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for thesis Preparation. ”  The format of this thesis conforms to the “

Manuscript-based (Ariticle-based) Thesis” option,which states: “As an 

alternative to the traditional thesis format, the thesis research may be 

presented as a collection of scholarly papers of which the student is the 

author or co-author; that is, it can include the text of one or more 

manuscripts, submitted or to be submitted for publication, and/or 

published articles reformatted according to thesis requirements as 

described below...The thesis is expected to be a more detailed, scholarly 

work than manuscripts for publication in journals, and must conform to 

general thesis requirements. Note: These papers cannot alone constitute 

the thesis; 

the thesis must contain additional text that will connect them, producing a 

cohesive, unitary focus, and documenting a single program of research. A 

Manuscript- (or Article-) based thesis will be judged by the examiners as a 
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judged. " 
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ABSTRACT 

The integrase protein of the Human Immunodeficiency Virus, HIV, is 

necessary for the insertion of the viral genome into the host chromosomal 

DNA. It is therefore an important therapeutic target. Though highly potent, 

first-generation integrase strand transfer inhibitors, raltegravir and 

elvitegravir, have only a modest genetic barrier to resistance development, 

and there are several overlapping mutational pathways for viral escape. 

Rationally designed second-generation integrase strand transfer inhibitors, 

such as dolutegravir exhibit a high resistance barrier and to date, drug 

resistance substitutions have not been described for dolutegravir in 

treatment-naive patients.  

This thesis, through a combination of structural biology, biochemistry and 

virology methods, seeks to understand the mechanisms involved in 

integrase inhibition, resistance development and the effect of subtype on 

substitution with a major focus on pathways of resistance development 

against second generation integrase strand transfer inhibitors, exemplified 

by dolutegravir. Understanding  HIV integrase and its inhibition is 

complicated by the lack of clinically viable full-length structures. In lieu of 

this, in Chapter 2, we generated homology structural models of HIV 

integrase, based jointly on partial-HIV crystal structures and 
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substrate/ligand-bound crystal structures of prototype human foamy virus 

integrase protein. These models were useful in screening potential 

modulators of integrase dimerization and DNA binding. The homology 

modeling facilitated the identification of putative binding sites of a novel 

integrase inhibitor, HDS1, and subsequent biochemical and virological 

characterization of its mode of inhibition.  We next used the protocol to 

model different amino acid substitutions in dolutegravir resistance pathway 

analyses in the subsequent chapters. We performed in vitro  dolutegravir 

resistance selection experiments using HIV subtype B, C and circulating 

recombinant form A/G. Two main resistance pathways were observed; 

R263K was selected in subtypes B and AG, while G118R was selected in 

subtype C and AG. A common secondary substitution to both R263K and 

G118R was H51Y.   The G118R had previously been selected in our lab, 

in subtype C virus, with the second generation integrase strand transfer 

inhibitor MK-2048. The secondary substitution to G118R in that instance, 

E138K, was one of the secondary substitutions observed with R263K in 

subtype B under dolutegravir pressure. It was therefore evident that the 

positions 263, 118, 51 and 138 might be involved in overlapping 

resistance mechanisms towards second generation integrase inhibitors 

such as dolutegravir. Chapter 3 focused on the tissue culture selections 
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with dolutegravir and the subsequent structural, biochemical and 

virological characterization of R263K and H51Y/R263K variant integrase 

proteins and viruses. We then characterized the impact of the G118R 

substitution, alone or in combination with either H51Y or E138K on 

integrase function, viral fitness and resistance to the three approved 

drugs, dolutegravir, raltegravir and elvitegravir. In Chapter 4 we sought to 

understand the lack of G118R appearance in a subtype B background and 

Chapter 5 compared the impact of G118R, H51Y and E138K on fitness 

and drug susceptibility of integrase proteins and viruses of the three 

subtypes.   

This thesis establishes that R263K and G118R substitution represent 

potential avenues for resistance against dolutegravir. For both pathways, 

secondary substitutions can lead to either diminished integrase activity or 

increased integrase strand transfer inhibitor susceptibility but the effect of 

secondary substitutions will likely be modulated by the subtype and/or 

sequence  of the particular virus. While R263K will likely predominate in 

the clinic, its effect may be easier to predict and more innocuous than 

G118R, which causes changes in drug susceptibility that can vary wildly 

between subtypes.    

 



 

30 

ABRÉGÉ 

L’intégrase du virus de l'immunodéficience humaine, VIH, est nécessaire pour 

l'insertion du génome viral dans l'ADN chromosomique de l'hôte. Il est donc une 

cible thérapeutique importante. Bien qu’efficace, les inhibiteurs de l'intégrase de 

première génération, le raltégravir et l'elvitégravir, n’ont qu'une barrière 

génétique modeste contre le développement de la résistance. Les inhibiteurs de 

l'intégrase de deuxième génération, dont le dolutégravir, présentent une barrière 

de résistance élevée. À ce jour, aucune substitution de résistance n'a été décrite 

contre le dolutégravir chez les patients naïfs de traitement. Cette thèse, à travers 

une combinaison de méthodes biologiques, biochimiques et de virologie 

structurelle, a étudié les mécanismes impliqués dans l'inhibition de l'intégrase, le 

développement de la résistance et l'effet des sous-types sur ces processus avec 

un accent majeur sur le dolutégravir. La compréhension de l'intégrase du VIH et 

de son inhibition est compliquée par l'absence de structure cristalline. Dans le 

chapitre 2, nous avons produit des modéles de l'intégrase du VIH par homologie 

avec les structures cristallines partielles de l’intégrase du VIH et les structures 

cristallines de l’intégrase du virus mousseux prototype (PFV) avec les inhibiteurs 

liés. Ces modèles ont été utiles pour l’identification d’inhibiteurs potentiels de la 

dimérisation et de la liaison à l'ADN de l’intégrase ainsi que l'identification des 

sites de liaison putatifs d'un nouvel inhibiteur, HDS1, et la caractérisation 



 

31 

biochimique et virologique de son mode d'inhibition. Dans les chapitres suivants, 

nous avons utilisé le protocole de modélisation moléculaire pour analyser le rôle 

de différentes substitutions de résistance contre le dolutégravir. Nous avons 

réalisé des expériences de sélection in vitro avec le dolutégravir et les sous-

types B, C et la forme circulante recombinante A/G du VIH. Deux principales 

voies de résistance ont été observées : R263K dans le sous-type B et A/G, et 

G118R dans le sous-type C et A/G. Une substitution secondaire commune à 

R263K et à G118R était H51Y. Le G118R avait déjà été sélectionné à partir d’un 

sous-type C dans notre laboratoire avec l’inhibiteur de seconde-génération MK-

2048. La substitution secondaire à G118R dans ce cas, E138K, était l'une des 

substitutions secondaires observées en association avec R263K dans le sous-

type B traité avec le dolutégravir. Il était donc évident que les positions 263, 118, 

51 et 138 sont impliquées dans les mécanismes de résistance contre les 

inhibiteurs de l'intégrase de deuxième génération tels que le dolutégravir. Le 

chapitre 3 est axé sur les sélections de résistance avec le dolutégravir et la 

caractérisation structurale, biochimique et virologique de R263K et H51Y/R263K 

au niveau protéique et viral. Nous avons caractérisé l’effet de G118R, seul ou en 

combinaison avec H51Y ou E138K sur la fonction de l'intégrase, la capacité 

réplicative et la résistance contre le dolutégravir, le raltégravir et l'elvitégravir. 

Dans le chapitre 4, nous avons cherché à comprendre l’absence de G118R dans 
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le sous-type B et dans le chapitre 5 nous avons comparé l'impact de G118R, 

H51Y et E138K sur la capacité réplicative et la sensibilité aux médicaments des 

protéines et des virus des trois sous-types étudiés. 
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Chapter 1 

Introduction  

Some sections of this chapter have been previously published in the three invited 

literature review articles listed below:   

 Quashie PK, Sloan RD, Wainberg MA. Novel therapeutic strategies 

targeting HIV integrase. BMC Medicine 2012 Apr 12;10:34. Copyright© 2012 

Quashie et al; licensee BioMed Central Ltd.  

Contributions: PKQ researched the material, generated the figure and wrote 

~95% of the review with additional writing and editing by RDS and MAW. 

 Quashie PK, Mesplède T, Wainberg MA. Evolution of HIV integrase 

resistance mutations. Current Opinion in Infectious Diseases 2013 Feb;26(1):43-

9. Copyright© 2013 Lippincott Williams & Wilkins, Inc.  

Contributions: PKQ researched the material, generated the figures  and wrote 

~95% of the review with additional writing and editing by TM and MAW. 

 Quashie PK, Mesplède T, Wainberg MA. HIV Drug Resistance and the 

Advent of Integrase Inhibitors. Curr Infect Dis Rep. 2013 Feb;15(1):85-100. doi: 

10.1007/s11908-012-0305-1. Copyright© Springer Science+Business Media New 

York 2012.  

Contributions: PKQ researched the material, generated the figures  and wrote 

~75% of the review with additional writing and editing by TM and MAW. 
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1.1 Part I: A brief history of HIV and AIDS 

1.1.1 Acquired immune-deficiency syndrome 

During a Washington meeting on July 27, 1982 between officials of the Center for 

Disease Control (CDC), federal bureaucrats and gay community leaders, the 

term  'Acquired Immune Deficiency Syndrome (AIDS)' was coined [1-4]. This 

term was the first to comprehensively describe the disease characterised by the  

loss of cell-mediated immunity with ~60% 1-year post diagnosis mortality in 1982 

[5].  

1.1.2 Early reports 

The first confirmed report of AIDS dates back to 1959 [6] and was retroactively 

diagnosed in blood samples collected by researchers studying the links between 

glucose-6-phosphatase deficiency, malaria and sickle cell disease [6]. There is 

also a less accepted case of a British apprentice printer living in Manchester 

England dying of an AIDS-like illness which he may have contracted in 1957 [7].    

Though there is evidence that HIV existed in the United States (US) prior to the 

1980s [8], the HIV epidemic in the US was only  followed closely by the CDC 

after 1981. Previously healthy gay men in New York, Los Angeles and San 

Francisco started to die from combinations of new infections of previously rare 

diseases such as Pneumocystis carinii pneumonia (PCP), cytomegalovirus 

(CMV), and Kaposi's Sarcoma [5, 9-11]. These patients all had evidence of 
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severe immune deficiency, making them vulnerable to opportunistic infections [5, 

10-15]. The reports gradually started spreading across the country but were 

largely known only in the gay and haemophiliac communities [5, 10-15]. The US 

public was awakened to the scourge of AIDS by the sudden death of the celebrity 

Rock Hudson  in 1985 [1, 2, 16, 17]. In 1984, Canada started antibody testing for 

then-called human T-lymphotrophic virus type III (HTLV III) at the Laboratory 

Centre for Disease Control in Ottawa [18]. By 1985, over 25000 serum samples 

from high risk groups (patients with AIDS or "pre-AIDS", hymophiliac patients, 

symptomatic homosexual men and cohabitants of AIDS-diagnosed patients) had 

been tested in Canada with high prevalence rates in these samples. It was 

estimated then that rates in certain populations of asymptomatic homosexual 

men in Canada could be as high as 21% [18].    

1.1.3 Human immunodeficiency virus is the cause of AIDS 

In 2008, the "Nobel Prize in Medicine or Physiology" was shared by scientists of 

the Institut Pasteur in Paris, Luc Montagnier and his former trainee, Françoise 

Barré-Sinousi [19, 20]. They had published in 1983 on the isolation of a T-

lymphtrophic virus taken from the lymph nodes of a patient who appeared to be 

in the early stages of AIDS [21]. They called this virus lymphadenopathy 

associated virus (LAV) to differentiate it from the human T-cell lymphotrophic 

virus I (HTLV I) previously discovered by Robert Gallo of the US National 
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Institutes of Health (NIH) [22]. The award was also shared by Harald zur Hausen, 

who had discovered that human papilloma virus infection caused cervical and 

related cancers [23, 24]. Conspicuously missing from the recipients was Robert 

Gallo [20], whose lab had published in 1984 the identification of a seemingly 

different virus termed HTLV III as the etiological cause of AIDS [25]. It was 

established later that HTLV III and LAV were the same virus, subsequently 

renamed HIV [8, 26-28]. Despite Gallo not being the initial discoverer of HIV, his 

lab established key protocols for the laboratory propagation of HIV and provided 

evidence that HIV, not other AIDS-associated viruses, was the causative 

organism of AIDS [3, 4, 25, 29-31].  

1.1.4 Likely origins, types and subtypes of HIV 

The suspected origin of the HIV/AIDS pandemic is a highly controversial topic 

with a mixture of diverging and converging theories [8, 32-41]. One key fact is 

that HIV is related to simian immunodeficiency virus (SIV) that is found in certain 

species of African monkeys, chimpanzees and gorillas [8, 38-43] (Figure 1.1). A 

hint that SIV could be an ancestral precursor to HIV became clear when a 

different virus in West African AIDS cases was found to more closely related to 

the SIV  endemic in sooty mangabeys living in the same region as the patients 

[41, 43-46]. This SIV was related to viruses which had caused immunodeficiency 

in captive macaques in research facilities [38, 39]. The new HIV was termed 
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human immunodeficiency virus type 2 (HIV-2) to differentiate it from the initial 

virus, which was termed as human immunodeficiency virus type 1 (HIV-1).  

There is evidence in West Africa of continuous cross-infection of humans with 

endemic SIV viruses; these viruses are largely thought to result in transmission 

incompetent infections since they are never detected in more than one or two 

individuals (41,43,46) supporting the hypothesis that SIV must have crossed over 

into humans multiple times  prior to the start of the current pandemic. 

Phylogenetic studies have shown that the SIV and HIV lineages may have 

diverged as far back as the late nineteenth century or the early twentieth century 

[8, 38, 40, 41, 47]. HIV-1 (particularly subtypes A, B and C) appears to have 

originated and spread world-wide from the Central African countries of 

Democratic Republic of Congo (then French Equatorial Africa), Equatorial 

Guinea and Cameroon [8, 38-41, 47] (Figure 1.1), whereas HIV-2 originated from 

and has remained largely confined in West Africa [8, 38, 40, 41, 44, 45, 47-55], 

with reportedly lower prevalence, pathogenicity and transmissibility compared to 

HIV-1 [38, 44, 46, 48, 50, 56]. This implies that a particular event or series of 

events occurred between the early 1900s, when the separate cross-species 

transmissions might have occurred, and the 1970s, when HIV had probably 

already been well dispersed, but not detected [8, 57], sparking the rapid 

transformation of SIVcpz from a weakly pathogenic and poorly transmissible virus 
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in humans  to the highly pathogenic, transmissible and devastating HIV-1, which 

results in AIDS [8, 35, 38-40, 45, 54, 58, 59].  

As mentioned above, a multitude of views abound on what those events, mostly 

believed to be anthropogenic, were. The most widely accepted hypothesis is also 

the most plausible. Western and Equatorial Africa had a multitude of diseases 

that plagued the region and decimated the populations of locals and European 

settlers. In the beginning of the twentieth century, multiple mass vaccination 

campaigns were organized to vaccinate the local populations [8, 37, 38, 54, 57, 

58]. During these campaigns, the reuse of needles was common due to their high 

cost; this practise was only  partially curtailed in the 1950s when disposable 

needles became available [54, 58]. Still, due to the cost savings, needle reuse 

has remained common in Africa and elsewhere even up into the 2000s [37, 60-

64]. Needle sharing, which has been documented to increase the likelihood of 

HIV transmission several fold [59, 60, 62-68] is also suspected to have fast-

tracked the adaptation of HIV to human hosts. The hypothesis referred to as 

'serial passage/transmission' [54] implies that a person, possibly a chimpanzee 

hunter or butcher, became infected with SIV. This person then went to receive a 

vaccination and the virus was transferred to another human host when the 

needle was reused. This means that the virus would  have different pressures 

driving its evolution. Supposing this second person went and received another 
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set of vaccinations with a different needle, and that needle was used on yet 

another person, the  transmitted viral population would evolve yet again in rapid 

succession [8, 54, 58]. Though unsterile vaccination practises had previously 

been considered [21, 40, 41, 47, 69, 70], along with a multitude of reasons, as a 

contributing factor to the spread of HIV, it was Preston Marx and colleagues in 

2001 who placed a greater emphasis on the possible role of these practises in 

accelerating the evolution of SIV to HIV  to mere decades [54, 58].  Several 

groups were able to show in captive monkeys that SIV was able to quickly adapt 

to a new species after being serially passaged through 3-4 monkeys [71, 72]. 

Due to the low probability of serial passaging, Marx postulated that the SIV-HIV 

species jump may have occurred when vaccinations were at their peak, i.e. 

1950s [8, 54, 58], and that the strong selection pressure placed on the viral 

populations drove divergence into the different subtypes.   Sexually transmitted 

ulcer-causing diseases such as syphilis are also known to increase HIV 

transmissibility; syphilis was reportedly common in colonial cities, particularly 

Kinshasa, due to the high number of prostitutes [8] and likely also played a part 

in the early dissemination of the virus. Other factors such as the poor working 

conditions and health of the local populace of French Equatorial Africa may have 

created the perfect melting pot to overcome the epidemiological threshold [73, 

74]. The current driving forces of the pandemic are somewhat different. In much 
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of Africa, India and South America [51, 75], it is thought that heterosexual sex  

drives much of the epidemic there, whilst in Europe and North America, 

homosexual sex and injection drugs appear to be the main drivers. A mixture of 

commercial sex trade and injection drug use is likely the key driving force behind 

the epidemics in South East Asia [76, 77].   

 

 

Figure 1.1: Evolutionary relationships of HIV and SIV lineages by neighbour-

joining phylogenetic analysis of partial pol coding sequences [55]. 

Currently there are four known groups of HIV type 1, Groups M, O, N and P [51-

53, 78] (Figure 1.2). Each of these groups are thought to be the result of an 

independent transmission event and the resulting subtypes/clades are the result 
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of evolutionary pressure and adaptation [8, 52, 53, 57, 79, 80]. The largest group, 

Group M (group major), derived from a SIVcpz transmission, is responsible for 

greater than 90% of all HIV/AIDS cases and has ~11 suspected or confirmed 

subtypes (A-K). Of these, subtypes A, B and C form the bulk of infections. HIV 

subtypes have a tendency to recombine and form recombinant forms; when 

these forms are transmissible, they are referred as circulating recombinant forms. 

Subtypes E and G have never been identified as  pure non-recombinant viruses, 

but as part of recombinant A/E and A/G viruses respectively [51, 52]. 

 

Figure 1.2: Suspected sources and localisation of origin of HIV-1 viral groups 

[55].  

Interestingly, non-M HIV-1 has mostly been identified in and remains endemic 

only in Cameroon, Gabon and Equatorial Guinea [8]. The SIV strain closely 
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related to subtype O, SIVgor, affects gorillas living in Cameroon and surrounding 

areas. In fact, despite groups N, O and P being sometimes classified as CPZ 

transmissions (Figure 1.1), only N appears to be a transmission from  a 

chimpanzee [80]. This was thus termed the outlier (O) group. Group O infections 

are mostly contained within Cameroon, Gabon and Equatorial Guinea and 

comprise about 2% of national infections [51-53]. Group N (non-M, non-O) HIV-1 

infections are also confined within Cameroon and account for less than 0.1% of 

the total disease burden in that country. The  rarest group is Group P (pending 

identification of further human cases/putative), also identified in Cameroon [51-

53, 57]. 
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Figure 1.3: Suspected sources and localisation of origin of HIV-1 viral groups 

[55]. 

Like the non-M groups of HIV-1, HIV-2 is mostly confined within its locus of 

origin, West Africa [8, 38, 41, 45, 78] (Figure 1.3). The HIV-2 epidemic has its 

epicentre in and around Guinea, Sierra Leone and Ivory Coast [8, 38, 41, 45, 78]. 

It is closely related to the SIV species SIVsmm infecting sooty mangabeys in the 

region [44-46, 48]. There are eight known groups of HIV-2 (A-H) (Figure 1.3), 

with only A and B being widely disseminated within West Africa. Like the non-M 

HIV-1 viruses, HIV-2 does not appear as virulent as HIV-1 group M and the 

progression to AIDS is prolonged [50].  

 

1.1.5 Molecular features of HIV and its replication 

HIV, belongs to the family Retroviridae [78, 81]. Two main defining hallmarks of 

retroviral infection are reverse transcription and integration [78, 81]. Viral 

genomic material is found on  plus sense RNA; this RNA is then reverse 

transcribed into complementary DNA (cDNA) once the virus infects a cell. The 

cDNA then is inserted into the host genome, forming what is termed proviral 

DNA, a template for transcription of viral RNA. Virion proteins are translated from 

this transcribed RNA which is also incorporated into newly formed virions. This 

family of viruses is important because the establishment of proviral DNA inside 
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the host genome means that the viral genome will be replicated whenever 

cellular division takes place and will persist in the host even in the absence of 

active viral replication. It also means the possibility of vertical germline 

transmission of viral genomes [78].  Additionally, the ability of retroviruses to form 

DNA from RNA was an affront to the established molecular dogma of 

DNARNAProtein [78]. That also made it a relatively predictable process to 

therapeutic target since it was a process undiscovered in mammals.  

Retroviruses are implicated in cancers due to their ability for semi-random 

insertion into host genomes and are probably the most studied viruses to date. 

The discovery of reverse-transcription has also revolutionised the field of 

medicine and biochemistry and is  one of the most important recent discoveries 

in science and medicine [3, 78]. 

Retroviruses are classified based on structural features of the virion, genomic 

content and organisation as well as the location of virion assembly [78] (Figure 

1.4). Simple retroviruses   encode only  key gene products : Gag, Pol and Env 

(These will be described in more detail below) ; a typical example is the 

alpharetrovirus avian leukosis sarcoma virus (ASLV) [78]. Two other simple 

retroviruses are the betaretroviruses (e.g. Mason-Pfizer monkey virus) and 

gammaretroviruses (e.g. murine leukemia virus-MLV) [78] (Figure 1.4). Complex 

retroviruses encode the key gene products as well as additional features and 
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gene products with varying functions (Figure 1.4). The genetic material is 

relatively compact and complex retroviruses have multiple reading frames [78]. 

Viral genera considered as complex retroviruses include deltaretroviruses (e.g. 

HTLV) (Figure 1.4), epsilonretroviruses (e.g. the fish infection, walleye dermal 

sarcoma virus), lentiviruses (e.g. HIV and SIV) (Figure 1.4) and spumaviruses 

(e.g. prototype human foamy virus-PFV) [78, 81].  

 

Figure 1.4: Key genomic similarities and differences between complex and 

simple retroviruses [78]. 

Lentiviral genomes are contained within a cylindrical or conical core and 

genomes of this genus encode Gag, Pol and Env expression. The prototypical 
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lentivirus, HIV-1 also contains several accessory genes; vif, vpr, vpu, tat, rev and 

nef [78, 81] (Figure 1.4). The putative and confirmed roles of the various HIV 

genes and gene products in the viral replication cycle are described in brief 

below. 

1.1.5.1 HIV genomic organisation  

HIV is an enveloped spherical retrovirus with its genomic material consisting of 

two copies of plus strand ribonucleic acid (RNA) molecules encapsulated within a 

conical capsid core [78, 81-83] (Figure 1.5). The compact genome of HIV is 

approximately 9.7 Kb (Figure 1.4; 1.5), is flanked on either end by the 5' and 3' 

untranslated regions (UTR), both of which contain the long terminal repeats 

(LTR). The LTR contains the promoter regions as well as several cis-acting 

elements [78, 83, 84].  
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Figure 1.5: HIV-1 genomic and structural organisation [84]. 

The remaining genome consists of nine open reading frames (ORF), and 

encodes fifteen different proteins [78, 81-83] (Figure 1.5). Three of these ORFs 

are responsible for the translation of the Gag, Gag-Pol and Env polyproteins [78, 

83, 84]. Maturation of the Gag and Gag-Pol polypeptides begins during budding 

or shortly after[85]. Autocatalysis of the Gag-Pol polyprotein yields the protease, 

reverse transcriptase (RT) and integrase (IN) proteins [78, 83, 84].   Proteolysis 

of the Gag polyprotein by protease yields the matrix (MA), capsid (CA), 

nucleocapsid (NC) and p6 proteins. The viral infectivity factor (Vif), viral protein R 

(Vpr), regulator of viral expression (Rev), negative regulatory factor (Nef), viral 

protein unique (Vpu) and transactivator of transcription (Tat) proteins are all 
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separately translated from spliced HIV mRNA [78, 83, 84]. One key difference 

between HIV-1 and HIV-2 is that HIV-2, like most SIVs, has the virion-associated 

protein (Vpx) while HIV-1 has Vpu [48, 84, 86, 87]. This difference has key 

impacts on HIV disease progression and pathogenesis [48, 86, 87].  

1.1.5.2 Steps in HIV replication  

The steps in viral replication are briefly elucidated below in steps (i)-(xvi) (Figure 

1.6). (i) Infection begins with engagement of a viral gp120 protein with the human 

cellular receptor CD4, present on the cell surface of T-lymphocytes, amongst 

other cells [78, 81-83, 88, 89]. (ii)The interaction of gp120 with CD4 exposes an 

interaction interface on gp120, which allows the binding of co-receptor molecules 

present on the cell surface. Common co-receptors are the chemokine receptors 

CCR5 and CXCR4 [78, 81-83, 88, 89], though several others such as CCR2b, 

and CCR3 have been known to be used, albeit rarely [90-93]. The major co-

receptor used in primary infection is CCR5 and mutations within its encoding 

gene has major implications for HIV infection and disease progression [83, 94]. 

(iii) Once the co-receptor has been recruited to the gp120-CD4 complex, a 

conformation change in the viral gp41 results in the viral membrane and cellular 

membrane being brought close together, and subsequently (iv) fusing [78, 81-83, 

88, 89]. Uncoating of the viral capsid begins almost immediately upon fusing with 

the aid of the viral proteins MA, Nef, Vif, and cellular factors [83, 84]. (v) Reverse 
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transcription occurs after uncoating, beginning with the binding of the tRNALys3 to 

the primer binding site (pbs) of the 5' LTR of the HIV RNA [78, 83, 84]; NC 

facilitates primer binding by unwinding the tRNALys3 and pbs and by packaging 

tRNALys3 molecules into newly synthesized virions [78]. Reverse transcriptase 

lacks a proof-reading mechanism and is thus highly error-prone [78, 83, 84, 95, 

96]. It is also able to use  either HIV RNA as a template during reverse 

transcription [78, 83, 84, 95, 96]. This increases the number of potential genetic 

variants produced during reverse transcription and it is a major driving force of 

HIV diversity [78, 83, 84, 95], immune system evasion [97] and drug 

resistance[96, 98-101].  The host apolipoprotein B mRNA-editing, enzyme 

catalytic, polypeptide-like 3G protein (APOBEC 3G), increases the inherent low 

fidelity of RT, and thus restricts HIV infection [78]. The expression of this protein 

and its subsequent packaging into progeny virions is however counteracted by 

the HIV Vif protein [83, 84]; HIV is therefore heavily restricted in ABOBEC 3G 

containing cells in the absence of Vif [83]. There is evidence that IN is associated 

with RT during reverse transcription [102, 103], however its main role in the 

replication cycle is the (vi) integration of the proviral DNA into the cellular DNA. 

Failure of the virus to integrate will result in an accumulation of circular episomal 

viral DNA designated as 1-LTR, or 2-LTR circles, based on the  presence of 1 or 

2 LTR portions in the unintegrated DNA [104, 105]. In this case, despite several 
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accessory proteins being made, structural proteins are not synthesized and the 

infection is non-productive [104]. Once HIV is successfully integrated into the 

host genome, (vii) transcription of the viral genome is initiated from the 5' LTR by 

the host RNA polymerase II [83, 84]. The Tat protein binds to the transactivating 

response element (TAR) found in the 5'LTR and enhances both initiation of and 

rate of transcription [83, 84, 106, 107]. (viii) The viral mRNA transcripts are 

spliced under regulation by Rev within the nucleus by the host spliceosome 

machinery and (ix) then exported to the cytoplasm, for translation and viral 

packaging to occur [78, 83, 84]; Rev binds to the Rev response element (RRE) of 

mRNA and prevents double splicing by exporting these elements out of the 

nucleus; double splicing only yields accessory protein mRNAs and no structural 

mRNAs [78, 83, 84]. (x) Translation of the Gag and Gag-Pol polyproteins takes 

place in the cytoplasm and (xi) assembly of the core particle from Gag and Gag-

Pol polypeptides begins  at the plasma membrane, driven by the MA and NC 

proteins. (xii) The Env polypeptide is translated and glycosylated in the 

endoplasmic reticulum (ER) where it is often  co-expressed with CD4 [78, 83, 

84]. Vpu promotes the ubiquitination and subsequent degradation of CD4 and 

allows (xiii) Env to be released from the ER in order for Env to be processed into 

gp41 and gp120 in the Golgi apparatus. The cleaved Env proteins are then 

targeted to and inserted into the plasma membrane surrounding the budding 
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virion [78, 83, 84]. In order to prevent CD4 interactions with newly synthesized 

Env, cell surface CD4 is gradually down-regulated by the actions of Nef and Vpu 

as the infection progresses [78, 83, 84]. Nef also prevents detection of the viral 

infection by the immune system, by causing the endocytosis and degradation of 

the antigen presenting complexes, major histocompatibility complex I and II 

(MHCI, MHCII) [78, 83, 84, 108, 109].  Vpu also antagonizes the viral restriction 

factor tetherin[110]. The primary function of NC protein is to bind the packaging 

signal and (xiv) incorporate two full-length molecules of HIV RNA into the core of 

the budding virion [84]. NC coats the viral RNA within the virion core. Several 

cellular proteins and factors such as tRNALys3, cyclophilin A [111, 112], ubiquitin 

[112], and  other proteins are required for various stages of budding or viral 

infectivity and are thus incorporated into the virion [78, 83, 84, 111-115].  (xv) 

During budding, (xvi) maturation of the Gag and Gag-Pol polypeptides begins 

with autoproteolysis of Gag-Pol to release protease, which completes cleavage 

of the viral polyproteins. The mature virion  (Figure 1.5; 1.6) is then able to infect 

another cell [78, 83, 84]. 
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Figure 1.6: Main steps in the HIV-1 replication cycle [116].  

1.1.6 Circulating recombinant forms 

There is a relatively high template switching rate of RT during the strand transfer 

step of reverse transcription [57, 96]. This coupled with  the possibility of 

simultaneous or subsequent infection with other HIV strains [51, 117-121] 

creates the possibility of viral recombination, leading to circulating and 

transmissible HIVs which are recombinants of more than one strain [51-53, 57, 

79]. These viruses are termed  circulating recombinant forms (CRFs) (Figures 

1.7; 1.8) and numbered 55 in December 2012 [51]; less prevalent recombinants 

are termed unique recombinant forms  (URFs) [51, 122].  



 

53 

 

Figure 1.7: Geographical localisation of HIV-1 subtypes and key CRFs [79].  

CRFs are estimated to be responsible for ~20-% of the world-wide current 

infections [57, 79] and ~88 percent of Indian and Asian epidemics [57]. The first 

recombinant form, CRF_02AE was discovered in central Africa but is now 

prevalent in Asia [51]. The majority of circulating recombinant forms are inter-

group recombinants of HIV-1 group M [51]. Based on recently published analysis 

of sequences present in the Los Alamos HIV Database [123], recombinants of 

subtype B are currently leading all subtypes with 19% contribution [51, 123]  

followed by subtype G (12%) and subtype A (11%). Interestingly the same 

analysis shows CRF01_AE, CRF02_AG and CRF06_cpx, which are numbered in 

order of official identification, respectively contributing to further recombination at 

frequencies of 9%, 3% and 1% [51].  This study highlights the increasing subtype 
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B content in CRFs and URFs and is in line with other recent reports [57, 79] . 

Importantly, the number of CRFs are climbing world-wide, and the use of broadly 

targeting antiviral therapy may have even more importance moving forward.   

 

Figure 1.8: Genomic structure and subtype make-up of common CRFs [57]. 

 1.1.7 Anti- Retroviral Therapy 

In the early days of the various AIDS epidemics, treatment options were limited, 

and treatments  focussed on reductions in symptomatic/opportunistic infection  

rather than the viral cause of the disease [3, 5, 8, 35, 124-129]. Once the 

causative agent of AIDS was identified [21, 130], drug discovery efforts 

intensified and a compound, azidothymidine (AZT), previously synthesized to 

combat cancer [131], showed promise in 1986 for AIDS therapy and was 
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approved for clinical use in 1987 [132, 133]. This compound was the first 

member of the nucleoside reverse transcriptase inhibitors (NRTI), and targets the 

RT of HIV by mimicking and competing with nucleosides; incorporation of an 

NRTI into the DNA chain leads to termination of reverse transcription. The use of 

AZT led to reduced progression to AIDS in treated patients, but resistance to 

AZT was reported almost immediately [98, 101, 134-136], highlighting the need 

for additional compounds. Several other NRTIs were discovered or repurposed 

for HIV therapy in the early 1990s, including 2'-deoxy-3'-cytidine (3TC-

lamivudine) [137], which exhibited lower toxicity than AZT and maintained 

suppression of known AZT-resistant HIV clinical isolates [137]. Other NRTIs such 

as 2',3'-dideoxyinosine (ddI- didanosine) [138], 2',3'-dideoxycitidine (ddC-

zalcitabine) [136, 139-142] and 2',3'-didehydro-3'-dideoxythymidine (d4T-

stavudine) [139, 143-145] had either significant cross resistance with AZT or 

significant toxicity [98, 136, 144, 146-149]. Zalcitabine has been discontinued in 

most countries due to excessive mitochondrial toxicity [150-152]. Improvements 

in therapeutic potency and delayed resistance was achieved initially by 

combinations of NRTIs compared to the previous monotherapy. Of particular 

importance were clinical data that AZT and 3TC had synergistic reductions in 

viral load and T-cell rebound [153]. The clinical additions of non-nucleotide 

reverse transcriptase inhibitors (nNRTIs) [154-157] and protease inhibitors (PIs) 
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[158-161] yielded new options for combination therapy. The success of 

combination therapy [153, 158, 160-162] and computer modelling suggested that 

successful viral suppression required therapeutic agents which required the virus 

to develop three or more different mutations to develop significant resistance. 

This new data along with the development of protease inhibitors ushered in the 

era of highly active antiretroviral therapy (HAART) [163-167]. There was strong 

initial belief that HAART would be sufficient to fully suppress viral replication 

[168-170], yet almost immediately after HAART initiation, data showed that both 

viral replication and transmission occurred in patients who were responsive to 

HAART [169-174]. HAART has however been credited with 60-80% decreases in 

progression to AIDS and AIDS-related mortality [168, 171, 175]. According to 

2013 WHO recommendations, effective first-line ARV therapy make-up should 

include a backbone of two NRTIs and one NNRTI [176]. Whilst the initiation of 

HAART reduced mortalities and resulted in fewer cases of AIDS in resource-rich 

settings, the high cost of medication  meant that the bulk of HIV infected people 

in Africa, South America and Asia had no access to life saving medications [177-

181]. In 2000, the 13th international Conference on AIDS was held in Durban, 

South Africa with over twelve thousand people in attendance. The theme of the 

conference was "Breaking the Silence", and placed enormous pressure on 

pharmaceutical companies to allow equal treatment and access to medicine for 
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people living with HIV/AIDS in Africa (PLWHA) [182, 183]. At this conference, a 

call was made by the Chairman of the WHO Commission on Macroeconomics 

and Health, Dr. Jeffrey Sachs, for the set-up of a global fund to fight AIDS [182]. 

This conference provided concrete evidence that  HIV caused AIDS and helped 

reduce AIDS denialism [32, 33, 182].   

1.1. 8 The global picture of HIV/AIDS today and future prospects 

1.1. 8.1 Expanded ARV access 

Prior to, and following the Durban AIDS conference, several African governments 

had angered pharmaceutical companies by engaging companies in India to 

produce generic versions of ARVs. Following the conference, and especially after 

the patenting of the CD4 receptor [184], the pressure to provide affordable drugs 

for poor nations grew [184-187]. In 2003, The Foods and Drugs Administration 

(FDA) of the US granted the first licence for production of generic ARVs in Africa, 

under  the Clinton Foundation [188, 189]. The company, whose main aim was to 

provide ARVs for less than $1/day, and was initially approved to produce d4T, 

followed by AZT, 3TC, and nevirapine (NVP), followed by combinations of the 

above drugs [188, 189]. Though effective in the early decades of HIV therapy, 

D4T has been recently disrecommended  for first line therapy due to significant 

toxicity [176].  For perhaps the first time since the recognition of the AIDS 

epidemic in the 1980s, there was a glimmer of hope in Africa. Due to the 
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prevention efforts and expanded access to ARVs and global initiatives by 

UNAIDS [190-193], the Gates Foundation [194-196], Clinton Foundation [189, 

197-199], Global Fund [200-204], donor nations and various partners,  there has 

been a 40-fold increase in antiretroviral access between 2002-2012 [190]. This 

has resulted in several milestones  in the fight against HIV/AIDS [190]. In the 

snapshot year 2013, there was a 33% decrease in new HIV infections compared 

with 2000, a 29% decrease in AIDS-related deaths since 2005 and a 52% 

decrease in new HIV infections in children since 2001 [190]. Currently ~9.7 

million people in low-middle income countries have access to ARV therapy at a 

cost of ~US$140 per person/ year (compared with ~US$10000/person/year in 

1990) [190]. New drugs and promising developments in vaccine and 'cure' 

research promises an even brighter outlook for HIV therapy, even in the face of 

rising costs. This may be aided by the advent of generic ARVs to the US market 

and the global war on patents [201, 205-207], which appears to be encouraging 

competition amongst makers of generic ARVs and driving down prices [201].  

1.1. 8.2 Fusion, entry and integration 

The addition of the fusion inhibitor enfuvirtide (T20) in 2003 [208, 209] to HAART 

drugs expanded the ARV classes, which had hitherto been limited to NRTIs, 

NNRTIs and PIs [208]. This allowed more options for patients failing first and 

second line therapies. Enfuvirtide, which is a modified peptide complementary to 
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the gp41 protein of HIV, had to be administered subcutaneously, and had 

significant toxicities [208, 210]. It was never tested in first-line patients due to its 

high cost and mode of admistration. It is therefore not recommended for first-line 

therapy.  

In 2007, two new drugs representing two new classes of ARV were granted FDA 

approval in the United States; Maraviroc (MVC)  and Raltegravir (RAL) [211].  

