copies (19-21), while the 

diffuse staining is believed to be the cytoplasmic fraction of Gag. To investigate 

the poorly understood cytoplasmic oligomerization-state of HTLV-1 and HIV-1 

Gag, FFS brightness measurements of cytoplasmic Gag need to be conducted. 

To avoid contamination of the cytoplasmic Gag fluorescence by the puncta, FFS 

measurements are conducted at cellular locations that are free of puncta. The 

normalized brightness values acquired by this method are shown in Figure A5-1 

as a function of concentration for HTLV-1 Gag-EYFP measured in HeLa cells. 

Each point in the graph represents a separate cytoplasmic measurement. 

Normalized brightness b is determined by calculating the ratio of the brightness 

of Gag-EYFP (λapp) to the brightness of an EYFP monomer (λmonomer) (1). 

Normalized brightness provides a measure of the average stoichiometry of the 

labeled proteins. For example, a normalized brightness of b = 2 corresponds to a 

dimer. The data has been screened for fluorescence intensity spikes that were 

found infrequently as described in the Supporting Material.  

Despite avoiding puncta and the removal of intensity spikes, the 

brightness values in Fig. 1 exhibit an unusual feature. While the majority of the 

data fall between monomeric and dimeric brightness values, a substantial 

fraction of the data shows a normalized brightness significantly below a value of 

1. Such low brightness values correspond to an unphysical Gag-EYFP 

stoichiometry of less than monomer. Despite the unphysical results, fluorescence 

autocorrelation data exhibited no unusual features. A discussion of the 

autocorrelation data is provided in the Supporting Materials. This unexpected 

result warrants a careful examination of potential artifacts that arise in FFS 

experiments.  

One source of experimental artifacts in cytoplasmic brightness 

measurements is the cell thickness (5). FFS defines brightness as the average 

fluorescence intensity of a single molecule sampled at all locations of the 

observation volume. Focusing on the mid-section of a thin sample excludes 

access of the fluorophore to the outer edges of the observation volume, where 
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the intensity is lowest. As a consequence, cytoplasmic Gag-EYFP spends most 

of the time in the higher intensity, central areas of the excitation light, and the 

resulting spatial average skews the apparent brightness upwards. Z-scan FFS 

was introduced to correct this geometry related artifact (5). In this technique, the 

observation volume is scanned uniformly along the z-axis at a given cell location. 

The FFS measurement is performed at the same location with the focus at 

the midsection of the cell. The intensity trace of the z-scan is determined by the 

convolution of the observation volume with the geometric profile of the cell at the 

location of the measurement. Based on previous work we modeled the 

observation volume of two-photon excitation by a modified Gaussian-Lorentzian 

PSF and the cell profile as a slab of thickness L with uniform fluorophore 

distribution (5). The fit of the intensity trace to Eq. 1 determines the shape factor 

γ2, which incorporates the geometry effect of sample thickness (5, 22). This 

shape factor is used to calculate the corrected brightness of the FFS 

measurement. Our earlier study found that without this correction the bias in 

brightness could be as high as a factor of two, but would always lead to an 

increase in brightness. Thus, z-scan FFS has the potential to reduce some of the 

high brightness scatter in the Gag-EYFP data, but cannot explain abnormally low 

brightness values. 

Another factor potentially impacting FFS experiments is the presence of 

Gag-EYFP at the plasma membrane. While we selected measurement sites that 

appear free of puncta, we cannot rule out the presence of membrane-bound 

Gag-EYFP with certainty. The fluorescence contributions from a population of 

Gag-EYFP at the membrane could influence brightness determination and 

complicate positioning of the observation volume. Brightness measurements are 

typically conducted at the center of the cellular slab, which is identified by 

focusing the observation volume at the point of maximum fluorescent intensity 

along the z-profile of the cell. If plasma membrane-bound fluorescent protein is 

present, the maximum of the fluorescent intensity can shift towards the periphery 

of the cell, which leads to an off-center position of the observation volume. These 
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issues confound the interpretation of brightness measurements. However, it is 

difficult to experimentally identify the existence of a membrane fraction if its 

fluorescence intensity is of the same order as the cytoplasmic intensity. We 

found that autocorrelation analysis of the FFS data is not sufficient to 

unequivocally identify the presence of membrane-bound protein as discussed in 

the Supporting Materials.  

These challenges prompted us to introduce an internal standard by 

coexpressing the red fluorescent protein mCherry together with Gag-EYFP. 

Because mCherry is a soluble protein that does not interact with membrane, it is 

a suitable protein for finding the center of the cell slab, determining cell thickness, 

and identifying Gag-EYFP at the membrane. The green channel records the 

fluorescence from Gag-EYFP, while the red channel records mCherry 

fluorescence as long as the crosstalk from Gag-EYFP is removed as described in 

the Supporting Materials. For simplicity, we refer to the red channel when 

specifying mCherry fluorescence without explicitly stating the correction 

procedure.  

Figure A5-2 shows two-color z-scan intensity traces of HeLa cells 

expressing HTLV-1 Gag-EYFP and mCherry. It should be noted that HIV-1 Gag-

EYFP expressing cells yielded data with the same features as presented in 

Figure A5-2. All intensity curves have been normalized to a maximum intensity of 

one to facilitate comparison. The z-scan profiles of Figure A5-2A illustrate perfect 

overlap between red and green channel data. Separate fits of the red and the 

green channel intensity profile to the slab model (Eq. 1) determined a thickness 

of 1.86 ± 0.02 µm for both channels with reduced chi-square values of 1.4 and 

1.5. Both the Gag-EYFP and mCherry fluorescence intensity profiles coincide 

and are well-described by a simple slab model as expected for purely 

cytoplasmic protein. We refer to z-scans with these attributes as membrane-

negative, because of the absence of membrane-associated Gag-EYFP. Next, the 

observation volume is focused at the center of the slab using the red channel and 

the brightness of Gag-EYFP is determined. The cell thicknesses obtained from 



 321 

the z-scan data is used to account for the impact of sample thickness on the 

brightness. Fig. A5-3A is a cartoon illustrating the hypothesized cellular 

conditions which gives rise to the z-scan data seen in Fig. A5-2A. The 

observation volume (gradient filled oval) is positioned in the center of the 

cytoplasm, with cytoplasmic Gag-EYFP being the sole Gag species present at 

the measurement position.  

Figure A5-2B shows z-scan data from a different cell location than Figure 

A5-2A, but with comparable thickness. We notice immediately that the intensity 

profiles of the green and red channel are distinctly different. The intensity trace of 

the red channel (diamonds) is symmetric, has a single peak, and is well-

approximated by a fit to a simple slab model (dashed line) with a thickness of 

1.96 ± 0.01 µm. Thus, the z-scan data of the red channel demonstrate that 

mCherry is cytoplasmic. In contrast, the intensity profile of the green channel 

(solid line) has two peaks, is wider than the profile of mCherry, and cannot be 

reproduced by a simple slab model. The green channel data exhibits features 

that are consistent with a significant population of membrane-bound Gag-EYFP 

at both the top and bottom membrane giving rise to the two peaks as illustrated 

in Figure A5-3B.  

The valley between the two peaks is formed by the signal from 

cytoplasmic Gag-EYFP with additional contributions from membrane-associated 

Gag-EYFP, which is excited at the periphery of the observation volume. We refer 

to z-scans that share the characteristics seen in Figure A5-3B as membrane 

positive, because the data reveal the presence of membrane-bound Gag-EYFP. 

While Figure A5-3B illustrates an example with Gag-EYFP at both the top and 

bottom membranes, we also found membrane-positive z-scans with Gag-EYFP 

only visible at one of the two membranes. It is important to note that the 

measurement site was selected in a region that appeared devoid of puncta. 

Thus, the membrane-bound Gag-EYFP (shown as gray boxes in Figure A5-3B) 

has to represent a population of Gag that is distinct from the puncta. Its intensity 

has to be much lower than that of puncta, which indicates a low degree of 
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oligomerization and a concentration comparable to cytoplasmic Gag. The 

population of membrane-bound Gag is further believed to be non-punctate as 

discussed at a later point. Immediately before taking the z-scan, an FFS 

measurement was performed at the center of the slab, which was identified using 

the red channel intensity. The normalized brightness of the measurement was, b 

= 0.5, which is significantly below one. This result strongly suggests that the 

unphysical low brightness values observed in Figure A5-1 are associated with 

the presence of membrane-bound Gag-EYFP.  

Figure A5-3C is an example in which the Gag-EYFP’s intensity profile of 

the green channel suggests the absence of membrane-bound Gag. However, 

comparison of the intensity profile of the green and red channel reveals a lack of 

overlap between them. The profile of the green channel (solid line) is broadened, 

which indicates the presence of a Gag membrane fraction. The mCherry 

fluorescence profile of the red channel (diamonds) is reproduced by a fit (dashed 

line) to a slab model with a cell thickness of 1.11 ± 0.03 µm. However, the profile 

of the green channel can also be approximated by a fit to a slab model, which 

results in a thickness of 1.75 ± 0.02 µm and a reduced chi-square of 1.9. Thus, 

the data of the green channel on its own might lead to the false conclusion that 

the Gag protein is purely cytoplasmic. The z-scan traces of Figure A5-2C are an 

example in which the dual-color comparison of red and green channels is 

essential for the positive identification of Gag-EYFP at the membrane. The 

cartoon of Fig. A4-3C illustrates conditions that can give rise to the z-scan data of 

Fig. A5-2C. Just as in the case of Figure A5-3B, both cytoplasmic and 

membrane-associated Gag are present at the measurement site.  

