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Abstract                                                                                             

The viral Integrase (IN) protein is an essential enzyme of all known retroviruses, including 

HIV-1. It is responsible for the insertion of viral DNA into the human genome. It is known that 

HIV-1 is highly diverse with a high mutation rate as evidenced by the presence of a large 

number of subtypes and even strains that have become resistant to antiretroviral drugs. It 

remains inconclusive what effect this diversity in the form of naturally occurring 

polymorphisms/variants exert on IN in terms of its function, structure and susceptibility to IN 

inhibitory antiretroviral drugs. South Africa is home to the largest HIV-1 infected population, 

with (group M) subtype C being the most prevalent subtype. An investigation into IN is 

therefore pertinent, even more so with the introduction of the IN strand-transfer inhibitor 

(INSTI) Dolutegravir (DTG). This study makes use of computational methods to determine 

any structural and DTG drug binding differences between the South African subtype C IN 

protein and the subtype B IN protein. The methods employed included homology modelling to 

predict a three-dimensional model for HIV-1C IN, calculating the change in protein stability 

after variant introduction and molecular dynamics simulation analysis to understand protein 

dynamics. Here we compared subtype C and B IN complexes without DTG and with DTG. 

Stability predictions showed that the variants/polymorphisms present in subtype C were 

negligble in effect upon protein stability. Molecular dynamics of the IN complexes without 

DTG confirmed that the proteins behave similarly. Simulations performed with the drug DTG 

indicated that both complexes stabilize with the drug DTG remaining bound. Minimal 

differences were calculated in the binding energies between each IN complex and DTG. 

Finally, PCA analysis indicated that DTG binding induces conformational changes that 

destabilize the protein structures of HIV-1C and 1B resulting in fewer local energy minima 

clusters. In summary, our main findings from this study showed that the wild type (WT) HIV-

1 Subtype C IN derived from South Africa behaves similarly to the WT Subtype B IN even 

with the presence of naturally occurring polymorphisms and that DTG remains effectively 

bound to both IN subtypes. 
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1.1 Introduction 

The viral Integrase (IN) protein is an essential enzyme and plays a critical role in the lifecycle 

of retroviruses. It is responsible for a defining feature of the retroviridae family of viruses, 

which is the integration of reverse transcribed viral DNA into the host cell genome (Lesbats, 

Engelman and Cherepanov, 2016). Understanding the molecular biology of IN is an important 

focus of ongoing medical research, due to the high prevalence of the Acquired Immune 

Deficiency Syndrome (AIDS) pandemic, particularly in developing countries. Human 

Immunodeficiency Virus (HIV) belongs to the retroviridae family and is the causative 

pathogenic agent of AIDS (Lesbats, Engelman and Cherepanov, 2016; Clavel et al., 1986). 

                                                                                                             

South Africa (SA) is particularly burdened by HIV and AIDS. In the latest census studies 

conducted in 2018, an HIV prevalence of 13.06% was reported for the total population, with 

approximately 7,52 million people living with the disease (Stats SA, 2018). In 2017, 126 755 

deaths were attributed to HIV/AIDS, a significant improvement over the year 2006 census, 

which had the highest HIV/AIDS related death rate at 345 185. The improvement is a 

consequence of the antiretroviral treatment (ART) programme that was nationally 

implemented. South Africa subsequently now boasts the largest HIV programme in the world 

(Stats SA, 2018). The latest recommendations published by the World Health Organisation 

(WHO) are that first line anti-viral regimens should include an IN strand-transfer inhibitor 

(INSTI) agent (World Health Organisation, 2016). South Africa is currently in the process of 

introducing Dolutegravir (DTG), a potent INSTI agent that may increase the effectiveness of 

the local HIV programme, while being predicted to significantly reduce costs as reported in a 

media statement by the health department in 2017 (Department of Health, 2017). The tender 

for DTG containing antiretroviral (ARV) treatment was awarded in late 2018 and as of August 

2020 according to media reports more than 1 million patients have received DTG containing 

ARV treatment in SA (Treasury Department, 2018; Green, 2020).  