A new class of HIV entry inhibitors was created with MVC. MVC binds to the 

cellular co-receptor CCR5 and allosterically inhibits the entry of HIV into host 

cells. It was also the first ARV for HIV therapy that specifically targeted a host 

protein. Apart from the controversies this created, patients in the MVC 

MOTIVATE trials showed artificially increased levels of viral RNA, and this led to 

difficulties in interpreting the data. This increase was later shown to be due to the 

repulsion of bound virions by the cells upon MVC therapy.  The development of 

RAL and the class of integrase inhibitors will be discussed later in the 

introduction. The advent of these three new classes of ARVS has greatly 

improved treatment outcomes, and PLWHA have much improved health 

outcomes [124, 190, 200, 212].   Table 1.1 summarizes all FDA approved drugs 

for HIV therapy. 

Table 1.1: Food and Drug Administration Approved Antiretroviral Drugs  
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Brand Name 

(Manufacturer; 

contraction) 

Generic Name 

(Abbreviation) 

FDA 

Approval 

Year 

Notes 

Nucleoside Reverse Transcriptase Inhibitors (nRTIs) 

Retrovir 

(GlaxoSmithKline, 

GSK) 

zidovudine, 

azidothymidine 

(AZT, ZDV) 

1987  

Videx (BristolMyers-

Squibb, BMS) 

didanosine, 

dideoxyinosine (ddI) 

1991  

Hivid (Hoffman-La 

Roche) 

zalcitabine, 

dideoxycytidine 

(ddC) 

1992 Discontinued 

Zerit (BMS) Stavudine (d4T) 1994  

Epivir (GSK) Lamivudine (3TC) 1995  

Combivir (GSK) AZT+3TC 1997 First approved multi-

drug ARV 

Ziagen (GSK) Abacavir sulfate 

(ABC) 

1998  

Videx EC (BMS) Enteric coated 

didanosine (ddI EC) 

2000  

Trizivir (GSK) ABC+AZT+3TC 2000  

Viread (Gilead 

Sciences, Gilead) 

Tenofovir disproxil 

fumarate (TDF) 

2001  

Emtriva (Gilead) Emcitricitabine (FTC) 2003 Not Available in 

Canada 

Epzicom (GSK) ABC+3TC 2004 Kivexa in Canada 

Truvada (Gilead) TDF+FTC 2004  

Non-Nucleoside Reverse Transcriptase Inhibitors 

Viramune Nevirapine (NVP) 1996 Immediate release 
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Brand Name 

(Manufacturer; 

contraction) 

Generic Name 

(Abbreviation) 

FDA 

Approval 

Year 

Notes 

(Boehringer 

Ingelheim, BI) 

Rescriptor (Pfizer) Delavirdine (DLV) 1997  

Sustiva (BMS) Efavirenz (EFV) 1998  

Intelence (Tibotec 

Therapeutics, 

Tibotec) 

Etravirine (ETV) 2008  

Viramune XR (BI) NVP 2011 Extended release 

Edurant (Tibotec) Rilpivirine (RPV) 2011  

Protease Inhibitors 

Invirase (Hoffman-

La Roche) 

Saquinavir mesylate 

(SQV) 

1995 Discontinued 

Norvir (Abbott 

Laboratories, 

Abbott) 

Ritonavir (RTV) 1996  

Crixivan (Merck) Indinavir (IDV) 1996  

Viracept (Agouron 

Pharmaceuticals) 

Nelfinavir mesylate 

(NFV) 

1997  

Fortovase (Hoffman-

La Roche) 

Saquinavir (SQV) 1997 Discontinued in US, 

Availabe in Canada 

Agenerase (GSK) Amprenavir (APV) 1999 Discontinued 

Kaletra (Abbott) Lopinavir (LPV) and 

ritonavir (RTV) 

2000  

Reyataz (BMS) Atazanavir sulfate 

(ATV) 

2003  

Lexiva (GSK) Fosamprenavir 2003 Telzir in Canada 
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Brand Name 

(Manufacturer; 

contraction) 

Generic Name 

(Abbreviation) 

FDA 

Approval 

Year 

Notes 

calcium (FOS-APV) 

Aptivus (BI) Tiprinavir (TPV) 2005  

Prezista (Tibotec 

Inc.) 

Duranavir (DRV) 2006  

Fusion Inhibitors 

Fuzeon (Hoffman La 

Roche and Trimeris) 

Enfurvitide (T-20) 2003  

Entry Inhibitors- CCR5 co-receptor 

Selzentry (Pfizer) Maraviroc (MVC) 2007 Celsentri in Canada 

Integrase strand transfer inhibitors 

Isentress (Merck & 

Co. Inc) 

Raltegravir (RAL) 2007  

Tivicay 

(GSK/Shiniogi) 

Dolutegravir (DTG) 2013  

Vitekta (Gilead) Elvitegravir EVG  2014 Needs to be boosted 

Multiclass Single Pill formulations 

Atripla (BMS and 

Gilead) 

EFV+FTC+TDF 2006 Previous gold 

standard of care 

Complera (Gilead) RPV+FTC+TDF 2011  

Stribild (Gilead) Elvitegravir (EVG) + 

Cobicistat (COBI) + 

FTC + TDF 

2012  

Triumeq (ViiV 

Healthcare) 

DTG+3TC+ABC 2014 Patients need to be 

screened for genetic 

ABC hypersensitivity  

Evotaz (BMS) ATV+ COBI 2015  
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Brand Name 

(Manufacturer; 

contraction) 

Generic Name 

(Abbreviation) 

FDA 

Approval 

Year 

Notes 

Prezcobix (Janssen 

Therapeutics) 

DRV+ COBI 2015 By Health Canada, 

not FDA 

 

1.1. 8.3 Vaccine initiatives 

In the early days of the AIDS epidemic, riding the wave of successful vaccination 

programs, the US Health and Human Services Secretary declared that a vaccine 

would be available in two years [8]. The short-sightedness of this boast is made 

more apparent with each passing year, as there is still no HIV vaccine and the 

most promising candidates have flopped [97, 213-222].  Barriers to HIV vaccines 

were numerous. Unlike other viral vaccines, once infected, a person could not 

get rid of integrated viral DNA, so a vaccine could not work in the traditional 

sense [223]. HIV possesses a plethora of immune evasion strategies, and 

researchers have increasingly had to rethink standard strategies for every aspect 

of HIV research [57, 97, 224]. Recently, however there have been some 

promising gains in HIV vaccine research [79, 225, 226], as a result of a huge 

focus of governments and funding initiatives [227, 228] on vaccine development. 

Currently clinical trials are underway to test the use of therapeutic DNA vaccines 

in HIV-positive individuals. This approach aims at augmenting ARV therapy by 
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stimulating production of antibodies by the immune system [227, 228]. However, 

concrete gains are still at least 'two years' away. 

1.1. 8.4 Preexposure prophylaxes of ARVs 

The advent of successful viral suppression on ARV therapy introduced the 

concept of pre-exposure prophylaxis (PrEP). The idea was that  the presence of 

active ARVs in the blood or mucosal membranes of an uninfected person may 

prevent acquisition of HIV despite repeated exposure. PrEP was tested in 

several instances, as oral administration or as anally/ vaginally applied topical 

microbicides with variable results [229]. Recently the use of a dual formulation of 

TDF/FTC was approved for use as orally administered PrEP in sexually active 

HIV-negative adults at risk of HIV infection [230]. Three landmark clinical trials 

informed the decision. The iPrEx study found that men who have sex with men 

(MSM) had 44% reduction in HIV acquisition and those with detectable levels of 

drug in their blood had greater than 90% reduction in HIV acquisition risk [231, 

232]. This was in close agreement with the results of the Partners PrEP study, 

which followed 4758 serodiscordant couples in Kenya [233]. The results showed 

that the application of TDF or TDF/FTC led to 63% and 73% fewer HIV 

transmissions respectively, compared to the placebo control patients. When the 

patients had detectable levels of drugs in their blood, the reduction in HIV 

acquisition was greater than 90% [233]. In the Bangkok Tenofovir Study (BTS) 



 

65 

[234], the main target group was injection drug users. At the end of the study 

period, there was a reduction of 48.9% incidence in the TDF/FTC treated versus 

placebo arms [234]. When patients had detectable drug in their blood, there was 

a 95% reduction in HIV incidence in the treated group [234].     

1.1. 8.5 Cure Initiatives 

The difference between suppressive ARV therapy and a successful HIV cure is 

that once cured, there would be no need to maintain ARV therapy and the cured 

person would be able to live a normal productive life without need for additional 

therapy. There are two ways to cure the body of HIV; a sterilizing cure would 

purge the body and cells of all integrated HIV DNA whilst a functional cure would 

successfully incapacitate archived HIV enough to prevent reactivation and 

subsequent infection of uninfected cells [235-239]. Several cure initiatives are 

underway. Some of these methods seek to deplete the viral reservoir by cycles of 

latent virus reactivation and ARV therapy [238, 240]. These efforts have had 

mixed results with some issues of toxicity. 

Other approaches aim to apply what was learned from the first confirmed cured 

HIV infection (Tim Brown), who was cured by immune cell depletion and bone 

marrow transplantation with  cells from a CCR5 32 carrying individual [239, 241, 

242]. Due to the high risks and costs associated with such a procedure, it is likely 

to never become common practice.  
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1.2 Part II: Therapeutic targeting of HIV integrase 

1.2.1 HIV integrase function and structure 

One of the hallmarks of  retroviral infection, integration is also the step 

responsible for the establishment of viral persistence in host DNA [235]. 

Immediately after fusion, uncoating and viral entry into the cell, reverse 

transcriptase retro-transcribes the viral RNA into linear viral DNA flanked at either 

end by the 5’ and 3’ LTRs. Viral integrase protein forms on both LTR regions and 

recruits additional proteins to form the pre-integration complex (PIC), which 

become trnspoted to the nucleus. In the nucleus, linear viral DNA is integrated 

into the host DNA (Figure 1.9) [243, 244]. There are three main steps in this 

process; the phosphodiester cleavage of  two terminal nucleotides downstream 

of a conserved CA dinucleotide sequence in both viral LTR to reveal reactive 3’ 

hydroxyl ends [245]. This is followed a trans-esterification reaction initiated by the 

phosphodiester cleavage of host DNA by the exposed hydroxyl groups which 

leads to the formation of a phosphodiester linkage between viral LTR and host 

DNA. The final step of integration is termed gap repair and entails the cleavage 

of the unpaired 5’dinucleotides from the viral LTR followed by the joining of the 

remaining ends of the viral LTR to host DNA. The entire process is referred to as 

integration and it is critical to the viral life cycle. The viral enzyme integrase, 

which is present in the infectious virion, and which belongs to the retrotransposon 
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family of proteins, catalyses the integration step. This enzyme has been shown to 

be the only viral or host enzyme necessary and sufficient to carry out in vitro 3’ 

processing and strand transfer in an LTR dependent manner. There is yet to no 

reliable evidence that integrase can catalyze in vitro gap-repair, even though an 

assay termed as disintegration has been advanced to show this. 

Being a viral protein present in the infectious virus particle, and being the only 

viral protein necessary for the integration of viral DNA into host DNA (Figure 1.2), 

integrase IN is pivotal in the viral replication cycle and in the establishment of 

latency. 
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Figure 1.9: Steps of HIV integration [246].  

1.2.2 Host-factor proteins interacting with HIV IN 

1.2.2.1 INI1 

The first integrase interacting protein, aptly named integrase interactor 1 (INI1), 

was identified through a yeast two-hybrid screen and it was found to cause an 

increase in IN-DNA interactions [247]. INI1 was found to be homologous to the 

yeast chromatin remodeling factor SWF5 [247] part of human SWI/SNF. A 

portion of INI1 repeat 2 (rpt2) was shown to be necessary and sufficient for 
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interaction with IN [247]. This region was also found to have a masked nuclear 

import signal and the S6 fragment of INI1 (minimal IN interaction region) also 

shown to be a trans-dominant inhibitor of late replication steps when over-

expressed in the cell, hinting that integrase was part of the Gag-Pol complex, 

well known. INI1, when expressed in INI1 deficient cells, caused a clear increase 

in infectivity and INI1 was detected to localize to the cytoplasm soon after 

infection. Additionally, INI1 had been detected in infectious virions, and had been 

shown to be associated with HIV-1 during its nuclear import but there existed no 

strong evidence establishing INI1 as a factor necessary for in vivo retroviral 

integration or replication [246]. This protein discussed above has now been 

confirmed as mediating functional coupling of IN-to the SWI/SNF complex, 

leading to the efficient integration of IN into stable nucleosomes. Without this  

linkage  to the chromatin remodeling complex, IN would not be able to integrate 

into stable nucleosomes [248]. 

1.2.2.2 BAF 

The barrier to autointegration (BAF) was first identified as a component of 

moloney murine leukemia virus (MoMLV) PICs [249] and was found to prevent 

autointegration of viral LTR into viral DNA, thus preventing viral suicide. It was 

also found to restore the activity of salt-stripped HIV-1 PICs. Using α-BAF 

antibodies and co-immunoprecipitation, the presence of BAF was confirmed in 
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HIV-1 PICs. BAF was however not found to stimulate the activity of recombinant 

IN. A two-hybrid screen showed an association of BAF with the lamina-

associated polypeptide LAP-2α. Early work focused on the relationship between 

BAF and LAP-2α; in MoMLV, LAP-2α, appeared to help in recruitment of BAF to 

PICs [250] but specific roles of BAF and by extension LAP-2α had not been 

properly elucidated until recently. 

1.2.2.3 LEDGF/p75 

Currently the most researched IN interaction partner, the lens epithelium-derived 

growth factor (LEDGF/p75) was identified as an IN binding partner by coimmuno-

precipitation of HIV-1 complexes present in human nuclei of cells stably over 

expressing IN [251]. Two separate groups, those of Engelman and Benarous, 

confirmed the identity of this IN interactor, respectively using co-

immunoprecipitation [252] and yeast two-hybrid [253, 254], and naming the 

protein p75 (based on molecular weight) and lens epithelium derived growth 

factor (LEDGF) (based on its isolation in lens epithelium and the presumption of 

it being a growth factor). In fact LEDGF is a commonly expressed protein and is 

a stringency factor that protects against stress-induced cell death. The cellular 

role of LEDGF means a strong association with DNA, heat shock proteins, 

transcriptional activators and other anti-apoptotic proteins [246]. LEDGF has 

been shown to be cleaved by caspases -3 and -7 [246]. The resulting fragments 
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abrogate the protective role of LEDGF, implicating LEDGF as a key regulator of 

cellular survival. Extensive research showed that ~80 residues (148-156) of the 

530 aa protein was responsible for interaction with HIV-1 integrase and as such 

this region was termed the integrase binding domain (IBD) (Figure 1.10) [246]. It 

was shown by crystallography that the stoichiometry of IN: LEDGF was most 

likely 2:1 [246, 252]. Several residues of LEDGF within this region were shown to 

be critical for IN-LEDGF interaction and mutation of these residues was shown to 

be sufficient for the abrogation of IN-LEDGF interaction [246]. 

 

Figure 1.10: Domain organisation of Ledgf and HIV-1 IN showing key motifs and 

residues. Adapted from [244]. 
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Initial studies showed that LEDGF and HIV-1 IN co-localized perfectly by 

fluorescence studies  and suggested a role of LEDGF in nuclear localization of 

HIV-1 PICs [255]; siRNA knock down of LEDGF resulted in extreme reduction in 

lentiviral replication. Pull-down assays established that LEDGF interacted with 

lentiviral IN but not feline immunodeficiency retrovirus. The role of LEDGF on 

lentiviral integration was the subject of many independent assays. After a 

substantial volume of conflicting reports [246], it was hypothesized that LEDGF 

had a role in tethering of HIV-1 IN to host chromatin [246]. The mechanism of 

nuclear transport was still unknown. Fluorescence-correlation spectroscopy 

(FCS)-based DNA-binding assay was then proposed as a platform for the 

identification of inhibitors of the IN-LEDGF interaction [246].  

Currently, the most promising inhibitors targeting IN-host interactions disrupt 

interaction between IN and LEDGF/p75; the latter is a host protein that has been 

shown to be essential for tethering the IN PIC to host chromatin and also for the 

recruitment of other cellular factors to the PIC, thereby facilitating effective 

integration [256, 257]. Integration cannot occur in the absence of LEDGF/p75 

and inhibition of the LEDGF/p75-IN interaction can block viral replication [256, 

258]. This is supported by the finding that polymorphisms in the PSIP-1 gene 

which codes for LEDGF/p75 can affect rates of HIV disease advancement [259]. 
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1.2.2.4 KAP1 

One of the initial labs to propose a role of p300 in acetylation of HIV-1 IN was the 

Ceresato group, identifying lysine IN residues, 264, 266 and 273 as the modified 

residues [260]. Since acetylation has an effect on the propensity of proteins to 

bind their target DNA, Ceresato and colleagues investigated host proteins that 

preferentially bound acetylated IN in the hope of discovering additional host 

regulators of HIV-1 IN [261, 262]. Infection assays done in Hela cells and 293T 

cells with silenced KAP1 expression showed increased HIV-1 infectivity; KAP1   

over-expression led to decreases in viral infectivity. This suggested a role of 

KAP1 in restricting HIV-1 infection and this was found to be specific for IN 

integration based on measurements of 2-LTR circles by real-time quantitative 

PCR (RT-QPCR) [262]. They found that the restriction of viral infection was 

directly proportional to the increase in 2-LTR circle, thus suggesting IN as the 

target of restriction. They showed by co-immunoprecipitation that KAP1 likely 

inhibited IN activity by recruiting its previously known interacting partner histone 

deacetylase1 (HDAC1). HDAC1 was shown to deacetylate IN. HDAC1 knock-

down cell showed increased integration efficiency and subsequently increased 

viral infectivity. Their finding point to a role of KAP1 in recruiting HDAC1 to 

acetylated IN and thereby having a restrictive phenotype on HIV-1 replication 

[262]. 
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1.2.2.5 Transportin-3 and RANBP2 

Genome-wide siRNA screens identified the nuclear import proteins, transportin-3 

(TNPO3) and RanBP2 as being essential for nuclear import of PICs [263]. 

Bushman and colleagues used RNAi to investigate these effects further [263] 

and showed a direct role of nuclear import to integration targeting (Figure 1.11). 

The manuscript also hinted at higher gene densities near nuclear pore 

complexes [264, 265].  

 

 

Figure 1.11 Proposed mechanism of TNPO3 

and RANBP2 in nuclear import. 

1:Passage of PIC through nuclear pore to 

gene dense  regions. 2:Targeting of 

integration to transcription start sites by 

LEDGF tethering [263]. 
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1.2.2.6 Importin-α 

Importin-α has been recognized as a host protein that can facilitate nuclear 

import of HIV-1 PICs upon the down-regulation of TNPO3, thus suggesting an 

alternate route to the nucleus and a synergistic effect of importin and TNPO3 on 

HIV-1 nuclear import [266]. Loyter and colleagues recently showed that importin-

α is the preferred route during transfections whereas TNPO3 is preferred during 

actual infection. This is still a developing field and seems to support the growing 

evidence that HIV adapts to find multiple ways to enter the nucleus [265-268]. 

1.2.2.7 NUP153 and NUP160 

 

Figure 1.12 Circumvention of transportin pathway by the N74D capsid variant 

virus [265]. N74D viral PICS enter the nucleus through NUP155/160 pores while 

non-mutated virus uses the nuclear pore complex proteins NUP153/160  

mediated by TNP03 and RANBP2. 
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Nup153 and Nup160 are nuclear-pore complexes shown to be involved in 

transportin regulated nuclear import of HIV-1 PICs. Recent work by the group of 

Engelman has shown that the requirement of Nup153 for HIV-1 nuclear import is 

regulated by HIV-1Gag and capsid proteins (Figure 1.12) [265]. This may mean 

that targeting HIV-1 nuclear import for drug therapy may have to be a multi-

factorial approach since other proteins apart from IN are involved. 

 

1.2.2.8 Ku70 

Yao and collegues at the University of Manitoba recently identified a host protein 

Ku70, that directly binds to and protects HIV-1 IN from proteasomal degradation 

[269]. They demonstrated the Ku70 which non-specifically decreases cellular 

ubiquitination levels, bound specifically to IN, prevented its ubiquitination and 

thus provided protection from the proteasome machinery. They also showed that 

depletion of cellular Ku70 resulted in undetectable levels of HIV-1 RNA and 2-

LTR circles, hinting at a that Ku70 is necessary to protect IN in the cytosol and 

allow for nuclear import. They also detected levels of Ku70 in progeny virions 

[262]. This host factor may yet be a valuable interaction to exploit in our search 

for newer and more effective therapeutic treatments for HIV-1 integrase.    

1.2.3 Integrase Inhibitors 
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1.2.3.1 Early integrase inhibitors 

This unique process has always been considered a viable drug target, which 

several early studies attempted to exploit [270]. Early integrase inhibitors (INIs) 

included peptides [271, 272], nucleotides [273] and DNA complexes [274] as well 

as small molecules derived either from natural products [273] or by rational drug 

design strategies [272, 275]. Even though some of these compounds advanced 

into preclinical trials, further clinical development was always curtailed due to in 

vivo toxicity and/or non-specific off-target effects.  

For any inhibitor to be considered useful as an antiviral in combination therapy 

for HIV, selectivity (such as for IN) that is distinct from effects on other targets 

(such as RT and protease) needs to be proven. The 4-aryl-2,4-diketobutanoic 

acid inhibitors containing a distinct diketo acid moiety (DKA) were identified in 

2000 by Merck investigators from a screen of 250,000 compounds, and for a time 

were the only biologically validated INIs [276]. Their antiviral activity in cell culture 

was mitigated by the development of resistance mutations in the IN protein, 

thereby confirming their mode of action [276]. These compounds, exemplified by 

L-731988 [277], were found to inhibit strand transfer with much higher potency 

(half-inhibitory concentration (IC50)= 80 nM) than 3′ prime processing (6 µM) 

[276], and they were thus referred to as integrase strand transfer inhibitors 

(INSTIs). IN, like most nucleotidyltransferase enzymes, requires two divalent 
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cations bound at the active site for activity; Mg2+ is likely used in vivo, although 

Mn2+ is used in some in vitro assays [278]. Most INSTIs that have been 

described, including DKA compounds, inhibit IN by chelation of bound cations in 

a concentration-dependent manner [279]. The crystal structure [280] of IN bound 

to the prototype DKA, 1-(5-chloroindol-3-yl)-3-hydroxy-3-(2H-tetrazol-5-yl)-

propenone (5-CITEP), provided structural evidence for DKA-IN binding 

interactions. The compound termed 5-CITEP was found to bind in proximity to 

the evolutionarily conserved D64 D116 E152 motif of IN, also providing valuable 

structural confirmation of the IN active site [280]. Subsequent variations of DKAs 

based on the 5-CITEP backbone led to increased potency, specificity, tolerability 

and bioavailability. This, in turn, led to the first clinically tested INI (S-1360). 

Despite an initially good pharmacological and pharmacokinetic profile in animal 

models, S-1360 in initial human trials was found to be rapidly cleared through 

glucuronidation [281] and its development was curtailed. 

Recent resolution of the structure of the prototype foamy virus PFV intasome has 

been broadly used to explore the mechanisms of action of INSTIs and their 

resistance mutations [282-286]. INSTIs bind to the catalytic core domain of 

integrase and compete with host DNA binding [287]. These drugs contain a 

halogenated phenyl group that invades the catalytic pocket and displaces the 3’ 

viral end [283, 288] and three coplanar oxygen atoms that chelate the divalent 
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ions within the catalytic pocket, thus inhibiting the activity of the catalytic DDE 

triad [285, 289-293]. Although coordination of these ions by the triad is also 

necessary for 3’ processing, INSTIs are specific for strand transfer and only 

poorly inhibit 3’ processing [287, 294]. This is due to an allosteric hindrance 

between the halogenated phenyl group and the 3’ dinucleotide cleaved during 3’ 

processing that prevents efficient binding of INSTIs before 3’ processing occurs 

[283, 288]. 

1.2.3.2 First generation integrase inhibitors 

1.2.3.2.1 Raltegravir 

Optimization of lead compounds including L-31988 and L-870812 by Merck 

pharmaceuticals led to the development of raltegravir (RAL; Isentress®), which in 

2007 became the first INI approved for treatment in both antiretroviral (ARV) 

naïve and treatment-experienced patients [295]. RAL was shown in multiple 

trials, such as BENCHMRK, to achieve efficient viral load suppression in ARV-

experienced patients when included in an optimized background ARV regimen 

[296]. In the BENCHMRK trials, 57% of patients achieved plasma levels of HIV-1 

RNA <50 copies/mL after 97 weeks of therapy, whereas only 26% of the placebo 

group, treated with optimized background regimen (OBR) drugs, achieved viral 

suppression. The efficacy of RAL relative to other ARVs has been modeled in 

cell culture and has been shown to be owing to the activity of INIs at later stages 
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in the viral replication cycle than either viral entry or reverse transcription 

inhibitors: they are therefore able to inhibit replication in a larger proportion of 

productively infected cells [297]. In another study of patients with multidrug-

resistant viruses with a median ARV treatment experience of 9 years, a RAL-

containing regimen yielded higher viral load suppression than a regimen 

containing placebo when combined with OBR [298]. RAL has a favorable toxicity 

profile and does not appear to have a high propensity for clinically relevant drug-

drug interactions [278], except for minor induction of the glucuronidation enzyme 

UGT1A1 responsible for RAL elimination [299]. Interactions with drugs such as 

rifampin may lead to modest decreases in RAL half-life and blood concentration 

after 12 hours (C12hr). Predictably, other UGT1A1 inhibitors, such as atazanavir, 

have been shown to exert a modest but not clinically relevant increase of C12hr 

levels for RAL. RAL has been shown to have high bioavailability and is dosed 

twice daily at 400 mg due to its C12hr of 142 nM. Studies to simplify RAL dosage 

to 800 mg once daily, boosted or unboosted by the UGT1A1 inhibitor atazanavir, 

did not yield significant promise [300-302].  

Despite the high effectiveness of RAL for first-line and salvage therapy, 

resistance mutations can reduce the susceptibility of the virus to INIs. The 

occurrence of single point mutations that confer high-level resistance (fold 

change (FC) >5) to INIs have shown that RAL has a modest genetic barrier to 
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resistance development. To date, three major resistance pathways involving non-

polymorphic residues have been extensively described and characterized for 

RAL; E92QV/N155H, T97A/Y143C/H/R and G140CS/Q148H/K/R [303, 304]. 

Although these three pathways have been shown to arise separately, some 

recent reports suggest that they may be linked. The G140S/C and E92Q/V 

mutations by themselves impart greater than five- to ten-fold resistance to RAL 

[305], but usually appear only after the N155H and Q148H/K/R mutations [306], 

leading to a FC >100 for the combined mutations. In addition to these major 

resistance mutations, several polymorphic and non-polymorphic residues have 

been identified that impart a greater than five-fold resistance to RAL. Some of 

these, such as T66I/L, have been shown to act synergistically with pre-existing 

major resistance mutations [307]. All major INI resistance mutations have a major 

impact on both IN activity and viral replication capacity [308]. The result is a swift 

reversion to wild-type virus in patients soon after therapy with INIs is withdrawn 

[309].  

It has been suggested that patients without a history of nucleoside reverse 

transcriptase inhibitor (NRTI)-associated resistance may have an increased 

barrier for the occurrence of resistance to RAL compared with patients with 

resistance to non-NRTIs, such as nevirapine and efavirenz (EFV) [310]. Most 

reported virologic failures due to RAL-resistance mutations have occurred in 
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patients harboring NRTI-resistant viruses or in patients at increased risk of 

virologic failure [311]. This was highlighted in the SWITCHMRK1 and 2 phase III 

trials in patients undergoing salvage therapy with lopinavir, a protease inhibitor, 

and who switched from lopinavir (LPV) to RAL, despite having undetectable 

viremia. The results showed that 84.4% of those who switched to RAL (n = 353) 

maintained undetectable levels of viremia compared to >90% in the treatment 

group who did not switch (n = 354). Thus, this study failed to establish non-

inferiority of RAL to LPV in the treatment of ARV-experienced individuals with 

HIV with undetectable viremia [311]. Of the 11 patients who experienced virologic 

failure with HIV-1 RNA levels >400 copies/mL, eight harbored RAL-resistance 

mutations [312]. The evolution of DRMs during selections with RAL and during 

therapy has been elucidated with the advent of new-generation sequencing 

methods [313-318]. In a comprehensive study to better define primary resistance 

variations in patients during continued RAL therapy, characterization of 200 RAL-

resistant viruses was carried out. These specimens were derived from patients in 

the SCOPE cohort, RAL BENCHMRK phase III studies, as well as from patient 

samples submitted to the Monogram Clinical Reference Library for routine INI 

testing, with clonal analysis performed for select patient virus isolates [313]. They 

found that variants with Y143R or Q148H/R tended to have larger susceptibility 

fold changes than N155H containing viruses in line with previous studies [311, 
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314, 315, 319-321]. There were also temporal shifts in subpopulation proportions 

of N155H, Y143R, and Q148H DRMs within the same patient. By using 

molecular clones from different patients, isolated at different time-points, they 

showed that N155H, under continued RAL therapy, is gradually replaced with 

Y143R or Q148HR, and that the pathway that eventually becomes the 

predominant species is determined by a specific amino acid substitution at 

residue 148 as well as by a secondary mutation in addition to Y143R [313].  In 

one patient, N155H was the first mutation to appear at week 8, and was then 

supplanted by the Y143R mutation that first appeared at week 16 and remained 

the dominant species at week 24; the maximum fold changes measured in this 

patient was 54. Another patient had all three primary mutations present as 

subpopulations at week 11 (11% E92Q/Y143R; 21% wt; 21% E92Q/N155H; 56% 

G140S/Q148R), despite the fact that none of these mutations was detected at 

baseline. Y143R was present in all clones by week 28 (5% Y143R/E92Q; 5% 

Y143R; 90% Y143R/T97A). The fold changes in this patient was greater than 

150 at week 11 and remained high with only slight decreases in replicative 

capacity compared to baseline. In another patient harboring all three primary 

mutations at week 11 (5% N155H; 23% Q148H/G140S), the N155H mutation 

was lost by week 16 (15% Y143R; 85% Q148H/G140S) with Q148H/G140S 

being present in all viruses by week 24. Thus, the 148 pathway dominated when 
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the mutation was Q148H/G140S and the Y143 pathway became dominant in a 

mixture of N155H and Y143R mutations in these three patients. In an individual 

in whom a mixture of all three primary mutations was present, the dominance of 

the 148 pathway was offset only when Y143R occurred in combination with 

E92Q [313]. 

An earlier study analyzed resistance in 23 patients who began a salvage therapy 

containing RAL. Despite an absence of the 143, 148, and 155 mutations at 

baseline (frequency <1%), the Y143R, Q148H, and N155H mutations appeared 

at virological failure under RAL therapy with increased resistance and viral fitness 

[322]. The presence of secondary resistance mutations such as T97A, V151I, 

and G163R, despite being detected at very low levels, did not have any effect on 

the development of resistant variants at failure [322], suggesting that patterns of 

resistance development did not appear to be significantly affected by baseline 

mutations, though other baseline mutations in integrase and other proteins such 

as protease and reverse transcriptase may have an effect on levels of 

susceptibility even for variants with identical resistance profiles [305, 317, 323]. 

1.2.3.2.2 Elvitegravir 

Elvitegravir (EVG) (GS-9137) is not a DKA but a monoketo acid resulting from 

early modification of the DKA motif by the Japan Tobacco Company (Table 1.4) 

[324]. This work resulted in a group of 4-quinolone-3-glyoxylic acids, all of which 
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had a single pair of coplanar ketone and carboxylic groups and retained high 

specificity for and efficacy against the strand transfer reaction similar to DKA 

compounds [325]. EVG, which was subsequently licensed and developed by 

Gilead Sciences, has been shown to have an in vitro IC50 of 7 nM against IN and 

an antiviral 90% effective concentration (EC90) of 1.7 nM when assayed in the 

presence of normal human serum [326]. EVG displayed approximately 30% 

bioavailability in dogs and rats with maximal plasma concentrations being 

achieved 0.5 to 1 hour post dose [326]. In clinical trials, EVG was found to be 

well tolerated and efficacious [327]. Pharmacokinetic boosting with ritonavir 

(RTV) was found to result in higher concentrations and improved virologic 

response [328]. Stribild®, a single pill formulation consisting of EVG, COBI, TDF 

and FTC was approved in 2012 for clinical use [329, 330] and singly formulated 

EVG (Vitekta ®) in 2014 [331]. 

The cytochrome p450 enzyme CYP3A4/5 is the primary metabolizing enzyme for 

EVG, followed by glucuronidation by UGT1A1/3 [328]. Thus, the bioavailability 

and clearance of EVG was found to be favored when EVG was dosed in 

combination with CYP3A4/5 inhibitors [278, 328, 332]. The CYP3A4/5 inhibitor, 

RTV, was found to cause an approximate 20-fold increase in the area under the 

curve and to extend elimination half-life from three to ten hours [333]. In a phase 

II trial of ARV-naïve patients (n = 48) starting initial therapy on an OBR of 



 

86 

tenofovir/emtricitabine (TDF/FTC), the co-administration of EVG with a novel 

pharmacokinetic booster, cobicistat (COBI), in a single tablet formulation, QUAD, 

resulted in undetectable viremia in 90% of patients after 48 weeks compared with 

83% of patients who received TDF/FTC/EFV [334]. In a Phase IIb study, RTV-

boosted EVG was non-inferior to the RTV-boosted protease inhibitors darunavir 

and tipranavir when used in combination with other drugs [335]. 

Table 1.2: Main resistance pathways for currently approved INSTIs expressed in 

fold-change (FC) susceptibility relative to wild-type viruses [336]. 

Resistance pathways 
Fold resistance 

RAL EVG DTG 

Y143 pathway       

Y143C <10 <2 <2 

Y143R <50 <2 <2 

T97A/Y143C >100 <2 <2 

T97A/Y143R >100 <2 <2 

L74M/T97A/Y143G <50 ND <2 

L74M/T97A/E138A/Y143C <20 ND <2 

N155 pathway       

N155H <50 <50 <2 

E92Q/N155H <100 >100 <10 

L74M/N155H <50 <50 <2 

Q148 pathway       

Q148H <20 <10 <2 

Q148K <100 <100 <2 

Q148R <50 <100 <2 

E138K/Q148H <10 <20 <2 

E138K/Q148K >100 >100 <20 
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E138K/Q148R >100 >100 <10 

G140S/Q148H >100 >100 <20 

G140S/Q148K <10 <100 <2 

G140S/Q148R >100 >100 <10 

E138A/G140S/Y143H/Q148H >100 ND <50 

 

A major drawback to the clinical uptake of EVG, despite it being a once-daily 

drug, may be that it shares a moderate genetic barrier to INI resistance with RAL 

and that extensive cross-resistance exists between the two compounds (Table 

1.2). The RAL signature mutations N155H, Q148H/R/K and G140A/C/S, as well 

as associated accessory mutations, were selected by EVG in culture [337] and in 

patients [311, 338] (Table1.2). This precludes the use of EVG to treat most RAL-

resistant viruses. The only major RAL-associated mutations not selected by EVG 

wereY143C/H/R and subsequent studies showed that viruses containing 

Y143C/H/R remained susceptible to EVG [339]. In addition to RAL-associated 

resistance mutations, EVG selected for other mutational pathways (Table 1.3). 

T66I did not confer high-level resistance to RAL [337], but conferred a >10-fold 

resistance to EVG, while a T66R mutation conferred >10-fold resistance to RAL 

and >80-fold resistance to EVG [340, 341]. The T66I mutation is associated with 

a series of accessory mutations, including F121Y, S153Y and R263K; the latter 

two have not been associated with RAL-resistance [342]. AF121Y mutation has 

been selected with RAL and confers high-level resistance to this compound, but 
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has not yet been identified in the clinic [340]. Other clinically selected EVG 

mutations are S147G, which confers >eight-fold resistance to EVG but does not 

affect susceptibility to RAL [340]. Other in vitro EVG selections resulted in 

several high resistance mutations that have yet to be clinically validated, such as 

P145S, Q146P and V151A/L [340]. The V151L mutation confers an approximate 

eight-fold cross-resistance to RAL and has been identified in a single patient 

treated with RAL [343].  

Treatment of patients with EVG has the potential to select for EVG resistance 

mutations, many with demonstrated cross-resistance to RAL [317, 337, 344]. 

Both the 148 and 155 resistance pathways cause a high fold change for EVG 

[311, 323, 337, 345]. Mutations at position 143 do not affect the susceptibility of 

EVG [339], but EVG is associated with additional primary mutations at position 

66 in conjunction with mutations that select for high resistance (fold changes 

>150) (Table 2). Additionally, the RAL secondary mutation E92Q is a primary 

resistance mutation for EVG [317, 346]. In 10 patients, treated with EVG over 2 

weeks, primary resistance mutations selected were T66A/K, E92Q, Q148R, and 

N155H [323]. After 48 weeks of treatment, there was more resistance mutational 

diversity in the EVG-treated patients, with the most common double DRM 

combinations being G140CS/Q148H/K/R, E138AK/Q148H/K/R, 

S147G/Q148H/K/R, and E92Q/N155H, with a triple DRM combination 
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E138K/S147G/Q148R being present in three patients. Despite having sequenced 

multiple clones at multiple time-points in the EVG-treated patients, primary DRMs 

were not detected at baseline. Moreover, the DRMs E138AK, G140C/S, and 

S147G were never identified alone and combinations of N155H/S together with 

S147G or G140C/S were not seen. In the RAL-treated arm, the most common 

combinations identified were G140S/Q148H, sometimes in conjunction with 

E138A or Y143C [323].. 

 

Table 1.3: Alternative resistance pathways for current INSTIs expressed in fold 

change (FC) susceptibility relative to wild-type viruses [336]. 

Resistance pathways 
Fold resistance 

RAL EVG DTG 

T66 pathway       

T66I <2 <10 <2 

T66A <2 <10 <2 

T66K <10 <100 <50 

T66I/L74M <10 <50 <2 

T66K/L74M <50 >100 <10 

T66I/R263K <2 >100 ND 

R263K <10 <10 <50 

E92Q pathway       

E92Q <10 <50 <10 

E92Q/S147G <10 >100 ND 

S147G <2 <10 ND 

G118R pathway       

G118R <10 <2 <10 
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G118R/E138K <10 <2 <10 

L74M/G118R <50 <10 ND 

E138K <10 <10 <10 

S153 mutations       

S153F <2 <10 <2 

S153Y <2 <10 <10 

 

1.2.3.3 Second generation integrase inhibitors 

1.2.3.3.1 MK-2048 

The discovery of a low-to-moderate genetic barrier of resistance with first 

generation INIs led to efforts to produce second generation INSTIs with activity 

against RAL-resistant viruses. Optimization of tricyclic 10-hydroxy-7,8-

dihydropyrazinopyrrolopyrazine-1,9-dione compounds led to the development of 

MK-2048 [347] (Table 1.4), which demonstrates a EC95 <50 nM when assayed in 

50% human serum and possesses a favorable pharmokinetic profile in dogs and 

rats [348]. MK-2048 was subsequently shown in tissue culture and biochemical 

assays to be effective against RAL- and EVG- resistant viruses [347-351], with 

only slightly diminished effectiveness against viruses containing at least two of 

the following mutations: E138K, G140S and Q148R [347-351]. Selection studies 

in culture with MK-2048 did not select for previously recognized mutations but 

instead selected a novel substitution at position G118R that, in concert with 

E138K, conferred approximately eight-fold resistance to MK-2048 [352]. Despite 

its favorable resistance profile, MK-2048 has a poor pharmacokinetic profile and 
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its clinical development has been arrested. However, it has potential as a 

candidate microbicide for prevention of HIV infection [353]. It continues to be 

studied as a prototype second generation INI and has also recently shown 

effectiveness in the treatment of human T-lymphotropic virus type 1 in culture 

without causing significant toxicity in target cells [354].  