The crucial difference, which gives rise to the difference in the appearance 

of the two z-scans, is the cell thickness at the point of measurement. The spatial 

resolution of the observation volume is insufficient to identify the Gag 

fluorescence from the bottom and top membrane as independent peaks. The thin 

sample geometry effectively merges the membrane and cytoplasmic 

fluorescence contributions into a single, albeit slightly broadened peak. This 
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result implies that the relative broadening of the z-scan profile of the green 

channel to that of the red channel diminishes as the sample thickness decreases. 

For this reason, measurement locations with a thickness of ~0.5 µm or less were 

rejected, because the spatial resolution is insufficient to unequivocally identify 

membrane-positive data.  An FFS measurement was performed at the center of 

the cellular slab to determine the thickness-corrected brightness of Gag-EYFP. 

While the normalized brightness at this measurement position was higher, b = 

0.71, than that measured at the position of Fig. A4-2B, it is still sufficiently low to 

be unphysical.  

Thus far all measurements have been performed at locations free of 

puncta. We now purposefully target puncta in order to capture their fluorescence 

in a z-scan experiment. Figure A5-2D displays a successful z-scan measurement 

of a punctum. It should be noted that for purposes of clarity the green channel 

(solid line) was normalized using data outside of the large intensity spike present 

in the data. The normalization was performed in this manner to emphasize the 

spike’s relative scale versus the red channel control (diamonds). The data clearly 

displays the profound impact of a Gag punctum positioned at the measurement 

site on the fluorescence intensity profile of the green channel. A cartoon of 

cellular conditions that give rise to the z-scan data seen in Fig. A5-2D is 

illustrated in Fig. A5-3D. The highly oligomerized Gag punctum resides at the top 

cellular membrane (filled circle). Though it is difficult to see due to the scale 

differences, the fluorescent intensity profile at the bottom membrane of the cell 

also exhibits a membrane-positive signature, which must be due to non-punctate 

membrane-bound Gag (gray box). This difference in intensity scale clearly 

establishes that there are two distinct pools of Gag at the membrane, bright 

puncta and dim non-punctate Gag.  

All brightness experiments described in this paper have been performed 

on HeLa cells using z-scan FFS. In selected cases, multiple FFS measurements 

have been conducted in the same cell at different locations. We found both 

membrane-positive and membrane-negative z-scans within the same cell. In 
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addition, the experiments revealed that FFS measurements at membrane 

positive locations resulted in some but not all cases in an unphysical low 

brightness. These observations clearly spell out the need to discard all 

membrane positive FFS experiments to ensure that the measured brightness 

faithfully represents cytoplasmic Gag. Selection of membrane negative FFS 

experiments is in principle straightforward by examining the z-scan profiles. 

However, the z-scan and FFS measurement are not conducted simultaneously, 

but sequentially. If measurement locations switch from membrane positive to 

negative, or vice versa, during the timescale of the measurements, false 

negatives and positives are introduced, undermining the accuracy of the 

selection process. We performed a series of continuous z-scans and analyze the 

resulting kymographs to determine the temporal stability of membrane-positive 

and membrane-negative locations (see Supporting Materials). These 

experiments establish that the sequential z-scan and FFS experiments provide a 

robust method for identifying the presence or absence of Gag-EYFP at the 

membrane. 

We now have the tools to revisit the brightness characterization of 

cytoplasmic Gag-EYFP. Dual-color z-scan FFS is used to select membrane 

negative experiments and determine their brightness, while discarding any 

measurements with membrane positive characteristics. Figure A5-4A shows the 

normalized brightness versus concentration for cytoplasmic HIV-1 Gag-EYFP 

(diamonds) measured at membrane negative locations. It is immediately 

apparent that dual-color z-scan FFS has been successful in removing the 

unphysical low brightness values seen in Figure A5-1. The lowest normalized 

brightness data are consistent with monomeric Gag-EYFP. Brightness values 

slightly below one reflect the statistical uncertainty in the experiment, which in our 

experience is ~10% for cellular brightness measurements (see Supplemental 

Materials for further details concerning brightness statistics).  

The data reveal the existence of monomeric HIV-1 Gag at low 

concentrations and hint at a concentration dependent Gag oligomerization in the 
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cytoplasm, because the data trends towards slightly elevated brightness values 

at the upper end of the measured concentrations. This result is consistent with 

the myristoyl switch model (16, 17, 23, 24). This model predicts that Gag-Gag 

interactions in the cytoplasm directly lead to membrane-binding through the 

exposure of a myristic acid moiety at the N-terminus of the Gag molecules. Gag 

monomers, on the other hand, sequester the myristic acid moiety in a 

hydrophobic pocket of the matrix domain, and thus are restricted to the 

cytoplasm.   

To facilitate observation of cytoplasmic Gag-Gag interactions, we 

measured the G2A Gag mutant, which lacks the myristoyl moiety and is therefore 

membrane-binding deficient (25, 26). In contrast to wild-type HIV-1 Gag, the HIV-

1 G2A mutant exhibits an increased brightness and concentration range (Figure 

A5-4B). Brightness of the G2A mutant (asterisks) increases monotonically with 

concentrations and reaches a value of ~8, which reflects an average complex 

size of eight Gag molecules. Thus, dimerization of Gag is followed by further 

increase in oligomerization. In addition, G2A Gag mutants reach cytoplasmic 

concentrations almost a degree of magnitude higher than wild-type HIV-1 Gag. 

Despite the contrast in the two results, the brightness of wild-type HIV-1 Gag 

(gray diamonds) and G2A mutant (asterisks) are identical over the concentration 

range accessible to the wild-type protein.  

Figure A5-4C shows the normalized brightness versus concentration for 

cytoplasmic HTLV-1 Gag-EYFP (diamonds) measured at membrane negative 

locations. As with the HIV-1 Gag data, dual-color z-scan FFS has been 

successful in removing the unphysical low brightness values seen in Figure A5-1. 

The lowest and highest normalized brightness values are 1 and 1.6 if the 

experimental uncertainty in brightness determination is taken into account. Unlike 

HIV-1 Gag, there is no discernible concentration-dependence of the brightness. 

We notice instead a large but uniform scatter in the brightness throughout the 

concentration range. This result points to a potential difference between HIV-1 

and HTLV-1 Gag behavior. 
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Analogous to our approach to HIV-1 Gag, we now turn to the HTLV-1 Gag 

G2A mutant for further investigation of cytoplasmic Gag-Gag interactions (Figure 

A5-4D). Again, the G2A mutant lacks the myristoyl post-translational 

modification, and so is deficient in membrane targeting. While the G2A Gag 

mutant (asterisks) reaches cytoplasmic concentrations almost a degree of 

magnitude higher than wild-type HTLV-1 Gag, its brightness behavior departs 

markedly from that of the HIV-1 G2A species. The normalized brightness 

remains close to one over the entire concentration range. The highest brightness 

values for the HTLV-1 G2A mutant, around 1.4, actually lie below the highest 

measured values for wild-type HTLV-1 Gag. Another striking difference between 

HTLV-1 mutant and wild-type is the degree of scatter in the G2A data (Figure A5-

4D), which is considerably higher for the wild-type protein (gray diamonds). The 

FFS characterization of HTLV-1 G2A Gag did not follow the results expected by 

the myristoyl-switch model. Our data point to the near absence of HTLV-1 Gag 

oligomerization at all cytoplasmic concentrations.   

 

Discussion 
 Retroviral Gag proteins are the structural proteins of retroviruses, 

assembling into the retroviral structural lattice consisting of hundreds to 

thousands of Gag molecules (13, 14, 27). It is believed that after Gag molecules 

initiate lattice assembly in the cytoplasm, the Gag-Gag interactions target small 

Gag complexes to the inner leaflet of the plasma membrane for further assembly 

(for reviews, see (9) and (10)). The degree of Gag oligomerization in the 

cytoplasm remains poorly understood. Techniques such as FRET have 

confirmed the presence of cytoplasmic Gag-Gag interactions, but quantification 

remains lacking (28, 29). FFS brightness analysis (1, 2, 4) has the potential to 

shed light on this area of Gag behavior, but requires the development and 

adoption of new FFS protocols.  