DTG was developed in first world nations, where the prevailing HIV-1 variant is subtype B, 

whereas in South Africa HIV-1 group M subtype C is most prevalent, prompting us to 

investigate DTG efficacy against SA HIV-1 group M subtype C (Wainberg, 2004; Keyhani et 

al., 2010). Recent studies have shown evidence for subtypes and naturally occurring 
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polymorphisms (NOPs) playing a role in drug resistance and failure prompting us to investigate 

this further (Lessells, Katzenstein and de Oliveira, 2012; Chehadeh et al., 2017; Brado et al., 

2018; Rogers et al., 2018). The following paragraphs gives a brief overview of the HIV-1 life 

cycle and in particular the structure and function of the HIV-1 IN protein as well as the use of 

computational tools to understand HIV-1 IN drug resistance and INSTI development.                                                                                                                                                                                                                             

1.2 HIV-1 Life Cycle 

HIV-1 has a replicative cycle highly similar to other known retroviruses. The retroviral life 

cycle has been arbitrarily divided into two phases by researchers; namely the early phase 

consisting of cell binding, fusion, reverse transcription and integration, while the late phase is 

composed of transcription, assembly and budding (Nisole and Saib, 2004). Figure 1 graphically 

displays the steps of the HIV-1 life cycle which are further discussed below. 

 

 

 

 

              

 

 

 

 

 

 

 

         

 

 

Figure 1: Essential steps of the HIV-1 replication cycle. The cycle initiates at the 

attachment step, where the viral particle attaches to the CD4 receptor on the cell wall 

and enters the cytoplasm. The next major step is reverse transcription of the viral RNA 

genome and formation of the Preintegration complex. This complex then enters the 

nucleus and subsequently integrates into the host cell DNA with cases of unsuccesful 

integration also taking place. The provirus DNA is then transcribed and translation 

of viral proteins then occur followed by viral particle assembly. The final step is the 

budding process whereby the viral particle exits the cell and becomes fully mature 

with the acquiring of cellular surface proteins. Adapted from (Furtado, et al., 1999).    
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Cell binding and fusion is the initial step, virions bind to the surface of the host cell. Binding 

occurs to the CD4+ T-cell host protein receptor and is facilitated by the viral protein Envelope 

(Env) (Wilen, Tilton and Doms, 2012). Viral binding to CD4 induces subsequent attachment 

and conformational changes in host chemokine-receptors, which may be either CC chemokine 

receptor 5 (CCR5) or C-X-C chemokine receptor type 4 (CXCR4). Conformational changes 

allow for the cellular and viral membrane to come into contact and form a fusion pore through 

which the entry of the viral core into the cellular cytoplasm is facilitated (Wilen, Tilton and 

Doms, 2012). The next step reverse transcription, is the generation of viral DNA from viral 

RNA. This process is primarily mediated by the viral Reverse Transcriptase (RT) protein. RT 

performs its function in different stages; first synthesis of a DNA strand from the viral RNA 

genome occurs, followed by cleavage of RNA from the resulting DNA-RNA duplex to form 

single stranded DNA (ssDNA), finally synthesis of complementary DNA is performed using 

the ssDNA as template (Hu and Hughes, 2012; Tekeste et al., 2015). Completing the early 

phase is the process of integration. Integration is the insertion of the reverse transcribed viral 

DNA into the host genome. Integration is primarily mediated by the IN enzyme. The integration 

process is subdivided into two distinct successive steps. The first one is termed 3’ processing, 

the ends of the viral DNA (vDNA) are subjected to endonucleolytic cleavage, in which a 

dinucleotide is removed from both ends, leaving exposed 3’- hydroxyl groups (Delelis et al., 