1.2.3.3.2 Dolutegravir 

Dolutegravir (DTG) (S/GSK 1349572) has recently been approved for clinical use  

under the trade name Tivicay® [355] and as part of a triply formulated once daily 

pill Triumeq® [356]. It was discovered at Shionogi Pharmaceuticals in Japan and 

developed by a Shiniogi-ViiV Healthcare-GlaxoSmithKline joint venture [357, 

358]. DTG is a promising HIV INI candidate that specifically inhibits the strand 

transfer reaction with recombinant purified integrase [358]. Inhibition of the 

integrase strand transfer reaction by DTG has been confirmed in studies with live 

virus, which demonstrated an accumulation of 2-long terminal repeat (2-LTR) 

circles in treated cells at DTG concentrations <1,000-fold of those that caused 

cell toxicity [104, 359]. DTG also demonstrated efficacy against most viral clones 

resistant to RAL and EVG and against clinical isolates of HIV-1 and HIV-2, 

although some viruses containing E138K, G140S or R148H mutations 

possessed diminished susceptibility to DTG [321, 358, 360, 361]. Double 

mutants containing combinations of E138K, G140S and R148H had a FC >10 for 



 

92 

DTG, but this was favorable when compared to EVG and RAL, which yielded a 

FC of >330 and >140, respectively. In vitro combination antiviral studies showed 

that DTG did not increase toxicity when used in combination, but had a 

synergistic effect with each of EFV, nevirapine, stavudine, abacavir, LPV, 

amprenavir and enfuvirtide as well as an additive effect in combination with 

maraviroc. The hepatitis B virus drug adefovir and the hepatitis C virus drug 

ribavirin had no effect on the efficacy of DTG [361], allowing for its potential use 

in treating co-infections.  

The pharmacokinetic profile of DTG allows once-daily dosing without 

pharmacokinetic boosting. This is based on a long unboosted half-life (13 to 15 

hours) with trough levels of DTG being much higher than the in vitro IC90 [362]. 

The side-effects of DTG in volunteers with HIV infection were similar to those of 

placebo in phase I clinical trials [362].  

Phase IIa randomized double blind trials provided vital evidence of the anti-HIV 

effect and potency of DTG [363, 364]. Notably, 35 ARV-experienced INI-naïve 

patients, who were not receiving therapy, and whose plasma HIV-1 RNA levels 

ranged from 3.85 to 5.54 log copies/mL, received once-daily doses of 2 mg, 

10 mg or 50 mg DTG or placebo for 10 days. More than 90% of patients who 

received DTG, irrespective of dose, had a decline in viral load to <400 copies/mL 

while 70% of patients in the 50 mg arm achieved undetectable viremia. In 
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contrast, the placebo group showed an average increase in viremia. No serious 

adverse effects were reported in this trial, with headaches and pharyngolaryngeal 

pain being the most commonly reported consequence [363]. 

In the SPRING-1 double blind dose-ranging phase II trials, 205 ARV-naïve 

patients with HIV, with CD4+ cells >200 cells/mm3 and HIV-1 RNA 

>1,000 copies/mL, were treated once daily with DTG (n = 155) at 10 mg, 25 mg 

or 50 mg doses or 600 mg EFV (n = 50) combined with background therapy of 

TDF/FTC or ABC/3TC [365]. More than 90% of all participants in the DTG arm 

had undetectable viremia after 24 weeks of treatment, establishing the non-

inferiority of DTG to EFV in an NRTI background and also showing that DTG was 

at least as safe as EFV.  

No primary INI resistance mutations have yet been reported for DTG either in 

culture or in the clinic (in treatment naive patients) [154, 366]. Tissue culture 

selection studies over 112 weeks identified, in order of appearance, viruses 

harboring T124S/S153F, T124A/S153Y, L101I/T124A/S153F and S153Y by 

week 84. Although these mutations persisted throughout serial passaging, they 

did not confer high-level resistance to DTG [361]. Position 124 of IN is modestly 

polymorphic and S153F/Y had previously been described in EVG selection 

studies [345]. Despite an apparently high genetic barrier for resistance, selection, 
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recent tissue culture and biochemical studies report that a R263K mutation in IN 

may confer modest resistance to DTG [367].  

It has been suggested that DTG enjoys a high barrier for resistance due to a 

tighter binding of DTG to IN compared to RAL and EVG [368]. Assays also 

showed that DTG exhibited tighter binding and had a longer dissociative half-life 

from IN than either RAL or EVG [369].  

In this model, a direct relationship existed between the half-life of binding and the 

inhibitory potential of INIs when the binding half-life (t1/2) was below 4 hours. A >3 

FC in regard to drug resistance, relative to the wild-type, was observed when the 

t1/2 dropped below 1 hour [368]. In assays with wild-type enzymes, the t1/2 of 

DTG, RAL and EVG were 71, 8.8 and 2.7 hours, respectively. The fact that RAL 

and EVG have a shorter t1/2 than DTG suggests that resistance mutations that 

affect binding of RAL and EVG might also be more likely to compromise antiviral 

potency. As an example, the Y143C/H/R mutations have been shown to 

compromise interactions between IN and RAL but not those between IN and 

DTG or between IN and EVG [370]. This is further supported by data on 

mutations that have been shown to significantly reduce t1/2, E92Q/N155H, 

E138K/Q148R and G140S/Q148R, and significantly reduce antiviral potency 

[368]. This hypothesis had been previously suggested for MK-2048, which also 
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has a relatively high barrier for resistance, as it also has a slower off-rate (t1/2 = 

32 hours) for IN compared to RAL (t1/2 ≥7.3 hours) [369].  

The use of DTG in INI-salvage therapy is being investigated in an ongoing study 

called VIKING. The latter is a phase II single arm study investigating the 

feasibility of replacing RAL with DTG in patients experiencing failure due to RAL-

resistant viruses [357]. Participants (n = 27) were switched from their previous 

RAL-containing regimens to receive DTG 50 mg once daily for 10 days and were 

then prescribed other active drugs over a period of 23 weeks. Eighteen of the 

study participants had INI- resistant viruses belonging to the Y143, Q148 and 

N155 pathways prior to initiation of the study. After 10 days of DTG 

monotherapy, all participants harboring viruses in the Y143 and N155 pathways 

attained a mean HIV-1 RNA decrease of approximately 1.8 log copies/mL 

compared with approximately 0.7 log copies/mL for viruses harboring 

G140S/Q148HRK double mutations. None of the viruses harboring Q148HRK 

plus two or more additional mutations experienced a decrease of ≥0.7 log 

copies/mL, indicating a degree of resistance on the part of Q148HRK viruses to 

DTG. This trial nonetheless provided proof-of-principle for the use of DTG in 

RAL-experienced patients infected by subtype-B viruses harboring position Y143 

and N155 mutations. 
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In order to model the effects of DTG in RAL-experienced patients, several serial 

passaging studies have been carried out and shown that the presence of the 

N155H and Y143C/H/R resistance did not lead to development of additional 

resistance mutations under DTG pressure nor to a substantial decrease in DTG 

susceptibility [62,64]. In contrast, the presence of Q148HRK mutations did lead 

to further mutations and >100 FC for DTG susceptibility relative to wild-type in 

subtype B viruses [321, 361]. Interestingly, Q148HRK mutations did not affect 

susceptibility to DTG in HIV-1 subtype C and HIV-2 isolates [361, 371, 372]. The 

ongoing trial termed SPRING-2 is evaluating the use of once-daily DTG versus 

twice-daily RAL in treatment-naïve patients. Recent week 48 reports of SPRING 

2 [154] and week 24 data of the VIKING 2 [373] and VIKING 3 [163] all trend to a 

superiority of DTG over all other previously studied anti-HIV drugs to date, those 

the appropriate superiority trials need to be carried out to validate that. 

1.2.3.3.3 S/GSK-1265744 

Another second generation INSTI called S/GSK-1265744 (Table 1.4), which was 

originally a back-up drug to DTG, was tested in double blind randomized 

placebo-controlled trials and showed promising efficacy, an excellent 

pharmacokinetic profile and good tolerability in patients with HIV [374]. This 

INSTI, which only differs marginally from dolutegravir has exceptional long term 

residency and it has recently shown promise as a long-acting integrase inhibitor 
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[375]. Recent studies in macaques have shown an ability of S/GSK-1265744 to 

protect macaques from infection by an engineered simian-trophic HIV (sHIV) 

[375]. None of the macaques intramuscularly inoculated with S/GSK-1265744 

developed SHIV infection 8 weeks post inoculation even after repeated SHIV 

exposures [375]. This has appeal for pre-exposure prophylaxis but has even 

more potential as a monthly/quarterly dosed regimen for HIV infection.   The 

main challenge for dosing of S/GSK-1265744 would be to find similarly long 

acting compounds for combination therapy.  

1.2.4 Advances aiding integrase inhibitor discovery  

1.2.4.1 Crystallization of full-length integrase 

Due to the low solubility of HIV-1 IN [376, 377], elucidation of the full-length IN 

structure has never been accomplished. The first IN partial-structure was 

published in 1994 [378]; however, despite the insights afforded by this and 

subsequent structures, including the first partial IN structure complexed with an 

inhibitor [280], none of these structures gave a proper depiction of inhibitor drug 

interactions, IN-DNA interactions or functional IN quaternary structures. Co-

crystal structures of integrase from the lentivirus Maedi-Visna with human 

LEDGF [379] suggested that the functional IN protein might be tetrameric, 

consisting of a dimer of dimers, and this further showed the necessity of 

obtaining full-length crystal structure for proper elucidation of IN structure, 
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function and inhibition. In 2010, the full-length structures of IN from the prototype 

foamy virus (PFV) in complex with LTR mimetics were published [380]. This 

paper provided the first glimpse into interactions between IN and viral DNA and 

also established the binding mode of the INSTIs RAL (Figure 1.13A) and EVG 

(Figure 1.13B). A follow-up publication [381] provided excellent structural 

explanations for the impact of mutations at positions 92, 140, 148 and 155 on 

RAL and EVG susceptibility. Thus, despite the fact that PFV is a spumavirus, 

only having significant sequence identity with HIV-1 IN in the catalytic core 

domain (CCD) domain, PFV IN structures could guide construction of reliable 

homology models of HIV-1 IN with accurate prediction of interactions between IN 

and INSTI [382]. Later crystallization efforts by the same group yielded IN-DNA 

strand transfer complexes in the presence and absence of inhibitors [245], again 

providing new structural data, a better understanding of the strand transfer 

process and information on new INI discovery initiatives. Co-crystallization 

studies have attributed the observed efficacy of DTG (Figure1.13C) against RAL- 

and EVG-resistant viruses to the flexibility of DTG and its ability to bind to IN, 

even in the presence of major INI resistance mutations [370]. It remains to be 

seen whether PFV structures can aid in the elucidation of non-catalytic site INIs, 

given major differences that may exist distal from the IN active site. For instance, 
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PFV integrase does not interact with LEDGF [383]; as such, models based on 

PFV may not be able to help in the design of IN-LEDGF inhibitors.  

 

Figure 1.13: Prototype foamy virus (PFV) IN active site showing bound RAL (a), 

EVG (b), and DTG (c)  [336]. 

1.2.4.2 Quantitative structure-property and -activity relationships  

The recent elucidation of the full-length PFV intasome and strand transfer 

complexes have allowed for the generation of homology models of HIV-IN that 

can be used to ‘train’ and score drug prototypes. There are multiple quantitative 

structure-property relationships (QSPR) and quantitative structure-activity 

relationships (QSAR) protocols and programs. Some of these require advanced 

programming and mathematical skills, but several stand-alone and online 

programs offer semi-automated drug docking and scoring capabilities with 

moderate to high accuracy. The main aim of these approaches is to allow in silico 

validation and testing of prototype molecules in order to lower the costs 

associated with large-scale synthesis of non-validated compounds [384]. Typical 

QSPR and QSAR protocols use a given set of conditions that train and/or test the 
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structures and a set of validatory parameters that are then used to score the 

data. Structures can then be selected for subsequent synthesis and experimental 

validation [385]. Typical input takes into account the physicochemical properties 

of individual moieties on the compound, bond-length, flexibility, lipophilicity and/or 

hydrophilicity, information on the target and three-dimensional binding space. 

This can generate theoretical estimations of IC50, binding affinity, bioavailability, 

hepatic clearance and other parameters. Recent work has used a molecular 

dynamics approach to accurately predict potency of INSTIs based on models 

derived from the PFV structure [386]. A summary of computer-based approaches 

for design of novel INIs that target 3′ processing, IN multimerization, strand 

transfer complex assembly and IN-host protein interactions has recently been 

published [387]. Despite these advances, it is difficult to accurately model drug 

toxicity, bioavailability and safety prior to the synthesis and study of novel 

compounds.  

1.2.5 Next-generation strand transfer inhibitors in preclinical development 

1.2.5.1 MK-0536 

The design of MK-0536 by Merck & Co., Inc. was based on QSPR and QSAR 

that took into account the optimum minimum structure necessary for activity and 

generated a set of potential structures that could be synthesized and screened. 

MK-0536 has shown low hepatocyte clearance values [388] and generally good 
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inhibition of wild-type IN and RAL-resistant IN [388, 389] but its current level of 

clinical development is unclear. Other classes of compounds that block strand 

transfer with high specificity at sub-nanomolar EC50s and low toxicities are 

catechol-based [390], pyrimidone-based [391-394], dihydroxypyrido-pyrazine-

1,6-diones [395] and quinolones [396, 397]. 

1.2.5.2 LEDGINS and BI 224436 

LEDGINS were designed as specific small molecular inhibitors of the LEDGF/p75 

interaction. 2-(quinolin-3-yl) acetic acid derivatives have been co-crystallized with 

LEDGF/p75-IN and optimized structures within this group were shown to inhibit 

the LEDGF/p75-IN interaction at sub µM concentrations [256, 258]. Peptides 

mimicking the IN-binding domain (IBD) of LEDGF/p75 exhibit potent inhibition of 

IN [398, 399].  

The compound BI224436 is a novel INI [400] with a distinct mode of action from 

more established INSTIs. It is a non-catalytic site integrase inhibitor (NCINI) 

(Table 1.4) which interferes with the interaction between IN and the chromatin 

targeting the LEDGF/p75 protein, yielding low nM inhibition of 3’processing and 

viruses [400, 401]. The profile of this compound appears favorable and it also 

appears to be specific since it did not exhibit reduced activity against any INSTI-

resistant IN enzymes [400, 401].  This compound has now entered phase Ia 

clinical trials to evaluate dosing and safety in healthy individuals. Initial reports 
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indicate high bioavailability with good tolerability at single doses ranging up to 

200 mg.  

Table 1.4: Clinically relevant INI compound structures 

Drug candidate Chemical structure 
Activity 

Targeted 
Phase of development 

RAL 

 

Strand 

Transfer 

Approved by FDA in 

2007 

EVG 

 

Strand 

Transfer 

Approved by FDA in 

2012 

DTG 

 

Strand 

Transfer 

Approved by FDA in 

2013 

MK-2048 

 

Strand 

Transfer 

Phase 2b/ PREP 

microbicide 

S/GSK-1265744 

 

Strand 

Transfer 
Phase IIb/ PrEP 

BI 224436 

 

3’ 

Processing 

 

Phase Ia 
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BI 224436 also exhibited good pharmacokinetics when given as a single-dose of 

100 mg, and plasma levels appeared adequate to achieve benefit [400].  

Recent reports show that the impact of BI 224436, LEDGINS and related 

compounds, in addition to inhibiting the catalytic activities of integrase, more 

importantly promote multimerization and aggregation of integrase both in vitro 

and in vivo [402, 403]. The in vivo aggregation of integrase leads to a block in a 

post-integration stage of viral replication, possibly maturation [402, 403]. These 

findings further highlight the importance of integrase in the viral life cycle though 

additional roles have not yet been fully elucidated for integrase. 

1.2.5.3 Dual acting RT/IN inhibitors  

Structural and functional similarities between HIV-1 IN and the RNAse-H domain 

of HIV-1 RT suggest the possibility of specific yet dual targeting inhibitors of both 

enzymes. Several early compounds that have been found to target both enzymes 

are diketo acids (DKA) [404, 405].  

1.2.6 HIV diversity and integrase inhibitors 

Recent reports indicate that subtype differences may exist with regard to the 

development of resistance to IN inhibitors, a phenomenon that also exists with 

RT inhibitors [305, 406, 407]. Despite the fact that HIV-1 subtype B and C wild-

type IN enzymes are similarly susceptible to clinically validated INIs [359], the 

presence of resistance mutations may differentially affect susceptibility to specific 
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INSTIs [305]. Recent reports suggest that the G118R mutation, which was 

previously reported to confer slight resistance to MK-2048, imparts a 25-fold 

resistance to RAL when present together with the polymorphic mutation L74M in 

CRF-AG cloned patient isolates [408]. Additionally, it is well documented that the 

INI Y143C/H/R resistance mutations, which affect susceptibility to DTG in HIV-1 

subtype B, may not affect the susceptibility of either HIV-1 subtype C or HIV-2 

enzymes to DTG [368]. 

1.3 Conclusions 

The development of integrase inhibitors has resulted in a new drug class in the 

anti-HIV armamentarium with the clinical licensure of three different INSTI 

compounds. The continued clinical development of non-INSTI integrase inhibitors 

remains promising. Integrase inhibitors have the potential to be the most 

significant development in HIV therapy since the advent of HAART. The high 

potency and improved resistance profiles of clinically relevant second generation 

INSTIs such as MK-2048, dolutegravir and S/GSK-1265744 makes the study of 

inhibition and resistance to second generation INSTIs highly desirable and 

clinically important. It is also important to investigate the impact of HIV subtype 

on resistance development and resistance pathways. 
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1.4 Rationale for this thesis 

As the first clinically approved INSTI, RAL has been shown to have a low genetic 

barrier to development of resistance, and many RAL- resistant mutants show 

cross-resistance to EVG [311]. Both of these drugs have shown subtype-specific 

variation in their resistance profiles [305]. The second generation INSTIs, DTG 

and MK-2048, have been shown to inhibit strand transfer, as with RAL/ EVG, 

with a significantly higher genetic cost for resistance emergence [352, 409]. Our 

lab previously selected in HIV sub-type C the resistance substitution G118R in 

combination with E138K in culture using the integrase strand transfer inhibitor 

(INSTI) MK-2048, despite that G118R was never  selected by either  RAL or 

EVG [305]. The integrase (IN) mutation G118R was subsequently reported in a 

patient harboring CRF02-AG HIV-1 virus and conferred resistance to RAL [410]. 

The substitutions G118C/A/R had previously been observed in cell culture with 

non-B HIV, causing resistance to the experimental INSTI S-1360 [411]. These 

developments have hinted at differences in resistance mutation acquisition 

between first generation and second generation INSTIs and have also indicated 

that HIV subtype may be an important factor in the level of resistance imparted 

by a specific mutation. 
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1.5 Objectives of this thesis 

This purpose of this thesis was to investigate the inhibitory mechanism(s) of 

second generation INSTIs, exemplified by DTG and MK-2048, their possible 

resistance pathways and the impact of subtype on INSTI potency and resistance. 

All resistance substitutions identified were checked for cross-resistance with the 

first generation drugs. Cell culture techniques, biochemical analysis and in silico 

bioinformatics' methods were used in the execution of this study. 

1.5.1 Specific Objective 1 

To develop, based on the published prototype foamy virus structures and partial 

HIV structures, homology models of full-length HIV integrase to aid in drug 

discovery and analysis of the structural impact of drug resistance substitutions. 

This portion of the thesis has been published, is presented in Chapter 2, and its 

application is evident in the latter chapters.  

1.5.2 Specific Objective 2 

We wished to identify amino acid substitutions that lead to DTG resistance 

development, and evaluate their cross-resistance with other INSTIs and their 

impact on integrase protein structure and activity as well as viral replication and 

infectivity. This portion of the thesis is presented in Chapter 3 which is the 

synthesis of two separate published manuscripts. A third manuscript related to 
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this objective but not presented in this thesis has recently been accepted for 

publication.  

1.5.4 Specific Objective 3 

To investigate reasons for the lack of acquisition of the G118R drug resistance 

substitution in subtype B in drug selection studies. This portion of the thesis has 

been published and is presented in Chapter 4. 

1.5.5 Specific Objective 4 

Evaluation of the impact of the resistance associated substitution G118R in 

subtype C and CRF02_AG HIV integrase proteins and/or viruses. This portion of 

the thesis has been published and is presented in Chapter 5. 
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Chapter 2 

Structural modeling of HIV-1 integrase proteins and screening of 

potential integrase inhibitors 

A majority of the work presented in this chapter will be submitted for publication 

as follows: 

Quashie PK*, Han Y*, Hassounah S, Mesplède T and Wainberg MA. Structural 

studies of the HIV-1 CRF02_AG integrase protein: Compound screening and 

characterization of a DNA-binding inhibitor. PLoS One. 2015 Jun 

5;10(6):e0128310. doi: 10.1371/journal.pone.0128310. eCollection 2015. 

PKQ and YH contributed equally to this manuscript. PKQ designed the study, 

performed most of the modeling and simulations, and wrote the manuscript. SH 

performed some in silico simulations. YH designed and performed biochemistry 

and cell culture experiments. All authors contributed to study design and 

manuscript preparation. 
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2.1 Abstract 

Understanding the HIV integrase protein and  mechanisms of resistance to HIV 

integrase inhibitors is complicated by the lack of a full length HIV integrase 

crystal structure. Moreover, a  lentiviral integrase structure with co-crystallised 

DNA has not been described. For these reasons, we have developed a structural 

method that utilizes free software to create quaternary HIV integrase homology 

models, based partially on available full-length prototype foamy virus integrase 

structures as well as several structures of truncated HIV integrase. We have 

tested the utility of these  models in screening of small anti-integrase compounds  

using randomly selected molecules from the ZINC database as well as a well 

characterized IN:DNA binding inhibitor, FZ41, and a putative IN:DNA binding 

inhibitor, HDS1.  Docking studies showed that the ZINC compounds that had the 

best binding energies  bound at the IN:IN dimer interface and that the FZ41 and 

HDS1 compounds docked at approximately the same location in integrase, ie 

behind the DNA binding domain, although there is some overlap with the IN:IN 

dimer interface to which the ZINC compounds bind.  Thus, we have revealed two 

possible locations in integrase that could potentially be targeted by allosteric 

integrase inhibitors,  that are distinct from the binding sites of other allosteric 

molecules such as LEDGF inhibitors. Virological and biochemical studies 

confirmed that HDS1 and FZ41 share a similar activity profile and that both can 
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inhibit each of  integrase and reverse transcriptase activities.The inhibitory 

mechanism of HDS1 for HIV integrase seems to be  at the DNA binding step and 

not at either of the strand transfer or 3' processing steps of the integrase reaction. 

Furthermore, HDS1 does not directly interact with DNA. The modeling and 

docking methodology described here will  be useful for future screening of 

integrase inhibitors  as well as for the generation  of models for the study of 

integrase drug resistance. 

 

2.2 Introduction 

HIV-1 integrase (IN) is a multi-domain protein that is activated after cleavage 

from the HIV Gag-Pol poly-protein by HIV protease during viral  maturation. HIV 

IN has three well characterised domains (Figure 2.1A); an N-terminal 

dimerization domain (NTD) that has a conserved HCCH Zn2+-binding motif, a 

central RNAse H-like catalytic core domain (CCD), and a C-terminal domain 

(CTD) that plays a role in IN DNA binding [377, 378, 412]. Each of these domains  

has been purified, crystallised and characterized, either individually, in complex 

with other proteins, or as double-domain partial structures [377, 378, 412, 413]. 
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However, crystallization of the full-length HIV-1 IN structure has been elusive and 

none of the HIV-1 double-domain partial structures has been crystallized together 

with DNA. Due to  high  structural flexibility of IN, the available  partial crystal 

structures are unreliable predictors of HIV-IN inter-monomer interactions and IN-

DNA interactions [414]. The coordination of divalent Mg2+/Mn2+ ions by the 

D64D116E152 residues is critical for IN activity [105] and this has led to the 

development of the cation-chelating diketoacid derivative compounds [276, 289] 

that are currently used as IN strand transfer inhibitors (INSTIs), such as 

raltegravir (RAL) [211] and elvitegravir (EVG) [415]. Additional structural 

knowledge was gained through the elucidation of drug resistance mutations for 

RAL and EVG in tissue culture [337, 341] and clinical trials [311]. However, it was  

really the successful crystallization of the prototype foamy virus (PFV) IN protein 

[245, 370, 380, 416] that provided an understanding of the correct binding mode 

of INSTIs and resistance to them. 
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Unlike crystal structures, homology models are not usually deposited into  online 

servers for universal use so different groups have had to generate their own 

model(s) [382, 383, 417] and  validate them, often using molecular dynamics 

approaches which are beyond the computing abilities of most  research groups. 

Therefore, we have developed  a protocol for generation of situation-specific HIV 

IN models for compound screening or  investigation of drug resistance 

substitutions  using   free online modeling servers and free software.  We have 

previously used this methodology to model IN proteins of HIV-1 subtype B [177, 

418-420], subtype C, and circulation recombinant form number 2 AG 

(CRF02_AG).   

Here, HIV-1 circulating recombinant form number 2 A/G (CRF02_AG) IN was 

modeled and used to screen for possible inhibitors of IN dimerization or DNA 

binding.  

2.2 Materials and Methods 

2.2.1 Generation of the monomeric IN model  
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Due to the incomplete nature of HIV-1 structures in the PDB, the generation  of 

the initial HIV monomer had to be done by multiple template modeling (MTM) 

[421]. The sequence of CRF02-A/G IN was submitted to three servers for 

sequence alignment and homology modeling, HHpred [422], PHYRE2 [423]and I-

TASSER [424]. HHpred (hidden homology prediction) is a free online server from 

the Max-Planck Institute for Biotechnology 

(http://toolkit.tuebingen.mpg.de/HHpred). It uses comparative hidden Markov 

statistical models (HMM) [425] to assess amino acid sequence homology and 

predict protein structure [426] by scanning the query sequence against protein 

sequence alignment databases such as Pfam (Protein family) [427] and   SMART 

(Simple Modular Architecture Research Tool) [428, 429] (Supplementary file 1 -

S1).  PHYRE2 (Protein Homology/analogY Recognition Engine v2.0) is an online 

server developed and maintained by the structural bioinformatics group at 

Imperial College, London 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) [423]. PHYRE2 

identifies the structural folding patterns of a query protein by scanning it against a 

library of known protein structures from the Structural Classification of Proteins 

Database (SCOP) [430] and the Protein Data Bank (PDB) [431]. I-TASSER 

(Iterative Threading ASSEmbly Refinement) is an advanced protein homology 

algorithm which is available as an online server through the ZhangLab server at 
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the University of Michigan (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) 

[424, 432, 433]. I-TASSER uses multiple individual programs and steps as well 

as molecular dynamics to create protein structural models of a submitted protein 

sequence [432]. I-TASSER has been consistently ranked as the best server for 

online protein structure prediction in the last five competitions of the community-

wide experiment Critical Assessment of techniques for protein Structural 

Prediction (CASP7-CASP11) [433]. CASP rankings are considered the most 

important metric of method/program confidence in structural biology.  

Homology models were created using HHpred by three methods. For model 1, 

fully automated use of HHpred was used to select templates and construct a 

structure using MODELLER [434]. In model 2,  the HIV-1 template 1EX4 [435] 

and the PFV template 3OY9 [380] were chosen as  templates for modeling by 

MODELLER. For model 3,  the alignment between CRF02_A/G and 3OY9 was 

used to drive the modeling. PHYRE2 was used in intensive mode and two 

additional models were thereby derived, i.e. a consensus model (model 5) as 

well as model 5 that was built by direct alignment with the PFV crystal structure 

3OY9 (14). Finally for I-TASSER, the 3OY9 hybrid was used as a lead template 

to create a final test model (Model 6). 

2.2.2 Verification of model quality and creation of model 7 
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Main-chain atoms of the models created by the three methods were structurally 

evaluated using Verify3D [436] and ANOLEA [437]. Briefly, Verify3D compares a 

three dimensional structure against its own sequence and scores the likelihood of 

each residue being in its structural class (helix, fold, turn, beta strand, loop, etc), 

based on the intrinsic properties of that particular amino acid. Good structures 

have very high scores and improbable structures have low scores [438]. 

ANOLEA (Atomic Non-Local Environment Assessment), measures the energy for 

each heavy atom in the structure and performs a pair-wise comparison to the 

energy of the same heavy atom when present in a non-local environment [439]. 

Ramachandran analysis was performed using the RAMPAGE server 

(http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). Ramachandran plots 

analyse the stereochemistry of amino acid side-chains around a peptide bond 

and each amino acid side-chain is scored based on angular orientation around 

the PSI (Ψ -torsion angle of β-carbon and main-chain nitrogen around the α-

carbon) and PHI (Φ- torsion angle between β-carbon and main-chain carbonyl 

carbon) [440]. Since there are a limited number of favourable orientations that 

can occur for each amino acid, structures can be assessed quickly [440].  

When necessary,  sequence alignments  were edited in an effort to increase the 

accuracy of modeling. The individual monomers were also aligned with the 

template structures to verify their structural deviation from the original templates 
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as well as their similarity to the PFV template.  One final model  was used as a 

lead template  for subsequent models. The ProtMod server 

(http://ffas.burnham.org/protmod-cgi/protModHome.pl) was used to minimize 

stochastic error between individual models and remove any sampling errors that 

may have been introduced by the multi-template modeling method [421] of I-

TASSER. Where necessary, side-chain orientations were optimized [441]. 

Briefly, single template: query (WT: WT/variant) alignments were performed 

using the alignment program SCWRL [442]. The program MODELLER [434] was 

then used to create monomeric homology models of each IN based on the 

SCWRL sequence alignment and the WT I-TASSER structure. Model quality was 

assessed by Ramachandran analysis and based on root mean square deviation 

(RMSD) of the global homology structure from the PFV lead template using the 

RCSB PDB Protein Comparison Tool [443] 

 

2.2.3 Creation of a dimeric IN model 

A dimeric model of CRF02_A/G IN was created by aligning a second monomer to 

the B chain  of The PFV structure PDB ID: 3OY9. All non-aligned residues were 

deleted to yield only a partially resolved outer monomer as observed in PFV IN 

dimeric and tetrameric structures [380, 382]. Mn2+ and Zn2+ ions from PFV were 
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retained in the dimeric structure of the CRF02_A/G IN to aid in docking if needed. 

PyMOL [444] was used for most protein visualizations.  

2.2.4 Compound library docking 

Thirty randomly selected compounds from the ZINC database were screened as 

possible IN inhibitors [445] primarily targeting IN:DNA binding and IN:IN 

dimerization interfaces. The preparation of receptor and ligand residues as well 

as docking simulations were performed  using the PyRx [446] implementation of 

AUTODOCK Vina [447]. The top 5 hits based on calculated binding energies 

were further analyzed  based on their binding interface, strength and similarity to 

published INIs for potential future biochemical validation. Docking was also 

performed using the well characterized IN DNA binding inhibitor, FZ41 (CID 

5481653) and a putative IN DNA binding inhibitor, HDS1 (CID 10814237-

nigranoic acid). The compound HDS1 was investigated further. 

2.2.5 Antiviral activity of HDS1 measured by RT activity and quantitative PCR 

The effect of HDS1 on reverse transcriptase activity present in culture 

supernatants was measured using a tritiated thymidine triphosphate based assay 

as previously described [448]. The effect of HDS1 on production of HIV-1 early 

and late reverse transcripts were measured by qPCR as previously described 

[449], with RAL and zidovudine (AZT) as comparative controls.  

2.2.6 Biochemical evaluation of the impact of HDS1 on IN. 
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The inhibitory impact of HDS1 on IN protein was assessed by three discrete 

reactions; strand transfer, 3' processing and LTR-DNA binding. The Strand 

transfer assay was performed with fixed enzyme and substrate quantities in the 

presence of dose-ranging concentrations of HDS1. All assay conditions were as 

previously described [418]. The 3' processing assay was performed as previously 

described [450] in the presence of dose ranging concentrations of HDS1. The 

effect of dose-ranging concentrations of HDS1 on binding of LTR DNA to IN 

protein was assessed as previously described [451]. To test if HDS1 has 

intercalative DNA-binding activity, an ethidium bromide (EtBr) displacement 

assay was carried out as reported previously [452]. Briefly, a solution of EtBr at 

1.26 μM was pre-incubated for 10 min at room temperature with a plasmid DNA 

or target DNA (1 μM) in a reaction buffer (2 mM HEPES, 10 μM EDTA, 9.4 mM 

NaCl, pH 7.0). After the incubation, test compound was added into the DNA–EtBr 

mixture at different concentrations ranging from 0.01–1000 μM. The fluorescence 

intensity of each mixture was measured (ex. at 544 nm, em. at 590 nm) by a 

FLUOStar Optima plate reader (BMG Labtech). 

  

2.3 Results and discussion 

2.3.1 Homology modeling 
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In this study, we created several models of HIV IN  using available free software 

and optimised and created a template model of HIV-1 CRF02 AG IN that could 

be used for drug screening and/or variant protein modeling.  

Models 1-5 were created utilising HHpred (Models 1-3) (S1 - S4 Figs.) and 

PHYRE2 (Models 4 and 5) (S5 and S6 Figs.). Some of these models are shown 

in the supplementary material. Models 1-3 did not have good 3-dimensional 

scores by either Verify3D and or ANOLEA (S1- S3 Figs.). Models 4 and 5 were  

based primarily on HIV partial structures (Model 4) or  PFV structures, 

respectively (Model 5). These models aligned primarily with the template HIV or 

PFV IN protein but not  vice-versa (S4) and were therefore not further studied, 

highlighting the importance of selecting the right program for modeling of HIV 

proteins. The databases and methods used by these two programs differed 

slightly from I-TASSER which scanned the protein database (PDB) as well as 

allowed a certain level of user control. HHpred, for example, primarily scans 

pFam databases, but the classification of IN proteins across species, especially 
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for PFV IN, is incomplete in most cases and, accordingly, PFV structures were 

mostly ignored in multiple sequence threading alignments. 

The final IN MTM model  (model 6) (Figure 2.1B) was created by multi-template 

threading utilizing the I-TASSER server [453] with the PFV lead template 3OY9. 

This allowed not only for the creation of a global model based primarily on the 

structure of PFV IN, but also allowed the  folding of sequence fragments to be 

driven primarily by the multiple structural fragments of available HIV IN  in the 

PDB, leading to a more representative structure. PFV IN structures are the only 

full-length IN structures that have  bound DNA and are also the only structures 

that have  bound drug. However, HIV structures should not be ignored because 

HIV IN has only ~20% sequence homology with PFV IN. Model 6, like the PFV 

template, has a mainly helical CCD domain with a largely disordered CTD 

domain and an elongated NTD domain. The domain orientation in the models 

was similar to that of the PFV crystal structure [380] and  previously modelled 

HIV integrase models [382, 417].  
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Alignment of Model 6 with either of 1EX4 and 3OY9 yielded very good RMSD 

scores for the aligned regions and the CTD of the model followed a similar 

trajectory to that of PFV (Figure 2.1B). Verify3D plots indicate that the CCD-CTD 

portion of model 6 mostly have good 3-D structure with the NTD being poor to 

fair (Figure 2.1C). This is probably the major reason for an underwhelming score 

of 60.93, that is nonetheless higher than those of all the previous models studied 

with the exception of  model 4 (89.8). The score of model 4 was even higher than 

its lead template, 1EX4 (73.02).  

Comparing the Ramachandran plots of the two crystal structures 1EX4 and 

3OY9 to model 6, it is evident that model 6 and 1EX4 have fewer residues in 

favored regions, with more in allowed and disallowed regions (84.8, 9.4, 6.3 and 

80.8, 14.4, 4.8, respectively) than 3OY9 (96.7, 3.3, 0.0) (S7). Side-chains of 

residues in disallowed regions have steric clashes with other residues and are 

not likely in a steady state orientation. This points to more general disorder in 

HIV-1 IN relative to PFV and also implies that the lower structural confidence 
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scores for model 6 are due to the HIV templates rather than the PFV templates. 

Model 6 was used as a template to create model 7 by single template threading 

utilizing the ProtMod server (http://ffas.burnham.org/protmod-

cgi/protModHome.pl). This resulted in a structurally improved model that had 

94.7% of  peptide bonds in favoured regions, 4.1% in allowed regions and 1.2% 

in outlier regions (S7). Monomer B of CRF02_A/G IN was created as described in 

the methodology (Figure 2.1D) and an overlay of dimeric HIV-1 CRF02_A/G IN 

with the PFV structure 3OY9 is shown (Figure 2.1E). 
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Figure 2.14: Analysis of model 6 and creation of the dimeric model 7 HIV-1 

CRF02_AG IN structure. (A) Domain organization of HIV-1 and PFV IN domains 

showing regions of structural and sequence overlap as well as structural gaps. 

(B) Structural alignment of modeled chain A (yellow) aligned with templates 

3OY9 (cyan) and 1EX4 (dark green); (C) Comparative Verify3D analysis of the 

two templates with model 6; (D) Modeled Chain B (yellow) is aligned to PFV 

chain B (light green) and non-overlapping segments have been removed;  (E) 
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Dimeric CRF02_AG IN structure (pink and green cartoon) overlays well with the 

dimeric PFV structure (shown as sticks) with a global RMSD <1.5Å. With the 

exception of carbon atoms, all coloration of the PFV stick structure is based on 

the Corey-Pauling-Koltun (CPK) coloration scheme [454]; white for hydrogen, 

blue for nitrogen, and red for oxygen. 