Previous brightness studies conducted by our group were restricted to 

soluble proteins residing exclusively in the nucleoplasm or cytoplasm of cells (1, 
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2, 4). The study of Gag characterizes a protein with simultaneous presence in the 

cytoplasm and as puncta at the plasma membrane. Although puncta were 

avoided in FFS measurements, the brightness of Gag-EYFP revealed unusual 

characteristics, which we ultimately linked to the presence of non-punctate Gag-

EYFP at the plasma membrane. Adding membrane-bound Gag-EYFP (Figure 

A5-3B) introduces a second species that is coexcited with cytoplasmic Gag. The 

exact brightness of a mixture of species depends on many details, but its value 

will always lie between the brightness of the dimmest and brightest species.  

The membrane-bound species depicted in Figure A5-3B will contribute an 

unusually low brightness, because of its location at the periphery of the 

observation volume, where the excitation intensity is weak. This reasoning 

implies that membrane-bound Gag will have a lower brightness than cytoplasmic 

Gag. Consequently, the brightness of the mixture containing dim membrane-

bound Gag is less than the brightness of cytoplasmic Gag. For example, if 

cytoplasmic Gag has a normalized brightness of one, the mixture exhibits a value 

of less than one. This scenario provides a qualitative explanation for the 

unphysical low brightness values observed in Figure A5-1. We previously 

demonstrated that the presence of immobile fluorophores decreases brightness 

(30).  

Note that the reduction of brightness for the current case is not caused by 

immobile fluorophores, but is due to a geometric effect that restricts mobile 

fluorophores to the periphery of the observation volume. Thus, the influence of 

membrane-bound Gag on FFS experiments depends in general on geometric 

factors. As the cell thickness reduces, the membrane-bound species moves 

closer to the center of the observation volume (Figure A5-3C), thereby increasing 

its brightness. Under these circumstances the brightness at the membrane is not 

necessarily lower than for cytoplasmic Gag.  

In fact, the small drop in brightness from the off-center positioning of the 

membrane can be sufficiently small that membrane-bound Gag is brighter than 

cytoplasmic Gag, if the degree of oligomerization at the membrane is higher than 
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in the cytoplasm. For example, if Gag at the membrane is predominantly dimeric, 

its brightness should be higher or at least comparable to the brightness of 

cytoplasmic Gag. In conclusion, adding membrane-bound Gag to a population of 

cytoplasmic Gag may lead to either an increase or a decrease in the measured 

brightness. Correcting the change in brightness is difficult, because the sample 

geometry, the oligomeric state, and the concentration of all species play a role. 

Because these parameters are not sufficiently well known, it is best to avoid the 

complications that arise from membrane-bound Gag.  

Measuring in thick sections, where the observation volume is completely 

contained in the cytoplasm, offers a straightforward solution that prevents 

excitation of proteins at the membrane. Because the height of spreading HeLa 

cells decreases rapidly outside the nuclear region of the cell, the only location 

thick enough to accommodate the observation volume is the perinuclear region. 

Unfortunately, performing quantitative FFS measurements in this region is 

exceedingly difficult, because organelles and fluorescence from internal 

membranes introduce analytically intractable artifacts. For this reason, we are 

forced to measure thin cell regions. This approach requires a technique that 

accurately identifies fluorescence contributions from the plasma membrane to 

prevent brightness artifacts. We demonstrate in this paper that z-scan FFS 

provides a suitable solution.   

Because the z-profile of a protein with a cytoplasmic and membrane-

bound population is complex, we implemented dual-color z-scan FFS to facilitate 

its characterization. The green-channel detects the EYFP-labeled protein, while 

the red-channel monitors mCherry, which serves as a marker of the cytoplasmic 

volume. A membrane negative scan is defined by identical shapes for the green 

and red channel, which signals the absence of membrane-bound protein (Figure 

A5-2A). A membrane-positive scan is characterized by deviating shapes in both 

channels, which identify the presence of membrane-bound protein (Figure A5-

2B). The z-profile of the green channel is often sufficient to identify membrane-

positive scans (Figure A5-3B), but comparison with the red channel becomes 
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crucial once the cell section becomes thinner (Figure A5-2C). It is important to 

recognize that the method breaks down once the cell thickness falls below a 

critical value, because the optical resolution of the z-scan is insufficient to pick 

out the broadening of the green-channel profile. We discarded all measurements 

with a thickness of less than 0.5 µm, which is the critical thickness for our current 

setup.   

The intensity contrast between the z-scan at a puncta-positive (Figure A5-

2D) and experimental z-scans at puncta-negative (Figures A5-2B & C) positions 

clearly demonstrate the existence of a non-punctate population of Gag at the 

membrane. The non-punctate Gag population has to have a low degree of 

oligomerization, otherwise z-scan FFS measurements at thin cytoplasmic 

sections (Figure A5-2C) would yield large brightness values, which was not 

observed. In addition, kymographs confirm that the Gag membrane fraction 

persists for many minutes, while its fluorescence intensity fluctuates with time 

(data not shown). This implies that the non-punctate membrane fraction is mobile 

and spatially distributed.  

The non-punctate fraction is not uniformly distributed across the plasma 

membrane, because we have found both membrane-negative and membrane-

positive locations within a single cell. To the best of our knowledge, our results 

provide the first direct observation of a non-punctate Gag population at the 

plasma membrane of living cells. However, our finding is not unexpected, since it 

is well-known that low-order HIV-1 Gag complexes are capable of binding the 

plasma membrane (for reviews, see (9) and (10)). In addition, biochemical 

experiments indicate the interaction of HTLV-1 Gag with the plasma membranes 

of 293T cells (31).  

Because the focus of this article is the characterization of cytoplasmic 

Gag-Gag interactions, we eliminated membrane-positive measurements with 

dual-color z-scan FFS and directly recorded cytoplasmic Gag-EYFP brightness 

values that appear free of artifacts. Brightness analysis of wild-type HIV-1 Gag is 

consistent with the myristoyl-switch model. The protein is monomeric at low 



 330 

concentrations. The increase in brightness towards higher concentration (Figure 

A5-4A) indicates the onset of Gag-Gag interactions. Gag-Gag interactions initiate 

the myristoyl switch, which targets wild-type oligomers to the membrane, limiting 

Gag accumulation in the cytoplasm. By comparison, the HIV-1 G2A Gag mutant 

is membrane-binding deficient as confirmed by the absence of membrane-

positive z-scans. This allows for the accumulation and consequent 

oligomerization of G2A Gag in the cytoplasm. Both proteins indicate the onset of 

detectable Gag-Gag interactions at ~500 nM, but only the mutant establishes the 

formation of dimer and higher order Gag oligomers in the cytoplasm, as 

membrane-targeting depletes the wild-type oligomers (Figure A5-4B).  

HTLV-1 and HIV-1 Gag show distinct differences in their oligomerization. 

This difference is most clearly visible when comparing their G2A mutants. The 

HTLV-1 G2A Gag lacked the concentration-dependent oligomerization behavior 

exhibited by HIV-1 G2A Gag, although both proteins reach comparable 

concentrations in the cytoplasm (Figures A5-4B and D). While there is a slight 

trend upwards in the HTLV-1 G2A brightness data with concentration, the 

brightness data essentially indicate the absence of Gag oligomerization in the 

concentration range accessible to wild-type HTLV-1 Gag. Thus, according to the 

myristoyl switch model, HTLV-1 Gag should not interact with the membrane, 

which is clearly inconsistent with our experimental z-scan data. Based on the 

above results we would expect to observe monomeric HTLV-1 Gag in the 

cytoplasm. The experiment, however, detects a concentration independent 

normalized brightness with an unusual large scatter with values ranging from 1 to 

1.6 (Figures A5-4C and D). The amplitude of the scatter is much larger than 

expected from the experimental uncertainty of brightness measurements (see 

Supplemental Materials). While the reason for this scatter is unknown, its 

presence indicates that parameters other than concentration play a role in 

determining HTLV-1 Gag oligomerization.  

Our data suggest that the myristoyl moiety might play a different role in 

Gag oligomerization for HTLV-1 when compared to HIV-1 Gag. Our observations 
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are consistent with a model where HTLV-1 Gag is capable of targeting the 

membrane without the requirement of prior cytoplasmic interactions. This result 

implies myristoyl moiety exposure on HTLV-1 Gag monomers, which lies in 

contrast to the sequestered myristoyl moiety of HIV-1 Gag monomers. The 

evidence is consistent with previous biochemical work by Mamoun and 

coworkers which found no evidence for HTLV-1 G2A mutant interactions in cell 

extracts (31, 32). This difference in membrane targeting which HTLV-1 Gag 

exhibits may be a contributing factor to the concentration-independent brightness 

scatter observed for the wild-type species. More work needs to be done to 

account for the impact of such a model in our interpretation of observed 

cytoplasmic brightnesses for HTLV-1 Gag  

Performing FFS measurements on cytoplasmic proteins with a membrane-

bound population requires special precautions to avoid artifacts. While it is 

straightforward to identify and avoid bright puncta, the presence of a dispersed 

membrane-bound population is much more difficult to recognize. The introduction 

of dual-color z-scan FFS provides a convenient method to identify the presence 

of membrane-bound protein. Furthermore, we removed brightness artifacts by 

selecting membrane-negative z-scan FFS data and performed the first 

quantification of Gag oligomerization in the cytoplasm of living cells. Our data 

demonstrate that cytoplasmic HIV-1 and HTLV-1 Gag differ in their interactions, 

which suggests differences in the assembly pathway of both viruses. Further 

work is needed to investigate these differences.  