2008; Hare, Maertens and Cherepanov, 2012). The resulting processed viral DNA (vDNA) then 

undergoes the second step, referred to as the strand transfer reaction. The 3’- hydroxyl groups 

is used in a nucleophilic attack upon host DNA phosphodisester bonds and subsequently the 

proviral containing host genome is repaired by the host cell DNA repair mechanisms (Delelis 

et al., 2008; Hare, Maertens and Cherepanov, 2012). The early phase is now complete and the 

provirus may remain latent, lysogenically replicating with the host or it can induce the lytic life 

cycle. 
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The transcribing of viral RNA from proviral DNA is the next step, if the lytic life cycle is 

induced. The proviral HIV genome encodes for the transcription factor proteins, 

Transcriptional activator (Tat) and Anti-repression trans-activator (Rev), however transcription 

is primarily performed by cellular RNA polymerase II. Transcription is initiated at the 3’-end 

repeat junction continuing up to the 5’-end repeat junction in the downstream long terminal 

repeat. The resulting transcribed RNA is spliced into varying lengths prior to transport to the 

cytoplasm for protein synthesis (Roebuck and Saifuddin, 1999; Friedrich et al., 2011; Karn and 

Stoltzfus, 2012). The synthesized messenger RNA (mRNA) transcripts, including both spliced 

and un-spliced are transported to the cytoplasm for protein synthesis by host cell translation 

mechanisms. The full-length mRNA transcript is translated into the capsid forming Gag 

polyprotein and by a ribosomal frame shift the Gag-Pol polyprotein, serving additionally as the 

genome of resulting viral progeny (Karn and Stoltzfus, 2012). Partially spliced mRNA 

transcripts produce the viral proteins Viral infectivity factor (Vif), Tat, Viral protein U (Vpu) 

and Envelope (Env) and fully spliced mRNA transcripts produce Viral protein R (Vpr), Tat, 

Rev and Negative Factor (Nef). Several transcripts may code for the same protein (de Breyne 

and Ohlmann, 2018). Once all viral components are synthesized and accumulated, assembly of 

new virions is possible, this is mediated primarily by the Gag polyprotein. The final step in the 

HIV-1 viral life cycle is virion release from the host cell, referred to as budding. The budding 

process of HIV-1 virions is facilitated by the endosomal sorting complexes required for 

transport (ESCRT) machinery. Budding may be sorted into two distinct processes the first is 

the envelopment of the virion by the cellular membrane and the second is the fission of the 

viral particle from the membrane. In the process HIV-1 acquires a cellular envelope which also 

contains a number of cellular proteins. The newly formed HIV-1 virions may now bind to CD4+ 

receptors on other immune cells and continue infection (Votteler and Sundquist, 2013).                          

Therapeutic agents have been developed which target and inhibit a number of steps within the 

HIV-1 replication cycle, collectively referred to as anti-retrovirals (ARVs). ARVs are divided 

into 6 distinct classes. These are nucleoside analogue Reverse Transcriptase inhibitors, non-

nucleoside Reverse Transcriptase inhibitors, Integrase inhibitors, Protease inhibitors, Fusion 

inhibitors and finally co-receptor antagonists (Arts and Hazuda, 2012). It has by now been well 

established that therapy is more effective when more than 1 ARV class is combined resulting 

in combination anti-retroviral therapy (cART), which has since become standard (Holtzer and 
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Roland, 1999). The remainder of this review focuses solely on the HIV-1 IN protein structure 

and its inhibition via INSTIs.                                                                                                                                                      

                                                                                                

1.3 HIV-1 Integrase                                                                                     

The polymerase gene (pol) encodes the Integrase (IN) protein and two other indispensable 

proteins, Reverse Transcriptase (RT) and Protease (PR). The IN protein is the principal enzyme 

involved in catalyzing the integration process. IN is a 32 kilodalton protein of 288 residue 

length, subdivided into 3 distinct domains (Figure 2); the N-terminal domain (NTD), catalytic 

core domain (CCD) and C-terminal domain (CTD) (Delelis et al., 2008). IN represents a 

rational target for therapeutic intervention, due to its essential role in the HIV-1 replication 

cycle and with no known analogue in human cells (Nair, 2002).                                                                                                                                                                                                                                                                                    

Figure 2: The different domains of the IN protein shown in cartoon depiction. In red is shown the N-

terminal domain which is responsible for Zn ion binding at the HHCC motif and protein 

multimerization. In blue is shown the catalytic core domain which is involved in DNA binding at the 

DDE motif. In green is shown the C-terminal domain which contributes to non-specific DNA binding 

and IN-DNA stabilization. Figure produced by author generated using PyMol. 
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1.3.1 HIV-1 Integrase Structure 

The function of HIV-1 IN has been studied before at the biochemical and cellular level. 