 

2.3.2 Docking simulations 

 Similar to most DNA binding proteins and especially those  that have to undergo 

considerable modification upon substrate binding, IN has large solvent-

accessible pockets; hence,  there are potential binding pockets for inhibitory 

compounds. The program PyRx [446] was used for  docking simulations with a 

50Å x 50Å x 50Å grid box that encompassed the active site as well as the DNA 

binding and dimerization interfaces (Figure 2.2A). Thirty randomly chosen 

compounds from the ZINC database were utilised as ligands (S8). Compounds 

that docked near the blue arrow (Figure 2.2B) were considered to  bind at the IN-

DNA interface while compounds that docked near or around the red arrow were 

deemed to be dimerization modulators (Figure 2.2B). As has been previously 

published for PFV [382] and other HIV homology models, a CCD:CCD interaction 

defines the dimer interface (Figure 2.2C) while bound viral DNA contacts all three 

domains (Figure 2.2A). 
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Figure 2.2: Location of docking grid box and docking of FZ41 to the IN dimer. (A) 

Grid box size and coordinates overlapped with the DNA binding domain as well 

as the dimerization interface. (B) Pockets within the dimeric model at the DNA 

interface (blue arrow) and at the dimer interface (red arrow). (C) FZ41 (yellow 

stick structure within grey mesh) binds within the DNA binding domain. Domains 

spanning regions corresponding to NTD, CCD, CTD for monomer A and CCD* 

for monomer B are indicated. (D) Interactions of FZ41 with IN residues. Docking 
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simulations were performed utilizing AutoDock Vina [447] on a PyRx platform 

[446]. All image processing was done using PyMOL [455]. Solvent accessible 

pockets with a radius larger than 5Å are shown and colored grey. In the figure, 

the two monomers of the dimer are represented by different shades of magenta. 

CPK standard coloration is used for stick structural representations.  Putative 

interacting atoms are indicated by a black dashed line. 

The ZINC compounds screened and the apparent affinity calculations of the top 

100 docked poses are shown in S8. The highest binding energy calculated was  -

8.4 kcal/mol, calculated for ZINC00337691 (CID 821042). The apparent binding 

affinity for top poses of FZ41 and HDS-1 were -9.1 kcal/mol and -8.7 kcal/mol, 

respectively (Figure 2.3), while the apparent affinity for the 100th best docked 

ZINC compound orientation was -4.5 kcal/mol (S1). The chemical structures of 

the top five ZINC hits are presented  (Figure 2.3). 

Published reports of FZ41 implied that this inhibitor acted at a post-RT to early-

integration stage of the viral cycle [456].We recently confirmed that this molecule 
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inhibited viral replication and integration by decreasing IN binding to viral DNA 

[451]. In accordance with this result, FZ41 docked within the IN-DNA interface 

(Figure 2.2C-D) and formed hydrophilic interactions in this pocket with  residues 

Y83, Y194, G193, I191, K188, E157 and H183. Of these residues, both K188 

and H183 have been shown to be involved in viral DNA binding [435]; the charge 

at K188 has been shown as being critical for maintaining IN structural integrity 

and HIV infectivity in cell culture [457]. Residue G193 has also been shown to 

affect viral LTR specificity [458]. The location of FZ41 may also mean that it can 

have a modulating effect on IN quaternary structure, in addition to inhibition of 

DNA binding,  since it also has an inhibitory effect on nuclear import [459]. The 

putative FZ41 binding domain overlaps with that previously described for a group 

of putative allosteric inhibitors of HIV IN [460]. 
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Figure 2.3: Best-docked compounds to the dimeric CRF02_A/G IN model 
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The compound ZINC00337691 (CID 821042) docks into the IN:IN dimer-interface 

(Figure 2.4A).  ZINC00337691 (4-[2-[(E)-2-(2-nitrophenyl)ethenyl]-1,3-dioxolan-2-

yl]pyridine) may act to stabilize the dimeric complex, since it has interactions with 

both monomers. It also has hydrophilic interactions with the main chain carbonyls 

of G106, R107 and I84 as well as with the side chains of N184 of chain A. 

Residue W108 of both subunits forms both hydrophobic stacking interactions and 

electrostatic interactions with the nitrophenyl portion of the compound.   The 

binding pocket is framed by the hydrophobic contributions from the aliphatic 

portions of the R107, E85, and V180 residues and the hydrophobic stacking 

interactions with the two W108 residues. The stabilization of IN dimeric structure 

has previously been reported for a small group of IN allosteric inhibitors called 

LEDGINs [414, 458]; even though ZINC00337691 does not appear to bind at the 

same location, it might stabilize the dimer as well as prevent movement of the 

protein structure and might therefore be active as a cross-sectional inhibitor in a 

similar manner as IN allosteric inhibitors [458]. Residues E85 and N184 seem to 
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also coincide at least partially with the  Rev binding interface  and thus this 

compound may also affect Rev regulation of IN nuclear import [266]. 
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Figure 2.4: Screening of compounds for interaction with dimeric CRF02_AG IN in 

the absence of DNA ligands.  Interactions of ZINC00337691 (A), ZINC01703953 

(B), and ZINC04689544 (C) with residues at the dimer interface. (D) The binding 

interface of HDS1 spans the dimer  (red oval) and DNA binding  (blue oval) 

interfaces. (E) Binding of HDS1 at the dimer interface and (F) DNA interface. In 

all panels above, the docked compound is represented by yellow main-chain 

sticks, while the global structure is represented by lines or cartoons and 

interacting residues are shown as cyan stick structures. Standard CPK coloration 
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is used for stick and line structures. Putative interacting atoms are indicated by a 

black dashed line. 
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Docking of ZINC01703953 (2-(2-naphthalen-2-yl-5-oxocyclopenten-1-yl)acetic 

acid) (CID 97293) was into the same general location as that of ZINC00337691 

at the dimer-interface (Figure 2.4B) but with a somewhat snugger fit. Binding of 

this compound appeared to be driven mostly by van der Waals interactions and 

shape complementarity because there were limited hydrogen bonding 

interactions. ZINC01703953 interacted with R107, W108, P109, F181 and N184 

of monomer A and R107, W108 and P109 of monomer B. These residues are all 

implicated in Rev and distal DNA binding effects. ZINC01703953 also has a 

diketocarboxylic acid moiety and may possibly exhibit some strand transfer 

activity under appropriate circumstances. Another compound that docks into the 

inter-monomer interface,  ZINC04689544 (2-(2-phenylethyl)-5-pyridin-2-yl-1,3,4-

thiadiazole) (CID 4554474), is more elongated (Figure 2.4C), forming extensive 

van der Waals contacts with Y83, E85, R107, W108, P109 and F181 of monomer 

A and E85 and W108 of monomer B. There are also some hydrogen-bonding 
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interactions with W108 and a salt-bridge  with E85 of IN subunit A. The salt-

bridge is likely a key driving force for these binding interactions. Additionally,  the 

elongated hydrophobic nature of this molecule may cause it to occupy more 

space at the interface and it might be a potent modulator of IN activity. 

The docking footprint of HDS1 (CID 10814237) on the dimer spanned both the 

DNA-interaction interface as well as the IN:IN dimer interface (Figure 2.4D). 

Three of the best five orientations docked closer to the dimer interface (Figure 

2.4E) while two  docked in a similar location to FZ41. These  HDS1 docking 

interactions appeared to be driven by van der Waals interactions and shape 

complementarity with best docked affinity calculations of -8.7 kcal/mol and -8.2 

kcal/mol, respectively. 

 

2.3.3 Characterization of the inhibitory  impact of  HDS1  

Although HDS1 inhibits IN DNA binding activity,  its effect on viral replication, 

reverse transcription and/or integration has not been evaluated. Here we show in 

MT2 cell culture inhibition assays that HDS1 inhibited viral replication as 



 

135 

measured by RT activity in cell culture with an half-effective concentration (EC50) 

of 20.5 μM (Figure 2.5A). When quantitative PCR (qPCR) was used to measure 

the effect of HIV inhibitors,  zidovudine (AZT) fully suppressed production of late 

reverse transcripts, due to its role as a reverse transcription inhibitor, while RAL 

permitted a build-up of late RT transcripts, due to its role as a post-RT inhibitor. 

HDS1  also permitted  a build-up of late RT transcripts but only to a level of 50% 

of that associated with RAL (Figure 2.5B). This is also consistent with the 

reported activity of HDS1 as a weak RT inhibitor [461].   
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Figure 2.5: Inhibition of HIV-1 in MT-4 cell cultures by HDS1. (A) Concentration-

dependent inhibition of HIV-1 replication in cell cultures by HDS1.  HIV-1 reverse 

transcriptase activity in  cell culture fluids was measured using a tritiated 

thymidine triphosphate based assay as previously described [448]. (B) Effect of 

AZT (1 μM), RAL(0.5 μM) and HDS1 (20 μM) on production of late HIV-1 reverse  

transcripts  as measured by qPCR. 

Biochemical analysis of the effect of HDS1 on integration confirmed that it 

impactsed DNA binding.  The individual IC50s for inhibition of strand transfer 

(Figure 2.6A), 3' processing (Figure 2.6B) and integrase-DNA binding (Figure 
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2.6C) of HDS1 were 2.9 μM, 2.7 μM and 2.9 μM, respectively. Given that both 3' 

processing and strand transfer require DNA binding to take place and given that  

the IC50s for inhibition of these reactions were neither additive nor synergistic 

with inhibition of DNA binding, we conclude that HDS1 blocks integration 

primarily by inhibition of  DNA binding.  

Figure 2.6: Biochemical Characterisation of HDS1  on purified HIV-1 IN enzyme. 

(A) Inhibition of the strand transfer reaction. (B) Inhibition of the 3' processing 
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reaction. (C) Inhibition of the DNA binding activity of HIV integrase. (D)  Test for 

the ability of HDS1 to bind to DNA. 

However, our docking studies on HDS1  (Figure 2.4C-E) did not show a direct 

interaction of HDS1 with DNA in the DNA binding trough, as one would expect in 

the case of a DNA binding antagonist. We therefore investigated whether HDS1 

could affect the ability of ethidium bromide (EtBr) to bind to double- stranded 

DNA (Figure 2.6D).   An EtBr displacement assays showed that the addition of 

HDS1 did not result in decrease in fluorescence intensity, suggesting that it was 

unable to displace EtBr. These results demonstrate  that HDS1 did not directly 

interact with DNA. 

2.4 Conclusions 

We have presented  a comprehensive method for creation of viable HIV IN 

models based on the partial HIV crystal structures as well as   full-length PFV IN 

structures. These models were in good agreement with the PFV crystal 

structures as well as two published HIV integrase models [382, 417]. They also 



 

139 

did not deviate from DNA:IN architecture as proposed by Kessl and colleagues 

[383], despite the fact that this group studied DNA-bound tetramers in the 

presence and absence of the integrase ligand LEDGF/p75 and showed alternate 

quaternary assembled structures. We have previously utilized these models to 

investigate the binding of INSTIs to IN and the impact of resistance mutations on 

enzyme function [418, 462]. Here,  we investigated the ability of the models to 

screen for compounds that bind at the viral LTR interaction domain or at the 

IN:IN dimerization domain. Given that multiple partial structures of HIV IN have 

variable structural conformations [413] and different observed dimerization 

phases, we preferred the quaternary arrangement that is most probable in the 

active PIC, based on the  available structures of PFV IN [245, 370, 380, 382, 

416]. By utilizing freely available software and screening the ZINC database, we 

demonstrated the utility of IN models  to screen for novel inhibitors using 

compound databases.  
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The compound ZINC05004388 (7-hydroxy-2-oxo-4-phenyl-7,8-dihydrochromene-

3-carboxylic acid) (CID 271624) (Figure 2.3) had structural similarity to a class of 

IN inhibitors that show clinical potential, i.e.  non catalytic site IN inhibitors 

(NCINIs) or LEDGINs,  named for their ability to block interaction of IN with its 

cellular tethering factor LEDGF [463]. Although   our models might not have 

selected LEDGIN-type molecules [256], ZINC05004388 (CID 271624) binds at 

the same general location as does ZINC01703953 (not shown). Given that 

LEDGINs have been reported to inhibit IN at multiple steps of the integration 

process and viral life cycle, this may be an  indication of the ability of these 

compounds to bind at more than one site within IN or to act at different steps of  

integration and the viral life cycle [402, 464]. Similar to most selected allosteric 

inhibitors of IN, the ZINC compounds that had the highest affinity calculations 

were hydrophobic  and possessed significant ring structures joined by flexible 

linkers with isolated hydrophilic/charged moieties.  
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Our dimeric IN models confirmed that a compound that we previously selected 

using a DNA-binding screen, i.e. HDS1, binds at a similar location to a well 

characterized DNA binding inhibitor, FZ41 (Figure 2.7). This region of the IN 

dimer  is important for DNA binding and activity (Figure 2.4D) but is not the target 

of any approved drug.  Virological and biochemical characterization of HDS1 

further confirmed that it exhibits a similar activity profile as FZ41 [456]. The 

binding of either of these compounds to this site most likely inhibits DNA binding 

through direct steric inhibition and/or altered inter-residue interactions.  The 

elucidation of this unexploited pocket in HIV IN may potentially yield  new 

antiviral compounds in the future. 
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Figure 2.7: FZ41 and HDS1 may directly inhibit DNA binding to integrase. The 

HDS1 docked structure (shown as a spherical structure with black carbon atoms) 

(Figure 2.4F) was overlaid onto the FZ41 structure (shown as a spherical 

structure with yellow carbon atoms) in Figure 2.2D together with DNA (stick 

structure with white carbon atoms) coordinates from the PFV 3OY9 structure. 

The active site is indicated by a yellow rectangle. The two monomers of the 

dimer are represented by different shades of magenta.  All other coloration is 

based on the CPK standard [454]. 
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2.5 Appendix 

 

S1. Ten of the major 15 structural homologues of CRF02_A/G integrase 

identified by HHpred and aligned using T-COFFEE [465]. In alignment, key 

structural and functional features are indicated in highlighted regions; Zn2+ 

binding domains are indicated by green rectangles and labeled H2 and C2 for 

relevant portions of the H2C2 motif. CCD catalytic residues are boxed in blue 

 

Figure 1: T-Coffee based multiple sequence alignment of between CRF02_A/G and related structural analogues referenced in 

Table 1. Key structural and functional features are indicated in highlighted regions; Zn2+ binding domains are indicated by green 

rectangles and labeled H2 and C2 for the portions of the H2C2 motif, CCD catalytic residues are boxed in blue and labeled D,D and 

E as appropriate, key residues involved in INSTI drug resistance are highlighted in red boxes reflecting respectively positions 92, 

118, 140, 143, 148, 155 and 263 based on previously published data [33] 

H2  C2  

D  

D  E  

PDB ID Species and Domain % identity

3f9k HIV-2 NTD-CCD 59

3hph Maedi Visna Virus NTD-CCD 31

1ex4 HIV-1 CCD-CTD 89

1k6y HIV-1 NTD-CCD 88

3oym PFV N224H mutant full-length intasome 17

3av9 HIV-1 CCD 86

1c0m Rous Sarcoma Virus CCD-CTD 23

2x78 PFV CCD 18

1c6v SIV integrase CCD-CTD 60
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and labeled D,D and E as appropriate. Key residues involved in INSTI drug 

resistance are highlighted in red boxes reflecting  positions 92, 118, 140, 143, 

148, 155 and 263, respectively, based on previously published data [317, 346]. 

 

 

S2. Automated modeling of CRF02_A/G IN.  (Figure A) The globular model 1 that 

was generated and (Figure B) the alignment of the model with the 'best' two 

possible templates, HIV (dark green) and PFV (cyan) using HHpred. RMSD 

RMSD=1.2Å

RMSD=0.8Å

PDB ID: 1EX4

PDB ID: 3OY9

A
B

CD
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values are indicated for the structurally aligned portions only. The quality of the 

model was evaluated using (Figure C) VERIFY 3D and (Figure D) ANOLEA 

algorithms. 

 

S3. Modeling of CRF02_A/G IN based on the major 10 structural and sequence 

homologues. (Figure A) Alignment of model 2 (green) with the 'best' two possible 

templates, HIV (dark green) and PFV (cyan). RMSD values are indicated for the 

structurally aligned portions only. The quality of model 2 was verified by (Figure 

B) Verify3D and (Figure C) ANOLEA. 

RMSD=7.1Å

RMSD=0.484Å

PDB ID: 1EX4

PDB ID: 3OY9

A

B

C
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S4. HHpred alignment used to create model 3 with key features highlighted. The 

H2C2 motif is indicated by blue highlighted boxes, catalytic residues with black 

arrows, and locations important for INSTI resistance with red circles. Acidic 

residues are colored red, basic residues are colored blue, hydrophobic residues 

are colored green and hydrophilic residues black. The predicted secondary 

structure of the query (Q ss_pred) is also shown with the predicted secondary 

Q= CRF02_AG

Q= CRF02_AG

Q= CRF02_AG

Q= CRF02_AG

Q= CRF02_AG

T= PFV 

T= PFV 

T= PFV 

T= PFV 

T= PFV 
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structure of the template (T ss_pred) and the actual secondary structure of the 

template (T ss_dssp; "H" denotes helices, "C" coils, "E" extended β-strand ). 

Sequence conservation between the two sequences is shown in two manners; 

any consensus residues between the template and query sequences are linked  

by a"|", conservative substitutions are linked with a "+" and non-conservative 

substitutions with ".". In the consensus sequence (Q Consensus), "~" denotes 

non-consensus residues. Gaps in the alignment are represented by "-". 

Uppercase letters are strong trends  and lowercase letters represent lower 

confidence trends. 
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S5. Modeling of the CRF02_A/G integrase model 4 ( Figure A) and  (Figure B) 

the alignment of the model with the 'best' two possible templates. RMSD values 

are indicated for the structurally aligned portions only. 

RMSD=0.93Å

RMSD=0.87Å

PDB ID: 1EX4

PDB ID: 3OY9

A B
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S6. Structural alignment of model 5 (yellow) with 3OY9 (cyan) and 1EX4 (dark 

green) 
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S7. Ramachandran plot analysis of models 6 and 7 compared to the two lead 

templates 
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S8. Summary  comparison of the top 100 binding energies of compounds and their relative 

displacements as calculated using AutoDock Vina 

 

 

  

Ligand Binding Affinity rmsd/ub  rmsd/lb

AGwtINdimer_2_ZINC00337691 -8.4 0 0

AGwtINdimer_2_ZINC00337691. -8.3 0 0

AGwtINdimer_2_ZINC05004388 -8.2 0 0

AGwtINdimer_2_ZINC00337691. -7.9 6.627 2.713

AGwtINdimer_2_ZINC00337691. -7.9 7.149 4.708

AGwtINdimer_2_ZINC00337691. -7.9 6.552 3.915

AGwtINdimer_2_ZINC01703953 -7.9 3.33 2.262

AGwtINdimer_2_ZINC00337691. -7.9 5.237 3.26

AGwtINdimer_2_ZINC05004388 -7.9 11.109 9.632

AGwtINdimer_2_ZINC01703953 -7.9 5.783 3.589

AGwtINdimer_2_ZINC00337691. -7.9 7.14 4.14

AGwtINdimer_2_ZINC04689544 -7.9 0 0

AGwtINdimer_2_ZINC01703953 -7.9 0 0

AGwtINdimer_2_ZINC00337691. -7.8 7.383 4.632

AGwtINdimer_2_ZINC00337691. -7.8 4.165 3

AGwtINdimer_2_ZINC00337691. -7.8 7.235 4.474

AGwtINdimer_2_ZINC01703953 -7.8 18.71 17.47

AGwtINdimer_2_ZINC00337691 -7.8 5.178 3.25

AGwtINdimer_2_ZINC05004388 -7.8 18.142 16.428

AGwtINdimer_2_ZINC00337691 -7.8 7.12 4.658

AGwtINdimer_2_ZINC04689544 -7.8 2.889 1.802

AGwtINdimer_2_ZINC00337691 -7.8 6.389 3.811

AGwtINdimer_2_ZINC05004388 -7.7 18.486 15.679

AGwtINdimer_2_ZINC05004388 -7.7 17.859 16.239

AGwtINdimer_2_ZINC00337691 -7.7 8.732 5.32

AGwtINdimer_2_ZINC05004388 -7.7 21.411 18.008

AGwtINdimer_2_ZINC00337691 -7.7 4.204 2.969

AGwtINdimer_2_ZINC05004388 -7.7 4.832 1.87

AGwtINdimer_2_ZINC01703953 -7.7 8.066 6.588

AGwtINdimer_2_ZINC00337691 -7.7 6.628 2.642

AGwtINdimer_2_ZINC05004388 -7.7 17.901 16.488

AGwtINdimer_2_ZINC04689544 -7.7 11.156 9.968

AGwtINdimer_2_ZINC04689544 -7.7 8.958 5.878

AGwtINdimer_2_ZINC05331807 -7.7 0 0

AGwtINdimer_2_ZINC05004388 -7.6 17.403 15.161

AGwtINdimer_2_ZINC01703953 -7.6 5.444 3.816

AGwtINdimer_2_ZINC00337691 -7.6 7.059 2.805

AGwtINdimer_2_ZINC01703953 -7.6 8.628 6.613

AGwtINdimer_2_ZINC00337691 -7.6 6.921 4.698

AGwtINdimer_2_ZINC01703953 -7.6 3.174 1.917

AGwtINdimer_2_ZINC01703953 -7.6 4.596 3.154

AGwtINdimer_2_ZINC04689544 -7.6 8.899 5.939

AGwtINdimer_2_ZINC05331807 -7.6 6.987 1.252

AGwtINdimer_2_ZINC05331807 -7.6 9.426 5.977

AGwtINdimer_2_ZINC05331807 -7.6 7.311 1.397

AGwtINdimer_2_ZINC04689544 -7.5 8.336 7.432

AGwtINdimer_2_ZINC05331807 -7.5 7.487 2.041

AGwtINdimer_2_ZINC04689544 -7.5 4.714 3.305

AGwtINdimer_2_ZINC05331807 -7.5 3.579 2.576

Ligand Binding Affinity rmsd/ub  rmsd/lb

AGwtINdimer_2_ZINC04689544 -7.4 15.93 15.4

AGwtINdimer_2_ZINC05331807 -7.3 4.649 2.972

AGwtINdimer_2_ZINC05331807 -7.3 7.312 4.22

AGwtINdimer_2_ZINC05331807 -7.3 2.256 1.573

AGwtINdimer_2_ZINC01680992 -6.4 12.271 11.035

AGwtINdimer_2_ZINC01680992 -6.4 0 0

AGwtINdimer_2_ZINC01680992 -6.3 7.637 6.626

AGwtINdimer_2_ZINC01680992 -6.3 8.487 7.295

AGwtINdimer_2_ZINC01680992 -6.3 8.548 7.38

AGwtINdimer_2_ZINC01680992 -6.3 8.282 7.092

AGwtINdimer_2_ZINC01680992 -6.3 9.054 7.779

AGwtINdimer_2_ZINC01680992 -6.3 7.528 6.343

AGwtINdimer_2_ZINC01680992 -6.2 8.269 7.085

AGwtINdimer_2_ZINC00334492. -6 0 0

AGwtINdimer_2_ZINC00334492 -6 0 0

AGwtINdimer_2_ZINC00334492 -5.9 18.186 16.532

AGwtINdimer_2_ZINC00334492 -5.9 17.511 15.879

AGwtINdimer_2_ZINC00334492. -5.8 3.504 2.631

AGwtINdimer_2_ZINC00334492 -5.6 22.069 18.823

AGwtINdimer_2_ZINC00334492 -5.6 20.464 17.864

AGwtINdimer_2_ZINC00334492. -5.5 4.024 2.605

AGwtINdimer_2_ZINC00334492. -5.5 20.555 17.974

AGwtINdimer_2_ZINC00334492 -5.4 16.714 14.709

AGwtINdimer_2_ZINC00334492 -5.4 16.908 14.871

AGwtINdimer_2_ZINC00334492. -5.4 4.462 3.161

AGwtINdimer_2_ZINC00334492 -5.3 10.409 8.763

AGwtINdimer_2_ZINC00334492 -5.3 15.72 14.396

AGwtINdimer_2_ZINC00334492. -5.3 10.316 8.609

AGwtINdimer_2_ZINC00334492. -5.1 11.459 10.074

AGwtINdimer_2_ZINC00334492. -5.1 2.597 1.992

AGwtINdimer_2_ZINC00334492. -5.1 2.846 2.012

AGwtINdimer_2_ZINC02554713. -5 0 0

AGwtINdimer_2_ZINC02554713 -5 0 0

AGwtINdimer_2_ZINC02554713 -4.9 11.108 10.605

AGwtINdimer_2_ZINC02554713. -4.8 23.532 22.052

AGwtINdimer_2_ZINC02554713 -4.7 10.723 10.123

AGwtINdimer_2_ZINC02554713 -4.6 18.798 18.365

AGwtINdimer_2_ZINC02554713 -4.6 14.503 13.617

AGwtINdimer_2_ZINC02554713 -4.6 19.184 18.311

AGwtINdimer_2_ZINC02554713. -4.6 19.097 18.229

AGwtINdimer_2_ZINC02554713 -4.6 12.874 12.146

AGwtINdimer_2_ZINC02554713. -4.6 22.456 21.635

AGwtINdimer_2_ZINC02554713 -4.6 24.896 23.392

AGwtINdimer_2_ZINC02554713. -4.6 19.136 18.538

AGwtINdimer_2_ZINC02554713. -4.5 19.156 18.531

AGwtINdimer_2_ZINC02554713 -4.5 9.515 9.033

AGwtINdimer_2_ZINC02554713. -4.5 19.48 18.64

AGwtINdimer_2_ZINC02554713. -4.5 19.662 18.982

AGwtINdimer_2_ZINC02554713. -4.5 13.795 13.031
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Chapter 3 

Characterization of the R263K mutational pathway in HIV-1 integrase 

that confers resistance to the second-generation integrase strand 

transfer inhibitor Dolutegravir 

 

The majority of work presented in this chapter was previously published in the 

Journal of Virology article below: 

 Quashie PK, Mesplède T, Han Y, Oliveira M, Singhroy DN, Fujiwara T, 

Underwood MR, Wainberg MA. Characterization of the R263K mutation in 

HIV-1 integrase that confers low-level resistance to the second-generation 

integrase strand transfer inhibitor Dolutegravir. J Virol. 2012 

Mar;86(5):2696-705. Epub 2011 Dec 28 Copyright © 2012, American 

Society for Microbiology.  

PKQ and TM wrote the bulk of the manuscript. PKQ performed most biochemical 

and in silico work, TM performed all virology, DNS and YH performed additional 

experiments, MO performed the selection study, TF, MRW and MAW wrote and 

edited  parts of the manuscript and MAW supervised the work.  
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A small amount of work presented here was previously included in the 

Retrovirology journal article shown below:  

 Mesplède T, Quashie PK, Osman N, Han Y, Singhroy DN, Lie Y, 

Petropoulos CJ, Huang W, Wainberg MA. Viral fitness cost prevents HIV-1 

from evading dolutegravir drug pressure. Retrovirology. 2013 Feb 

22;10:22. doi: 10.1186/1742-4690-10-22 © 2013 Mesplède et al.; licensee 

BioMed Central Ltd.  

T.M. designed and performed experiments, analysed data and wrote the 

manuscript; P.K.Q. performed the molecular modeling analyses and performed 

experiments; N.O. performed experiments and analysed data; Y.H. developed 

analytical tools; D.N.S. performed experiments; Y.L., C.J.P and W.H. performed 

the PhenoSense® assays; and M.A.W. supervised the project and revised the 

manuscript.  
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3.1 ABSTRACT 

Integrase (IN) strand transfer inhibitors (INSTIs) have been developed to inhibit 

the ability of HIV-1 integrase to irreversibly link the reverse-transcribed viral DNA 

to the host genome. INSTIs have proven their high efficiency in inhibiting viral 

replication in vitro and in patients. However, first-generation INSTIs have only a 

modest genetic barrier to resistance, allowing the virus to escape these powerful 

drugs through several resistance pathways. Second-generation INSTIs, such as 

Dolutegravir (DTG, S/GSK1349572), have been reported to have a higher 

resistance barrier, and no novel drug resistance mutation has yet been described 

for this drug. Therefore, we performed in vitro selection experiments with DTG 

using viruses of subtypes B, C and A/G, and showed that the most common 

mutation to emerge was R263K with H51Y as a common secondary substitution. 

Further analysis by site-directed mutagenesis showed that R263K does confer 

low-level resistance to DTG and decreased integration in cell culture without 

altering reverse transcription. Biochemical cell-free assays performed with 

purified integrase (IN) enzyme containing R263K confirmed the absence of major 

resistance against DTG and showed a slight decrease in 3’-processing and 

strand transfer activities compared to wild-type. Additional studies on the impact 

of the secondary mutation H51Y shows that H51Y in combination with R263K 

increases resistance to dolutegravir but is accompanied by dramatic decreases 
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in both enzymatic activity and viral replication. Since H51Y and R263K may 

define a unique resistance pathway to dolutegravir, our results are consistent 

with the absence of resistance mutations in antiretroviral drug-naive patients 

treated with this drug Structural modeling and in vitro IN-DNA binding assays 

show that the R263K  an H51Y mutations affect IN-DNA interactions.   
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3.2 INTRODUCTION 

The high mutation rate of HIV-1 reverse transcriptase allows the virus to escape 

pressure through adaptive mutations that include drug resistance mutations that 

limit the effectiveness of  antiretroviral drugs [466-470]. The use of multiple drugs 

in combination can hamper this process by restraining viral replication, limiting 

the emergence of resistant strains. The addition of integrase inhibitors to the 

arsenal of drugs against HIV-1 is important since these inhibitors are active 

against viruses resistant to other drug classes [471-473].  

The HIV-1 integrase enzyme catalyzes two reactions. The first is 3’-processing, 

which consists of cleavage of a dinucleotide at both 3’ ends of the 

retrotranscribed linear viral DNA and results in the exposure of reactive hydroxyl 

groups. The second step termed strand transfer is carried out through a 

nucleophilic attack by exposed 3’ hydroxyl groups on host genomic DNA [283, 

474]. Even though 3’-processing may be a suitable therapeutic target, the 

integrase inhibitors developed so far are integrase strand transfer inhibitors 

(INSTIs) such as RAL [211] and EVG [331] that preferentially inhibit strand 

transfer while only modestly affecting 3’-processing [283, 287, 289]; 

Although first-generation INSTIs strongly inhibit HIV-1 replication, they possess 

only a modest genetic barrier to resistance. Three main resistance pathways 

have been identified for RAL, involving initial mutations of the N155, Q148 and 



 

157 

Y143 residues within IN [475]. Both N155 and Q148 confer cross-resistance to 

EVG [474, 476-478], while Y143 has been reported to be specific for RAL [479]. 

Numerous secondary mutations confer low levels of resistance against both 

drugs (reviewed in [474]). Second-generation INSTIs have been developed that 

possess a more robust resistance profile than RAL and EVG [290, 409, 478, 480, 

481]. These include MK-2048 [478, 481-483] and dolutegravir (DTG) [409, 478, 

481, 482, 484-486].  

Selection studies have shown that MK-2048 can select a G118R resistance 

mutation [481] and similar studies with DTG have led to the selection of 

mutations at positions L101, T124 and S153 [409, 487, 488]. However, fold 

changes (FC) in susceptibility were moderate (FC<10) for most of these 

substitutions. Although no major resistance mutation against DTG has been 

identified to date, the accumulation of multiple mutations can result in a FC>10, 

confirming that second-generation INSTIs possess a higher genetic barrier for 

resistance than their first-generation counterparts [409, 482].  

To further investigate this subject, we performed in vitro selections with DTG 

using viruses of subtypes B, C and recombinant A/G. The most common 

mutation selected was R263K and introduction of R263K into HIV-1 pNL4-3 by 

site-directed mutagenesis revealed low-level resistance to DTG. In addition, 

R263K diminished both viral fitness and integration without affecting reverse 
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transcription. Cell-free assays indicated that R263K had minimal effect on DTG 

susceptibility but decreased integrase 3’-processing and strand transfer activities. 

Molecular modeling suggests that R263K can trigger structural and catalytic 

changes within IN that explain its selection by DTG. The use of an IN-DNA 

binding assay confirmed that R263K partially impairs IN-DNA binding. This is the 

first characterization of a drug resistance mutation consistently selected in both B 

and non-B subtype viruses passaged with DTG. This is also the first report of 

selection with DTG in primary human cells.  
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3.3 MATERIALS AND METHODS 

3.3.1 Cells and antiviral compounds.  

TZM-bl and PM1 cells were obtained through the NIH AIDS Research and 

Reference Reagent Program (see Acknowledgments for details). The 293T cell 

line was obtained from the American Type Culture Collection (CRL-11268). Cells 

were subcultured every 3–4 days in Dulbecco's minimal essential medium 

(DMEM for TZM-bl and 293T cells) or RPMI medium for PM1 cells supplemented 

with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/ml penicillin and 50 

g/ml streptomycin and maintained at 37°C and 5% CO2. Umbilical cord blood 

mononuclear cells (CBMCs) were isolated by Ficoll-Hypaque (GE Healthcare) 

gradient centrifugation from blood obtained through the Department of 

Obstetrics, Jewish General Hospital, Montreal, Canada. CBMCs were cultured as 

previously described [489].  

Merck & Co., Inc., Gilead Sciences and GSK kindly provided both RAL and MK-

2048, EVG, and DTG, respectively. Compounds were solubilised in dimethyl 

sulfoxide.  

3.3.2 Serial passage experiments.  

Selections were performed as previously described [481, 490]. Briefly, CBMCs 

infected with the specified viruses were serially passaged in the presence of 

increasing concentrations of DTG. Mutations were identified by sequencing the 
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IN region of the pol gene according to the procedure described in [491]. Viral 

strains 5331, 5326, 12197, 6399 and 4742 are primary isolates.  

3.3.3 Generation of replication-competent genetically homogeneous HIV-1.  

pNL4-3INR263K was created by site-directed mutagenesis of the wild-type pNL4-3 

obtained through the NIH AIDS Research and Reference Reagent Program with 

the following primers: sense 5’-

GTAGTGCCAAGAAAAAAAGCAAAGATCATCAGGG-3’ and antisense 5’-

CCCTGATGATCTTTGCTTTTTTTCTTGGCACTAC-3’. The presence of the 

mutation was confirmed by sequencing. To study the H51Y mutation and the 

H51Y/R263K combination,  pNL4.3IN(H51Y) and pNL4.3IN(H51Y/R263K) were 

generated by site-directed mutagenesis using H51Y primers (sense: 5’-

CTAAAAGGGGAAGCCATGTATGGACAAGTAGACTGTA-3’ and antisense: 5’-

TACAGTCTACTTGTCCATACATGGCTTCCCCTTTTAG-3’), and the 

QuickChange II XL Site-Directed mutagenesis kit  (Stratagene). To produce 

genetically homogenous HIV-1, 16 g of plasmid coding for pNL4-3 or pNL4-

3INR263K were transfected into 293T cells using Lipofectamine 2000 as 

recommended by the manufacturer (Invitrogen). Fresh medium was added 6 hrs 

after transfection. After 48 hrs, culture supernatants were harvested, centrifuged 

and passed through a 0.45 M filter to remove cellular debris, treated with 

benzonase (EMD) to degrade the transfected plasmids and stored at -80°C for 



 

161 

future use. Levels of p24 in culture fluids were measured by ELISA (Perkin 

Elmer). Virion-associated reverse transcriptase (RT) activity was measured as 

previously described [489].  

3.3.4 Replication capacity in TZM-bl cells.  

Relative replication of the recombinant wild-type and mutant viruses was 

evaluated using a non-competitive short-term infectivity assay with TZM-bl cells 

as previously described [489, 492]. Briefly, 20,000 cells per well were seeded 

into 96-well culture plates (Corning). After 24 hrs, cells were infected with the 

indicated amount of virus normalized by p24. Luciferase activity was measured at 

48 hrs post-infection using the Luciferase Assay System (Promega) and a 

MicroBeta2 luminometer (Perkin Elmer).  

3.3.5 Q-PCR for reverse transcripts and integrated viral DNA.  

Quantification of reverse transcripts and integrated DNA in PM1 T-cell lines was 

performed as previously described [481], with minor modifications. Briefly, 

cellular DNA was extracted with a DNeasy blood and tissue kit (Qiagen). PCR 

was performed with Platinum qPCR SuperMix-UDG (Invitrogen) on a Corbett 

Rotor-Gene 6000 thermocycler (Corbett). The samples were normalized for their 

β-globin DNA contents. The cycling conditions were 50°C for 2 min, 95°C for 2 

min and 50 repeats of 95°C for 10 s, 60°C for 10 s and 72°C for 30 s. For the 

quantification of reverse transcripts, reactions were performed in the presence of 
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65 ng of DNA template. Integrated DNA was quantified as previously described 

[481] in a two-step PCR. Late reverse transcripts, Alu-LTR and -globin primers 

and probes have been described previously [481].  

3.3.6 Protein Expression and Purification.  

E. coli strain XL10-Gold ultracompetent cells Tetr, (mcrA)183, (mcrCB-

hsdSMR-mrr)173, endA1, supE44, thi-1, recA1, gyrA96, relA1, lac Hte, [F', 

proAB, lacIq Tn10(tetr) Amy Camr]a (Stratagene), were used for plasmid 

production while BL21(DE3) Gold cells F–, ompT, hsdSB(rB-, mB-), dcm, gal, 

(DE3) were used for protein expression. Luria-Bertani (LB) broth (Multicell), 

prepared in MilliQ water and supplemented with 100 µg/mL ampicillin was used 

for all bacterial growth. Expression and purification of integrase recombinant 

proteins were performed as previously described for his-tagged integrase [493] 

with some modifications. Fractions containing purified integrase as judged by 

SDS-PAGE were dialyzed into storage buffer (20 mM Hepes, 1 M NaCl, 1mM 

EDTA, 5 mM DTT, 10 % glycerol, pH7.5), aliquoted and stored at -80ºC. Protein 

aliquots could be kept for several months at -80ºC without loss of activity.  

3.3.7 Protein concentration and identity.  

Protein concentrations were measured using an extinction coefficient of 50420 M-

1cm-1 calculated using ProtParam [494] and verified using the Bio-Rad protein 

assay with bovine serum albumin (BSA, Sigma) as a standard. BSA 
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concentration was determined by OD280 readings using its published extinction 

coefficient [495].  