Cytoplasmic proteins that interact with the membrane are ubiquitous. We 

expect that dual-color z-scan FFS will prove useful in the brightness 

characterization of such proteins. At this point, dual color z-scan FFS is used to 

reject membrane-positive data. A potentially interesting and useful extension of 

the technique would allow the simultaneous characterization of cytoplasmic and 

membrane-bound proteins.  In the future, we hope to apply such a technique 

towards a better understanding of retroviral assembly.  
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Figure A5-1. Normalized brightness of HTLV-1 Gag-EYFP expressed in 
HeLa cells measured at locations that appeared free of puncta.  The data 

were screened to eliminate artifacts due to intensity spikes. Normalized 

brightness values of less than one indicate an unphysical stoichiometry of less 

than one for Gag-EYFP. 
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Figure A5-2. Dual-color z-scan intensity traces from HeLa cells expressing 
HTLV-1 Gag-EYFP and mCherry.  Fluorescence intensity traces were obtained 

for Gag-EYFP (green channel) and mCherry (red channel) as detailed in the 

article. The intensity trace with amplitude normalized to one is graphed versus 

the axial beam position. (A) Example of a membrane-negative z-scan. The 

normalized intensity trace of the green (asterisks) and red (diamonds) channel 

overlap completely. The fit (solid line) of the trace to a slab model identifies a 

thickness of 1.86 ± 0.02 µm. Purely cytoplasmic Gag-EYFP yields a membrane-

negative z-scan. (B) Example of a membrane-positive z-scan. The distinct shape 

of the green channel curve (solid line) indicates the presence of membrane-

bound Gag-EYFP. For comparison, cytosolic mCherry is represented by the red-

channel data (diamonds) and its fit (dashed line) to a slab model. (C) Example of 

a membrane-positive z-scan. Here the shape of the green-channel data (solid 

line) is not sufficient to recognize the presence of membrane-bound Gag-EYFP. 

Comparison with the red channel curve (diamonds) is needed to identify the 

existence of membrane-bound Gag. The dashed line denotes the fit of the red 

channel data to a slab model. (D) Example of a z-scan at a puncta location. 

Normalization of the amplitude of the green channel curve (solid line) was 
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performed outside the region with the intensity spike to illustrate the high intensity 

of the punctum. The mCherry fluorescence (diamonds) of the red channel and its 

fit (dashed line) to a slab model is shown for reference. Comparison of the green 

and red channel reveals in addition a dim non-punctate Gag-EYFP membrane 

fraction at the bottom membrane. 

 

 
Figure A5-3. Depiction of the vertical cross section of a cell with the FFS 
observation volume (oval) placed at four different cytoplasm locations.  The 

image includes cytoplasmic Gag (dotted fill pattern), non-punctate membrane-

bound Gag (gray bar), and punctate Gag (solid circle). The four measurement 

locations (A, B, C, D) provide an interpretation of the z-scans of Figure A5-2. (A) 

Location with purely cytoplasmic Gag. (B) Thick cytoplasmic slab with non-

punctate Gag at the top and bottom membrane. (C) Thin cytoplasmic slab with 

non-punctate Gag at the top and bottom membrane. (D) Cytoplasmic slab with 

punctum at the top membrane and non-punctate Gag at the bottom membrane.  
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Figure A5-4. Normalized brightness of cytoplasmic Gag-EYFP versus 
concentration from membrane-negative dual-color z-scan FFS data taken in 
HeLa cells. (A) Normalized brightness of HIV-1 Gag-EYFP; (B) Normalized 

brightness of HIV-1 G2A Gag-EYFP (asterisks) and HIV-1 Gag-EYFP (gray 

diamonds); (C) Normalized brightness of HTLV-1 Gag-EYFP; (D) Normalized 

brightness of HTLV-1 G2A Gag-EYFP (asterisks) and HTLV-1 Gag-EYFP (gray 

diamonds). The data reveal distinct differences for the Gag-Gag interactions for 

both viruses as further discussed in the main article. 
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Abstract 
Human T-lymphotropic virus type 1 (HTLV-1) is an important human 

retrovirus that is a cause of adult T-cell leukemia/lymphoma.  While an important 

human pathogen, the details regarding virus replication cycle, including the 

nature of HTLV-1 particles remain largely unknown due to the difficulties in 

propagating the virus in tissue culture.  In this study, we created a codon-

optimized HTLV-1 Gag fused to an EYFP reporter as a model system to 

quantitatively analyze HTLV-1 particles released from producer cells.  The 

codon-optimized Gag led to a dramatic and highly robust level of Gag expression 

as well as virus-like particle (VLP) production.  The robust level of particle 

production overcomes previous technical difficulties with authentic particles and 

allowed for detailed analysis of particle architecture using two novel 

methodologies.  We quantitatively measured the diameter and morphology of 

HTLV-1 VLPs in their native, hydrated state using cryo-transmission electron 

microscopy (cryo-TEM).  Furthermore, we were able to determine HTLV-1 Gag 

stoichiometry as well as particle size with the novel biophysical technique of 

fluorescence fluctuation spectroscopy (FFS).  The average HTLV-1 particle 

diameter determined by cryo-TEM and FFS was 71 ± 20 nm and 75 ± 4 nm, 

respectively.  These values are significantly smaller than previous estimates 

made of HTLV-1 particles by negative staining TEM.  Furthermore, cryo-TEM 

reveals that the majority of HTLV-1 VLPs lacks an ordered structure of the Gag 

lattice, suggesting that the HTLV-1 Gag shell is very likely to be organized 

differently compared to that observed with HIV-1 Gag in immature particles.  This 

conclusion is supported by our observation that the average copy number of 

HTLV-1 Gag per particle is estimated to be 510 based on FFS, which is 

significantly lower than that found for HIV-1 immature virions.  In summary, our 

studies represent the first quantitative biophysical analysis of HTLV-1-like 

particles and reveal novel insights into particle morphology and Gag 

stochiometry. 
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Introduction  
There are approximately 15-20 million people infected by human T-

lymphotropic virus type 1 (HTLV-1) worldwide (1).  HTLV-1 infection can result in 

a number of severe disorders including adult T cell leukemia/lymphoma (ATLL) 

as well as HTLV-1 associated myelopathy/tropical paraparesis (HAM/TSP) (2, 3).  

Despite its association with cancer and significant impact on human health, many 

of the details regarding the replication, assembly and fundamental virus particle 

structure remain poorly understood.  
The Gag polyprotein is the main retroviral structural protein and is 

sufficient, in the absence of other viral proteins, for the production and release of 

immature VLPs (4).  The Gag polyprotein is composed of three functional 

domains: matrix (MA), caspid (CA), and nucleocapsid (NC).  Typically upon 

budding or immediately after immature particle release, proteolytic cleavage of 

the Gag polyproteins takes place and results in virus particle core maturation.  

The Gag polyprotein is cleaved into MA, CA, and NC by the viral protease.  The 

newly processed proteins reorganize into structurally distinct mature virions: MA 

remains associated with the viral membrane, CA undergoes conformational 

changes and reassembles into a viral core, which encapsulates a complex of NC, 

genomic RNA, and other important viral proteins (5-7).   

Studies with many retroviruses, including human immunodeficiency virus 

type 1 (HIV-1), have shown that retroviral assembly is initiated by binding the 

myristoyl moiety of MA with lipid rafts at the plasma membrane (8-11).  The MA-

membrane interaction is thought to stimulate Gag oligomerization, the interaction 

between viral genomic RNA and NC, and the recruitment of a variety of host 

factors.  Accumulation of Gag at the plasma membrane triggers the activation of 

the ESCRT machinery which creates the membrane curvature that results in the 

budding of immature virus particles (12).   Analysis of Gag molecules in immature 

HIV-1 particles have revealed that the MA domain is located at the membrane 

with the CA and NC domains projecting towards the center of the particle (13).   
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Cryo-electron tomography (cryo-ET) combined with three-dimensional 

(3D) reconstructions have provided highly detailed structural information for HIV-

1.  Structural studies have revealed that HIV-1 Gag proteins form an incomplete 

paracrystalline lattice in immature particles (14, 15).  This incomplete Gag lattice 

was observed to consist of a hexameric organization with 80-Å distance between 

neighboring ring-like structures (14, 15).  While the myristoyl moiety of MA 

appeared to be associated with membrane, the hexameric ring structure in the 

3D maps were attributed to CA, and the Gag-Gag interactions in the immature 

particles were proposed to be primarily stabilized by CA and SP1, rather than the 

affinity of membrane-binding via MA (15).  