However, structural data has been restricted to only either a single domain, two domain or a 

homology model of the related Prototype Foamy Virus (PFV) IN protein. Biochemical studies 

performed on IN has shown it to consist of three functionally distinct domains. The N-terminal 

domain composes the first 1-49 amino acids, this domain contains a HHCC (His12, His16, 

Cys40, Cys43) motif, which is analogous to a zinc finger and is responsible for binding Zn2+ 

ions (Delelis et al, 2008). Furthermore, the N-terminal domain is known to play a role in protein 

multimerization, and forms IN tetramers more readily when bound to Zn2+ ions (Zheng, Jenkins 

and Craigie, 1996; Delelis et al., 2008). The catalytic core domain makes up amino acids 50-

212. It includes the DDE motif, which is required for catalytic activity and is highly conserved 

among retroviruses. The DDE motif residues are located at positions 64, 116 and 152, 

respectively. The catalytic activity is dependent upon metallic cofactors, which is coordinated 

by residues D64 and D116 (Maignan et al., 1998). The C-terminal domain encompasses 

residues 213-288, this domain is responsible for non-specific binding to DNA and therefore 

plays a role in stabilizing the resulting nucleoprotein complex (Chen et al., 2000). IN 

multimerization is key to performing its catalytic function, to perform 3’ processing, it assumes 

a dimeric form at the viral DNA molecule ends, the dimer pairs are then brought together to 

form a tetramer, it has been shown that tetramers will only form in the presence of viral DNA 

ends (Feng et al., 2015). 

                                                                                                                                              

Generating atomic resolution structures of the complete IN protein structure proved elusive 

due to poor solubility and the propensity for the protein to aggregate (Passos et al., 2017). To 

resolve the issue of aggregation, it was found that engineering a fusion protein consisting of 

HIV-1 IN and binding at its N-terminus, Sso7D a small DNA binding protein derived from 

Sulfolobus solfataricus results in a hyperactive IN protein exhibiting characteristics, which 

make it more amenable to structure determining experimental techniques, such as Cryo-

Electron microscopy (Li et al., 2014; Passos et al., 2017).  Using the engineered fusion IN 

protein, the nearly complete HIV-1B intasome (tetrameric form in complex with DNA) (PDB 
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ID: 5U1C) structure was resolved using the Cryo-Electron microscopy method and was made 

publicly available (Passos et al., 2017). The experimentally solved HIV-1 subtype B IN had a 

resolution of 3.9 Å, the lower the value the higher the confidence in the accuracy of the atomic 

ordering within the structure. Each protein chain for the tetrameric HIV-1 subtype B IN 

contained 12 helices comprised of 103 residues in total and 13 beta sheet strands comprising 

55 residues in total (Passos et al., 2017). 

 

1.3.2 IN Polymorphic variation within HIV-1 subtypes 

One study assessed the effect of polymorphisms on IN structure across 5 different subtypes (A, 

B, C, 01_AE, 02_AG). It was observed that different polymorphisms occurred at different 

frequencies across the various HIV-1 subtype IN structures. IN protein 3D structure models 

were generated for each subtype. It was found that some polymorphisms alter structural 

properties and thereby possibly exert an effect upon IN structure and viral DNA binding, as 

well as potentially upon drug binding propensity (Rogers et al., 2018). The majority of HIV 

research reported has focused on subtype B, with comparatively limited investigation of other 

subtypes. It is thought the high genetic variability of HIV-1 may impact the functional 

efficiency of IN across the various subtypes, circulating recombinant forms (CRFs) and 

polymorphic varieties, although the amino acid level variability between the different IN’s are 

relatively low at between 8-12% (Bar-Magen et al., 2009; Llácer Delicado, Torrecilla and 

Holguín, 2016). The most common subtype of HIV-1 is subtype C accounting for 

approximately 50% of global infections it is therefore particularly important to determine if 

this variability has an impact on the IN structure and function of subtype C (Llácer Delicado, 

Torrecilla and Holguín, 2016; Gartner et al., 2020).  