3.3.8 DNA substrates for in vitro assays.  

The following DNA substrates were used for strand transfer assays: donor LTR 

DNA sense (A): *5AmMC12-

ACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3’ (where *5AmMC12 refers 

to a reactive amino group attached to the 5’ end of the oligonucleotide using a 12 

carbon linker) and antisense (B): 5’-

ACTGCTAGAGATTTTCCACACTGACTAAAAG-3’; target DNA: sense (C): 5’-

TGACCAAGGGCTAATTCACT-3Bio and antisense (D): 5’-

AGTGAATTAGCCCTTGGTCA-3Bio. For 3’ processing assay, primer B was 

used together with the LTR-3’-sense oligonucleotide (E): *5AmMC12-

ACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-BioTEG. The following pairs 

of oligonucleotides, LTR-D1: 5'-CTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-

3' and LTR-D2: 5'-RhoR-XN/ACTGCTAGAGATTTTCCACACTGACTAAAAG-3' 

were used for DNA binding assays. To make functional duplexes, equimolar 

amounts of sense and antisense primers were mixed in a microcentrifuge tube 

and annealed by heating for ten minutes at 95ºC and slow cooling to room 

temperature over a period of 4 hours.  

3.3.9 Strand transfer activity.  
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Strand transfer reactions with the wild-type and R263K integrase proteins were 

carried out using a microtiter plate assay as published [493, 496], with the major 

difference being the choice of Time Resolved Fluorescence (TRF) over 

fluorescence for signal detection. Donor DNA LTR oligonucleotide duplex A/B 

diluted to 100 nM in PBS pH7.4 (Bioshop) was covalently linked to Costar DNA-

Bind 96-well plates (Corning) by incubation at room temperature for 4 hrs; 

negative control wells lacked any DNA duplex. The plates were blocked with 

0.5% BSA in blocking buffer for 18 hrs. Before use, the plates were washed twice 

with each of PBS pH 7.4 and assay buffer (50 mM MOPS pH 6.8, 50 µg/mL BSA, 

50 mM NaCl, 0.15% CHAPS, 30 mM MnCl2/MgCl2). Purified integrase proteins, 

diluted in assay buffer supplemented with 5 mM DTT, were added followed by a 

1.5 hr incubation at 37°C for the 3’processing reaction. Then INSTIs were added 

or not, followed by an additional 1 hr incubation at 37°C in the presence of the 

biotinylated target DNA duplex C/D for the strand transfer reaction to occur. 

Following the strand transfer reaction, the plates were washed three times with 

wash buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween20, 2 mg/mL BSA). 

The plates were then incubated with Eu-labelled Streptavidin (Perkin Elmer) 

diluted to 0.025 µg/mL in wash buffer in the presence of 50 µM DTPA (Sigma). 

After additional washes with the same buffer, Wallac enhancement solution was 

added (Perkin Elmer). The low pH of the enhancement solution caused the 
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charging of conjugated Eu to yield Eu3+ ions. The TRF of Eu3+ in the Wallac 

enhancement solution was measured on FLUOStar OPTIMA multi-label plate 

reader (BMG Labtech) in TRF mode with excitation and emission slits of 355 nm 

and 612 nm respectively.  

3.3.10 3’ processing activity.  

The determination of 3’processing activity of purified recombinant integrase 

proteins by microtiter plate assay was also performed. Briefly, 3’-biotinylated 

DNA duplex E/B was covalently linked to Costar DNA-bind plates under similar 

conditions as for strand transfer. Purified IN was added and after 2 hrs of 

incubation, 3’-biotinylated ends cleaved by the enzyme were washed away and 

the remaining signal measured as described for the strand transfer assay.  

3.3.11 Microplate-based assay for IN-DNA binding.  

An IN-DNA binding assay was established by modifying a previously described 

procedure [497]. Briefly, various concentrations of IN in PBS (pH 7.4) were 

loaded into NUNC FluoroNunc™ microplate wells (200 μL per well) and the plate 

was incubated at room temperature for 2 h;  excess unbound proteins were 

removed by three washes with PBS (200 µL, pH7.4). The plate was then blocked 

with 200 μL PBS/well containing 2% BSA (w/v) for 2h and washed three times in 

PBS. A 5’-rhodamine-labelled LTR duplex (20 nM) was then added in 100 μL of 

binding buffer (20 mM MOPS, pH 7.2, 20 mM NaCl, 5 mM DTT, 7.5 mM MgCl2), 
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and the plate was incubated at room temperature for 1 h. The plate was then 

washed three times in PBS. After removal of the final wash by inversion, 100 μL 

PBS was added to each well, and fluorescence was measured in a FLUOStar 

Optima plate reader (BMG Labtech) at excitation and emission wavelengths of 

544 and 590 nm. All measurements were performed in duplicate, and 

experiments were repeated at least twice.  

3.3.12 Monogram Biosciences PhenoSense replication capacity and phenotyping 

assays 

HIV replication capacity and susceptibility to dolutegravir, raltegravir, and 

elvitegravir were measured as previously described [24]. Briefly, murine leukemia 

virus envelope-pseudotyped viruses bearing the integrase H51Y and R263K 

mutations and a luciferase reporter gene were used to inoculate human 

embryonic kidney HEK-293 cells. The resultant luciferase activity was used to 

calculate changes in both HIV replication capacity relative to a wild-type 

reference strain.  Drug susceptibility was expressed as a fold-change in IC50. 

3.3.13 Data processing.  

All cell-free experiments, except when otherwise indicated, were the result of at 

least 3 sets of experiments, performed in triplicate to yield 9 independent values. 

To determine the kinetic parameters for target-dependent strand transfer activity, 

the results of at least 4 sets of triplicate results (n ≥ 12) were fit to a Michaelis-
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Menten algorithm using GraphPad Prism 4.0. software. IC50 values were 

calculated on the basis of 9 independent experiments performed with wild-type B 

and INR263K enzymes by using the sigmoid dose-response function of the same 

software. Values of strand transfer activity in the absence of drug for each 

experiment were determined arbitrarily as 100%. The extent of resistance for 

individual inhibitors was measured by using an unpaired Student’s t-test with 

Welch’s correction. Mean IC50 values were expressed together with the standard 

error of the mean (SEM). 

3.3.14 Homology modeling.  

Homology models of full-length HIV-1 IN intasome and strand transfer complex 

(STC) were created based on the available partial crystal structures of HIV-1 

integrase [412, 435, 498, 499] and the published intasome [283] and STC [286] 

of PFV using the I-TASSER 3D protein prediction server [432]. Model quality was 

assessed based on root mean square deviation (RMSD) of the global homology 

structure from the PFV lead templates and available HIV-1 IN using the RCSB 

PDB Protein Comparison Tool [443]. Pymol (http://pymol.org/, The PyMOL 

Molecular Graphics System, Version 1.3, Schrödinger, LLC) was used for 

structural visualization and image processing.  
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3.4 RESULTS  

3.4.1 Isolation of R263K mutant viruses with DTG  

Previous serial passage experiments with DTG have led to the emergence of 

T124A, S153F/Y and L101I from HIV-1 subtype B virus [409, 487, 488]. To 

extend these observations, we performed serial passage experiments with DTG 

using  healthy donor primary human cord blood mononuclear cells (CBMCs) 

infected with various subtype B, C and A/G viruses (Table 3.1).  

After 20 weeks, the R263K mutation was observed in all five subtype B (5/5) and 

one of two subtype A/G selections. Of note, only a fraction of the 5326 viral 

population carried this substitution. During the selections, neither L101I nor 

T124A appeared. However, the S153Y substitution was observed in combination 

with R263K for one subtype B virus and S153T was partially detected in one 

subtype C virus. Importantly, the only subtype B or A/G virus that did not bear the 

R263K mutation carried the G118R mutation; the same mutation (G118R) was 

observed in one subtype C virus. The R263K mutation was detected alone or in 

combination with other substitutions that varied among virus strains (Table 3.1). 

R263K emerged early in culture in both subtype B and A/G viruses and was the 

most frequent mutation at weeks 34/37, observable in 4/6 subtype B and A/G 

viruses. At this same time, G118R was present in one subtype C and one 

subtype A/G virus. Various secondary mutations accumulated with R263K and 
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G118R, in particular H51Y, a secondary mutation previously associated with 

EVG resistance [500, 501].  For one subtype B virus, 5326, the initial R263K 

mutation was lost and a single substitution S153Y was detected at week 37. 

Together, these results identified R263K as a common mutation that emerges in 

the presence of DTG and prompted us to further investigate this substitution.  

3.4.2 R263K confers resistance against DTG in vitro.  

To study the R263K substitution in the context of a homogeneous genetic 

background, this mutation was introduced by site-directed mutagenesis into 

pNL4-3 proviral DNA. The resulting pNL4-3IN(R263K) virus and its wild-type 

counterpart, pNL4-3, were produced by transfecting proviral DNA into 293T cells. 

The activity of DTG was tested in TZM-bl cells against pNL4-3 and pNL4-

3IN(R263K) (Table 3.2). Dose-response studies to determine half maximal inhibitory 

concentrations (IC50) showed that DTG inhibited wild-type pNL4-3 with an IC50 of 

3.273 nM (with a 90%-confidence interval of 1.178 to 9.095 nM). The calculated 

IC50 was 36.69 nM (17.49 to 76.98 nM) for pNL4-3IN(R263K). These values were 

statistically different according to the extra sum-of-squares F test (p <0.02). This 

corresponds to a 11.2 fold decrease in DTG susceptibility in the presence of the 

R263K mutation.  
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Table 3.1 Serial passage experiments with CBMCs infected with subtype B, A/G and C HIV-1 viruses in the presence of 

increasing concentrations of DTG. Baseline polymorphisms and acquired substitutions are indicated. 

Subtype Virus Baseline Week 20 Week 37 

    polymorphisms DTG Concentration  
Acquired mutations 

DTG Concentration  
Acquired mutations 

      ( M) ( M) 

B 5331 I72V 0.05 R263K     

  BK-132 M154I, V201I 0.05 W243G/W, R263K 0.05 E138E/K, R263K 

  5326 V72I, I203M 0.05 S153Y, R166K/R, R263K/R 0.05 S153Y 

  PNL4.3 I72V, I113V, L234V 0.05 M50I/M, V151I, R263K 0.05 M50I, V151I, R263K 

  12197 Ral TI I203M 0.01 R263K, D288E 0.025 R263K, D288E 

  WT for INI         (week 34) 

              

AG 6399 V72I, T125A, V201I 0.025 E69E/K, G118R 0.05 G118R 

  96USSN20 V72I, T125A, V201I 0.1 R263K 0.1 H51H/Y; R263K 

              

C 4742 V72I, Q95P, T125A,  0.05 G118R 0.05 H51Y, G118R 

    V201I, I203M         

  96USNG31 V72I, T125A, V201I 0.01 S153S/T 0.025 H51Y, G139E/G 
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Table 3.2 R263K susceptibility to DTG. 

 

 

3.4.3 Characterization of R263K in cell-based assays.  

To analyze how R263K impacts viral infectivity, we performed TZM-bl infection 

assays with increasing amounts of wild-type pNL4-3 and pNL4-3IN(R263K) viruses 

(Figure 3.1A). For both viruses, the measured luciferase activity from TZM-bl 

cells was directly proportional to the amount of virus, measured in ng of p24. 

These experiments indicated that R263K slightly decreases viral infectivity, as 

shown by the reduction in luciferase activity induced by pNL4-3IN(R263K) compared 

to wild-type pNL4-3. Best-fit linear regressions were created for each virus to 

determine the slope as an estimate of infectivity (Figure 3.1B). This analysis 

shows that R263K decreases viral infectiousness by approximately 20%.  

R263K mutation had no effect on reverse transcription. DNA reverse transcripts 

from pNL4-3 and pNL4-3IN(R263K) were quantified in PM1 cells by Q-PCR at 7h 

and 24h after infection (Figure 3.1C). Both viruses produced similar amounts of 

reverse transcripts, suggesting that R263K did not affect RT activity. To test the 

role of integration in decreased infectivity observed with the R263K mutation, we 
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quantified viral integration (Alu-LTR) by Q-PCR (Figure 3.1D), as described 

previously [481].  

 

 

Figure 3.1: The R263K mutation specifically decreases HIV-1 integration. 

(A-B) The R263K mutation in the IN region decreases HIV-1 pNL4-3 infectivity. 

(A) Relative luciferase units (RLU) produced by TZM-bl cells 48h after infection 

with WT and INR263K pNL4-3 viruses. The calculated linear regressions are shown 

as solid lines and the 95% confidence intervals as dotted lines. The results 

presented are representative of three independent experiments. (B) Infectivity of 

wild-type and R263K mutant virus represented by the mean ±SD of the 

calculated slopes for three independent TZMbl infectivity assays (p<0.01, t-test), 

normalized against the wild-type slope, arbitrarily set at 100%. (C) The R263K 
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mutation does not affect HIV-1 pNL4-3 reverse transcripts production. Reverse 

transcription products were measured by Q-PCR at 7h and 24h after infection of 

PM1 cells with wild-type and R263K mutant viruses. Infections were performed in 

duplicate with two different viral stocks for each virus for a total of 4 independent 

infections for each time-point and each virus. Q-PCR reactions were performed 

in duplicate for each sample. Results were normalized for globin gene expression 

and expressed relative to the normalized signal measured for the wild-type virus 

7h post-infection, arbitrarily fixed at 100% for each set of infections. Results from 

non-infected cells (NI) are indicated. Means ±SD are shown. (D) HIV-1 pNL4-3 

integration is diminished in the presence of the R263K mutation. Integrated DNA 

was quantified by Q-PCR in PM1 cells infected with wild-type and R263K pNL4-3 

viruses for 72h. Infections were performed twice in duplicate with two separate 

viral stocks, for a total of 8 independent infections for each virus. Q-PCR 

reactions were performed in duplicate for each sample. Results were normalized 

-globin gene expression and expressed relative to the signal detected for 

wild-type virus, arbitrarily set at 100% for each set of infections. Means ±SD are 

shown.  

3.4.4 Expression and purification of INR263K.  

We next carried out a biochemical characterization of IN carrying the R263K 

mutation. Although arginine (R) and lysine (K) are hydrophilic, basic, and 
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positively charged at neutral pH, with only small differences in their biochemical 

properties, substitution from R to K leads to a change from a guanidine to an 

amine side chain. To investigate the effect of this change on the biochemical 

properties of HIV-1 integrase, the R263K mutation was introduced by site-

directed mutagenesis into the coding sequence of the subtype B integrase 

carrying the solubility mutations F185H and C280S. These latter substitutions 

have been previously shown to increase solubility of recombinant integrase 

without changing its activity in vitro [483, 493]. Both the wild-type and R263K 

enzymes were expressed fused to a hexa-histidine tag and purified 

simultaneously, as previously described [483, 493]. The purity of the recombinant 

enzymes was shown to be better than 90% as measured by gel analysis and 

their identity was confirmed by western blot (not shown).  

3.4.5 Strand transfer and 3’-processing activities of INR263K.  

Since cell-based experiments suggest a defect in the activity of integrase 

carrying the R263K substitution, we analyzed the biochemical properties of the 

wild-type and variant (INR263K) enzymes in cell-free assays. We measured both 

3’-processing and strand transfer activities of the INR263K protein and compared 

the results to those obtained with wild-type IN protein (Figure 3.2). Both assays 

were performed in microtiter plates in the absence of drug inhibitors. First, the 

optimal protein concentration for the strand transfer assay was determined by 
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using increasing amounts of wild-type and INR263K recombinant proteins (Figure 

3.2A). Wild-type IN showed a maximal strand transfer activity at 300 nM whereas 

INR263K reached a maximum at 150 nM. INR263K strand transfer activity was lower 

than wild-type at all protein concentrations.  

 

Figure 3.2: Strand transfer activity of purified recombinant wild-type (IN) and 

R263K (INR263K) integrase proteins.  

(A) Strand transfer activity expressed in relative fluorescent units (RFU) in the 

presence of 3 nM target DNA and variable concentrations of purified recombinant 

protein. (B) Strand transfer activity (RFU) in the presence of 300 nM purified 

recombinant protein and variable concentrations of target DNA. (C) Calculated 

maximum strand transfer activities for wild-type IN and INR263K with variable 

protein or target DNA concentration. The maximum activities in the presence of 
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increasing concentrations of proteins (Protein) were calculated by excluding the 

higher concentration (1200 nM). (D) Calculated Michaelis-Menten constant (Km) 

for purified IN and INR263K.  

 

Similar experiments were also performed in the presence of increasing 

concentrations of target DNA (Figure 3.2B) and saturation curves were 

generated for each enzyme to determine maximal activity. The results indicate 

that INR263K has a lower maximal strand transfer activity than does wild-type IN 

(17,679±503 relative fluorescence units (RFU)/hr for wild-type compared to 

14,166±321 RFU/hr for INR263K), corresponding to a 20% decrease in activity. 

Calculated apparent maximum activities (Vmax) and Michaelis-Menten constants 

(Km) are summarized in Figure 3.2C and 3.2D, respectively. The Km was 1.40 nM 

for wild-type and 2.66 nM for INR263K, confirming the inhibitory effect of the R263K 

mutation on the integration process.  

The strand transfer assay measures both integration steps, i.e. 3’-processing and 

strand transfer of the processed donor DNA to target DNA. To discriminate 

between the two reactions, we measured 3’-processing activity using the purified 

recombinant wild-type and INR263K proteins in separate assays. First, 3’-

processing activity was measured over time (Figure 3.3A). 3’-processing activity 

increased with time, reaching linear progression between 90 and 160 minutes. 



 

177 

Next, we performed similar experiments in the presence of increasing 

concentrations of integrase proteins (Figure 3.3B). Calculated maximum activities 

(Vmax) after 2 hrs were 17,414±277 and 14,489±1,158 RFU for wild-type and 

INR263K enzyme, respectively. The same assay was also performed with 

increasing concentrations of donor LTR DNA (Figure 3.3C). The values for wild-

type and INR263K Vmax were 9,535±946 and 7,404±863 RFU, respectively. 

Calculated Vmax values are summarized in Figure 3.3D. Together, these results 

show that integrase 3’-processing and strand transfer activities were decreased 

by approximately 20% when the R263K mutation was present.  

 

Figure 3.3: 3’-processing activity of purified recombinant wild-type (IN) and 

R263K (INR263K) integrase proteins.  

(A) Time-dependent 3’-processing activity expressed in relative units of time-

resolved fluorescence (RFU) in the presence of 100 nM protein and 10 nM target 
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DNA. (B) 3’-processing activity (RFU) after 2 h incubation with 10 nM target DNA 

and increasing concentrations of protein. (C) 3’-processing activity (RFU) after 2 

h incubation with 400 nM protein and increasing concentrations of target DNA 

(LTR). (D) Calculated maximum 3’-processing activities for WT IN and INR263K 

with variable protein or target DNA concentration.  

 

3.4.6 Effects of the R263K mutation on susceptibility to INSTIs in vitro.  

Next, we measured the effects of DTG, EVG, RAL, and MK-2048 on wild-type 

and INR263K enzymes in vitro (Table 3.3). Strand transfer assays were performed 

with the wild-type and mutant IN, in the presence of increasing concentrations of 

each of these drugs and the resulting strand transfer activity was measured.  

Dose-response curves were calculated to determine IC50 values. DTG inhibited 

wild-type and R263K IN with an IC50 of 3.49 nM and 3.74 nM, respectively. The 

95% confidence interval for INR263K was wider than that for wild-type enzyme, 

with a higher limit that was twice that of wild-type integrase. Our results indicate 

that R263K confers marginal resistance to EVG (1.8 fold change) with the same 

trend observed in the 95% confidence interval for the variant enzyme as 

observed for DTG. In addition, our results show that R263K slightly increases 

integrase susceptibility to RAL and MK-2048. None of the drugs tested showed 

any significant inhibition of 3’ processing (not shown), as previously reported 

[287]. 
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Table 3.3 Effects of R263K mutation on half-inhibitory concentrations (IC50, nM) and 95% confidence intervals (nM) for 

various INSTIs. 

  DTG RAL EVG MK-2048 

  IC50 95% Confidence 

intervals 

IC50 95% Confidence 

intervals 

IC50 95% Confidence 

intervals 

IC50 95% Confidence 

intervals 

IN 3.485 2.672 to 4.546 10.38 7.407 to 14.54 1.239 0.4682 to 3.278 2.578 1.923 to 3.455 

INR263K 3.738 1.589 to 8.796 6.587 2.863 to 15.15 2.170 0.5246 to 8.977 1.472 0.5283 to 4.104 
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3.4.7 Addition of H51Y to R263K  

In experiments with purified integrase enzyme, the H51Y substitution was found to have 

no effect on wild-type activity but in when combined with R263K, the double mutant 

showed increased loss of wild-type strand transfer activity compared to the R263K in 

isolation (Figure 3.4B).  

 

Figure 3.4: H51Y reduces viral infectivity of integrase R263K virus by reducing 

integration.  

(A) pNL4.3IN(WT), pNL4.3IN(H51Y), pNL4.3IN(R263K), and pNL4.3IN(H51Y/R263K) 

infectivity was measured as the luciferase activity expressed in relative luminescent 

units (RLU) in the presence of increasing concentrations of virus (in ng of p24 antigen). 

(B)Strand transfer activity (in RFU/h) in the presence of 450 nM purified recombinant 

protein and the indicated concentration of target DNA. 

  

This effect was also observed in  cell culture with a drastic impact of the H51Y mutation 

on the infectivity of an R263K containing virus (Figure 3.4A) as measured by the 

Monogram Phenosense Integrase assay (Table 3.4). Conversely, the H51Y/R263K 
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combination resulted in higher levels of DTG resistance  than R263K in isolation, with 

significant observed cross-resistance to EVG (Table 3.4). 

Table 3.4: H51Y increases resistance of R263K containing virus to DTG and EVG but 

drastically reduces viral replication. 

 

 

3.4.8 In silico studies of R263K  and H51Y/R263K mutant integrase.  

The crystal structures of integrase from the prototype foamy virus (PFV) bound to DNA 

[283, 286] and DTG [290] have recently been elucidated. Other studies demonstrated 

that the structure of the HIV-1 IN is analogous to that of PFV [282, 284, 290]. 

Accordingly, we used protein data bank (PDB) IDs 3L2R [283], 3S3M [290] and 3OS0 

[286] as starting points for structural refinement of wild-type and R263K intasome, drug-

bound intasome, and the strand transfer complex (STC) respectively. Modeled HIV-1 

integrase structures showed good global agreement with their template structures and 

with each other (Figure 3.5A). When integrase intasome and STC models were overlaid 

with the DNA ligands of their respective templates, R263 in wild-type integrase was 
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within 4Å of the viral long terminal repeat (LTR) fragment in both the intasome (not 

shown) and STC (Figure 3.5A).  

 

Figure 3.5: In silico studies of the wild-type and R263K integrase proteins.  

(A-D) Overlay of the WT IN and INR263K integrase proteins, intasome, and strand 

transfer complex models with the viral LTR DNA and target DNA. The tetrameric IN 

structure is composed of the inner and outer subunits. (B) Detailed view (8Å) of the 

overlay showing proximity between residue 263 (R or K) in one of the outer subunits and 

the viral LTR. (C) Detailed view (12Å) showing the pronounced shift in localization and 

orientation of residue R262 in the presence of the R263K mutation at the vicinity of the 
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target DNA in one of the inner subunits. (D) Close-up overlay showing the relative 

positions of the D64D116E152 core catalytic residues in the WT and INR263K enzymes 

in the inner subunits.  

 

The R263K mutation brings the R262 and K263 residues closer to the viral LTR mimic 

(Figure 3.5B), possibly affecting LTR binding. The short length of the LTR template 

prevented proper analysis of these differences in integrase-DNA interactions, but it is 

possible that this basic rich region, which has already been shown to be important for 

DNA binding and 3’ processing [502, 503], has more DNA interactions than are obvious 

from modeling. A more dramatic spatial and orientation shift of R262 relative to its wild-

type position was observed in the inner integrase subunits (Figure 3.5C), causing steric 

clashes that translate to the target DNA binding site and the active site periphery. A 

close-up of one active site shows insignificant differences in the relative positions of the 

D64D116E152 catalytic residues between wild-type and R263K (Figure 3.5D), leading to 

the conclusion that the reduction in both integrase activities caused by this mutation is 

the effect of altered DNA substrate interactions. Additionally, in looking at the impact of 

the H51Y mutation, a comparison of wild-type IN (Figure 3.6A) to H51Y IN (Figure 3.6B) 

revealed no significant differences in secondary structure; however, a comparison of 

wild-type to R263K (Figure 3.6C) and H51Y/R263K (Figure 3.6D) demonstrated 

incremental disruptions in orientation of R262 and K264 that may contribute to viral DNA 

interactions [502, 504], resulting in a larger scale disruption of electrostatic interactions 
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in the C-terminus of integrase, which are transferred to key residues in INSTI drug 

resistance, P145, Q148 and Y143 [504]. Additionally, in the case of both R263K and 

H51Y/R263K, the orientation of the residue at position 51 is inverted (Figure 3.6C and 

3.6D), which may have an impact on HIV-1 DNA binding ability, explaining the loss in 

fitness of the R263K and H51Y/R263K viruses. 

 

3.4.9 R263K impairs IN-DNA binding in vitro.  

To confirm our in silico studies, we performed in vitro IN-DNA binding assays using 

increasing concentrations of both wild-type IN and R263K IN (Figure 3.7). DNA binding 

was detected within a range of 62.5 to 2000 nM of  purified IN. The results show that IN-

DNA binding was significantly reduced in experiments performed with R263K as 

opposed to wild-type IN.  These experiments confirm that the R263K mutation 

decreases IN-DNA binding under cell-free conditions  
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Figure 3.6: Effect of residues at position 51 and 263 on local side-chain electrostatic 

interactions and side-chain mobility in IN CTD.  

(A) INwt (turquoise backbone) ; (B) INH51Y (purple backbone); (C) INR263K (salmon 

backbone) and (D) INH51Y/R263K (Dark green backbone). Highlighted residues are 

shown as sticks within partly transparent space-filling structures coloured according to 

standard atomic colouration. Suspected hydrogen-bonding (<3.5Å) and electrostatic 

interactions (<4.5 Å) are represented by dotted black lines. 
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Figure 3.7: DNA-binding activity of purified recombinant wild-type (IN) and R263K 

(INR263K) integrase proteins.  

DNA-binding expressed in relative fluorescence units (RFU) in the presence of 10 nM 

target DNA and increasing concentrations of protein.  

 

3.5 DISCUSSION 

To extend previous studies [409, 487, 488], we performed in vitro selection experiments 

with DTG using viruses of several subtypes, B, C and A/G. The inclusion of non-B 

viruses in this study was necessary since such variants represent more than 90% of the 

HIV-1 pandemic [470]. It is important to determine the role that subtype-specific 

polymorphisms might play in the emergence of DTG-resistance [469].  

Our serial passage study did not lead to the isolation of highly resistant viruses, in 

agreement with previous selection studies [409, 487, 488]. Our results show that 

subtype A/G and C viruses are not more likely to develop resistance to DTG than 
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subtype B viruses. Furthermore, we report the selection of several mutations with DTG 

in vitro, with R263K being the most common after 20 weeks of culture, i.e. 6/9 viruses. 

R263K was present in the selections with all five subtype B (5/5) and 1 of 2 A/G viruses 

(Table 3.1). At weeks 34-37, this mutation was detected in 3 of 4 B and 1 of 2 A/G 

subtypes. R263K was absent in the subtype C selections, although not enough viruses 

may have been tested. The partial R263K substitution identified at week 20 with the 

subtype C 5236 virus was replaced by S153Y after 37 weeks (Table 3.1). S153Y was 

previously documented during serial passage experiments with DTG [409]. Whether 

resistance or fitness accounts for the change from R263K to S153Y is currently under 

investigation.  

Initially, R263K was identified as a secondary resistance mutation for EVG, arising in the 

presence of the major resistance mutation T66I [500] and has also been reported in 

patients treated with RAL [491]. Other selection studies with EVG did not show the 

emergence of R263K [501]. Most resistance mutations emerge from within the catalytic 

core domain (a.a. 50 to 212). Of more than 33 amino acids involved in resistance to 

INSTIs, only 2 (6%) are located in the C-terminal region of integrase. Hence, R263K, 

which is also located in this region, is an unusual mutation. We have shown that IN 

carrying R263K is less active than wild-type IN, resulting in a decrease in infectiousness 

(Figure 3.1A-B), that correlates with a specific decrease in viral DNA integration (Figures 

3.1C-D). These results agree with biochemical studies that confirmed that INR263K is 

impaired in regard to integration (Figure 3.2). In fact, each of infectivity in TZM-bl cells as 
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well as  both 3’ processing and strand transfer activities with variable DNA substrates 

were all reduced by approximately 20% if the R263K mutation was present (Figures 3.1, 

3.2 and 3.3).  Although R263K was shown in a previous study to be devoid of significant 

impact on DNA binding on its own, the presence of  three mutations, i.e. 

R262D/R263V/K264E, severely impaired the ability of integrase to bind and cleave DNA 

[502]. In contrast, our results show that DNA binding is inhibited in the presence of the 

single R263K mutation. This discrepancy may be due to the fact that previous workers 

used only a minimal DNA-binding region to test for DNA binding (IN210-270) [502]. In 

addition, our data show that both 3’-processing and strand transfer activities were 

impeded by the R263K mutation (Figures 3.2 and 3.3), highlighting the importance of the 

R263 residue for integrase activity. In silico studies (Figure 3.5) supports this 

observation, since R263K can mediate structural changes in the HIV-1 IN intasome and 

strand transfer complex, ultimately impacting on integrase catalytic activities. Indeed, 

structural modeling of the HIV-1 intasome and strand transfer complex suggests that 

R263K causes a deviation in the spatial positioning and orientation of R262 in both the 

inner and outer subunits of IN. In the inner subunit, this deviation possibly affects IN-

target interactions and hence strand transfer. The coordination of Mg 2+ by D64D112E152 

does not appear to be significantly affected by the R263K mutation.  

Structural modeling might also shed light on experimental differences between cell-

based and biochemical cell-free assays. Despite its selection in cell culture with DTG 

(Table 3.1) and a modest-level of resistance to DTG in cell-based assays (Table 3.2), 
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R263K did not confer significant levels of resistance to DTG in cell-free biochemical 

assays (Table 3.3). The difference between cell culture and biochemical assays could 

be due to the regulation of biological events that are not measured in vitro with  purified 

recombinant proteins For example, the presence of cellular co-factors that are important 

but non-essential for integrase activity in vitro and that are not included in the strand 

transfer assay could play an important role. Furthermore, the polypeptide 262-RRKAK-

266 has recently been identified as important for integrase nuclear import [505]. Whether 

interaction with cellular co-factors and nuclear localization contribute to susceptibility to 

INSTIs is unknown. We previously identified another substitution, G118R, that also 

translates into a decrease in integrase activity and confers resistance to MK-2048 [481]. 

In this regard, integrase activities with other DTG-associated mutations [409] remain to 

be investigated. Importantly, neither these mutations nor R263K confers major 

resistance to DTG in cell culture or in vitro, confirming the potency of this drug. 

Interestingly, it is possible that second-generation INSTIs may favour the selection of 

R263K in subtype B viruses whereas G118R may be favoured in subtype C. 

A number of secondary mutations, M50I, H51Y, E138K, V151I and D288E, were co-

selected with R263K in the various cultures (Table 3.1). The absence of homogeneity in 

these secondary mutations suggests that they do not result in a major resistance 

pathway, although combination of these substitutions with R263K by site-directed 

mutagenesis will be necessary to confirm this point. M50I and D288E are natural 

polymorphisms detected in clinical isolates (http://hivdb.stanford.edu/, Stanford 
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University HIV drug resistance database). V151I is a polymorphic substitution that has 

been selected by several INSTIs, without having significant effects on RAL and EVG 

susceptibility [506-509]. H51Y is a E92Q-linked secondary mutation selected in the 

presence of EVG in vitro and in patients [501, 508]. Our current data suggests that the 

H51Y mutation does not compensate for the primary resistance mutation R263K  but 

rather has an additional detrimental effect on IN-associated viral fitness and infectivity 

when R263K is present (Figure 3.5; Table 3.4). We believe that the fitness cost of the 

unique H51Y/R263K combination explains the absence of resistance mutations in 

previously drug-naïve patients treated to date with DTG. 

In addition to R263K, our study shows that G118R was also occasionally selected with 

DTG (Table 3.1). We have previously shown that G118R is selected in vitro by MK-2048 

and confers resistance to this INSTI [481]. Here, we also show that G118R emerged 

with subtype C and A/G viruses selected with DTG. No subtype B virus displayed this 

mutation over the course of the selection. Despite this, G118R was the second most 

common substitution observed during in vitro selection with DTG. From these studies 

and others [290], it appears that G118R bears further investigation in the context of DTG 

and MK-2048 and DTG.  
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Chapter 4  

Biochemical analysis of the role of G118R-linked dolutegravir drug 

resistance substitutions in HIV-1 integrase 

 

The majority of work presented in this chapter was previously published in the journal 

Antimicrobial Agents and Chemotherapy article below: 

 Quashie PK, Mesplède T, Han YS, Veres T, Osman N, Hassounah S, Sloan R, Xu 

HT, Wainberg MA. Biochemical analysis of the role of G118R-linked dolutegravir 

drug resistance substitutions in HIV-1 integrase. Antimicrob Agents Chemother. 2013 

Dec;57(12):6223-35. doi: 10.1128/AAC.01835-13. Epub 2013 Sep 30. 

PKQ designed the project, performed most of the biochemistry, all the in silico 

simulations, and wrote the manuscript. TM performed molecular biology and edited the 

manuscript, YH, TV, NO and SH performed additional experiments, RS and HX helped 

in experimental design, MAW supervised the work and edited the manuscript.  

 

 

 

 

 



 

 193 

4.1 Abstract 

Drug resistance mutations (DRMs) have been reported for all currently approved anti-

HIV drugs, including the latest integrase strand transfer inhibitors (INSTIs). We 

previously used the new INSTI dolutegravir (DTG) to select a G118R integrase 

resistance substitution in tissue culture and also showed that secondary substitutions 

emerged at positions H51Y and E138K. Now, we have characterized the impact of the 

G118R substitution, alone or in combination with either H51Y or E138K, on 3' 

processing and integrase strand-transfer activity. The results show that G118R primarily 

impacted the strand transfer step of integration by diminishing the ability of integrase-

LTR complexes to bind target-DNA. The addition of H51Y and E138K to G118R partially 

restored strand transfer activity by modulating the formation of integrase-LTR complexes 

through increasing LTR-DNA affinity and total DNA binding, respectively. This unique 

compensatory mechanism in which one function of HIV integrase partially compensates 

for the defect in another function, has not been previously reported. G118R resulted in 

low-level resistance against DTG, raltegravir (RAL) and elvitegravir (EVG).  The addition 

of either of H51Y or E138K, to G118R did not enhance resistance against DTG, RAL, or 

EVG. Homology modeling provided insight into the mechanism of resistance conferred 

by G118R as well as the effects of H51Y or E138K on enzyme activity. The G118R 

substitution therefore represents a potential avenue for resistance against DTG, similar 

to that previously described for the R263K substitution. For both pathways, secondary 
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substitutions can lead to either diminished integrase activity or increased INSTI 

susceptibility. 
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4.2 Introduction 

The HIV integrase enzyme catalyzes the insertion of viral DNA into host DNA, a process 

known as integration [510]. In a reaction termed 3' processing, integrase recognizes and 

cleaves off a dinucleotide GT downstream of a conserved dinucleotide CA signal located 

within the last 15 bps of the long terminal repeats (LTR) that flank the viral DNA and this 

effectively creates new 3’- hydroxyl ends [511]. The second step in integration, termed 

strand transfer, is the integrase-mediated insertion of the processed viral DNA into host 

DNA by a 5- base-pair staggered cleavage of target-DNA.  The exposed 3’- hydroxyl 

groups on the viral insert interact with exposed 5’- phosphates on the host DNA. 

Integration, which occurs primarily in highly expressed genes [512], causes the host 

machinery to transcribe viral genes and leads to successful propagation of viral 

particles.  Integration is essential for productive infection and the establishment of viral 

persistence; therefore, integration was an early choice for the development of inhibitory 

compounds [513]. 

The development of in vitro microtiter plate-based biochemical assays for the 

measurement of the various biochemical activities of integrase facilitated compound 

screening and identification of viable integrase inhibitors [276]. The first specific 

integrase inhibitors, identified in 2000 [276], possessed diketoacid motifs and targeted 

the strand transfer activity of integrase; these compounds were thus termed integrase 

strand transfer inhibitors (INSTIs). The first INSTIs to be approved for therapy were 

raltegravir (RAL) in 2007 [211] and elvitegravir (EVG) in 2012 [514]. These compounds 
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have been shown to be highly potent, bioavailable inhibitors of integrase strand transfer 

[414], but have demonstrated low-moderate genetic barriers to the development of drug 

resistance substitutions (DRMs) [515]. There are three major pathways that are involved 

in resistance for RAL, commencing with substitutions at any of positions 155, 143 or 148 

[317, 515, 516]]; EVG exhibits extensive cross-resistance with RAL due to substitutions 

at positions 155 and 148 [311, 336, 349, 515] and demonstrates other resistance 

pathways as well. This cross-resistance between RAL and EVG has necessitated the 

development of other INSTIs that possess higher barriers to resistance development as 

well as non-overlapping resistance profiles.  

A newer INSTI, dolutegravir (DTG), has been shown in both preclinical and clinical 

studies to have higher potency and a higher barrier to resistance than either RAL or 

EVG [361]. DTG [154, 366, 373, 386, 414, 517-520] also binds to integrase protein with 

a longer residence time than either RAL and EVG [368] and has yet to select for 

resistance substitutions in HIV-positive previously antiretroviral (ARV)-naive patients 

receiving ARVs for the first time, despite having been used over a period of 96 weeks 

[154, 366, 521]. It is important to better understand the resistance profile of DTG as well 

as to determine whether differences in HIV subtype might ultimately affect the clinical 

performance of this drug. 

We previously identified a G118R substitution in the integrase of subtype C HIV through 

cell-culture selections; G118R resulted in moderate levels of resistance to an 

experimental INSTI MK-2048 [352] and was also observed in a patient harboring HIV-1 
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CRF02_A/G virus in whom it conferred high level resistance to RAL [408]. Prior to these 

reports, G118ACR mutants had only been selected in cell culture with the early INSTI S-

1360, resulting in resistance to this compound [411].  More recent cell culture selections 

with  DTG selected for the G118R substitution in subtype C and CRF02_A/G clonal 

viruses but not in subtype B viruses [418]. In our MK-2048 selections, E138K was a 

secondary substitution that appeared after G118R and seemed to partially rescue its 

replication activity as well as to enhance resistance levels to MK-2048 [352]; E138K was 

also observed as a secondary substitution in one instance alongside R263K, the most 

common substitution associated with resistance to DTG in selection studies [418], 

although the role of E138K in the R263K resistance pathway has not been 

characterized. The primary RAL substitutions Q148H/K/R are often found together with 

E138K as a second or third substitution and, in this context, E138K has been shown to  

restore fitness and enhance resistance [317, 414]. 