Despite limited amino acid sequence homology among different 

retroviruses, the atomic tertiary structures of individual Gag domains exhibit high 

similarity (16-18).  Therefore, structural and assembly mechanisms of HIV-1 are 

generally used as a reference model for other retroviruses.  However, structural 

evidence indicates that the conservation of Gag organization between HTLV-1 

and HIV-1 is poorly understood.   In this study, we have performed cryo-TEM on 

HTLV-1-like particles.  Our study is the first to study HTLV-1 particles in their 

native, hydrated state.  Our results demonstrate an average HTLV-1 particle 

diameter of ~ 73 nm, which is smaller than previously predicted based on 

conventional negative staining TEM (19).  Using the novel biophysical technology 

of FFS, we further demonstrate that there are ~ 510 copies of Gag per HTLV-1 

particle, a number that is significantly lower than what is typically found in HIV-1 

particles.  Finally, our cryo-TEM images analysis reveals a less ordered Gag 

structure compared to that reported for HIV-1, suggesting that the HTLV-1 Gag 

shell has a distinct architecture. 
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Results  

Creation of a tractable and robust system for the production of HTLV-1-

like particles.  Previous molecular analyses of HTLV-1 replication have been 

severely hampered by the fragility of HTLV-1 proviral sequences as well as the 

low levels of viral replication in tissue culture.  Given the technical and 

experimental limitations of working with HTLV-1, we first sought to create an 

experimental model system that would be amenable to successfully and 

efficiently analyze HTLV-1 Gag trafficking and virus particle assembly and 

release.  It is well-established that retroviral Gag polyprotein is sufficient for the 

assembly and release of VLPs [reviewed by (20)].  Our previous studies 

indicated that HTLV-1 Gag constructs express Gag at low levels (Huating Wang 

and Louis Mansky, unpublished observations), presumably due to missing cis-

elements on the RNA transcript required for efficient nuclear export.   

In order to create a tractable and robust system for Gag expression and 

virus-like particle production, we designed and created a codon-optimized HTLV-

1 Gag construct to improve HTLV-1 Gag expression.  In order to readily detect 

Gag expression, trafficking, and incorporation into VLPs, we fused the EYFP to 

the C-terminal end of the Gag protein.  Figure A6-1A shows the HTLV-1 Gag-

EYFP expression construct.  In this construct, the Gag-EYFP is expressed from a 

CMV promoter, and a Kozak consensus sequence was engineered upstream of 

the start codon to facilitate translation initiation as well as an in-frame insertion of 

the EYFP gene sequence just prior to the HTLV-1 Gag gene stop codon.  The 

plasmid is quite stable and readily amplified in E. coli (data not shown). 

To confirm expression of the fusion construct, 293T cells were transiently 

transfected with three independent clones of pEYFP-N3 HTLV-1 Gag in parallel 

experiments.  Thirty-six hours post-transfection, HTLV-1 Gag-EYFP protein 

expression was examined from both cell culture supernatants (Fig. A5-1B, lane 

1-3) and from cellular lysates (Fig. A5-1B, lane 4-6).  The Gag precursor-EYFP 

fusion protein, with a molecular mass of approximately 80 kDa was very readily 
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observed, with each of the 3 clones analyzed expressing very high and 

comparable levels of HTLV-1 Gag-EYFP.  The minor bands of smaller molecular 

mass likely represent partially degraded HTLV-1 Gag-EYFP and not cleavage 

products of the viral protease, since it is not present in the Gag expression 

construct.  The Gag-EYFP observed in VLPs was primarily full length (Fig. A5-

1B, lane 1-3), with undetectable levels of mature capsid (p24) protein. 

To investigate the morphology of the particles produced from cells 

expressing pEYFP-N3 HTLV-1 Gag, transiently transfected 293T cells were 

harvested and examined by TEM.  MT-2 cells, a T-cell line chronically infected by 

HTLV-1, were examined as a control.  As shown in Figure A6-1C, VLPs can be 

observed from 293T cells transiently transfected with the pEYFP-N3 HTLV-1 Gag 

construct (Fig. A5-1C, left panel).  In comparison to HTLV-1 produced from MT-2 

cells (Fig. A6-1C, right panel), the VLPs produced from the fusion construct 

resemble immature particles.  In particular, the intense electron density along the 

lipid bilayer of VLPs likely represents the accumulation of Gag-EYFP (Fig. A6-

1C, left inset) in contrast to the mature viral cores observed with HTLV-1 particles 

from MT-2 cells (Fig. A6-1C, right inset).    

We also examined the cellular localization of the Gag-EYFP compared to 

Gag produced from a HTLV-1 molecular clone.  The pEYFP-N3 HTLV-1 Gag 

construct was transiently transfected into HeLa cells, and 36 h post transfection, 

cells were fixed and analyzed by confocal microscopy (Fig. A6-2A, B). 

Comparable punctuate localization of Gag was observed for both the Gag-EYFP 

and the Gag expressing from the full-length molecular clone.  Our observations 

suggest that Gag-EYFP expression in cells results in an intracellular localization 

pattern like that of Gag produced from a HTLV-1 molecular clone.  In total, our 

findings provide evidence this construct results in the robust expression of HTLV-

1 Gag as well as the highly efficient production of HTLV-1-like particles. 

Analysis of HTLV-1-like particle morphology by cryo-TEM.  To further 

characterize the VLPs produced from the HTLV-1 Gag-EYFP expression 

construct, we examined the VLP morphology by cryo-TEM.  Supernatants from 
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293T cells transiently-cotransfected with the HTLV-1 Gag-EYFP expression 

construct and a VSV-G construct were harvested, concentrated, and then 

subjected to a 10-40% linear sucrose gradient.  The resulting VLPs were then 

used in cryo-TEM.  As shown in Fig. A5-3A, the majority of the resulting VLPs 

were found to be spherical, with less than 20% of the population showing an 

elongated morphology.  Another example of the particles we observed in our 

study is shown in Supplemental Figure A6-1.  Interestingly, VLPs produced in the 

absence of an envelope protein resulted in VLPs with irregular shapes, 

suggesting that the envelope protein helped to stabilize the VLP membrane (data 

not shown).  We used the cryo-TEM images to next measure the diameter of the 

VLPs, where the average diameter was based on two measurements (as 

illustrated in Fig. A5-3B), with a total of 1734 particles examined.  Similar to other 

retroviruses, there was a range of particle size.  For completeness, we counted 

all particles that were spherical in shape that appeared to have an electron dense 

interior.  Using these criteria, a total of 1734 particles were examined, ranging 

from 30 to 237 nm.  While the overall range of particles observed was quite wide, 

the smallest (i.e., under 40 nm) and largest (i.e., over 170 nm) particles 

represented less than 1% of the total number of particles observed, and their 

inclusion had little impact on the mean particle size (i.e., 71 +/- 20 nm versus 72 

nm +/- 18).  We observed that over 25% of the total population was in the 70-80 

nm range, with a mean particle size of 71 +/- 20 nm.    

Analysis of VLP radial profile.  We next used the information obtained by 

cryo-TEM to examine the VLP radial profile.  For the majority of VLPs, cryo-TEM 

revealed that the inner Gag structure was indistinguishable (Fig. A5-3A).  The 

partially ordered Gag lattice can be observed (data not shown), although the 

structure is less obvious compared to that reported for HIV-1 immature particles 

(13).  Furthermore, the inner density appears to vary among VLPs, with some 

exhibiting homogenous inner density, while others seem to have an uneven 

distribution of electron densities attributable to Gag (Fig. A5-3A arrow).   
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 To further analyze the electron density of VLPs, we investigated the radial 

density profile of VLPs.  First, the average radial density profile was determined 

for several particles whose diameters ranged between 70-80 nm.  As shown in 

Figure A6-4, the average distance between the highest density peaks of inner 

and outer leaflets of viral membrane with MA domain is approximately 30-Å.  The 

MA domain is indistinguishable from the inner layer of membrane.  The electron 

density profile approaching the center of the particle is relatively flat, suggesting 

a homogenized inner density.  Our observations indicate that the HTLV-1-like 

particles are quite distinct from those produced from HIV-1 Gag. 
FFS measurement of VLP size and Gag copy number.  FFS provides 

information about the size of a particle through the autocorrelation function and 

the brightness and concentration of the particles through the photon counting 

histogram (PCH).  Recent advances have expanded this technique to allow for 

the examination of protein oligomerization of larger complexes, including our 

recent analysis of HIV-1 particles (21).  In the current experiments, we performed 

measurements on the same cell culture supernatant from 293T cells transiently 

transfected with HTLV-1 Gag-EYFP and VSV-G expression constructs.  The 

supernatant from these cells was clarified by a low-speed centrifugation to 

eliminate large cell debris, and then directly used for FFS analysis.  Figure A6-5A 

shows a representative fluorescence intensity trace of a FFS experiment 

performed on the cell culture supernatant.  The discrete fluorescence intensity 

spikes are produced by VLPs passing through the observation volume.  This raw 

data was analyzed by fluorescence correlation spectroscopy to determine the 

average particle size from the autocorrelation function (Fig. A5-5B).  A fit to a 

single species diffusion model accurately describes the correlation function and 

identifies a diffusion time of 5.2 ms. This diffusion time corresponds to an 

average hydrodynamic diameter of 74 nm as determined by the Stokes Einstein 

relation.  Repeating the measurement (n = 5) on independently prepared 

samples resulted in a mean diameter of 75 ± 4 nm for the VLPs. 
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The same raw data was analyzed with PCH analysis to determine the 

average copy number and concentration of VLP samples.  A model assuming a 

single VLP brightness species leads to poor fits of the experimental PCH data 

(reduced χ2 ≥ 10).  Including a second VLP brightness species into the fit model 

was required to reproduce the experimental data.  A fit of the photon counting 

histogram to a 2-species model (reduced χ2 = 1.5) is shown in Fig. A5-5B.  The 

presence of two brightness species indicates brightness heterogeneity in the VLP 

sample.  In other words, the VLP particles passing through the laser excitation 

volume are not all of equal brightness, which gives rise to the additional 

brightness species.  Each species i is characterized by its normalized brightness 

bi and average particle number Ni in the observation volume. Note that the 

normalized brightness is the same as the Gag copy number of the VLP.  It is 

illustrative to briefly ignore the brightness heterogeneity by calculating the 

average Gag copy number bavg of the VLP sample according to (22). 