 

A study conducted by Bar-Magen et al in (2009), biochemically compared subtype B and C 

Integrases. Time course experimental assays were conducted showing that 3’ processing and 

strand transfer activity are comparable (Bar-Magen et al., 2009). HIV-1 group O has been 

shown to have comparable 3’ processing ability and reduced strand transfer activity when 

compared with HIV-1 group M subtype B (Depatureaux et al., 2014). Group O is a rare variant 

characterised by a high number of polymorphisms, two polymorphisms namely, 74I and 153A 
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were implicated in this study as being likely responsible for the observed effect of reduced 

strand transfer activity by molecular modelling (Depatureaux et al., 2014)                                                                             

1.4 Integrase function 

Integration occurs via two distinct sequential steps, namely 3’ processing and strand transfer. 

Both reactions make use of a metallic cofactor, which are Mg2+ ions, however in-vitro 

manganese ions have been shown to be viable for both of these reactions. The integration 

process has been reproduced in-vitro by using short double-stranded oligonucleotides as viral 

DNA substitutes allowing for their study and investigation (Delelis et al., 2008). Three prime 

3’ end processing commences when the IN dimer proteins bind to each end of the viral DNA. 

These ends are called long terminal repeats (LTR). The LTR’s end with a CAGT segment, 

which is recognized by IN. An endonucleotide cleavage reaction is catalyzed by the IN dimers 

in which a GT dinucleotide is removed from either end exposing CA with 3’ hydroxyl ends 

(Delelis et al., 2008). Strand transfer occurs simultaneously at both ends of the viral DNA, with 

a five base pair offset between the two points of insertion. The reaction is a single-step trans-

esterfication in which the exposed 3’ hydroxyl ends generated by 3’ processing disrupt the 

phosphodiester bond on host DNA by nucleophilic attack. Removing a 5’ dinucleotide 

overhang and ligating the viral DNA into the host DNA, host cell repair mechanisms are 

utilized. It was previously thought that IN had polymerase and ligation activity, but this has not 

been confirmed (Delelis et al., 2008). 

1.5 Inhibiting integration 

Initial attempts at developing viable IN inhibitors resulted in experimentation with peptides, 

nucleotides, DNA complexes and polyhydroxylated aromatic compounds as potential 

therapeutic IN inhibitors (Di Santo, 2014). These were derived from either natural products or 

drug design strategies, however, none of these small molecules were developed into an 

effective IN inhibitor due to issues such as either low antiviral activity or high cytotoxicity (Di 

Santo, 2014). The discovery of aryl diketo acids (DKA) and their derivatives, represented a 

major breakthrough (Hazuda, 2000; Di Santo, 2014). It was found that in nanomolar 

concentrations these compounds can inhibit integration, while leaving vDNA synthesis 

unaffected (Hazuda, 2000; Di Santo, 2014). The DKA’s only inhibit the strand transfer reaction 

of integration if in the presence of viral DNA (Espeseth et al., 2000). Their mechanism of 
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activity was to bind to the catalytic domain in competition with host DNA (Espeseth et al., 

2000). The inhibition was determined to be metal dependent (Marchand et al., 2003). 

Furthermore, DKA’s were found to only inhibit the strand transfer reaction of integration thus 

referred to as Integrase Strand Transfer Inhibitors (INSTI) (Marchand et al., 2003). The DKA’s 

were further developed and modified by pharmaceutical companies, with some entering 

clinical trials. A team by Merck developed DKA compounds with a di-hydroxy-pyrimidine-

carboxylic moiety. These compounds exhibited low nanomolar concentration activity and good 

pharmacokinetics in preclinical trials. The developed lead compounds would result in the 

discovery of the first FDA approved INSTI Raltegravir (Summa et al., 2008; Pace et al., 2007; 

Di Santo, 2014). 