The H51Y substitution was first reported as a secondary substitution to E92Q in the 

context of EVG treatment.  It has also recently been observed as a secondary 

substitution to both R263K and G118R in DTG passage experiments [177, 418]. In our 

recently published work, we observed that the double mutant H51Y/R263K had lower 

LTR binding affinity and resulted in a virus that was less fit and less infectious than that 

containing only R263K [177]. 

Here we present a biochemical characterization of subtype B integrase proteins that 

harbor the G118R substitution, in isolation or in combination with either of the secondary 
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substitutions H51Y and E138K. We investigated the impact of these substitutions on the 

strand transfer activity of integrase and its ability to bind to substrates, i.e. the LTR and 

target-DNA. We also present homology modeling of the active site of integrase, based 

on the published foamy virus (PFV) strand transfer complex [380], and explain the cross-

resistance profiles of integrase proteins for the three clinically relevant INSTIs, i.e. DTG, 

RAL and EVG. This work provides a detailed analysis of mechanistic, structural and 

sequence specific factors that may affect the in vivo development and maintenance of 

resistance substitutions and may be instrumental in predicting resistance pathways for 

INSTIs. 
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4.3 Materials and Methods 

4.3.1 Antiviral compounds  

The integrase inhibitor drugs RAL was provided by Merck & Co. Inc.; EVG and DTG 

were kindly provided by Gilead Sciences and GlaxoSmithKline, respectively. Prior to 

use, compounds were solubilised in dimethyl sulfoxide and stored at -20°C. All other 

reagents used were enzyme grade and of the highest available purity. 

4.3.2 Site-directed mutagenesis 

The generation of a pET-15b expression plasmid containing soluble wild-type (WT) HIV 

subtype B integrase has already been described [305, 359]. PCR-mediated site-directed 

mutagenesis was performed on this plasmid to yield plasmid DNA encoding the G118R 

substitution, either in isolation or together with one of two additional substitutions, H51Y 

or E138K. The following primers were used for mutagenesis: G118R 

(CCAGTAAAAACAGTACATACAGACAATCGCAGCAATTTCACC); G118R_antisense 

(GGTGAAATTGCTGCGATTGTCTGTATGTACTGTTTTTACTGG); H51Y 

(CTAAAAGGGGAAGCCATGTATGGACAAGTAGACTGTA); H51Y_antisense 

(TACAGTC TACTTGTCCATACATGGCTTCCCCTTTTAG); E138K_sense 

(GGCGGGGATCAAGCAGA AATTTGGCATTCCCTA); and E138K_antisense 

(TAGGGAATGCCAAATTTCTGCTTGAT CCCCGCC). Plasmid DNA was amplified and 

maintained in E. coli XL10-Gold ultracompetent cells Tetr, Δ(mcrA)183, Δ(mcrCB-

hsdSMR-mrr)173, endA1, supE44, thi-1, recA1, gyrA96, relA1, lac Hte, [ F', proAB, 
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lacIqZΔM15, Tn10(Tetr) Amy Camr] (Stratagene). Successful mutagenesis was 

confirmed by sequencing (Genome Quebec).  

4.3.3 Protein expression, purification and quantification  

Plasmids bearing either WT or a G118R mutated IN gene were transformed into 

BL21(DE3) Gold cells F–, ompT, hsdS(rB
-, mB

-), dcm+, Tetr, gal, (DE3), endA Hte 

(Stratagene) for protein expression. Luria-Bertani (LB) broth (Multicell), prepared in 

MilliQ water and supplemented with 100 µg/mL ampicillin, was used for all bacterial 

growth. Expression and purification of integrase recombinant proteins were performed 

as previously described for His-tagged integrase [418]. Fractions containing purified 

integrase as judged by SDS-PAGE were dialyzed into storage buffer (20 mM Hepes, 1 

M NaCl, 1mM EDTA, 5 mM DTT, 10 % glycerol, pH 7.5) with a molecular cut-off of 30 

kDa. Protein concentrations were measured using a calculated extinction coefficient of 

50420 M-1cm-1[418]. Protein aliquots could be kept for several months at -80ºC without 

significant loss of activity or integrity. 

4.3.4 DNA substrates for in vitro assays  

All oligonucleotide substrates were purchased from Integrated DNA Technologies (IDT, 

Coralville, IA, USA). The following oligonucleotides were used for strand transfer assays: 

pre-processed donor LTR-DNA sense (A): 5'AmMC12-

ACCCTTTTAGTCAGTGTGGAAAATCTCTAGCA-3' and antisense (B): 5'-

ACTGCTAGAGATTTTCCACACTGACTAAAAG-3'; target-DNA: sense (C): 5'-

TGACCAAGGGCTAATTCACT-3Bio-3' and antisense (D): 5'-
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AGTGAATTAGCCCTTGGTCA-3Bio-3'. The following oligonucleotides were used for 

LTR-DNA binding assays: (E) 5'-CTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3' and 

(F) 5'-/Rhodamine-XN/ACTGCTAGAGATTTTCCACACTGACTAAAAG-3'. For 3' 

processing assays, primer B was used together with the LTR-3'-sense oligonucleotide 

(G): *5'AmMC12-ACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-BioTEG-3'. All 

these oligonucleotides have been previously described [177, 418, 450, 451]. Functional 

DNA duplexes were made by combining equimolar amounts of sense and antisense 

primers to appropriate concentrations in low-chelate TE buffer (10 mM Tris, 0.1mM 

EDTA pH 7.8), heated for ten minutes at 95ºC, and annealed by slow cooling to room 

temperature over a period of 4 hours. Duplexes were stored at -20°C for several months 

without loss of integrity. 

4.3.5 Preparation of pre-processed LTR-coated plates for strand transfer activity 

Eighty μL of pre-processed viral LTR-mimic (donor DNA) duplex A/B, diluted to 150 nM 

(except as dictated by experiment design) in PBS pH 7.4 (Bioshop), was covalently 

linked to Costar DNA-Bind 96-well plates (Corning#2499) by overnight incubation at 

4°C; negative control wells lacked any DNA duplex. The plates were blocked with 0.5% 

BSA in blocking buffer (20 mM Tris pH 7.8, 150 mM NaCl) and were stored in blocking 

buffer for several weeks without detectable loss in integrity. Before use, the plates were 

washed twice with each of PBS pH 7.4 and assay buffer (50 mM MOPS pH 6.8, 50 

µg/mL BSA, 50 mM NaCl, 0.15% CHAPS, 30 mM MnCl2/MgCl2) except as dictated by 

experimental design.  
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4.3.6 Protein calibration for strand transfer activity 

The optimum concentration of protein to use in subsequent strand transfer experiments 

was determined by titrating protein concentration (effective [protein]= 0-1.8μM) in the 

presence of varying target-DNA concentrations (0-128nM). Pre-processed LTR-coated 

plates were prepared as described above. Purified integrase proteins, diluted 

appropriately in assay buffer supplemented with 5 mM DTT, were added followed by a 

30 min incubation at room temperature to allow for assembly of integrase onto the pre-

processed LTR duplexes. Biotinylated target-DNA duplex C/D was added and the plates 

were incubated for 1 h at 37°C (except when specified otherwise) for the strand transfer 

reaction to occur. The plates were then rinsed three times with wash buffer (50 mM Tris 

pH 7.5, 150 mM NaCl, 0.05% Tween20, 0.2 mg/mL BSA) and incubated with Eu-labeled 

Streptavidin (Perkin Elmer) diluted to 0.025 µg/mL in wash buffer in the presence of 50 

µM DTPA (Sigma). After additional rinses with wash buffer, 100 μL of Wallac 

enhancement solution (Perkin Elmer) was added. Ionization of conjugated-Eu to free 

aqueous Eu3+ is caused by the low pH of the enhancement solution (pH <4). Excitation 

of Eu3+ ions by incident wavelength at 355 nm resulted in time-resolved emission of 

fluorescence (TRF) that was measured at 612 nm on a FLUOStar OPTIMA multi-label 

plate reader (BMG Labtech) in TRF mode.  

Protein concentrations that yielded the highest activity (300 nM) as measured by RFU 

were chosen for subsequent experiments. A common target concentration was also 

chosen in this experiment for subsequent experiments.  
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4.3.7 Time-phase strand transfer activity assay 

Pre-processed LTR plates were prepared and washed as above. Fifty μL of reaction 

buffer (assay buffer supplemented with 5 mM DTT) were then added to each well. At 

time intervals of 10 min, 50 μL of 3X WT integrase enzyme (900 nM) was added to one 

column of wells followed immediately by addition of 50 μL of target-DNA (0-128 nM). 

Incubation at 37°C follows immediately to initiate transfer reaction in that column. All 

transfers between the incubator and pipetting station were done with the aid of heating 

blocks pre-calibrated to 38°C; this reduced temperature variations that might have 

impacted ongoing strand transfer reactions. After two hours, integrase and target were 

added to the final column and the plates were immediately inverted to stop the reactions. 

The plate was quickly washed three times with wash buffer to remove all traces of 

unreacted protein and target. All subsequent steps of the assay were as described 

above for the strand transfer assay. Following detection of TRF, the raw data was 

processed in GraphPad Prism V5.0 (GraphPad Software, San Diego California USA, 

www.graphpad.com) using Michaelis-Menten settings, and kinetic parameters obtained 

for the particular enzyme employed. Departure from linearity for data-points in the range 

of 0- 70 min were tested using linear regression analysis in GraphPad Prism. The mean 

of at least three independent experiments is reported.  

4.3.8 Fixed [LTR]- variable [target] strand transfer activity assay 

In order to obtain kinetic activity parameters for WT and variant integrase proteins, 

strand transfer reactions were carried out as described based on the same design as 
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that for the protein calibration assay described above.  The major difference is that 

effective LTR and integrase concentrations 80 nM and 300 nM, respectively, were used 

for these assays. All other experimental procedures were as described above. The 

mean of at least three independent experiments, each performed in triplicate for each 

integrase protein was calculated. The data were analyzed using Michaelis-Menten 

kinetics in GraphPad Prism.  

4.3.9 Variable [LTR]- variable [target] strand transfer activity assay 

In order to test the binding dynamics of LTR mimic and target-DNA, twelve 

concentrations of pre-processed LTR-DNA mimic (effective assay concentrations: 0-160 

nM) were used to coat Costar DNA-Bind 96-well plates as described above. The plates 

were incubated overnight at 4°C, followed by an overnight incubation with blocking 

buffer (4°C). An equimolar amount of integrase (effective concentration = 450 nM) was 

added to each well followed by 50 μL of 0-128 nM target-DNA. The plates were then 

incubated at 37°C. After 1 h, the reaction was stopped by inversion of the plates 

followed by appropriate washing, and the Eu-Streps hybridization and detection steps. 

Data for three independent experiments for each integrase protein were fit by GraphPad 

Prism to the user-defined bisubstrate equilibrium-ordered kinetic equation [522, 523] 

shown below: 

KApp =Kb (A+Kia)/A 

V =VmaxB/(KApp+B) 
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In the above equations, A= [LTR] in nM, B= [Target] in nM, Kia refers to the stability of 

the enzyme-LTR complex, V refers to enzyme activity in RFU/h, Vmax refers to the 

maximum activity in RFU/h, KApp refers to the apparent Km for target observed for a 

given concentration of LTR. To reflect the likely order of substrate addition in vivo, LTR 

was assumed to bind first, followed by target-DNA.  

4.3.10 LTR-DNA binding assay   

The LTR binding ability of our purified integrase proteins was measured as previously 

described [451]. Briefly, Corning® 96 well black flat bottom polystyrene high bind 

microplate wells (Corning #3925) were coated overnight at 4°C with HIV integrase 

proteins (500 nM) diluted in PBS pH 7.4; negative control wells were only incubated with 

PBS. Unbound proteins were removed by rapid inversion and subsequent wash with 200 

μL/well of PBS (pH 7.4). The plates were then blocked with 200 μL of PBS (pH 7.4) 

containing 5% BSA at room temperature for 2 h. After blocking, the coated plates were 

washed twice with PBS and once with binding buffer (20 mM MOPS pH 7.2, 20 mM 

NaCl, 7.5 mM MgCl2, 5 mM DTT). Fluorescently labeled RhoR-LTR  (duplex E/F: 0- 200 

nM) was then added into each well, and the plates were incubated at room temperature 

in the dark for 1 h. After the incubation, the reaction mixtures were removed by rapid 

inversion and plates washed 3 times with 200 μL of PBS. After removal of the final wash, 

100 μL of PBS were added to each well and the fluorescent signals were measured at 

an excitation wavelength of 544 nm and an emission wavelength of 590 nm using a 

FLOUstar Optima plate reader.  
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Control reactions without IN (protein-free) or LTR were performed under the same 

reaction conditions to monitor the background signal (Bbackground). Reactions with 

immobilized HIV-1 IN under different conditions were performed to measure the total 

binding activity (Btotal). The HIV-1 IN DNA binding activity for each sample was 

calculated using the following equation: 

BAsample = (Btotal – Bbackground) 

To determine the apparent Kd value, IN (500 nM) was incubated with increasing 

concentrations of RhoR-LTR (from 0 to 200 nM), and the Kd value was calculated by 

directly fitting the titration curve using GraphPad Prism with nonlinear one-site binding 

regression. 

4.3.11 3' processing assay   

The determination of 3' processing activity of the purified recombinant integrase proteins 

was performed as previously described [450]. Briefly, 3’ biotinylated LTR duplex G/B 

was covalently linked at varying concentrations (0-36 nM)  to Costar DNA-bind plates 

under similar conditions as for strand transfer.  To initiate 3' processing, purified 

integrase protein (300 nM) in reaction buffer  (50 nM MOPS pH6.8, 50 mg/mL BSA, 50 

mM NaCl, 20 mM MnCl2, 0.015% CHAPS, 5 mM  DTT) and the plates were incubated at 

37°C. Negative protein control wells had only reaction buffer added. After 2h of 

incubation, the plate was quickly washed three times with wash buffer to remove all 

traces of protein and cleaved 3'GT-BIOTEG. All subsequent steps of the assay were as 

described above for the strand transfer assay with the exception of data analysis. For 
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each plate and concentration of LTR, four negative protein controls contained 

unprocessed LTR and the average signal from these represented the maximum possible 

TRF signal (3'OH max). For each protein, the TRF signal observed (3'OHobs) represented 

unprocessed LTR. Thus the TRF signal representing actual 3' processing activity 

(3'OHactual) was determined by the calculation:  

(3'OHactual) =   (3'OH max) - (3'OHobs)  

The calculated 3' processing readings (n≥8) were then processed in GraphPad Prism to 

yield 3' processing kinetic parameters for the particular integrase protein employed.  

4.3.12 Competitive inhibition of strand transfer inhibition by DTG, RAL and EVG 

The susceptibilities of our purified integrase proteins to INSTIs were tested in 

competitive inhibition assays using the compounds DTG, RAL and EVG. Drug stock 

solutions were prepared as 6× working solutions at a concentration of 6 µM and 

subsequently serially diluted 4-fold in compound dilution buffer (assay buffer containing 

10% DMSO) to concentrations between 1.2- 6000 nM; inhibition assays were performed 

in the presence of varying target-DNA concentrations (0-128 nM). Briefly, pre-processed 

LTR-coated plates (effective LTR concentration= 160 nM) were prepared as described 

above. Purified integrase proteins (effective concentration= 300 nM) in assay buffer 

supplemented with 5 mM DTT were added to each well followed by a 30 min incubation 

at room temperature to allow for assembly of integrase onto the pre-processed LTR 

duplexes. Twenty-five μL of appropriately diluted compound were added to each well 

followed immediately by 25 μL of appropriately diluted biotinylated target-DNA duplex. 
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The plates were then incubated for 1 h at 37°C, followed by the usual post strand 

transfer steps described above. Data from three independent competition assays for 

each protein were fit to the competitive inhibition algorithm using GraphPad Prism.  

Inhibitory constants (Ki) calculated by this algorithm were transformed to fold-change 

(FC) values by division with the Ki value for WT B integrase enzyme. 

Data processing.  

All cell-free experiments presented herein, except when otherwise indicated, were the 

result of at least 3 independent sets of experiments. When relevant, statistical 

significances of differences between datasets for two or more integrase proteins were 

determined using a one sample two-tailed t test. Probability values equal to or below 

0.05 (p≤ 0.05) were used to indicate statistically significant differences between different 

proteins. 

4.3.13 Homology modeling.  

Homology models of the HIV-1 integrase strand transfer complex (STC) were created 

based on the STC [380] of PFV. Amino-acid sequences that were of WT origin or that 

had been point mutated at desired positions were submitted to the I-TASSER 3D protein 

prediction server [453]; the prototype foamy virus (PFV) crystal structure PDB ID: 3OY9 

[380] was selected as a lead template for the modeling.  Rotamer orientations for key 

residues in the active site, especially the mutated residues, were interrogated; whenever 

possible, the best backbone-dependent rotamers were selected [524, 525]. Model 

quality was assessed based on root mean square deviation (RMSD) of the global 
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homology structure from the PFV lead template using the RCSB PDB Protein 

Comparison Tool. Superimposition of the HIV-1 homology models with the published co-

crystal structures of PFV with DTG (PDB ID: 3S3M) [370], RAL (PDB ID:30YA) [380] 

and EVG (PDB ID: 3L2U) [380] provided insights into the mechanism of resistance 

caused by G118R substitution in regard to these three INSTIs. DNA interaction hints 

were obtained by overlaying the HIV-1 homology models with the PFV crystal structure 

PDB ID: 4E7K, representing the target capture complex (TCC) [416]. The molecular 

visualization program PyMOL (http://pymol.org/, The PyMOL Molecular Graphics 

System, Version 1.3, Schrödinger, LLC) was used for structural visualization and image 

processing.  
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4.4 Results 

4.4.1 Generation of recombinant integrase proteins and calibration of enzyme activity 

HIV integrase encoding plasmids that carried the G118R substitution alone or in 

combination with either of the H51Y or E138K substitutions were created. Generation of 

the G118R substitution was by a single G→C nucleotide change at position 118 in 

integrase from GGC to CGC; the other two substitutions, H51Y and E138K, occurred by 

more common G→A single base-pair changes (Figure 4.1A). Mutated or WT proteins 

were expressed in and purified from E. coli BL-21 DE3 cells to greater than 90% 

homogeneity (Figure 4.2B).  

The HIV integrase protein has been shown to lose activity at high concentrations due to 

non-specific aggregation [376-378, 510] and it is thus necessary to determine the 

dynamic range of its activity before its use in enzyme assays. In order to determine 

appropriate protein and target-DNA concentrations, the strand transfer activity of both 

WT and mutated integrase preparations were monitored as previously described [418] in 

the presence of varying protein (37 nM- 1800 nM) and target-DNA concentrations (0- 

256 nM) (Figure 4.1C). From these experiments, an optimum integrase protein 

concentration of 300 nM and a maximum target-DNA concentration of 128 nM were 

employed; significant differences were not observed between variants and/or 

purifications. Since most of our experiments were performed for a fixed period of 1h, we 

confirmed that the results using WT enzyme were within the linear phase of the strand 

transfer reaction over this time through use of time-resolved activity assays (not shown).  
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Figure 4.15: Generation and quantitation of drug resistant HIV-1 integrase proteins.  

Site-directed mutagenesis was used to change the nucleotide sequences at codons 51, 

118 and 138 resulting in plasmids encoding G118R, H51Y/G118R and G118R/E138K 

integrase proteins (A). Successful purification of integrase (white arrow) proteins was 

confirmed by SDS page analysis (B). Optimum protein and target DNA concentrations 

were determined by performing strand transfer reactions in the presence of varying 

concentrations of integrase protein. Although these experiments were performed for all 

the proteins tested at concentrations ranging from 37 to 1800 nM, only wild-type is 

shown at concentrations between 150 and 1200 nM.(C). 

4.4.2 G118R causes a deficit in integrase strand transfer activity 

The G118R substitution had previously been shown by our group to reduce viral 

replication and infectivity; the addition of E138K partially rescued this defect [352]. We 

A

B

A

H51Y

E138K

G118R

B

C
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also showed that the addition of H51Y to R263K further reduced each of strand transfer 

activity, viral replication, and infectiousness [177] In both cases neither H51Y nor E138K 

alone had any significant effect on integration and/or viral replication or infectivity [177].  

Table 4.1: Strand transfer activity parameters for purified integrase proteins 

♠Km=Kb from variable LTR/variable target assays. All data presented is the result of at 

least 3 independent experiments 

 

We wished to confirm that the partial rescue of G118R by E138K occurred at the level of 

strand transfer. To study this, we used pre-processed LTR in our assays, and decoupled 

the strand transfer activity of integrase from its 3' processing activity to uniquely examine 

strand transfer. Target-saturation strand transfer experiments were performed using 

fixed concentrations of integrase protein (300 nM) and viral LTR mimic (80 nM) at 

variable target-DNA concentrations (0-128 nM) (Figure 4.2). In agreement with previous 

work [352], the presence of G118R resulted in > 50% loss in maximal strand transfer 

activity (Vmax); this loss was partially rescued by the addition of H51Y and E138K (Figure 

4.2A). The Km for the strand transfer reaction for the G118R enzyme was increased by  

Subtype B Integrase 

Protein

Fixed [LTR] Strand transfer Activity Variable LTR/Variable Target Assay 

Vmax ± SEM Target Km ± SEM Vmax/Km ± SEM Vmax ± SEM Target Km
♠± SEM Vmax/Km

♠ ± SEM

(RFU/hr) (nM) (RFU/hr/nM) (RFU/hr) (nM) (RFU/hr/nM)

Wild-type 21300    ± 1371 2.13      ± 0.42 10208 ± 1842 18896       ± 4460 2.54       ± 0.562 21273  ± 11493

G118R 10815       ± 2185 22.0           ± 7.21 458 ± 21 20490       ± 2870 24.5    ± 8.80 1962      ± 473

G118R/H51Y 16615       ± 1987 24.3           ± 6.72 880 ± 141 19715       ± 3242 5.43        ± 0.886 4886      ± 1303

G118R/E138K 12730       ± 4001 13.2           ± 7.84 995 ± 45 19793       ± 2644 8.00        ± 1.65 9278      ± 4989



 

 213 

~10-fold over WT, indicating lower target-DNA affinity, and - the addition of E138K 

reduced this deficit to ~6-fold, although this effect was not statistically significant (Table 

4.1).  

 

Figure 4.2: Strand transfer activities of purified 

recombinant integrase proteins at target saturation. 

Strand transfer activities were measured using an 

immobilized pre-processed LTR plate-based assay. 

Graph Pad Prism was used to transform TRF data 

using the Michaelis-Menten functionality to obtain 

Vmax (A) and Km values (B). Enzyme performance 

was determined by division of Vmax with Km (C).  

Data presented is the mean of at least 3 

independent experiments each performed in 

triplicate (n≥9). Error bars represent the standard 

error of the mean (SEM). Statistical significance was 

calculated for individual data pairs using  a one 

sample two-tailed test with a statistical cut-off of 

p≤0.05. N.S.= not significant. 
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Since in vivo enzyme activity does not differentiate between Vmax and Km effects, 

enzyme performance calculations (Vmax/Km) can be used to assess the effect of 

substitutions in enzymes in vivo, when substrates may be in limiting concentration [526]. 

Additionally, this analysis provides a more accurate representation of the activity of 

single-turnover enzymes such as integrase [527]. We observed that G118R caused a 

~96 % reduction in enzyme performance and that the secondary substitutions H51Y and 

E138K minimally rescued activity by 2% and 4%, respectively (Figure 4.2C). Only the 

E138K rescue reached statistical significance (P=0.007).  

 

4.4.3 Addition of H51Y and E138K to G118R regulates the formation of integrase-LTR 

complexes  

The ability of integrase to bind viral LTR impacts on the efficiency of the strand transfer 

reaction [378]. We thus investigated if the loss in enzyme activity and performance, 

attributed to the G118R substitution, was related to deficits in LTR affinity or solely to 

deficits in target-DNA binding and catalytic activity. A LTR-DNA binding assay, 

performed as previously described [451]  showed that G118R did not affect either the 

dissociation constant (Kd) or the ability of integrase to bind to the LTR mimic in our 

assay (Figure 4.3). The Kd values for WT integrase in these experiments were in 

agreement with previous reports [451, 527, 528] (Table 4.2).  
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Binding of LTR by G118R/H51Y integrase was tighter than that by WT enzyme, 

indicating an increase in substrate selectivity but was associated with a reduction in total 

LTR bound (Figure 4.3A-C).  

 

Figure 4.3: LTR binding experiments 

using purified integrase proteins. 

IN-DNA binding reactions were 

performed with varying concentrations 

of RhoR-LTR and were fitted to 

nonlinear one-site binding regression 

(A) to obtain values of Kd  (B) and Bmax 

(C). Data presented is the mean of at 

least 3 independent experiments each 

performed in duplicate (n≥6). Error 

bars represent the standard error of 

the mean (SEM). Statistical 

significance was calculated for 

individual data pairs using  a one 

sample two-tailed test with a statistical 

cut-off of p≤0.05. N.S.= not significant. 
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The G118R/E138K integrase variant showed less tight binding to the LTR (Figure 4.3A, 

B) but possessed twice the maximal LTR binding ability of WT enzyme (Figure 4.3A, C). 

Taken together, these results suggest that a deficit in target-DNA binding but not LTR-

DNA usage may account, at least in part, for the diminished enzymatic performance of 

the G118R integrase. The partial compensatory mechanism described here for both the 

H51Y and E138K secondary substitutions has not been reported previously.  

4.4.4 G118R reduces 3' processing activity yet G118R/H51Y and G118R/E138K are 

fully active 

We showed above that the G118R substitution caused no difference in the ability of 

mutant enzyme to bind viral LTR-DNA and that G118R/H51Y and G118R/E138K  

increased binding specificity or total DNA binding relative to WT, respectively (Figure 

4.3B). We thus wanted to see the effect of these differences in LTR binding on the 3' 

processing reaction. 

Table 4.2: 3' processing parameters for purified integrase proteins 

All data presented is the result of at least 4 independent experiments, each performed in 

duplicate.  

Subtype B Integrase Protein

LTR Binding Assay 3‘ processing Assay

Kd ± SEM Bmax ± SEM Vmax ± SEM LTR Km ± SEM Vmax/Km ± SEM

(nM) (RFU) (RFU) (nM) (RFU/nM)

Wild-type 24.2            ± 3.58 14079      ± 796.5 13101       ± 217 10.6           ± 0.46 1235 ± 18.8

G118R 26.2            ± 2.42 15419      ± 559.1 11887       ± 1292 17.9           ± 3.99 675 ± 46.3

G118R/H51Y 19.1            ± 2.24 4715        ± 198.2 35497       ± 3098 17.0           ± 2.42 2099 ± 68.2

G118R/E138K 33.5            ± 2.55 31022      ± 1002 19958       ± 1903 11.7           ± 2.04 1727 ± 81.6
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 Using a previously reported and validated assay [450], we observed no significant 

differences between the 3' processing activity of WT and G118R integrase proteins, 

while both G118R/H51Y and G118R/E138K had significantly higher 3' processing 

activity than WT (Figure 4.4A-B). This led to significantly higher enzyme performance 

levels for the two double mutants relative to both the WT and G118R enzymes (Figure 

4.4C). The G118R substitution, despite having a similar Vmax to WT enzyme, showed a 

40% increase in its Km (Table 4.2); this, however, does not represent a major reduction 

in enzyme activity and would not account for the drastic reduction in viral integration and 

replication ability previously reported [352].  

 

Figure 4.4: Measurements of the 3’ processing 

activities of integrase. 

3’ processing activities of the various integrase 

proteins were determined using a fixed enzyme 

concentration and varying concentrations of 

immobilized LTR-DNA. The raw TRF data for 3’ 

processing were calculated as described in the 

Methods section and data were fitted in GraphPad 

Prism to  Michaelis-Menten kinetics  (A) to obtain 
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values of Vmax (B) and Km.  Enzyme performance (C) was determined by division of 

Vmax by  Km. Data presented is the mean of at least 4 independent experiments each 

performed in duplicate (n≥8). Error bars represent the standard error of the mean 

(SEM). Statistical significance was calculated for individual data pairs using  a one 

sample two-tailed test with a statistical cut-off of p≤0.05. N.S.= not significant. 

 

4.4.5 H51Y and E138K partially rescue G118R activity by enhancing LTR-DNA binding 

The LTR-DNA binding assay indicated that a loss in enzyme performance may be 

partially attributable to deficits in target binding to the integrase-LTR-DNA complexes. 

Integration requires two substrates, i.e. viral LTR and target-DNA. In addition, LTR 

binding and 3' processing take place in the cytoplasm while strand transfer occurs in the 

nucleus, thus the addition of DNA substrates to integrase is essentially a sequential 

ordered bi-substrate reaction [522] with the LTR binding first. In order to obtain a more 

accurate measure of the strand transfer reaction in an ordered sequential addition bi-

substrate reaction model, we varied both the concentrations of LTR-DNA (0- 160nm) 

and target-DNA (0- 128 nM) in the presence of a fixed enzyme concentration (Figure 

4.5).  

Integrase strand transfer Vmax values calculated by this approach did not differ 

significantly between proteins (Table 4.1) and both the G118R/H51Y and G118R/E138K 

enzymes possessed target affinity (Kb) similar to WT integrase (Figure 4.5E), with 

enzyme performance levels for G118R/H51Y and G118R/E138K being 22% and 44% of 
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WT, respectively. However, the G118R variant showed similar target-DNA affinity as 

was seen in our initial assays (Figure 4.2), with enzyme performance levels being 91% 

below that of WT enzyme (Figure 4.5F, Table 4.1).  Thus, the G118R substitution 

appears to reduce integration by affecting target-DNA binding, and the addition of either 

H51Y or E138K increases strand transfer efficiency by enhancing LTR binding to 

integrase. 

Figure 4.5: Measurements of 

the strand transfer activities of 

integrase with bisubstrate 

variation. 

Strand transfer activities of the 

various integrase proteins 

were determined by using a 

fixed enzyme concentration 

and varying concentrations of 

LTR-DNA and target-DNA. 

The raw TRF data were fitted 

in GraphPad Prism to an 

ordered sequential-addition kinetic mechanism for WT (A), G118R  (B), G118R/H51Y 

(C) and G118R/E138K (D) integrase proteins. The affinity of target-DNA for enzyme was 

assessed by the calculated Kb values (E). Enzyme performance (F) was determined by 
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division of Vmax by the Km. Data presented is the mean of 3 independent experiments 

(n=3). Error bars represent the standard error of the mean (SEM). Statistical significance 

was calculated for individual data pairs using  a one sample two-tailed test with a 

statistical cut-off of p≤0.05. N.S.= not significant. 

 

4.4.6 The H51Y and E138K double mutants do not show increased resistance to DTG, 

RAL and EVG 

Primary drug resistance substitutions tend to cause deficits in enzyme activity and the 

presence of secondary substitutions usually restore fitness and increase the level of 

resistance to a particular inhibitor [336]. We have shown above that the performance 

loss caused by the G118R substitution in integrase can be partially rescued by either the 

H51Y or E138K secondary substitutions and therefore also wished to learn whether the 

addition of either of these substitutions to G118R would also affect levels of resistance 

to DTG, RAL and EVG. Numerous reports have confirmed that INSTIs act by direct 

competition with target-DNA and can also coordinate to divalent cations that are bound 

at the active site of integrase [276, 280, 359, 529].   Now, we performed target saturation 

assays in the presence of varying concentrations of RAL, EVG or DTG (0-5μM) (Figure 

4.6A).  
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Table 4.3: Susceptibilities of purified integrase proteins to DTG, RAL and EVG  

All data presented in the result of at least 3 independent experiments  

 

Figure 4.6: Competitive inhibition of strand transfer 

by DTG, RAL and EVG. Strand transfer reactions 

were carried out in the presence of 300 nM 

integrase.   

Transfer of target-DNA was competitively inhibited 

with each of DTG, RAL and EVG. Raw data from 

three independent experiments were fit to the 

competitive inhibition equation using GraphPad 

Prism. A representative plot for the competitive 

inhibition of WT integrase DTG is shown (A). The 

fold-change in susceptibility of each variant to DTG 

(B), RAL (C) and EVG (D) was calculated by division 

of the Ki for each variant by that for WT integrase. 

Data presented is the mean of at least 3 

Subtype B Integrase Protein
Ki ± SEM (nM) ~FC

RAL EVG DTG RAL EVG DTG

WT 1.83     ± 0.44 2.22    ± 0.92 1.25    ± 0.13 1 1 1

G118R 6.29     ± 2.66 10.2    ± 2.46 3.94   ± 0.60 3.4 4.6 3.1

G118R/H51Y 5.16     ± 1.30 7.08    ± 0.69 4.26     ± 0.50 2.8 3.2 3.4

G118R/E138K 4.12     ± 0.34 1.95   ± 0.19 0.78     ± 0.26 2.3 0.88 0.64
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independent experiments (n≥3). Error bars represent the standard error of the mean 

(SEM). 

 

The data were fitted by non-linear regression analysis to a competitive inhibition 

algorithm using GraphPad Prism to yield an inhibitory constant (Ki) for each drug-

enzyme combination (Table 4.3). Unlike IC50 measurements, which can vary if substrate 

concentrations are not sufficiently saturating, the Ki is an intrinsic property of each 

enzyme-inhibitor complex and is independent of substrate concentration [522]. Ki fold-

change (FC) results were obtained by dividing the Kis of the individual variants by that of 

WT enzyme (Figure 4.6B-D). The presence of G118R caused a 3.1 fold-change in 

resistance to DTG.  The addition of H51Y to G118R did not have significant effect on 

resistance to DTG (Figure 4.6B). As previously reported [352], G118R conferred low-

level resistance to both RAL (Figure 4.6C) and EVG (Figure 4.6D). In both cases, the 

addition of either H51Y or E138K to G118R caused reductions in level of resistance to 

RAL and EVG  (Figure 4.6C and 4.6D).   

4.4.7 Structural analysis of the impact of G118R, E138K, and H51Y on the integrase 

active site 

Homology models of the integrase active site for WT, G118R, G118R/H51Y and 

G118R/E138K (Figures 4.7 and 4.8) were created using the I-TASSER server [453, 531] 

with the recently published structures of PFV integrase as lead modeling templates 

[380]. Rotamer analysis of WT active site residues showed a similar propensity for the 
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D64, D116 and E152 to co-orient in a manner similar to that described for the amino 

acid pairs in the PFV structure (Figure 4.7A); in these orientations, the DDE motif of the 

wt HIV-1 integrase had good coordination interactions with the two Mn2+ ions derived 

from the PFV structure (Figure 4.7A; 4.7C). When the WT model was overlaid with the 

latest PFV TCC [416], residue G118 was within 4Å of the target-DNA, and it is a logical 

assumption that any bulky substitution at this position would interfere with target-DNA 

binding. This complements our data shown above in regard to a deficit in target-DNA 

binding caused by the G118R substitution.  

In an effort to gain insight into the mechanism of resistance caused by G118R we 

superimposed the WT and G118R homology models with co-crystal PFV structures 

containing DTG, RAL or EVG (Figure 4.8) and examined interactions of G118 and 118R 

with the various inhibitors as well as with other residues implicated in INSTI resistance 

[317, 346, 532]. The G118R substitution may cause 118R to form a salt bridge with E92, 

effectively breaking an electrostatic interaction of E92 with N120. E92 is implicated in 

EVG resistance. Additionally all residues implicated in high level RAL and EVG 

resistance [317, 336, 346, 532] were within 8Å of position 118; in particular T66 and L74 

are within 4Å of the guanidino group of 118R.  L74M was an accessory substitution to 

G118R in the only clinically reported instance of this substitution [408] (Figure 4.8). 



 

 224 

 

Figure 4.7: Modeling of the HIV integrase active site.  

Energetically minimized homology models with sequences corresponding to either WT, 

G118R, G118R/H51Y or G118R/E138K HIV-1 integrase  were created based on the 

PFV strand transfer structure PDB ID:3OY9. Rotamer interrogation in WT model showed 

that catalytic residues  had similar propensity as PFV integrase to coordinate two 

divalent-cations Mn2+ (A). The positions of the mutated residues, G118R, H51Y and 

E138K, relative to the corresponding residues in PFV integrase and to target and LTR-

DNA, was obtained by direct superimposition of all the homology models with the PFV 

TCC (B). Coordination of Mn2+ by the integrase active sites was simulated by insertion 
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of the Mn2+ coordinates from the PDB structure 3OY9 into the active sites of modeled 

WT (C), G118R (D) and G118R/E138K (E) HIV-1 integrase  enzymes. Differences in 

orientations of catalytic residues in the presence or absence of G118R were investigated 

by superimposition of the WT and G118R homology models (F) and of G118R/E138K 

(G). All images were processed in PyMOL. Secondary structures are represented by 

partially transparent cartoon structures with key residues shown in stick-form. Cartoon 

and carbon atom coloration differentiated WT (light green), G118R (salmon) and 

G118R/E138K (magenta). Mn2+ cations are shown as small purple spheres with acidic 

(red) and basic (blue) moieties identified by standard atomic coloration. 
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4.5 DISCUSSION 

The HIV integrase G118R substitution was selected by two drugs, RAL [408] and DTG 

[418], in CRF02_A/G virus and by MK-2048 [408] and DTG [418] in subtype C viruses. 

Prior to these selections, G118A, G118C and G118R had been selected by a preclinical 

inhibitor S-1360 in a non-B context [411].  G118R in subtype B was shown to display 

resistance to MK-2048 [352] and DTG [370]. The current work focuses on the enzymatic 

cost of the G118R substitution in a subtype B background as well as the effects of the 

secondary H51Y and E138K substitutions on enzyme activity and level of drug 

resistance.  

We have shown in this study that the G118R substitution results in a loss in both 3' 

processing (Figure 4.4 and Table 4.2) and strand transfer activity (Figure 4.3 and Table 

4.1). Our findings further indicate that the major block to integration ability caused by this 

substitution occurs at the level of strand transfer.  There was no serious deficit in 3' 

processing ability caused by the G118R substitution (Figure 4.4A-C), and the ability of 

the secondary substitutions H51Y and E138K to compensate G118R to higher than WT 

3' processing levels did not correlate with their inability to restore total integration activity 

[352] (unpublished data). The G118R substitution resulted in a > 90% reduction in 

strand transfer efficiency (Figure 4.3C, 4.5F and Table 4.1). The secondary substitutions 

H51Y and E138K partially repaired this deficit (Figure 4.5E) but by different 

mechanisms: H51Y increased the specificity of LTR binding (Figure 4.3B) while E138K 

increased total overall DNA binding ability. Both of these secondary substitutions 
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increased the number of integrase-LTR complexes; this resulted in increased overall 

enzyme performance, thereby implying that the deficit was partially due to the ability of 

the LTR-integrase complex to bind to target-DNA (Figure 4.5F). Although the 

G118R/H51Y and G118R/E138K enzymes had increased enzyme strand transfer 

performance relative to the G118R variant, this was still <50% of WT enzyme (Figure 

4.5F). Additionally, an increase in the number of integrase-LTR complexes did not 

completely rescue the deficit in enzyme performance by the G118R variant. Thus, 

factors other than target-DNA might be involved in the G118R mediated reduction in 

enzyme performance. There was no major defect in the ability of the various integrase 

proteins to multimerize and to form the strand transfer complexes with the LTR and 

target DNA molecules (data not shown), as this would have changed the protein 

concentration at which integration was optimal (300 nM). 