Based on measurements of several HTLV-1-like particle samples (n = 5) 

we determined an average Gag copy number per VLP of 510 ± 50 (Figure A6-6). 

To put this number into perspective recall that a copy number of ~5000 Gag is 

required to completely fill the surface of a 140 nm HIV-1 VLP (5).  Thus, a 

maximum Gag copy number of ~1300 is expected for the smaller (~73 nm) 

HTLV-1 VLP assuming that both Gag proteins occupy a comparable surface area 

at the membrane.  The observation of an average Gag copy number of 510 

indicates that, on average, Gag at the membrane only covers about half of the 

available surface area.  

The average Gag copy number was determined from the two brightness 

species identified by PCH analysis.  Repeated measurements of multiple 

independent sample preparations confirmed the presence of the two species.  

Their brightness values, which typically varied very little across experiments, 

correspond to Gag copy numbers of b1 = 300 ± 60 and b2 = 880 ± 100 (Figure 

A6-6).  The concentrations N1 and N2 varied from sample to sample, reflecting 

that total VLP production was dependent on sample-dependent factors, such as 
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the initial cell density.  However, the population fraction f2 = N2 / (N1+N2) 

remained approximately constant for all measured samples, f2 = 19 ± 7%.  Thus, 

a population of ~19% of the VLPs is associated with the higher Gag copy 

number.  Note that a similar heterogeneity in Gag copy numbers has also been 

reported for HIV-1 VLPs (21).   

 

Discussion  
Recent progress in cryo-TEM, cryo-ET and 3D reconstruction has led to 

many major breakthroughs in our understanding of virus structure.  For instance, 

the architecture of immature and mature HIV-1 (13, 23, 24), murine leukemia 

virus (MuLV) (25), and Rous sarcoma virus (RSV) (26) have been investigated in 

great detail.  Although HTLV-1 was the first human retrovirus to be discovered 

(27, 28), very little is known about HTLV-1 morphology.  Progress in this area of 

HTLV-1 biology has been hampered due to the fragile nature of HTLV-1 proviral 

sequences as well as limited levels of viral gene expression and viral replication 

in tissue culture.  HTLV-1 pathogenesis is typically observed decades after 

infection with low viral loads.  In fact, studies have shown that HTLV-1 restricts its 

own gene expression via viral regulatory factors (29, 30).  HTLV-1 has likely 

evolved such a replication strategy for immune escape.  Furthermore, high AU-

content of the retroviral genome may lead to instability during nuclear transport of 

mRNAs (31), which also contributes to the overall low level of viral gene and 

protein expression.  In this study, we have designed a model system to study 

HTLV-1 Gag trafficking in cells and VLP production and morphology.  The basis 

for this model system is a codon-optimized HTLV-1 Gag-EYFP construct, which 

can be readily amplified as a plasmid, expresses high levels of HTLV-1 Gag in 

mammalian cells, and robustly produces VLPs.  This is the first model system 

developed for HTLV-1 for the study of virus particle assembly, release, as well as 

virus particle morphology.  

While our model system does not express Gag in the context of a proviral 

sequence (i.e., codon-optimized and EYFP-tagged), our results indicate that the 
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VLPs produced have the morphology of the authentic HTLV-1 immature 

particles.  Furthermore, while the Gag trafficking pathways used by the HTLV-1 

Gag in this model system may be different from that of Gag expressed from the 

provirus, the production of VLPs argues that the trafficking pathways are 

biological relevant since VLP production is the result of expression of the codon-

optimized Gag-EYFP fusion.  The altered Gag trafficking pathways could 

influence envelope incorporation into VLPs, though our cryo-TEM data revealed 

an abundance of VLPs with VSVG.  The VLPs characterized in our study 

resemble immature HTLV-1 and can be readily observed in ultrathin sections of 

293Ts transfected with pEYFP-N3 HTLV-1 Gag (Fig. A5-1C).  In addition, cell 

culture supernatants from 293Ts transiently transfected with pEYFP-N3 HTLV-1 

Gag contain high levels of Gag-EYFP fusion proteins (Fig. A5-1B), which 

provides second line of evidence for the production of VLPs.  In the fraction of 

sucrose gradients containing the highly-fluorescent material, cryo-TEM reveals 

that these fractions are highly concentrated with VLPs (Fig. A5-3A).  Expression 

of EYFP alone in cells did not lead to the release of fluorescence in the cell 

culture supernatant (data not shown), arguing that we were specifically detecting 

the Gag-EYFP fusion in the VLPs. 

We found that the intracellular localization of HTLV-1 Gag-EYFP was 

comparable to that of authentic Gag in HeLa cells (Fig. A5-2).  This implies, 

though does not formally prove, that there are similarities in the Gag trafficking 

pathway used by Gag-EYFP and authentic Gag.  Among retroviruses, 

intracellular Gag polyproteins are thought to target and accumulate at membrane 

compartments prior to viral assembly.  In the case of HIV-1, Gag is thought to 

primarily target specific domains of the plasma membrane where PI(4,5)P2 and 

cholesterol are enriched, though endosomal trafficking may also play a role.  For 

HTLV-1, several studies have suggested the association of Gag with several 

markers found on the membranes of late endosomes and multivesicular bodies – 

these markers are also enriched at the plasma membrane (32-35). 
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Our cryo-TEM and FFS analysis determined that the average VLP 

diameter was 71 ± 20 nm and 75 ± 4 nm, respectively.  As observed in other 

retroviruses, the size of HTLV-1-like particles varies greatly, ranging from 30 to 

237 nm.  According to the size distribution (Fig. A5-3B), over 25% of the 

population is between 70-80 nm in diameter, indicating that HTLV-1 is smaller, 

on average, than previously believed.  The average diameter of HTLV-1 has 

been shown to be anywhere from 95.1 ± 19.0 nm to 110.0 ± 15.5 nm depending 

on different types of staining used for TEM (19).  However, morphological details 

are lost with staining methods when the biological specimens are completely 

dehydrated.  Examining frozen, hydrated samples via cryo-TEM reflects the 

native morphology of the viral particles.  Moreover, FFS offers a unique way to 

determine the average hydrodynamic radius in the cell supernatant without any 

special treatment or preparation prior to FFS analysis.  The use of two 

independent methods for determining VLP diameter provides a strong argument 

in favor of the relatively small particle diameter for the HTLV-1-like particles 

analyzed in our study. 

We used FFS to also investigate Gag stoichiometry in the VLPs by 

performing brightness analysis of the FFS data.  We determined that the average 

Gag copy number per VLP is ~510, which implies that only half of the available 

membrane surface is covered by Gag.  Brightness analysis further revealed 

heterogeneity of the Gag copy number by identifying two brightness species.  

The presence of heterogeneity in the Gag copy number has also been observed 

for HIV-1 Gag-based VLPs (21).  Since FFS analysis involves an ensemble 

average over all measured VLPs, the information in the PCH curve only provides 

a rough approximation of the true Gag copy number distribution for the VLPs.  

Thus, the two brightness species identified by PCH analysis do not necessarily 

reflect two distinct populations of VLPs, but more likely reflect the analytical 

approximation of a broad distribution of Gag stoichiometries that approximately 

range from 300 to 880.  PCH analysis also demonstrates that only ~20% of VLPs 

have high copy numbers.   
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Among the thousands of cryo-TEM images of VLPs examined in our 

study, we commonly observed particles that did not have electron density 

consistent with a Gag shell covering the entire membrane surface (Fig. A5-3A).  

These results suggest that the majority of HTLV-1 particles analyzed contain an 

incomplete shell of Gag lattice.  In the case of HIV-1, previous 3D structural 

analyses revealed that most immature virions contain a continuous, but 

incomplete, hexameric arranged Gag shell, covering approximately 40-60% of 

the membrane surface (14, 15, 36).  The average copy number of Gag per 

particle was calculated to be approximately 2,400 ± 700 per immature particle.  