1.5.1 First generation INSTI’s 

Raltegravir (RAL) was the first integrase inhibitor to be approved by the FDA, in 2007 (Hicks 

and Gulick, 2009). RAL is a derivative of the original DKAs which showed potential during 

development. RAL is a pyrimidine carboxamide with the chemical formula C20H21FN6O5 

(Anker and Corales, 2008; Summa et al., 2008; Hicks and Gulick, 2009). Figure 3 depicts the 

chemical structure of RAL. The inhibition activity of RAL depend on the interaction with the 

DDE motif within the catalytic core of IN via binding to divalent magnesium cations 

(Mouscadet and Tchertanov, 2009). Once RAL is bound to the IN catalytic site and present 

within the intasome/pre-integration complex, host DNA binding is blocked (Anker and 

Corales, 2008; Hazuda, 2000; Hicks and Gulick, 2009). Studies conducted regarding the 

pharmacodynamics of RAL in vitro found that RAL is 1000 times more specific for HIV-1 IN 

in comparison to other polymerase proteins. RAL was reported to inhibit HIV-1 IN with an 

IC50 of 10nmol/L, furthermore in SupT1 cells infected with HIV-1, 1 micromol/L of RAL 

decreased integration by 50-fold (Hicks and Gulick, 2009). The clinical trials which led to 

eventual FDA approval found RAL to exhibit potent antiviral activity, favourable tolerability, 

low drug-drug interactions and relatively convenient twice a day dosing (Grinsztejn et al., 

2007; Iwamoto et al., 2008; Wenning et al., 2008; Hanley et al., 2009). Furthermore, the 

previously mentioned trials found that RAL can be effectively combined with other anti-

retroviral drugs in a regimen for superior results, even in treatment experienced patients. 
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Elvitegravir (EVG) is the second first generation INSTI approved by the USA Food and Drug 

Administration (FDA). Like RAL, EVG was also developed with insights gained from the 

discovery and development of DKAs. EVG is a 4-quinolone-3-carboxylic acid with two 

functional groups that are coplanar (Shimura and Kodama, 2009) The chemical structure of 

EVG is displayed in Figure 4. The researchers found that a coplanar monoketo acid motif in 4-

quinolone-3-carboxylic acid was a viable alternative to a diketo acid motif (Shimura and 

Kodama, 2009). EVG exhibits a 50% effective concentration in the nanomolar to sub 

nanomolar range, including activity against HIV isolates with known resistance to other anti-

retroviral therapeutic classes (Shimura et al., 2008). EVG inhibits the strand transfer reaction 

with minimal inhibition of the 3’ processing step based on a previous report (Shimura et al., 

 

Figure 3: Chemical structure of Raltegravir. The first 

FDA approved INSTI. The full chemical name is N-

(2-(4-(4-fluorobenzylcarbamoyl)-5-hydroxy-1-

methyl-6-oxo-1,6-dihydropyrimidin-2-yl) propan-2-

yl)-5-methyl-1,3,4-oxadiazole-2-carboxamide. A β-

hydroxy-ketone structural motif is present and has 

metal-chelating properties. This motif is thought to 

be responsible for binding MG ions within the active 

site of HIV-1 IN. 
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2008). EVG has been shown to exhibit 2 to 3 times greater potency in comparison to RAL, 

however it requires boosting with a CYP3A inhibitor (Marinello et al., 2008; Molina et al., 

2012). The mechanism of activity is similar to that of RAL with EVG interacting with the DDE 

motif in the integrase core domain, also preferentially in the presence of viral DNA (Marinello 

et al., 2008).  