Homology modeling based on the PFV crystal structure provided some insight into the 

effects of the various substitutions described here on the active site residues of HIV 

subtype B integrase (Figures 4.7 and 4.8). The formation of a salt-bridge between 118R 

and D64 represents the most energetically favorable backbone dependent rotamer for 

118R (Figure 4.7A). The formation of this salt-bridge causes a distortion in the 

orientation of D64 relative to the other two catalytic residues and this could conceivably 

affect the ability of the G118R variant to coordinate the cofactor Mg2+/Mn2+ ions. This 

could also be related to the ability of the variant to bind to target-DNA. It has been 

suggested that only one cation initially binds the enzyme and that the binding of the 
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second cation is facilitated by DNA binding [279, 413, 451, 529, 533]. This can also be 

inferred from the difficulty of obtaining integrase crystal structures with two bound Mg2+ 

ions [370, 380, 381, 413, 533]. In the initial PFV crystal structures, the only structures 

that co-crystallized with Mn2+ had two ions bound at the active site whereas those 

formed with Mg2+ had only one ion bound despite evidence of effective 3' processing 

activity [380]. It has previously been reported that LTR binding to integrase is 

independent of cation binding [413, 416, 451], which may explain why there were no 

appreciable defects on the ability of the variant proteins to bind LTR-DNA with the 

exception of the G118R/H51Y double variant (Figure 4.3). Additionally, it had been 

postulated that the roles of the two ions differ during the two integration steps [534], and 

this has recently been experimentally demonstrated [416]. A single cation of Mn2+  

(metal B) primes a water molecule for nucleophilic attack on the cytidine-guanine 

phosphodiester bond, facilitating 3' processing.  It subsequently keeps the reactive 3'OH 

end stabilized and primed for strand transfer. The other Mn2+ cation (metal A) (Figure 

4.8) polarizes and destabilizes the scissile phosphodiesterbond in the target-DNA, 

permitting a nucleophilic attack on the target-DNA by the reactive 3'OH of the viral DNA.  

The G118R enzyme and doubly mutated variants may have been impaired in their ability 

to bind metal A.  Alternatively, the coordination sphere may have been altered towards 

D116 and E152 (Figure 4.7E- indicated by arrow). The addition of E138K to G118R 

resulted in an altered orientation for D116, bringing it closer to D64 relative to WT 

enzyme (Figure 4.7G) and G118R (Figure 4.7F), and this may account for the partial 
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rescue in activity and target-DNA affinity that we observed in our experiments. 

Additionally, the G118R/E138K active site appeared to be slightly more acidic than that 

of WT enzyme (Figure 4.8) and this may have increased the ability of the G118R/E138K 

integrase enzyme to coordinate Mg2+/Mn2+ ions and target-DNA.  

The E138K substitution was observed at the integrase- LTR interface; the change of an 

E to a K may have increased the non-specific DNA binding abilities of integrase, leading 

to a concomitant increase in affinity for the target-DNA relative to the G118R single 

variant (Figure 4.5E).  However, the addition of E138K to G118R did not abrogate the 

salt-bridge between 118R and D64 and this may thus account for the fact that the 

G118R/E138K enzyme was seriously compromised in enzyme performance (Figure 

4.3C, Figure 4.5F). In contrast, the G118R and H51Y substitutions did not appear to 

interact in the doubly mutated enzyme.  This is in contradiction to interactions between 

H51Y and R263K [177] in the H51Y/R263K double mutant.  The effect of H51Y on 

G118R may be due to the likelihood that each of G118R and H51Y have separate 

effects on the enzyme. We previously reported that H51Y enzyme was less able to bind 

to the viral LTR [177], a finding consistent with the reduction in total LTR binding seen 

with the G118R/H51Y double mutant and the inability of H51Y to rescue enzyme 

performance. 

The G118R substitution caused low-level resistance to DTG (3.1-fold) and the addition 

of H51Y to G118R did not significantly increase the level of resistance (3.4-fold) (Table 

4.3). Superimposition of the HIV integrase models with PFV integrase bound to DTG 
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(Figure 4.8A), RAL (Figure 4.8B) and EVG into the homology models (Figure 4.8C), 

showed that the activity of these INSTIs would be compromised by the G118R 

substitution. It had been previously reported that the G118R substitution may result in 

stearic hindrance to DTG binding [370].  

 

Figure 4.8.The G118R mutation in the 

context of INSTI drug resistance.  

Coordinates of DTG (A), RAL (B) and EVG 

(C) structures were inserted into the active 

site of the WT HIV-1 integrase homology 

model by overlap with the PFV integrase 

co-crystal structures, i.e. PDB ID: 3S3M, 

PDB ID:30YA, and PDB ID: 3L2U, 

respectively. WT and G118R homology 

models were superimposed, with the side-

chains of most major integrase drug 

resistance mutations within 12Å of the side-

chain of 118R being shown as stick 

representations. PyMOL was used for all 

image processing. All residues shown with 
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the exception of H51Y (red highlight) are within a 10Å sphere of the active site. INSTI 

molecules are shown as sticks with carbon molecules colored black and all other 

residues colored by standard atomic coloration. Coloration of WT and G118R models is 

as shown for Figure 4.7. Yellow oval marks presence of Metal A. 

 

Our homology model of G118R provides additional possibilities for the mechanism(s) of 

resistance to DTG and other INSTIs. The side-chain of 118R, in addition to forming a 

salt-bridge with D64, forms a strong salt-bridge with E92 and is within 4Å of T66 and 

N155 (Figure 4.8); each of these three residues has previously been implicated in 

resistance to both EVG and RAL [311, 317, 349, 414, 532]. The salt-bridge between 

118R and E92 may break the interaction between E92 and N120 (Figure 4.8A). 

Additionally, the E92-118R salt-bridge may abrogate the interaction between E92 and 

the coordination scaffold of EVG (Figure 4.8C); potentially explaining the slightly higher 

resistance levels conferred by G118R to EVG (Figure 4.6C), compared to the other 

INSTIs.  

The addition of E138K in a background of G118R caused striking reductions in 

resistance to all drugs tested, and the G118R/E138K enzyme displayed slightly higher 

susceptibility to DTG than WT enzyme (Table 4.3; Figure 4.6B), while the G118R 

substitution alone apparently conferred low-level resistance to both RAL (Figure 4.6C) 

and EVG (Figure 4.6 D).  The G118R/H51Y and G118R/E138K doubly mutated 

enzymes displayed less resistance to both EVG and RAL than G118R integrase while 
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G118R/E138K enzyme was hypersensitive to EVG.  Both H51Y and E138K have been 

selected in the clinic and have been shown to play a role in clinical resistance against 

EVG and RAL [177, 311, 317, 336, 346, 532]. 

In summary this study presents an analysis of biochemical and structural data that 

define the G118R substitution in the context of subtype B and its interactions with 

integrase substitutions at positions H51Y and E138K. We show that multiple factors may 

preclude G118R from occurring spontaneously, extend to the ability of G118R mutated 

enzyme to efficiently catalyze integration. Structural insights provided through PFV 

crystal structures and modeling alignments imply that combinations of G118R together 

with multiple other substitutions might result in an enzyme that most likely would be 

catalytically defective. Should G118R develop in patients receiving DTG therapy we 

believe that the resultant virus would be extremely unfit and the development of further 

substitutions such as E138K might render the virus hyper-susceptible to EVG and other 

INSTIs. Ongoing work will quantify the effects of these same substitutions in non-B 

subtypes. 
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Chapter 5 

Differential effects of the G118R, H51Y and E138K resistance substitutions 

in HIV integrase of different subtypes  

The work presented in this chapter has been published previously, in the manuscript 

below: 

 Quashie PK, Oliviera M, Veres T, Osman N, Han YS, Hassounah S, Lie Y, Huang W, 

Mesplède T, Wainberg MA. Differential effects of the G118R, H51Y and E138K 

resistance substitutions in HIV integrase of different subtypes. J Virol. 2015 Mar 

15;89(6):3163-75. doi: 10.1128/JVI.03353-14. Epub 2014 Dec 31. 

PKQ designed the study, performed most experiments and simulations, and wrote the 

manuscript. MO performed viral phenotyping studies. TV and SH  performed some 

biochemical assays. NO and YH designed analysis tools and performed some 

simulations. YL and WH performed Monogram assays. TM performed molecular biology 

and helped write the manuscript. MAW oversaw all aspects of the work and edited the 

manuscript.    All authors read and approved the final published manuscript. 
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5.1 ABSTRACT 

Dolutegravir (DTG) is the latest antiviral (ARV) approved for treatment of human 

immunodeficiency virus (HIV) infection. The G118R substitution, previously identified 

with MK-2048 and raltegravir may represent the initial substitution in a dolutegravir 

resistance pathway. We have found that subtype C integrase proteins have a  lower 

enzymatic cost associated with the G118R substitution, mostly at the strand transfer 

step of integration, when compared to either subtype B or recombinant CRF02_AG 

proteins. Subtype B and circulating recombinant form AG (CRF02_AG) clonal viruses  

encoding G118R-bearing integrase were severely restricted in viral replication capacity, 

and G118R/E138K-bearing viruses had varying levels of resistance to dolutegravir, 

raltegravir and elvitegravir. In cell-free, the impacts of the H51Y and E138K substitutions 

on resistance and enzyme efficiency, when present with G118R, were highly dependent 

on viral subtype. Sequence alignment and homology modeling showed that the subtype-

specific effects of these mutations were likely due to differential amino acid residue 

networks in the different integrase proteins, caused by polymorphic residues, which do 

significantly affect native protein activity, structure or function and are important for drug-

mediated inhibition of enzyme activity. By characterizing G118R, this chapter also 

preemptively defines parameters for a potentially important pathway in some HIV non-B 

subtype viruses treated with dolutegravir, and will aid in the inhibition of such virus, if 

detected. The general inability of strand transfer -related substitutions to diminish 3' 
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processing indicates the importance of the 3' processing step and highlights a 

therapeutic angle that needs to be better exploited.                    

5.2 INTRODUCTION 

During the past thirty years, the human immunodeficiency virus (HIV) has infected over 

68 million people, killing ~34 million [190]. The advent of combination antiretroviral 

(ARV) regimens in 1995 has played a key role in reducing HIV/AIDS-related deaths and 

prolonging the life-span of people living with HIV [175].  

The integration of viral DNA into the human genome prevents the facile eradication of 

HIV from the cells of infected individuals, even during suppressive ARV therapy [173]. 

Additionally, HIV quickly develops drug resistance in the face of suboptimum drug 

pressure (as happens in poorly adherent patients or due to low drug bioavailability) 

[535], and this is facilitated by the high mutation and recombination rates of HIV reverse 

transcriptase [536]. The inability to eradicate HIV combined with high rates of drug 

resistance has necessitated the ongoing development of new potent ARVs with novel 

targets, unique resistance patterns,  and/or better bioavailability in a context of simplified 

dosing [414, 537]. 

Raltegravir (RAL) was the first approved drug to target the HIV integrase (IN) enzyme. 

RAL acts as an integrase strand transfer inhibitor (INSTI) and was approved in 2007 

[211] followed by a second INSTI termed elvitegravir (EVG) in 2012 [330]. These two 

compounds,  as well as dolutegravir, the most recently approved INSTI (2013) [355], 

target the strand transfer step of integration, by three binding mechanisms: i) chelation 



 

 236 

of active site divalent cations (Mg2+ or Mn2+), ii) pi-stacking interactions  between INSTI 

halobenzyl groups and the viral long terminal repeat (LTR) base immediately upstream 

of CA-OH and iii) interactions between INSTIs and specific IN residues [382]. Both RAL 

and EVG are associated with a low barrier to resistance in both treatment-naive and -

experienced patients and share many of the same resistance mutations, hence 

establishing a problem of cross-resistance among these drugs [311, 317, 346, 538]. 

In contrast, no resistance mutations have yet been associated with DTG in drug-naïve 

patients, after more than five years of experience in clinical trials [414, 538]. Tissue 

culture selection studies identified two DTG mutational pathways for resistance initiated 

by either R263K in subtypes B and CRF02_AG or G118R in subtypes C and CRF02_AG 

[418]. We showed that R263K and a subsequent substitution at positions H51Y 

conferred DTG resistance but that the addition of secondary H51Y mutation caused an 

additional drop in viral fitness below that conferred by R263K alone [177]. This is in 

contrast to the usual situation whereby secondary resistance mutations commonly play a 

compensatory role in regard to viral fitness while also increasing levels of drug 

resistance. The R263K mutation has also been identified in at least two ARV-

experienced patients who were treated with a DTG-containing regimen [539]. Our results 

also showed that the G118R substitution can confer resistance against DTG in subtype 

B integrase [419]. The G118R substitution alone and in conjunction with E138K  had 

previously been identified in subtype C but not in subtype B in selections utilizing an 

investigational INSTI, MK-2048 [352]. Similar to DTG, integrase complex- drug binding 
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studies had shown that MK-2048 stayed bound to the pre-integration complex for far 

longer than either RAL or EVG, explaining its superior barrier to resistance development 

[369]. The clinical development of MK-2048 has not continued beyond PhaseIIb clinical 

trials, yet the selection of G118R by both DTG and MK-2048 as well as the increased 

susceptibility of R263K containing integrase protein to MK-2048 [418]  points to 

intersections and similarities between the resistance profiles of DTG and MK-2048.  

The purpose of this study was to gain mechanistic understanding, through cell culture, 

biochemical and structural analysis, for the differential selection of G118R and its 

associated substitutions, H51Y and E138K, in HIV subtypes B and C as well as in 

CRF02_AG, and to evaluate the impact of these substitutions on integrase activity.  

5.3 MATERIALS AND METHODS 

5.3.1 Cells and antiviral compounds.  

E. coli strain XL10-Gold ultracompetent cells Tetr(mcrA)183, mcrCB-hsdSMR-mrr)173, 

endA1, supE44, thi-1, recA1, gyrA96, relA1, lac Hte, [F', proAB, lacIq Tn10(tetr) Amy 

Camr]a (Stratagene) were used for plasmid production. The integrase inhibitor drugs, 

RAL and MK-2048 were kindly provided by Merck Inc., while EVG and DTG were kindly 

provided by Gilead Sciences and GlaxoSmithKline, respectively. Prior to use, 

compounds were solubilized in dimethyl sulfoxide (DMSO) and stored at -20°C. All 

reagents used were enzyme grade and of high purity. 

5.3.2 Plasmids and site-directed mutagenesis 
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The generation of a pET15b expression plasmid containing soluble HIV subtype B and C 

integrase has been demonstrated [359, 418]. In order to construct a pET-15b expression 

plasmid containing soluble HIV circulating recombinant form (CRF02_AG), the 

CRF02_AG integrase coding sequence was amplified from p97AG proviral plasmid DNA 

(GenBank accession number: AB052867.1) by PCR using the following primers: p97-

INT-FWD: 5’-GCCAGGATCCTTTTTAGATGGCATAGATAAAGCCCAAGAAG-3’ and 

p97-INT-RVS: 5’-GTTATCTAGATTAATCCTCATCCTGTCTATCTGCCACACAATC-3’. 

Amplification products were purified using the QIAquick PCR purification kit (QIAGEN, 

Toronto, ON), digested using the BamHI and XbaI restriction enzymes (NEB, Whitby, 

ON) and ligated inside the pET15b plasmid using T4 DNA ligase (NEB). The resulting 

pET15b-INAG plasmid was verified by sequencing.  

 PCR-mediated site-directed mutagenesis performed on this plasmid yielded plasmid 

DNA coding for the G118R mutation, in isolation or together with either of two additional 

mutations, H51Y or E138K. The following primers were used for mutagenesis: 

G118RAG_sense (CCAGTGAAAGTGATACACACAGACAATCGCAGAAATTTCACC); 

G118RAG_antisense (GGTGAAATTTCTGCGATTGTCTGTGTGTATCACTTTCACTGG); 

H51YAG_sense (GCTAAAAGGGGAAGCCATATATGGACAAGTAGACTGT); 

H51YAG_antisense (ACAGTCTACTTGTCCATATATGGCTTCCCCTTTTAGC); 

E138KAG_sense (TTGGTGGACAAATGTTACACAAAAATTTGGAATTCCCTACAATCC), 

E138KAG_antisense 

(GGATTGTAGGGAATTCCAAATTTTTGTGTAACATTTGTCCACCAA), G118RC_sense 
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(GGCCAGTCAAAGTAATACATACAGACAATCGTAGTAATTTCACCAG); 

G118RC_antisense 

(CTGGTGAAATTACTACGATTGTCTGTATGTATTACTTTGACTGGCC); H51YC_sense 

(CAAAAGGGGAAGCCATGTATGGACAAGTAGACTGT); H51YC_antisense 

(ACAGTCTACTTGTCCATACATGGCTTCCCCTTTTG); E138KC_sense 

(GGGCAGGTATCCAACAGAAATTTGGGATTCCCTAC); and E138KC_antisense 

(GTAGGGAATCCCAAATTTCTGTTGGATACCTGCCC). Successful mutagenesis was 

confirmed by sequencing (Genome Quebec).  

5.3.3 Protein expression, purification and quantification 

Plasmids bearing either a wild-type or an appropriately mutated IN coding sequence 

were transformed into  BL21(DE3) Gold cells F–, ompT, hsdSB(rB-, mB-), dcm + Tetr, gal, 

for protein expression. Luria-Bertani (LB) broth (Multicell), prepared in MilliQ water and 

supplemented with 100 µg/mL ampicillin was used for all bacterial growth. Expression 

and purification of integrase recombinant proteins were performed as previously 

described for hexa-His-tagged integrase [418]. Fractions containing purified integrase as 

judged by SDS-PAGE were dialyzed into storage buffer (20 mM Hepes, 1 M NaCl, 1mM 

EDTA, 5 mM DTT, 10 % glycerol, pH7.5). Protein concentrations were measured using 

a calculated molar extinction coefficient of 50420 M-1cm-1; of note, the molar extinction 

coefficients of all integrase proteins were the same and in congruence with that 

calculated for subtype B integrase [418]. Protein aliquots were kept for several months 

at -80ºC without significant loss of enzymatic activity. 
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5.3.4 DNA substrates for in vitro assays  

All oligonucleotide substrates were purchased from Integrated DNA Technologies (IDT, 

Coralville, IA, USA). The following oligonucleotides were used for strand transfer assays: 

pre-processed donor LTR DNA sense (A): 5AmMC12-

ACCCTTTTAGTCAGTGTGGAAAATCT CTAGCA-3’ and antisense (B): 5’-

ACTGCTAGAGATTTTCCACACTGACTAAAAG-3’; target DNA: sense (C): 5’-

TGACCAAGGGCTAATTCACT-3Bio and antisense (D): 5’-

AGTGAATTAGCCCTTGGTCA-3Bio. For 3' processing assays, primer (B) was used 

together with the LTR -3'-sense oligonucleotide (E): *5'AmMC12-

ACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-BioTEG-3'.  

The key features of these oligonucleotides have been previously described [418, 450]. 

Functional DNA duplexes were made by combining equimolar quantities of sense and 

antisense primers to appropriate concentrations in low-chelate TE buffer (10mM Tris, 

0.1mM EDTA pH7.8). The combined primers were heated for ten minutes at 95ºC and 

annealed by slow cooling to room temperature over a period of 4 hours. Duplexes were 

stored at -20°C for several months without a loss in integrity. 

5.3.5 Preparation of pre-processed LTR-coated plates for strand transfer activity 

Eighty microliters of pre-processed viral LTR-mimic (donor DNA) duplex A/B diluted to 

300 nM (except as dictated by experiment design) in PBS pH7.4 (Bioshop) were 

covalently linked to Costar DNA-Bind 96-well plates (Corning#2499) by overnight 

incubation at 4°C. The plates were blocked with 0.5% BSA in blocking buffer (20 mM 
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Tris pH7.8, 150 mM NaCl) and were stored in blocking buffer for several weeks without 

detectable loss in integrity. Before use, the plates were washed twice with each of PBS 

pH7.4 and assay buffer (50 mM MOPS pH6.8, 50 µg/mL BSA, 50 mM NaCl, 0.15% 

CHAPS, 30 mM MnCl2/MgCl2) except as dictated by experiment design.  

5.3.6 Protein calibration  for strand transfer activity 

In order to better elucidate the impact of resistance substitutions, the strand transfer and 

3' processing steps of the HIV integration reactions have been decoupled, as previously 

described [418, 419]. The optimum concentration of protein for use in strand transfer 

experiments was determined by titration as previously described [418, 419]. Briefly, 

purified integrase proteins, appropriately diluted in reaction buffer (50 mM MOPS pH6.8, 

50 mg/mL BSA, 50 mM NaCl, 30 mM MnCl2, 0.015% CHAPS, 5 mM DTT), were added 

to pre-processed LTR bound plates as described above. This was followed by 30 min 

incubation at room temperature to allow for assembly of integrase onto the pre-

processed LTR duplexes. Varying concentrations of biotinylated target DNA  duplex C/D 

(0-240 nM) were added, followed by a 1 hr incubation at 37°C for the strand transfer 

reaction to occur. The plates were then rinsed three times with wash buffer (50 mM Tris 

pH7.5, 150 mM NaCl, 0.05% Tween20, 0.2 mg/mL BSA) and incubated with 150 μL of 

Eu-labeled Streptavidin (Perkin Elmer) diluted to 0.025 µg/mL in wash buffer in the 

presence of 50 µM DTPA (Sigma). After additional rinses with wash buffer, 100 μL of 

Wallac enhancement solution (Perkin Elmer) was added. The amount of target DNA 

covalently linked to the LTR was then measured by quantifying the amount of bound Eu-
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labeled streptavidin. The low pH of the Wallac solution caused the ionization of Eu to 

Eu3+. Excitation of Eu3+ ions by incident wavelength at 355 nm resulted in time-resolved 

emission of fluorescence (TRF) which was measured at 612 nm on a FLUOStar 

OPTIMA multi-label plate reader (BMG Labtech). 

Protein concentrations that yielded the highest activity as measured by relative 

fluorescence units (RFU) were chosen for subsequent experiments.  

5.3.7 Strand transfer activity assay 

Michaelis-Menten enzyme analysis has previously been used to determine enzyme 

parameters of HIV integrase [341]. Whilst 3' processing has been conclusively shown to 

follow non-Michaelis-Menten kinetics [527, 540], there has been no similar study of HIV 

integrase strand transfer. In order to obtain relative activity parameters for wild-type and 

variant integrase proteins, strand transfer reactions were carried out as described based 

on the same design as the protein calibration assay described above.  The major 

deviation was that an effective [LTR] of 160 nM and effective [integrase] of 300 nM were 

used for these assays while [target DNA] was varied from 0-128 nM. All other 

experimental procedures are as described above. The mean of at least three 

independent experiments, each performed in triplicate for wild-type and each variant 

integrase proteins, were calculated. The values of enzyme activity in RFU (A) and [target 

DNA] (S) were fit by non-linear regression using GraphPad Prism V5 (GraphPad 

Software, San Diego California USA, www.graphpad.com) to the Michaelis-Menten 

derivative equations below: 
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 A=Amax
'* [S]/([S]+Km

') 

Km
' = Amax* [S]/A-[S] 

In this case, the pseudo-Michaelis constant (Km
') reflects the apparent affinity of the 

enzyme for the target DNA substrate ([S]), and the maximum activity (Amax
') reflects the 

maximum activity obtainable with same concentration of the protein in a similar assay, 

regardless of substrate concentration. To determine overall enzyme efficiency, we 

calculated the ratio of Amax
' to Km

'
 , as previously described [419], presented as a 

percentage of wild-type values.  

5.3.8 3' processing activity assay 

The 3' processing activity of the purified recombinant integrase proteins was determined 

as previously described [450]. Briefly, 3’ biotinylated LTR duplex G/B was covalently 

linked at varying concentrations (effective concentration: 0-160 nM) to Costar DNA-bind 

plates under similar conditions as for strand transfer.  To initiate 3' processing, purified 

integrase protein (300 nM) diluted in reaction buffer was added and the plates incubated 

at 37°C. Negative protein control wells had only reaction buffer added. After 2h of 

incubation the reaction was within the linear phase [450], and the plates were quickly 

washed three times with wash buffer to remove all traces of protein and cleaved 3'GT 

dinucleotide. All subsequent steps of the assay were as described above for the strand 

transfer assay with the exception of data analysis. For each plate and concentration of 

LTR, four negative protein controls contained unprocessed LTR and the average signal 
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from these represented the maximum possible signal (3'OHmax). Thus the RFU 

representing actual 3' processing activity (3'OHactual) was determined by the calculation:  

(3'OHactual) =   (3'OHmax) - (3'OHobs).  

The calculated 3' processing readings (n≥3) were then processed using GraphPad 

Prism to yield 3' processing enzyme parameters as previously described [450]. The data 

within the linear phase of the 3' processing reaction were used to calculate kinetic 

parameters by fitting to Michaelis Menten equation [341]. As such relative enzyme 

efficiency calculations of 3' processing activity was calculated in the same manner 

described above for strand transfer. 

5.3.9 Confirmation of the impact of G118R and E138K on subtype C integrase inhibition 

by MK-2048 

Since the selection of G118R in cell culture was initially driven by MK-2048 drug 

pressure [352] in a subtype C HIV-1 backbone, we performed preliminary confirmation 

that G118R and the associated E138K substitution caused resistance to MK-2048. The 

concentration-dependent susceptibility of subtype C WT, G118R, E138K and 

G118R/E138K proteins to MK-2048 was tested. Briefly, strand transfer assays were 

performed as described above with slight modifications. Following incubation of subtype 

C WT, G118R, E138K and G118R/E138K proteins with LTR DNA, of dose-ranging 

amounts of MK-2048 (20 pM- 20 μM) dissolved in compound dilution buffer in a total of 

25 μL was added in each well. After an incubation period of 10 minutes at room 

temperature, 25 μL of target DNA (6 nM) was added in each well and the strand transfer 
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reaction allowed to proceed as above. All subsequent steps were as described above for 

the strand transfer assay. Data obtained were normalized and fit to the log (inhibitor) vs. 

normalized response equation shown below in GraphPad Prism to yield estimates of the 

half inhibitory concentration (IC50) of the drug for the different proteins:  

A = 100/(1+10([I]-logIC50)) 

In the above equation, A represents residual strand transfer activity at a given drug 

concentration [I]. Each experiment was done in triplicate. Fold change (FC) susceptibility 

of each variant to MK-2048 was calculated by dividing the IC50 for that variant by that of 

the WT subtype C integrase protein tested at the same time. Mean FC susceptibility 

data from at least three independent experiments were graphed using GraphPad Prism.    

5.3.10 Competitive inhibition of strand transfer by DTG, RAL and EVG 

The susceptibilities of our purified integrase proteins to INSTIs were tested in 

competitive inhibition assays using DTG, RAL and EVG. Drug stock solutions were 

prepared as a 6X working solution (6000 nM) and subsequently serially diluted 4-fold 

into compound dilution buffer (assay buffer without cations and containing 10% DMSO). 

The assay concentrations varied from 0.2- 1000 nM; inhibition assays were performed in 

the presence of varying target DNA concentrations (0-128 nM). Briefly, pre-processed 

LTR-coated plates (effective [LTR] = 160 nM) were prepared as described above. 

Purified integrase proteins (effective concentration = 300 nM), in assay buffer 

supplemented with 5 mM DTT, were added to each well followed by a 30 min incubation 

at room temperature to allow for assembly of integrase onto the pre-processed LTR 
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duplexes. Twenty-five microliters of appropriately diluted compound were added to each 

well, followed immediately by 25 μL of appropriately diluted biotinylated target DNA 

duplex. The plates were then incubated for 1 hr at 37°C, followed by the post strand 

transfer steps described above. The data from at least three independent competitions 

assays for each protein were fit to the competitive inhibition algorithm  using GraphPad 

Prism as shown below: 

KmObs=Km
'*(1+[I]/Ki) 

A=Amax'*[S]/(KmObs+[S]) 

In the above equation, KmObs represents the Michaelis constant obtained in the presence 

of inhibitor, [I] represents the inhibitor concentration, and Ki is the inhibition constant of 

the inhibitor for that particular protein. All other abbreviations are as defined above. 

During analysis, the Km
' for each protein was constrained to that previously determined 

in the strand transfer activity assays above while Vmax
' was left unconstrained. 

Inhibitory constants Ki calculated by this algorithm were transformed to fold-change (FC) 

values by division of the Ki values for variant proteins with the Ki value for the 

appropriate wild-type integrase enzyme. FC calculations from multiple inhibition assays 

were compiled and analyzed using GraphPad Prism.  

5.3.11 Monogram biosciences PhenoSense replication capacity and phenotyping 

assays 

HIV replication capacity and susceptibilities to DTG, RAL, and EVG were measured as 

previously described [31]. Briefly, murine leukemia virus envelope-pseudotyped HIV 
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viruses bearing WT, H51Y, G118R, E138K or G118R/E138K integrase substitutions and 

a luciferase reporter gene were used to inoculate human embryonic kidney HEK-293 

cells. The resultant luciferase activity was used to calculate changes in HIV replication 

capacity relative to a wild-type reference strain. Drug susceptibility was expressed as a 

fold-change in IC50 relative to wild-type. 

5.3.12 Data processing.  

All cell-free experiments presented herein, except when otherwise indicated, were the 

result of at least 3 independent sets of experiments. When relevant, statistical 

significance of differences between datasets for two or more integrase proteins was 

determined using a one sample two-tailed t-test using GraphPad Prism. Probability 

values equal to or below 0.05 (p ≤ 0.05) were indicative of statistically significant 

differences between the different proteins tested. 

5.3.13 Homology modeling and active site analysis.  

Homology models of integrase proteins were generated using the ProtMod server 

(http://ffas.burnham.org) based on lead subtype B model templates which were initially 

generated  using the I-TASSER protein modeling server [453]. The PFV structure PDB 

ID: 4E7K [416] was utilized as a lead template to generate a subtype B WT monomeric 

model for the formation of the target capture complex (TCC). The prototype foamy virus 

(PFV)  integrase structure PDB ID:3S3M was used as a lead template to create the I-

TASSER model for DTG-bound HIV-integrase. The ProtMod server was used to 

minimize stochastic error between the models and remove any sampling errors 
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introduced by the multi-template modeling method [421] of I-TASSER. Briefly, single 

template (subtype B WT)-single query (each integrase sequence including subtype B 

WT) alignments were performed using the alignment program SCWRL [442]. The 

program Modeller [434] was then used to create monomeric homology models of each 

integrase based on the SCWRL sequence alignment and the subtype B WT I-TASSER 

structure. Model quality was assessed based on root mean square deviation (RMSD) of 

the global homology structure from the PFV lead template using the RCSB PDB Protein 

Comparison Tool [443]. All structures were also verified by Ramachandran plot analysis 

[541, 542] as having greater than 89% of residues in allowed and favorable orientations. 

Superimposition of the HIV-1 homology models with the published co-crystal structure of 

PFV with DTG (PDB ID: 3S3M) provided insights into the mechanism of resistance 

caused by the G118R substitution in regard to this and other INSTIs. DNA interaction 

hints were obtained by overlaying the HIV-1 homology models with the PFV crystal 

structure PDB ID: 4E7K, representing the target capture complex (TCC) [416]. The 

molecular visualization program PyMOL (http://PyMOL.org/, The PyMOL Molecular 

Graphics System, Version 1.3, Schrödinger, LLC) was used for structural visualization 

and image processing.  

5.4 RESULTS 

5.4.1 Generation of recombinant HIV subtype C and CRF02_AG integrase enzymes 

Two resistance selection studies performed in our laboratory with the investigative drugs 

MK-2048 and S/GSK139572 (DTG) yielded the G118R mutation in subtypes C [352] and 
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CRF02_AG [418], respectively. Key amino acid changes observed in these selection 

studies are presented in Table 5.1. Recombinant enzymes of either wild-type sequence 

or site-mutated to contain H51Y, G118R, or E138K, H51Y/G118R and G118R/E138K 

were expressed and purified as previously described [177, 418, 419]. As in previous 

studies, protein calibration confirmed that maximum protein activity occurred with 300 

nM of protein for all subtypes ](not shown). Therefore subsequent experiments utilized 

300 nM of integrase protein. When relevant, we compared our results with those 

obtained using subtype B protein. 

Table 5.1: Selection of substitutions in cell-culture by MK-2048 and DTG.  

 

 

5.4.2 Effect of the G118R on integrase strand transfer efficiency when alone or in 

combination with H51Y or E138K  

Given that G118R and mutations associated with it arose during serial passage with 

several INSTIs, we expected these mutations to impact on the strand transfer reaction. 

Table 1 

MK-2048 Selections 

Subtype 

Baseline 

Polymorphisms Week Acquired mutations Week Acquired mutations 

References  

B M154I, V201I 34 None 

  

(5) 

C V72I, Q95P, T125A 25 G118R 29 G118R, E138K 

DTG Selections 

B M154I, V201I 20 R263K 37 E138E/K, R263K (3) 

AG V72I, T125A, V201I 20 R263K  37 H51H/Y, R263K  

AG V72I, T125A, V201I 20 E69E/K, G118R  37 G118R 

C V72I, Q95P, T125A 20 G118R 37 H51Y, G118R 

C V72I, T125A, V201I 20 S153S/T 37 H51Y, G193G/E 

Substitutions tested in this manuscript are shown in highlighted in bold. 
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In CRF02_AG integrase, the presence of any of the H51Y, G118R and E138K 

substitutions significantly reduced the enzyme parameters of the strand transfer reaction 

(Figure 5.1A) and led to reductions in enzyme efficiency > 50% (Figure 5.1C). H51Y 

caused a significant loss in enzyme efficiency in CRF02_AG and subtype B but not in 

subtype C integrase (Figure 5.1B, C). The E138K single mutation was also not 

associated with a drop in enzyme efficiency in subtypes B and C integrase proteins but 

caused > 55% loss of activity when present in CRF02_AG integrase. Of note, G118R 

caused significant diminutions in activity in all subtypes treated, i.e. subtype C 43% of 

WT activity, CRF02_AG, (27%), subtype B (12%) (Figure 5.1C). The addition of H51Y 

and E138K to G118R partially restored the strand transfer efficiency of subtype B 

integrase, but less so with the subtype C or CRF02_AG integrase enzymes (Figure 

5.1C).  
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Figure 5.1: Comparative strand transfer activities of purified HIV-1 WT and variant 

integrase proteins of CRF02_AG, subtype C and subtype B (A-C) origin.  

(A) Target DNA saturation (0-128 nM) plots showing activity of CRF02_AG proteins in 

the presence of fixed protein and LTR concentrations (300 nM and 160 nM respectively). 

(B) Target DNA saturation plots showing activity of subtype C proteins in the presence of 
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fixed protein and LTR concentrations (300 nM and 160 nM, respectively). (C) 

Comparison of strand transfer reaction efficiencies for CRF02_AG, subtype B and 

subtype C integrase proteins. All data presented reflect at least three independent 

experiments, each performed in duplicate or triplicate.  

 

5.4.3 Impact of the G118R, H51Y, and E138K substitutions on 3' processing ability 

To fully assess the impact of G118R, H51Y and E138K substitutions on integration, it is 

essential that the 3' processing ability of the various integrase proteins be evaluated. 

Accordingly, cell-free 3' processing experiments were performed using dose ranging 

levels of viral LTR mimic as previously described (Figure 5.2) [419]. The LTR DNA 

binding ability of the recombinant proteins, as indirectly inferred from Km
' values, was not 

significantly different from WT except for H51Y for both non-B subtypes and E138K for 

subtype C (Figure 5.2 A, B). H51Y resulted in markedly tighter binding to the LTR for 

both the CRF02_AG and subtype C integrase proteins while the opposite result was 

obtained for subtype C integrase containing the E138K substitution (Figure 5.2 A, B). 

G118R alone or in combination with either H51Y or E138K did not cause a significant 

change in LTR binding for either subtype. However, the doubly substituted H51Y/G118R 

CRF02_AG protein showed lowered LTR DNA binding relative to WT.  
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Figure 5.2: Comparative 3' processing activities of purified HIV-1 WT and variant 

integrase proteins of CRF02_AG, subtype C and subtype B (A-E) origin.  

Effect of amino acid substitution on functional binding (Km') of viral LTR mimic by 

CRF02_AG integrase (A) or subtype C integrase (B). LTR DNA saturation plots showing 

activity of CRF02_AG (C) or subtype C (D) proteins in the presence of fixed protein 

concentration (300 nM). Comparison of 3' processing reaction efficiencies for subtype B, 
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C and CRF02_AG integrase proteins (E). All data presented reflect at least three 

independent experiments, each performed in duplicate or triplicate. This figure appears 

in color in the online version of the manuscript only.   

 

The impact of these mutations on overall 3' processing activity was markedly different 

among the subtypes tested (Figure 5.2C-E). All CRF02_AG variant proteins exhibited 

significantly higher 3' processing activity than WT (Figure 5.2C) and thus higher enzyme 

efficiency (Figure 5.2E). In subtype C, the presence of the E138K substitution resulted in 

a 38% reduction in efficiency of 3' processing, while H51Y and E138K were without 

effect.  Diminished 3' processing ability was served for the G118R integrase protein of 

subtype B but not subtypes C or CRF02_AG. 

 

5.4.4 The effect of G118R, and E138K on subtype C integrase protein resistance to MK-

2048 

The G118R substitution was selected in cell culture by MK-2048 in a subtype C virus 

[352]. Despite being selected by the subtype C isolate 4742, the addition of E138K 

(within 4 weeks) was necessary to engender significant resistance in the virus to MK-

2048 with a fold-change (FC) in EC50 of ~139 (Figure 5.3A) and lower levels of cross-

resistance to RAL (~4.4 FC) and EVG (~ 4.1 FC). We also studied the susceptibility of 

subtype C WT integrase or integrase containing the G118R, E138K or G118R/E138K 

substitutions on susceptibility to MK-2048 (Figure 5.3; Table 5.2).  As previously 
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reported for subtype B in cell culture [352], G118R resulted in minimal resistance to MK-

2048 (~ 1.5 FC) (Figure 5.3A,B) and this level of resistance was significantly increased 

by the presence of the E138K mutation (~11 FC). Of note, the FC in resistance to MK-

2048 reported for clonal G118R/E138K subtype C virus is ~100-fold higher than 

previously reported for subtype B [352]. This result may partially account for the 

emergence of G118R and the additional selection of E138K in subtype C [352]. 