The Gag number increased significantly, however, when defects were introduced 

during budding (36).  In fact, the data is in agreement with our previous FFS 

study indicating that HIV-1 Gag stoichiometry ranges from 750 to 2,500 (21).  

Since the mature core consists of only 1,000-1,500 molecules of CA (23), it is 

reasonable to believe that an equivalent number of Gag molecules are needed to 

form an immature particle.  Our current study is the first to provide insights into 

the structural details for HTLV-1.  

In vitro studies suggest that the HTLV-1 Gag shell is very likely to be 

organized differently compared to that of HIV-1 Gag (16-18).  When examining 

the cryo-TEM images of HTLV-1-like particles, we rarely observed a highly 

ordered Gag lattice next to the lipid bilayer (Fig. A5-3A), a feature frequently 

observed in immature HIV-1 particles.  The HTLV-1 particles analyzed in our 

study were fairly uniform in their overall inner density.  Furthermore, in contrast to 

HIV-1, no defined peaks representing the CA or NC domains were found in the 

HTLV-1 radial density profile.  The two peaks representing the lipid bilayers could 

be clearly determined (Fig. A5-4), whereas the inner density profile appeared to 

be relatively flat.  Since cryo-TEM images represent a two-dimensional projection 

of the virus particle, a more rigorous structural analysis, such as cryo-ET, is 

needed to further examine the protein organization in the HTLV-1-like particles. 

In summary, we have developed the first efficient and robust model 

system for the analysis of HTLV-1 Gag cellular trafficking, virus particle 
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assembly, release and particle morphology.  This system will allow for significant 

advancements in understanding of the basic mechanisms of HTLV-1 replication – 

which has been severely hampered due to the limitations in studying HTLV-1 in 

tissue culture.  Our study also represents the first description of immature HTLV-

1 particles as well as quantitative measurements of particle size, Gag copy 

number, and an initial analysis of the HTLV-1 Gag lattice.  Future application of 

cryo-electron tomography will aid in gaining greater insight into HTLV-1 particle 

morphology.  A deeper understanding of the basic mechanisms involved in 

HTLV-1 particle assembly and morphology should help to enhance our global 

understanding of the basis of HTLV-1 particle infectivity, transmission and 

pathogenesis.  

 

Materials and Methods 
Construction of codon-optimized HTLV-1 gag-yfp fusion.  A codon-

optimized HTLV-1 Gag gene was designed using the UpGene program (37) and 

synthesized by GenScript Co. (Piscataway, NJ).  The synthetic HTLV-1 gag 

contains an optimal Kozak consensus sequence (38, 39) at the 5’ end of the 

gene: GCCACCATGG (start codon underlined).  Two restriction enzyme sites, 

Hind III and Bam HI, were also engineered into the 5’ and 3’ end of the gene, 

respectively, for sub-cloning purposes.  For reporter gene construction, the 

artificial HTLV-1 gag was cloned into a pEYFP-N3 vector using the HindIII and 

BamHI restriction sites, creating pEYFP-N3 HTLV-1 Gag.   

 Immunoblotting.  293T cells were transiently transfected with the pEYFP-

N3 HTLV-1 Gag construct using GenJet (SignaGen, Gaithersburg, MD) 

according to the manufacturer’s instructions.  Thirty-six hours post-transfection, 

cell pellets and supernatant were collected and lysates were prepared as 

previously described (40).  Lysates were subjected to electrophoresis on 12.5% 

polyacrylamide gels and transferred to nitrocellulose (Bio-Rad, Hercules, CA).  

HTLV-1 Gag polyprotein was detected with a primary mouse anti-HTLV-1 p24 

antiserum (Abcam, Cambridge, MA) at 1:1500 dilution followed by a horseradish 
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peroxidase-conjugated goat anti-mouse IgG (Thermo Fisher, Rockford, IL) at 

1:5000 dilution.  Gag polyprotein expression was detected with a ChemiDoc XRS 

system (Bio-Rad).  

Immunofluorescence and fluorescence microscopy.  HeLa cells were 

grown on Lab-Tek II chamber slides (Fisher Scientific) and transfected with either 

the pEYFP-N3 HTLV-1 Gag construct or a HTLV-1 proviral clone (a kind gift from 

Dr. Marie-Christine Dokhelar) (41).  Thirty-six hours post-transfection, cells were 

washed twice with 1x PBS buffer and fixed with 4% paraformaldehyde for 20 min.  

For cells transfected with pEYFP-N3 HTLV-1, cells were washed three times 

after fixation, and stained for 5 min with 1µg/ml DAPI (Sigma-Aldrich, St. Louis, 

MO) in 1x PBS containing 0.05% Triton X-100 (Sigma-Aldrich), then preserved 

using ProLong Gold antifade mounting regent (Invitrogen, Carlsbad, CA).  For 

cells transfected with the HTLV-1 proviral clone, permeabilization was achieved 

by treating with 1x PBS containing 0.5% Triton X-100 for 2 min at room 

temperature following fixation.  Cells were then washed three times and blocked 

with 1x PBS containing 5% normal donkey serum (Sigma-Aldrich) for 30 min.  

Primary mouse anti-HTLV-1 p24 antisera (Abcam) were diluted (1:150) in 

blocking solution and incubated with cells.  After incubation for 2 hr at room 

temperature, cells were washed three times, followed by a second incubation for 

1 hr at room temperature with diluted (1:250) Alexa Fluor 488-conjugated donkey 

anti-mouse IgG (Invitrogen).  Prior to mounting, cells were washed five times and 

stained with DAPI as described above.  Intracellular localization of Gag 

polyprotein was detected with an Olympus FV500 confocal laser scanning 

microscope.  Optical sections of cells were collected with a Plan-Apo 60x /1.45 

NA TIRFM objective at 1.5 zoom.  The z-series were reconstructed using 

Olympus FluoView software.    

VLPs purification for cryo-TEM.  293T cells were co-transfected with 

pEYFP-N3 HTLV-1 and a vesicular stomatitis virus G (VSV-G) protein (10:1) 

expression construct using GeneJet.  Twenty-four hours post-transfection, the 

cell culture media was changed to a serum-free media and incubated for an 
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additional 12 hr.  In order to harvest VLPs, tissue culture supernatant was 

centrifuged at 3000 x g for 5 min to remove large cellular debris, then the 

supernatant was passed through an Amicon Ultra- 15 Centrifugal Filter Unit (100 

KDa) (Millipore, Billerica, MA) to concentrate samples.  The concentrated 

samples were then subjected to a 10-40% linear sucrose gradient prepared with 

a Gradient Master (BioComp, Fredericton, NB, Canada).  Samples were then 

ultracentrifuged at 35,000 rpm for 30 min at 4 ºC using a SW55 Ti rotor.  The 

VLP fraction was extracted and pelleted at 35,000 rpm, 4 ºC for 1.5 hr using a 

SW55 Ti rotor (Beckman).  After centrifugation, the pellet was resuspended in 1X 

STE buffer (10 mM Tris-Cl, pH 7.4, 100 mM NaCl, 1 mM EDTA) at 4 ºC for 4 hr 

and then analyzed by cryo-TEM.   

TEM of transfected cells.  293T cells were transfected with either pEYFP-

N3 HTLV-1 or a HTLV-1 proviral clone as described above.  Thirty-six hours 

post-transfection, cells were harvested and washed twice with 1x PBS followed 

by an additional wash in 0.1M sodium cacodylate.  To prepare thin sections, cell 

pellets were first fixed with 2.5% glutaraldehyde for 40 min and then washed 

three times with 0.1 M sodium cacodylate.  After washing, the samples were 

post-fixed with 1% OsO4 for 30 min, followed by three rinses.  The samples were 

then subjected to increasing concentrations of ethanol for dehydration.  

Immediately following the application of 70% ethanol, en bloc staining was added 

to the samples for 30 min before embedding in Epon 812 resin.  Ultrathin 

sections (65 nm) were acquired and stained with uranyl acetate and lead citrate, 

then examined by electron microscopy using a JEOL 1200EX transmission 

electron microscope.  

Cryo-TEM of HTLV-1 VLPs and calculation of radial profile.  A 3ul aliquot 

of the purified and concentrated HTLV-1 VLP sample preparation was applied to 

a glow-discharged c-flat holey carbon grid (Ted Pella, Redding, CA) and used for 

plunge freezing into liquid ethane (42) with a FEI Vitrobot MarkIII system.  The 

frozen grids were then transferred to a FEI TF30 field emission gun transmission 

electron microscope at liquid nitrogen temperature.  Images were recorded at a 
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magnification of 40 k to 100 k at low-dose (~30 e /Å2) and 1 to 5 µm underfocus 

conditions using a Gatan 4 k by 4 k CCD camera.   

In order to calculate the radial density profile, images of VLPs with 

spherical morphology were boxed using RobEM 

(http://cryoem.ucsd.edu/programDocs/runRobem.txt).  The center of each 

particle was determined using the program EMCORORG that calculates cross-

correlation of each image with its 180º rotational image 

(http://cryoem.ucsd.edu/programDocs).  The radial profile for each particle was 

then calculated by computing the rotationally averaged density relative to the 

center of the particle.  A group of 14 VLP images with a diameter in the range of 

70-80 nm was used for calculation of the averaged radial profile.  Each pixel in 

the image corresponds to a 3.0-Å spacing in the VLP.  The defocus levels of 

these images were between 1.5-3.7 µm, which allows for visualization of both 

membrane leaflets of the viral membrane.  The radial profile of each particle was 

first calculated to obtain the highest density position of the outer membrane 

leaflet.  The radial profile of each particle was then linearly interpreted to match 

the position of the outer membrane to the averaged position (367-Å radius).  The 

average radial profile and standard deviation were then calculated.  

VLP size measurements.  Cryo-TEM images were analyzed using ImageJ 

software (NIH, Bethesda, MD).  For each VLP, two perpendicular diameters were 

used to calculate the average diameter.  The histogram was generated using 

GraphPad Prism 5 software (GraphPad, La Jolla, CA). 
VLP preparation and FFS experimental setup.  293T cells were co-

transfected with pEYFP-N3 HTLV-1 and a VSV-G expression construct (10:1) as 

described earlier.  Aliquots of the cell culture supernatants used for subsequent 

cryo-TEM analysis were removed for parallel analysis by FFS.  Thirty-six hours 

post-transfection, VLPs were harvested and clarified of cellular debris by low-

speed centrifugation at 3000 x g for 5 min as well as passing through a 0.22 µm 

filter.  The resulting clarified supernatants were then used for FFS 

measurements. 
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A mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics, Mountain 

View, CA) pumped by an intracavity doubled Nd:YVO4 laser (Millenia, Spectra 

Physics) is the source of two-photon excitation.  Experiments were performed on 

a modified Zeiss Axiovert 200 microscope (Thornwood, NY) as previously 

described (22).  Each FFS measurement collects data at a sampling frequency of 

20 kHz for a duration of 20-30 min at an excitation wavelength of 905 nm.  The 

viral particles are measured using a 63x C-Apochromat water immersion 

objective (N.A.=1.2).  The excitation power at the objective ranged from 0.1-0.4 

mW.  A volume of 200 µl of VLP solution was added to an 8-well Nunc Lab-Tek 

Chamber Slide mounted on the microscope.  To avoid evaporation unused wells 

were filled with water and the slide was closed with a lid.  Measurements were 

taken 10 µm above the bottom of the well. 

FFS data analysis.  A brief description of the analysis method is provided 

here.  A detailed discussion of FFS analysis of VLP samples can be found 

elsewhere (21).  The diffusion time was determined by fitting the calculated 

autocorrelation function to a single species diffusion model (43).  The ratio of 

diffusion time for the two samples is equated, according to the Stokes-Einstein 

relation, to the ratio of the hydrodynamic radii of the diffusing particles 

τD1/τD2=r1/r2.  The measured diffusion time of fluorescent spheres with a known 

radius of 50 nm serves as a reference to calculate the average diameter of the 

VLPs (44) .  The FFS data was also fit to a 3-species PCH model with deadtime 

and afterpulsing corrections (45).  Each independent species in PCH is defined 

by its brightness ε and the average number N of particles in the optical 

observation volume.  The particle number N is converted into a concentration 

after the observation volume is calibrated with a dye sample.  One of the three 

species is required to take the auto-fluorescent background of the solution into 

account as discussed in a recent paper on HIV-1 VLPs (21).  This background 

species, which has a vanishingly small brightness, is included in every PCH fit 

and will not be reported.  The other two species of the PCH model define the 

VLP sample.  The presence of two brightness species indicates the existence of 
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Gag copy number heterogeneity within the HTLV-1 VLP population as previously 

observed for HIV-1 VLPs (21).  PCH fitting was carried out by programs written in 

IDL 6.4 (Research Systems, Boulder CO).  Error analysis of FFS data was 

carried out as previously described (46). 

FFS brightness calibration and experimental considerations.  To avoid 

unwanted optical effects, all experiments are conducted in a power range where 

the fluorescence intensity of YFP scales quadratically with excitation power.  We 

also confirmed that within this power range the average occupation number N 

remains constant, which establishes a constant optical observation volume.  The 

brightness of a protein complex scales with the number of YFP-labels it contains 

(21).  The YFP copy number of a complex is determined by the normalized 

brightness b=ε/εYFP, where εYFP is the brightness of the YFP monomer and ε is 

the brightness of the complex.  A calibration measurement of YFP brightness, 

εYFP, is necessary to determine copy number.  Because YFP brightness is difficult 

to determine at the low powers that the VLPs must be measured at to avoid 

saturation of the detector, the YFP brightness, εhigh, is measured at a higher 

excitation power, Phigh. Conversion to the YFP brightness εlow for the low power 

Plow of VLP experiments is achieved by using the relationship of power to 

brightness εlow=εhigh(Plow
2/Phigh

2).  The data acquisition time for the VLP 

measurements was chosen such that at least 1000 VLPs passed through the 

observation volume, which is sufficient for statistical analysis of the data.  All VLP 

measurements were performed at excitation powers that are free from saturation 

and bleaching artifacts (21). The FFS experiments identified two brightness 

species for the VLP sample. The average normalized brightness bavg of the two 

species is determined by a non-linear relationship (22),   

 
2 2
1 1 2 2

avg
1 1 2 2

b N b Nb
b N b N

+
=

+
, 

where bi and Ni are the normalized brightness and the number of particles in the 

observation volume of each species.  
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Figure A6-1. Development of a model system for the efficient expression of 
HTLV-1 Gag and robust production of VLPs. (A)  HTLV-1 Gag expression 

construct.  The HTLV-1 Gag gene was codon-optimized with the insertion of a 

Kozak consensus sequence (arrow) upstream of the ATG start codon 

(arrowhead).  The EYFP gene was inserted in-frame prior to the Gag gene stop 

codon.   The CMV promoter and 3’-end poly A are indicated. (B)  Immunoblot 

analysis of HTLV-1 Gag.  An anti-HTLV-1 p24 monoclonal was used to detect 

HTLV-1 Gag-EYFP (arrow).  Cell culture supernatants were collected from MT-2 

cells was used as a positive control.  Lane 1-3 are cell culture supernatants from 

three independent experiments in which pEYFP-N3-HTLV-1 Gag was transiently 

transfected into 293T cells; lane 4-6 are the cellular lysates.  Lane “M”, molecular 

markers. (C)  Transmission electron microscopy of VLPs.  Left panel, VLPs 

produced from 293T cells transiently transfected with pEYFP-N3-HTLV-1 Gag; 

right panel are HTLV-1 particles from MT-2 cells.  Scale bar = 200 nm. 
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Figure A6-2. Cellular localization of HTLV-1 Gag-EYFP and HTLV-1 Gag.  
HeLa cells were transiently transfected with pEYFP-N3-HTLV-1 Gag (A) or a 

HTLV-1 molecular clone (B).  The locations of nuclei were identified by DAPI 

staining (blue), HTLV-1 Gag (green).  Scale bars= 28 µm.   
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Figure A6-3. Cryo-TEM analysis of HTLV-1 Gag-based VLPs. (A)  Cryo-TEM 

images of VLPs produced from 293T cells.  Examples of VLPs that have partially 

occupied inner electron density are indicated with arrows.  The inset shows a 

magnified view of a representative VLP.  Scale bars = 100 nm. (B)  Distribution of 

VLP diameter.  Particle diameter was determined by averaging the longest and 

shortest measurements as indicated in the diagram at the top right corner using 

the ImageJ software.  A total of 1734 VLPs were examined (mean = 71 +/- 20 

nm).     
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Figure A6-4. Radial density profile of the HTVL-1-like particles.  The solid 

line represents the average density measured; dashed line indicates the 

standard deviation (n=14).      
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Figure A6-5. Fluorescence fluctuation spectroscopy analysis of HTLV-1 
Gag-based VLPs. (A)  The fluorescence intensity trace shows discrete peaks, 

which correspond to individual VLPs diffusing through the observation volume. 

(B)  Experimental photon counting histogram (diamonds) of the VLP sample.  A 

fit (solid line) of the histogram to a 2-species model with background identifies 

the concentration and Gag copy number of the VLPs.  The presence of two 

species indicates the existence of heterogeneity in the Gag copy number of 

VLPs.  A weighted average of the two species leads to an average Gag copy 

number of 530 per VLP.  The first VLP species has a copy number of 270 and a 
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concentration of 20.5 pM.  The second VLP species, which is brighter than the 

first, has a copy number of 800 and a concentration of 6.5 pM. (C)  A fit (solid 

line) of the autocorrelation function (diamonds) to a diffusion model identifies an 

average hydrodynamic diameter of 74 nm for the VLPs. 

 

 
Figure A6-6. Gag copy number of HTLV-1 Gag based VLPs.  The Gag copy 

number was determined by FFS analysis of several independent VLP samples (n 

= 5).  The mean copy number per VLP is shown together with the corresponding 

copy number of the two subpopulations identified by FFS analysis.  The error 

bars represent the standard deviation of the multiple measurements. 
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