 

 

Figure 5.3: Confirmation of the role of G118R and E138K substitutions in conferring 

resistance to MK-2048 in subtype C integrase.  
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(A) Susceptibility of MK-2048 selected subtype C variant viruses to MK-2048, RAL and 

EVG. (B) Concentration-dependent inhibition of the strand transfer reaction of subtype C 

WT, G118R-, E138K- and G118R/E138K-containing integrase proteins by the INSTI 

MK-2048 (0.173 nM - 5000 nM). (C) Calculation of IC50 fold-changes (FC) relative to 

WT shows that the G118R/E138K double variant protein has high in vitro resistance to 

MK-2048. Data presented here are the result of at least three independent experiments 

performed in triplicate.    

 

5.4.5 Effect of G118R on susceptibility to DTG, RAL and EVG 

We next tested the susceptibility of subtype C and CRF02_AG integrase proteins 

containing G118R, alone or in combination with H51Y or E138K, as well as H51Y and 

E138K alone, on susceptibility to DTG, RAL and EVG (Figure 5.4; Table 5.2). The 

G118R substitution in all three subtypes resulted in statistically similar levels of 

resistance to DTG (Figure 5.4A; Table 5.2) and significant cross resistance with RAL 

(Figure 5.4B) and EVG (Figure 5.4C). However, G118R in subtypes B and C resulted in 

only low-level resistance to RAL, whereas an 8-fold change in susceptibility to RAL was 

noted for subtype CFF02_AG consistent with clinical results [408]; no statistical 

differences between subtypes was observed in regard to resistance to EVG. The impact 

of the two secondary mutations H51Y and E138K on G118R-bearing protein differed 

between subtypes. The H51Y/G118R combination in subtype C resulted in slightly 

elevated levels of resistance to DTG compared to G118R alone but not in CRF02_AG or 
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subtype B (Figure 5.4A; Table 5.2). Consistent with this, G118R/H51Y were selected by 

DTG in subtype C (Table 5.1). Although the H51Y/G118R variant integrase enzyme 

showed low levels of cross-resistance to both RAL and EVG in subtype B (~3 FC), 

susceptibility levels were comparable to WT for the subtype C protein (<2 FC). 

H51Y/G118R displayed greater susceptibility than WT for CRF02_AG protein to both 

RAL and EVG (~0.6 FC) (Figure 5.4B, C; Table 5.2). Variant enzymes bearing E138K 

showed the greatest subtype-dependent variability; the G118R/E138K variant protein, 

when compared to WT, showed decreased susceptibility, increased susceptibility and 

similar susceptibility to DTG in subtypes B, C and CRF02_AG integrase proteins 

respectively (Figure 5.4A; Table 5.2).  However, all 3 subtypes exhibited similar levels of 

cross-resistance to RAL (~2 FC) (Figure 5.4B; Table 5.2) and WT-levels of susceptibility 

to EVG (Figure 5.4C; Table 5.2). The E138K variant in the three subtypes exhibited low 

level resistance to DTG (~1.5-2 FC) (Figure 5.4A; Table 5.2), low-level cross-resistance 

to RAL in subtype B (Figure 5.4B; Table 5.2) and high-level cross-resistance to EVG in 

CRF02_AG (Figure 5.4C; Table 5.2).  
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Figure 5.4: Subtype-specific susceptibility of 

WT and variant integrase proteins to 

clinically relevant INSTIs.  

(A) DTG, (B) RAL, and (C) EVG. Drug 

inhibitory constants (Kis) were derived by 

performing variable drug (0.2 nM-1000 nM)/ 

variable target DNA (0 nM-128 nM) strand 

transfer assays in the presence of fixed 

concentrations of LTR (160 nM) and 

integrase protein (300 nM). Data were fit by 

non-linear regression analysis using 

GraphPad Prism and a competitive inhibition 

equation as detailed in Experimental 

Procedures. Fold-change (FC) values were 

calculated in each experiment by dividing the observed Ki value of each variant for a 

particular INSTI by that observed for WT with the same INSTI. For each subtype, FC 

calculations from at least three individual experiments, analyzed using column statistics 

are presented.  
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Table 5.2: Enzymatic and virological parameters of variant HIV-1 integrase protein and viruses in CRF02_AG and 

subtypes B and C  

 

* Phenotyping studies performed on infectious viruses selected during MK-2048 selections in CBMCs 

 

 

 

HIV-1 subtype
Integrase 
phenotype

Enzyme efficiency 
(EE) (% WT)

Viral 
Replication 

Capacity 
(% WT RC)

INSTI susceptibility (Fold change relative to WT)

3' 
processin

g (3P)

Strand 
transfer 

(ST)

DTG RAL EVG

Cell-free Cell Culture Cell-free Cell Culture Cell-free
Cell 

Culture

CRF02_AG

WT 100 ± 10.9 100 ± 16.4 100 1.00 1.0 1.00 1.0 1.00 1.0

H51Y 309 ± 45.1 38.0 ± 1.4 69 1.47 ± 0.13 1.4 2.68 ± 0.08 1.0 0.631 ± 0.009 2.1

G118R 182 ± 37.4 27.0 ± 4.4 8 3.17 ± 0.67 15.5 8.48 ± 2.05 17.2 2.58 ± 0.77 7.7

E138K 193 ± 20.4 44.8 ± 2.5 91 2.61 ± 0.18 0.8 1.14 ± 0.23 0.8 5.87 ± 1.18 1.0

H51Y/G118R 147 ± 4.1 25.9 ± 4.4 ND 2.24 ± 0.26 ND 0.595 ± 0.018 ND 0.617 ± 0.048 ND

G118R/E138K 155 ± 21.4 41.9 ± 2.4 32 1.33 ± 0.35 12.7 3.33 ± 0.78 20.2 1.39 ± 0.28 5.2

Subtype B

WT 100 ± 1.5 100 ± 0.4 100 1.00 1.0 1.00 1.0 1.00 1.0

H51Y ND 42.5 ± 1.2 89 3.75 ± 0.82 1.4 1.43 ± 0.53 1.2 3.53 ± 2.49 2.0

G118R 54.7 ± 3.8 11.8 ± 1.7 30 3.11 ± 0.58 8.2 3.68 ± 0.75 10.6 4.62 ± 2.35 5.5

E138K ND 105 ± 2.2 77 1.83 ± 0.13 0.8 3.84 ± 0.37 1.0 1.30 ± 0.03 0.8

H51Y/G118R 170 ± 5.5 48.4 ± 0.04 ND 3.43 ± 0.97 ND 2.78 ± 0.65 ND 3.18 ± 0.45 ND

G118R/E138K 140 ± 6.6 33.4 ± 1.46 43 0.644 ± .047 8.0 2.18 ± 0.13 14.1 0.884 ± 0.029 4.8

Subtype C

WT 100 ± 12.5 100 ± 11.2 ND 1.00 ND 1.00 1.0* 1.00 1.0*

H51Y 116 ± 36.8 114 ±12.6 ND 2.51 ± 1.22 ND 5.80 ± 2.28 ND 2.77 ± 0.57 ND

G118R 96.4 ± 19.9 42.6 ± 6.6 ND 2.31 ± 0.60 ND 1.93 ± 0.64 0.3* 1.93 ± 0.58 0.78*

E138K 61.4 ± 7.3 114 ± 12.6 ND 1.47 ± 0.26 ND 1.30 ± 0.31 ND 1.07 ± 0.26 ND

H51Y/G118R 103 ± 5.5 31.3 ± 3.0 ND 3.78 ± 1.21 ND 1.51 ± 0.26 ND 1.61 ± 0.29 ND

G118R/E138K 93.1 ± 15.3 47.9 ± 1.6 ND 2.93 ± 1.00 ND 2.20 ±1.01 4.4* 0.876 ± 0.221 4.1*
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Table 5.3:   Comparative analysis of biochemical and virology data  

HIV-1 

subtype 

Integrase 

phenotype 

Extent of INSTI susceptibility (FC relative to WT)a % Integration activityb 

DTG RAL EVG 

EE RC Cell-

free 

Cell 

culture 

Cell-

free 

Cell 

culture 

Cell-

free 

Cell 

culture 

CRF02_A

G 

WT -      100 100 

H51Y - - ++ - - + 117 69 

G118R ++ +++ +++ +++ ++ ++ 49.1 8 

E138K ++ - - - +++ - 86.5 91 

H51Y/G118R + ND - ND - ND 38.1 ND 

G118R/E138K - +++ ++ +++ ++ ++ 64.9 32 

Subtype B 

WT - - - - - - 100 100 

H51Y ++ - - - ++ + ND 89 

G118R ++ ++ ++ +++ +++ +++ 54.7 30 

E138K + - ++ - - - ND 77 

H51Y/G118R ++ ND ++ ND ++ ND 82.3 ND 

G118R/E138K  ++ + +++ - + 46.8 43 

Subtype C 

WT  ND - ND - ND 100 ND 

H51Y ++ ND +++ ND ++ ND 132 ND 

G118R + ND + ND + ND 96.4 ND 
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E138K - ND - ND - ND 70.0 ND 

H51Y/G118R ++ ND + ND + ND 32.2 ND 

G118R/E138K ++ ND + ND - ND 93.1 ND 

a Cell culture experiments tends to yield higher FC values than cell-free assays [418]. In the above table, susceptibility 

ranking for FC values in cell-free versus cell culture assays reported in the following format cell-free/cell culture is as 

follows: 0<-<1.5/0<-<2.0; 1.5+<2.5/2.0+<5.0; 2.5<++<4.0/5.0<++<10.0; 4.0<+++ /10.0 <+++.  

b In the cell, 3'processing is the rate limiting step for integration [540], therefore we calculated overall integration 

efficiency is either calculated by multiplication of the EE values for 3' processing and strand transfer (if EE for 3' 

processing is lower that higher than ST or the EE for 3'processing is retained (if 3' processing is much lower than ST). 

Scenarios not tested are marked as ND 
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Clonal viruses that were WT, H51Y, G118R, E138K or G118R/E138K were phenotyped 

by Monogram Biosciences in subtype B and CRF02_AG backgrounds (Tables 5.2 and 

5.3). Difficulties generating subtype C clonal variants precluded its similar analysis. The 

phenotyping data implies that G118R alone conferred significant yet low-level resistance 

to DTG in both subtype B and CRF02_AG but with significant loss of viral replication 

capacity (Table 5.2). G118R also caused significant cross resistance to EVG and RAL 

particularly, in CRF02_A/G,  for RAL [408]. Where possible, when resistance levels and 

viral replication calculated in cell culture were compared to resistance and integration 

activity calculated in biochemical assays (Table 5.3), there was good agreement 

between the two methods for most variants.  

 

5.4.6 Amino acid sequences differ at key positions between the three subtypes 

We performed multiple sequence alignments using ClustalW v1.8 software[543] to try to  

explain subtype specific differences in these experimental data. Integrase subtype 

amino acid sequences from subtype B (pNL4_3), subtype C (pINdieC) and CRF02_AG 

(p97) were aligned (Figure 5.5). The three integrase amino acid sequences share > 93% 

sequence identity and differed at only at a few positions, mostly through conservative 

polymorphisms. Interestingly, several polymorphic positions appear to be close to 2nd 

generation INSTI-resistance associated positions. As an example, the amino acid at 

position 50 in treatment-naïve patients is mostly M in treatment naïve subtype B [544] 

with polymorphisms in other subtypes . The M50I substitution appeared as a secondary 
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mutation to R263K during passage of subtype B HIV in the presence of DTG [418] and 

increased levels of resistance to DTG, together with R263K, without affecting the viral 

fitness cost imposed by R263K [544]. Position 50 is also only one residue downstream 

of the DTG-resistance associated substitution H51Y, that appears to be a secondary 

substitution for both G118R and R263K that increased levels of resistance to both DTG 

and EVG while  also increasing the fitness cost imposed by R263K in subtype B HIV 

[177].  

Another key polymorphic position at residue 91 is naturally A in both subtypes B and C 

and E in CRF02_AG. CRF02_AG integrase possesses an R at position 119 while 

subtype B and C have an S at this position, and all three subtypes have different 

residues at positions 133-136. Of note, positions 140, 143, 148 and 155 (Figure 5.5; 

boxed in blue)- that are associated with primary drug resistance to RAL and EVG, all 

occur within highly invariant motifs. Although the C-terminus of integrase is known to be 

highly polymorphic across retroviral genera, it is highly conserved among the three 

subtypes studied here. 
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Figure 5.5: Multiple sequence alignment of subtype B, subtype C and CRF02_AG 

integrase sequences from the plasmids pNL4_3, pINdieC and p97, respectively, 

performed using ClustalW (1.8).  

The catalytic site residues, D64, D116 and E152, are highlighted in yellow. Perfectly 

conserved residues are marked with (*), conservative substitutions are marked with (:) 

and highlighted blue, while semi-conservative substitutions are marked with (.) and light 

blue highlights. Non-conservative substitutions are highlighted in red. Positions E92, 

G140, Y143, Q148, and N155, implicated in primary resistance to RAL and EVG, are 

boxed in blue. Labeled residues have been adequately characterized as affecting DTG 

susceptibility in, this study (White text with black highlight),  or previous studies [177, 

418, 544, 545]  (bolded blue).  
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5.5 DISCUSSION 

The integrase inhibitor associated substitution, G118R has never been selected in 

subtype B by any drug, in either the clinic or in a laboratory setting. In contrast, it has 

been selected in culture in  subtype C and CRF02_AG clonal viruses (Table 5.1) [352, 

418] and in the clinic in a CRF02_AG virus [408]. We subsequently showed that the 

presence of this mutation, when introduced into subtype B integrase caused resistance 

to DTG, EVG and RAL [419] at both an integrative [419] and fitness cost to the virus 

[352]. In this manuscript, we investigated the biochemical basis for the differential 

selection of G118R and its associated H51Y and E138K amino acid substitutions in HIV 

subtypes B and C as well as CRF02_AG.  We evaluated the impact of G118R alone or 

in concert with either H51Y or E138K on the ability of recombinant integrase proteins 

from subtypes B, C and CRF02_AG to perform strand transfer and 3' processing 

activities and the individual impacts of H51Y and E138K were determined. We also 

evaluated the phenotypes of HIV-1 clonal viruses bearing wild-type or variant integrase 

sequences. After verifying that the sequential selection of G118R and E138K caused 

resistance to MK-2048, we also tested the susceptibility of the various recombinant 

enzymes to the clinically relevant INSTIs, DTG, RAL and EVG. Molecular modeling was 

used to provide an understanding of inter-residue and integrase-DNA interactions that 

drive the differential impact of G118R, H51Y and E138K in different HIV-1 subtypes. 

Of all the recombinant proteins tested, subtype B G118R integrase had the greatest loss 

in enzyme efficiency relative to WT (~90% for strand transfer and ~50% in 3' 
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processing), perhaps explaining why G118R is not selected in subtype B (15). In both 

the CRF02_AG and subtype C proteins, the G118R mutation alone resulted in ~70% 

and ~60% loss in WT strand transfer efficiency. In all subtypes tested, the G118R 

mutation involves a GC transversion that is less common than the GA transition that 

is seen in the case of many drug resistance mutations such as R263K [546]. In subtype 

B, the addition of H51Y or E138K, neither of which has a major impact on strand transfer 

and 3' processing, partially rescued G118R-containing enzymes, while not significantly 

increasing the activities of G118R-containing subtype C or CRF02_AG enzymes (Figure 

5.1B, C; Figure 5.2B, C). Thus, the impact of H51Y and E138K may be related to 

resistance particularly since H51Y selected together with G118R in subtype C DTG 

selections.  

The highly subtype-dependent protein activities revealed here in enzyme activity assays 

shows that minor polymorphic differences among subtypes may play important roles in 

fitness and in pathways for resistance. A key experiment (Figure 5.3) showed that 

G118R in subtype C, caused minimal  if any resistance to MK-2048(cell-free/cell culture; 

~2.0/0.87 FC), but the addition of E138K significantly augmented levels of such 

resistance (~11/139 FC). This was important since MK-2048 was the first compound to 

select sequentially for G118R and E138K in a subtype C viral backbone [352]. More 

relevant clinically, the G118R mutation caused ~1.8-3.5 FC resistance to DTG in all 

three subtypes (Figure 5.4A) and resulted in varying levels of cross-resistance to RAL 

(Figure 5.4B) and EVG (Figure 5.4C). In CRF02_AG integrase, G118R caused high-
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level resistance to RAL (~8/17 FC), consistent with a clinical report of G118R in a patient 

harboring CRF02_AG virus who failed a RAL containing regimen [408].  

The impact of H51Y and E138K on resistance, whether alone or together with G118R, 

varied depending on subtype (Figure 5.4). Based on integrase homology modeling and 

structural overlays, the G118R substitution inhibits strand transfer activity by sterically 

hindering the access of target DNA to the strand transfer hotspot (Figure 5.6, yellow 

dotted circle) and by impeding hydrogen bond formation with D116. This effect is not 

seen with G118R in CRF02_AG  (Figure 5.6B) or subtype C (Figure 5.6C), nor is there 

interference with cation coordination or interaction with D64, the most important catalytic 

residue [105]. By contrast, 118R in subtype B forms strong electrostatic interactions with 

D64, C65 as well as D116 (Figure 5.6A). The subtype B 118R also extends in a manner 

that might force the repositioning of active site Mg2+ ions. In a subtype B DTG-bound 

model, the G118R side chain was shown to be physically overlapped with the DTG 

binding site [370]. The presence of either H51Y or E138K caused the partial (H51Y) or 

complete (E138K) repositioning of the G118R side chain (Figure 5.7J). In the DTG 

bound models, G118R formed salt-bridge interactions with D64 and hydrogen-bonding 

with D116 in both CRF02_AG (Figure 5.7H) and subtype C (Figure 5.7I). In these cases, 

the active site would be seriously affected and the repositioning of at least one active 

site Mg2+ ion would be necessary (Figure 5.7 H, I; potential Mg2+ movement indicated by 

dotted red outlined arrow).  In both scenarios, the long side-chain of 118R is completely 

within the DTG binding pocket (Figure 5.7K, L). The addition of either H51Y or E138K in 
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a G118R background, partially (E138K) or completely (H51Y) repositioned the 118R 

side chain out of the DTG binding pocket in CRF02_AG (Figure 5.7K). In subtype C, the 

addition of either H51Y of E138K was insufficient to significantly reposition the 118R 

side chain. This result, coupled with the slightly better activity profile caused by either 

substitution, may explain the slight increase in resistance associated with these 

secondary mutations.  

The variable impact of H51Y and E138K on integrase activity and drug resistance can 

be due to proximity with various polymorphic positions (Figure 5.5). Position 51 is clearly 

important for DTG resistance; H51Y was a secondary resistance mutation to R263K and 

augmented resistance to DTG [177] and was also selected together with G118R or 

alone by DTG [418]. The adjacent M50 position is polymorphic among subtypes, and 

M50I, which is a secondary substitution to R263K in subtype B [418], was shown to 

augment R263K-associated resistance to DTG and EVG [544]. Because DTG binds 

primarily to DNA and does not have as many protein contacts as RAL, and because it is 

more flexible than EVG [290], DNA binding may be impacted by a number of the DTG-

selected substitutions: H51Y (LTR DNA), G118R (target DNA), M50I (LTR DNA), R263K 

and E138K (both LTR and target DNA) [177, 418-420, 544]. In the case of G118R and 

associated substitutions, slight active site perturbations caused by the 118R may be 

linked.  Most DTG-associated mutations appear to interact with the L46-T66 loop which 

spans the DNA binding trough and interacts with both C-terminal and active site 

residues.  
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Figure 5.6: Modeled HIV-1 WT and G118R 

target capture complexes show differential 

impact of G118R in the active sites of the 

three integrase subtypes.  

HIV-1 WT or G118R monomeric homology 

models for each of the three subtypes were 

created based on the structure of the freeze-

trapped PFV target capture complex (PDB ID:  

4E7K). These models were then used to build 

dimers as described in Experimental 

Procedures. Integrase-DNA interaction clues 

as well as cation binding in the TCC were 

mimicked by direct overlay of the LTR DNA, 

target DNA and the Mn2+ and Zn2+ ligands 

from the PFV structure.  The impact of the 

G118R substitution in the strand transfer 

reaction with the active site of (A) subtype B, 

(B) CRF02_AG and (C) subtype C was 

analyzed by visual assessment of the 

differing side-chain and backbone 

interactions as well as residue-DNA clashes that occur with the G118R substitution, 
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particularly within the putative strand transfer zone (yellow circle). Structural visualization 

and manipulation were performed using PyMOL. Protein and DNA structure are shown 

as cartoons, with the residues under investigation shown as sticks. The catalytic triad 

residues are labeled in blue and shown as line traces. Structures of active site residues 

interacting with residues 118, 51 and 138 are shown as line traces. Possible hydrophilic 

interactions between atoms separated by < 3.5Å are shown by black dashed lines. 

Coloration of lines and sticks are based on main chain color as well as standard atomic 

coloration. For clarity and where necessary, the colors of residue labels are the same as 

in the cartoons for that particular model.     

 

The concomitant appearance of A49P, V234L and S119R substitutions, in a previously 

DTG-susceptible N155H-containing subtype B virus, was associated with clinical 

resistance to DTG [545]. These substitutions propelled a significant shift in the highly 

conserved loop region spanning L46-T66, drastically altering the active site and resulting 

in a severely compromised virus that was also highly resistant to DTG [545]. M50I is the 

sole polymorphic residue in this stretch and its impact on residue 49 as well as 51 may 

vary between subtypes. The presence of multiple subtype specific polymorphisms in 

association with E138K (Figure 5.5) may not affect overall protein structure (Figure 5.6), 

but altered side-chain interactions (Figure 5.7) may be sufficient to cause a differential 

impact on DNA binding as well as the G118R-associated DTG resistance reported here. 

Modeling studies suggest that E138K in a DTG-bound state communicates with 
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G118G/R primarily through the interaction of Q137 with the backbone amide of the 118 

residue. E138 also interacts indirectly with the Q148 INSTI resistance position, Q148, by 

sequential hydrogen bonding with H114 [547]. The charged nature of H114 implies that 

the presence of 138K may affect H114 orientation and, ultimately, the orientation of 

Q148, with variable consequences for INSTI cross-resistance. The fact that E138K, in 

addition to having electrostatic interactions with H114, also forms such interactions with 

E136 in subtype B (residue 136 is T in CRF02_AG and Q in subtype C) (Figures 5.5 and 

5.7) implies that the impact of E138K on the orientation of Q148 may differ between 

subtypes and that the impact on drug susceptibility might also differ among subtypes.  

The classical G140, Y143 and Q148 substitutions, associated with resistance to RAL 

and EVG, are in the active site loop and N155, also associated with resistance to RAL 

and EVG, is located deep in the active site. Any changes to these residues directly 

impact the ability of the active site to interact with the drug versus the substrate and can 

directly influence resistance and enzyme activity without the need for significant inter-

residue interactions. In these cases, the subtype may be irrelevant to the level of drug 

resistance that results. The EVG E92Q mutation like G118R, is on the periphery of the 

INSTI binding pocket and variable interactions involving HIV subtypes can affect the 

level of resistance that is associated with this substitution [305]. 
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Figure 5.7: Active site modeling of DTG-bound integrase.  

For each subtype, HIV-1 monomeric models which were WT, G118R, H51Y/G118R or 

G118R/E138K were created based on the structure of the DTG-bound PFV structure 

(PDB ID:  3S3M). These models were then used to build dimers as described in 

Experimental Procedures. Integrase-DNA interaction clues, cation binding and DTG -

integrase interactions were mimicked by direct overlay of the LTR DNA, the Mn2+ and 

Zn2+ ligands, and DTG from the PFV structure 3S3M. (A) Overlay of WT models from 
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subtype B (green), subtype C (pink) and CRF02_AG (turquoise) showing key backbone 

interactions of G118. (B) Close-up of subtype B WT showing inter-residue and DNA-

integrase interactions of H51. (C) Close-up of CRF02_AG WT showing inter-residue and 

DNA-integrase interactions of H51. (D) Close-up of subtype C WT showing inter-residue 

and DNA-integrase interactions of H51. (E) Close-up of subtype B WT showing inter-

residue and DNA-integrase interactions of E138. (F) Close-up of CRF02_AG WT 

showing inter-residue and DNA-integrase interactions of E138. (G) Close-up of subtype 

C WT showing inter-residue and DNA-integrase interactions of E138. (H) Overlay of WT 

(turquoise) and G118R (yellow) active sites showing impact of G118R substitution in the 

CRF02_AG active site: changes in the D64 side-chain orientation caused by 118R is 

indicated (Open blue arrow) and other key side chain orientation changes are indicated 

by a solid blue arrow; possible repositioning of at least one Mg2+ cation is indicated by 

the dotted red arrow. (I) Overlay of WT (pink) and G118R (purple) active sites showing 

the impact of the G118R substitution in the subtype C active site: changes in D64 side-

chain orientation caused by 118R are indicated (open blue arrow) and other key side 

chain orientation changes are indicated by a solid blue arrow; possible repositioning of 

at least one Mg2+ cation is indicated by the dotted red arrow. (J) Overlay of subtype B 

models; WT (green), G118R (tan), H51Y/G118R (red) and G118R/E138K (orange) 

showing the relative positioning of the three residues H51Y, G118R and E138K to DTG. 

(K) Overlay of CRF02_AG models: WT (turquoise), G118R (yellow), H51Y/G118R (olive 

green) and G118R/E138K (tan) showing the relative positioning of the three residues 
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H51Y, G118R and E138K to DTG. (L) Overlay of subtype C models: WT (pink), G118R 

(purple), H51Y/G118R (navy) and G118R/E138K (light blue) showing the relative 

positioning of the three residues H51Y, G118R and E138K to DTG. Structural 

visualization and manipulation were performed using PyMOL. Protein and DNA structure 

are shown as cartoons, with the residues under investigation shown as sticks. The 

catalytic triad residues are labeled in blue and shown as line traces. Structures of active 

site residues interacting with residues 118, 51 and 138 are shown as line traces. 

Possible hydrophilic interactions between atoms separated by < 3.5Å are shown as 

black dashed lines. Coloration of lines and sticks are based on main chain color as well 

as standard atomic coloration. For clarity and where necessary, the colors of residue 

labels are the same color as in the cartoon for that particular model. 

 

 

DTG is able to evade these primary EVG and RAL substitutions because it forms 

hydrophobic stacking interactions with the terminal processed viral LTR CA dinucleotide 

[370] and coordinates optimally to active site Mg2+ ions without the need to interact 

significantly with the integrase protein [381]. Thus, it is more difficult to develop 

resistance to DTG. Evidence that G118R and R263K are two mutations that can 

engender resistance to DTG  is growing [177, 418-420, 539, 544, 548] and both 

substitutions have also been shown to engender INSTI resistance in simian 
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immunodeficiency virus [549]. In this context, minor polymorphisms that vary among 

subtypes may be able to play a major role in the development of drug resistance. 

In all three subtypes tested here, G118R results in highly deficient integration activity, 

and the secondary substitutions, E138K and H51Y are likely primarily rescue 

substitutions though their effectiveness varies between different integrase sequences. 

This work highlights the need to better characterize polymorphic integrase positions, 

particularly in treatment experienced patients undergoing DTG therapy and especially in 

patients failing therapy without previously reported resistance substitutions. 
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Chapter 6 

General Discussion 

The introduction of integrase inhibitors into the fold of anti-retroviral therapy has 

been successful in terms of drug potency, in vivo pharmacokinetics and general 

patient outcomes [538]. As a novel class of anti- HIV drugs, integrase inhibitors 

offer a unique resistance profile that have made them useful  for   therapy  in 

both drug-experienced and drug naïve patients [532, 538]. Elucidation of  

prototype foamy virus (PFV) integrase crystal structure [245, 370, 380, 381] and 

subsequent modeling of HIV-1 integrase structures [382] has led to a very good 

understanding of the molecular basis for the efficacy and potency of INSTIs as 

well as each of the mechanisms of resistance to INSTIs imparted by the 

"classical" E92, Y143, Q148 and N155 resistance pathways [336, 381] and  

limited cross-resistance with second-generation INSTIs such as MK-2048 and 

DTG [290]. In this thesis, we have examined  resistance pathways that are 

relevant to second generation INSTIs, ie  the R263K and G118R integrase 

substitution pathways, and have attempted to understand the influence of HIV 

subtype on development of resistance pathways and cross-resistance.  

6.1 Important considerations in homology modeling of HIV-1 integrase structures 

The lack of a viable HIV integrase structure or model was probably the single 

biggest impediment to integrase drug development for the  first 25 years of HIV 
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research [550]. Just prior to and during this study, numerous partial structures of 

PFV integrase were crystallized by Peter Cherepanov and colleagues at Imperial 

College, London [245, 370, 379-381, 416]. Most of these were co-crystallized 

with viral and target DNA mimics, divalent cations and other relevant ligands 

such as INSTIs. These crystal structures and subsequent models have yielded 

an integrase drug discovery revolution and  there are currently numerous  

candidate INSTI molecules at different stages of development [400, 414, 551]. 

Despite  numerous HIV-1 integrase partial structures and despite a low sequence 

identity between HIV-1 and PFV integrase, the latter remains the only truly viable 

template for accurate creation of HIV integrase homology models. 

By utilizing the I-TASSER server for protein structure and  prediction of function 

[453], we were able to obtain full-length HIV-integrase structures that showed 

good spatial agreement with most HIV-1 partial structures as well as with the 

PFV crystal structures (Chapter 2). Considering that we are not close to  

resolution of a full-length HIV-1 integrase structure, let alone one with bound 

DNA molecules,  and given the computing challenges of advanced methods such 

as molecular dynamics,  we have developed methods in this thesis (Chapter 2) 

that provide  easy and credible  HIV integrase models that can be utilized for 

drug screening and/or predictions of comparative drug binding affinity. This 
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modelling also provides valuable insights into the G118R and R263K resistance 

pathways, which are discussed further below. 

 6.2 Comparing G118R and R263K and their associated secondary substitutions 

The classical G140, Y143 and Q148 substitutions, associated with resistance to 

RAL and EVG, are in the active site loop.  N155, also associated with resistance 

to RAL and EVG, is located deep in the active site. Any residue substitutions at 

these positions thus directly impact the ability of the active site to interact with  

drugs and  DNA substrate(s), thereby leading to major impacts on resistance and 

enzyme activity without the need for significant inter-residue interactions. In these 

cases, the viral subtype may be irrelevant to the level of drug resistance.  

It is clear from the evidence presented in this thesis that G118R and R263K are 

two mutations that can engender resistance to DTG. Susceptibility to MK-2048 is 

also imparted by G118R in subtype C, providing  evidence of subtype variability. 

Of the two substitutions, G118R and R263K, the latter has been seen clinically in 

relation to DTG treatment in  two treatment-experienced INSTI-naïve patients, 

one with subtype B virus and the other with subtype C virus [539]. In tissue 

culture selections under DTG pressure, R263K has been selected by subtype B 

virus and G118R has been selected by subtype C virus; both mutations were 

selected by a CRF02_AG recombinant virus [418]. Both of these substitutions 
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have been shown to engender broad INSTI resistance in simian 

immunodeficiency virus [549].  

What separates DTG and MK-2048 from first generation integrase inhibitors is 

the extent of inhibitor-viral DNA interactions that are observed with these 

compounds [370, 547]. In separate studies, DTG and MK-2048 have been 

reported to have significantly longer binding half-lives to HIV pre-integration 

complexes than either RAL or EVG [341, 368, 369, 547]. DTG is able to evade 

primary EVG and RAL substitutions because it forms extensive hydrophobic 

stacking interactions with the terminal processed viral LTR CA dinucleotide [370, 

547] and coordinates optimally to active site Mg2+ ions without the need to 

interact as much with the integrase protein as do RAL and EVG  [380, 382].Thus, 

it is more difficult to develop resistance to DTG and MK-2048. In this context, 

minor polymorphisms that vary among subtypes may be able to play a major role 

in the development of drug resistance,  consistent with the results of the VIKING 

studies, in which patients received DTG after having first failed either RAL or 

EVG [547]. This is consistent with the work presented in the preceding chapters. 

In all three subtypes tested here, G118R resulted in the lowest levels of 

integration activity;  secondary substitutions such as E138K and H51Y may be 

able to partially rescue integrase activity, although their effectiveness varied 

between different integrase sequences. The G118R residue  is perfectly 
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conserved among retroviral genera and it is  likely indispensible for normal 

integrative functions of integrase. This is buoyed by the fact that  substitutions at 

residue G118 have  been detected in cell culture selections with the two 

experimental drugs S-1360 and MK-2048 as well as with the approved inhibitor 

DTG but not with RAL or EVG. In the clinic, only one patient has developed 

G118R while being treated with RAL. Our experimental results support the idea 

that a high fitness cost is associated with G118R, that only gives rise to low 

levels of drug resistance. This may explain  why G118R seems to  always be co-

selected with another substitution, both in the clinic [408] and in culture [352, 

418].  

The R263K substitution imparts a major fitness cost to HIV and was identified  in 

subtype B selections,  either alone or together with complementary substitutions. 

[418]. Subtype C viruses, in our selections, failed to yield R263K. However, when 

this substitution was introduced into a subtype C viral backbone, R263K 

conferred similar INSTI resistance levels as seen in subtype B and CRF02AG 

viruses, although at a higher fitness cost similar to that of G118R in subtype B 

virus (Unpublished). Our modeling work has shown that there are significant 

differences in inter-residue interactions involving R263K in subtype C versus 

subtype B, which may explain why the only clinical report of R263K in subtype C 

occurred in the context of a V260I substitution [539]. 
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Subtype differences aside, both G118R and R263K affect DNA binding [418-420, 

544]. The  G118 residue had previously been postulated to be involved in target 

DNA binding whilst the R263K substitution has been shown to reduce binding to 

integrase of both viral and target DNA (Chapter 3) [418]. 

The G118R and R263K mutations involve residues that have  been postulated to 

be involved in DNA binding and/or active site architecture. The G118R 

substitution has been selected in the clinic together with L74M (by RAL) [408] 

and in culture  together with substitutions at positions 51 (with DTG)[418], 66 

(MK-2048, DTG)), 74 (MK-2048), and 138 (MK-2048) [352].  R263K  leads to low 

levels of resistance at only a small cost in activity and viral fitness. Additional 

substitutions at positions 50, 51, 138, 151 have been associated with R263K and 

DTG treatment[177, 418, 420, 544] What is key and unique is that R263K, in the 

presence of tested secondary substitutions, did not lead to a gain in fitness and 

that viral replicative capacity  was commonly even further impacted. The 

possibility that the R263K substitution might represent  a dead-end resistance 

pathway is now being explored  in our lab.  

Structural modeling has shown that most, if not all, of these residues that are 

implicated in DTG and MK-2048 resistance interact with each other and with 

DNA within the quartenary integrase structure [177, 418-420, 462, 544, 545, 

549]. The higher fitness cost of the G118R substitution in subtype B has been 
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attributed to the formation of a salt bridge between the substituted 118R and the 

key D64 catalytic residue in the viral intasome (Figure 4.7), an interaction that 

has not been observed in the intasomes of subtypes C and A/G. Unlike the 

situation in subtype B, residue 263K in subtype C is in close proximity to the 

active site, with contacts to both viral and target DNA mimics (Mesplede, 

Quashie et al, submitted). This is supported by biochemical evidence, which 

shows that R263K results in a 30-fold decrease in the ability of subtype C 

integrase to bind to DNA (Mesplède, Quashie et al, submitted), compared to 

mere 2-3 fold decreases in subtype B [418] and CRF02_A/G [552]. The 

significant structural, biochemical and virological differences imparted by identical 

substitutions in these three different HIV subtypes are surprising, given their 

close genetic identity  (Figure 5.5). In subtype B, the fitness cost for selection of 

G118R appears too great to overcome the resistance benefit that is conferred by 

this mutation [419]. The same may be true for the R263K substitution in subtype 

C (Mesplede, Quashie et al, submitted).  

 The current work highlights the need to better characterize polymorphic 

integrase positions, particularly in treatment experienced patients undergoing 

DTG therapy and  in patients failing therapy without common resistance 

substitutions in integrase. 
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6.3 How has our work advanced the field? 

Our work has preempted the appearance of R263K and G118R in the clinic as 

dolutegravir associated substitutions- more clinical usage of dolutegravir usage 

are needed to show whether these substitutions are truly clinically relevant. A 

combination of R263K with N155H had previously been observed in a study of 

RAL treated patients in the United States [553]. Current ongoing work in our lab 

suggests that this N155H/R263K combination engenders DTG resistance but at 

a mild fitness cost [554]. Combinations of R263K together with any of E92Q, 

Q148K, Y143R or G140S/Q148K resulted in viruses that were highly resistant to 

DTG but severely deficient in replication [554, 555].  In the clinic, a patient 

previously treated with RAL and harboring a virus bearing the N155H substitution 

was completely suppressed under DTG treatment but later developed DTG 

resistance (FC≈55); however, virus recovered from this patient had reduced 

replication capacity (RC≈41%). This latter virus was also highly resistant to RAL 

(FC >150) and EVG (FC>150) [545] and contained the following substitutions: 

A49P, L68FL, T97A, E38K and L234V. This implies that the N155H pathway may 

be  important  in regard to DTG resistance. The additional impact of these 

accessory substitutions on DTG resistance are consistent with our findings. 

Using our modeling methodology from Chapter 2, we generated various 

integrase structural models based on the genotype of these viruses and showed 
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that the interaction of A49P and L234V as well as the N155H substitution may 

drive reorganization of the active site, affecting activity and preventing the 

binding of DTG [545]. The results of the VIKING clinical trials also showed that 

the presence of Q148K/R  plus at least two additional substitutions can yield 

DTG resistance [163]; this has been  corroborated by in vitro studies 

[556].Despite this, twice-daily dosing of 50mg DTG was sufficient to suppress 

RAL-resistant  viruses in the majority of  patients.   

6.4 Conclusions 

Our work shows that development of resistance to second generation INSTIs 

such as DTG is likely to be rare in drug naïve HIV-infected patients. Furthermore,  

any resistant viruses might be highly deficient in replication capacity. Integrase 

sequences will need to be evaluated during therapy to fully quantify and 

understand the nature of any resistance that develops during therapy. The 

importance of understanding resistance mechanisms towards INSTIs are even 

more important now because in the 2015 recommended guidelines for treating 

antiretroviral-naïve patients, issued by the NIH, four out of five recommended 

options for firstline therapy were INSTI-based regimen, with DTG being in two of 

the four options (DTG+TDF+FTC or DTG+ABC+3TC in certain patients) [557]. 

The high potency of DTG and the low fitness of DTG-resistant variants may 

therefore significantly define the future of HIV therapy.  
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