 

                                                         

 

 

1.5.2 Second generation INSTI’s 

The second generation of INSTI’s are distinguished from the first generation of IN inhibitors 

due to having minimal cross resistance with first generation INSTI’s resistance pathways, 

higher genetic barrier to resistance and an improved profile of efficacy and toxicity (Dow and 

Bartlett, 2014). Second generation INSTI’s remain efficacious in first generation INSTI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Chemical structure of Elvitegravir.  The second 

FDA approved INSTI. The full chemical name is 6-[(3-

chloro-2-fluorophenyl)methyl]-1-[(2S)-1-hydroxy-3-

methylbutan-2-yl]-7-methoxy-4-oxoquinoline-3-

carboxylic acid. 

Figure 4: Chemical structure of Elvitegravir.  

The second FDA approved INSTI. The full 

chemical name is 6-[(3-chloro-2-

fluorophenyl)methyl]-1-[(2S)-1-hydroxy-3-

methylbutan-2-yl]-7-methoxy-4-

oxoquinoline-3-carboxylic acid 
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treatment experienced patients who have shown resistance to first generation INSTI treatment 

because of the development of resistance mutation pathways (Castagna et al., 2014; Di Santo, 

2014). DTG is the first FDA approved second generation INSTI (Figure 5). DTG like the first 

generation INSTI’s target the strand transfer step of integration preferentially (Di Santo, 2014). 

It is highly potent against HIV integration, however of importance is that it has been found to 

remain effective against viral clones that contain RAL and EVG resistant mutations (Seki et 

al., 2015; Hare et al., 2011; Di Santo, 2014). In vitro antiviral studies investigating the effect 

of combining DTG with other anti-retroviral classes of drugs found that DTG does not cause 

an increase in cytotoxicity and demonstrated synergism with EFV, nevirapine, stavudine, 

abacavir, lopinavir, amprenavir and enfuvirtide, with an additive effect when in combination 

with maraviroc (Kobayashi et al., 2011; Di Santo, 2014). The ability of DTG to remain 

effective against RAL/EVG resistant HIV-1 strains has been attributed to DTG binding tighter 

to IN than RAL or EVG resulting in a higher genetic resistance barrier with it being able to 

subtly change its conformation in response to IN conformational changes (Hare et al., 2011). 

The binding half-life of DTG is reported to be 71 hours which is significantly greater than RAL 

or EVG which are reported to have a binding half-life of 8.8 and 2.7 hours, respectively 

(Hightower et al., 2011; Hare et al., 2011).  
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Bictegravir (BIC) and Cabotegravir (CBT) are the latest INSTI’s with BIC having received 

FDA approval in 2018 and CBT currently in phase 3 clinical trials (Gulick, 2018). They are 

comparable with DTG as they possess a similar genetic resistance barrier. A comparative study 

found BIC to be more potent than DTG against viral isolates displaying resistance to first 

generation INSTI’s and isolates which contain mutations which reduce DTG susceptibility. 

DTG, however, showed broader superiority against isolates containing known resistance 

mutations as compared with CBT (Smith et al., 2018). CBT has a unique feature compared to 

the other INSTI’s, the option of an injectable long acting form of CBT is possible, this may 

have major advantages particularly pertaining to patient adherence and usage for the prevention 

of HIV infection. One recent study investigated the viability of an injection dose once every 12 

weeks (Murray et al., 2018). The study found that while pain was experienced at the location 

of the injection site, most patients remained satisfied with CBT as an alternative to daily pre-

Figure 5: Chemical structure of Dolutegravir. 

Full chemical name is (3S,7R)-N-[(2,4-

difluorophenyl)methyl]-11-hydroxy-7-methyl-

9,12-dioxo-4-oxa-1,8 

diazatricyclo[8.4.0.03,8]tetradeca-10,13-diene-

13-carboxamide. 
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exposure prophylaxis (PrEP) (Murray et al., 2018). A non-inferiority clinical trial of HIV-1 

infected patients conducted over 96 weeks compared a CBT containing 2 drug regimen 

administered either every 4 or 8 weeks to a daily oral 3 drug regimen. The researchers found 

that viral suppression maintenance was comparable for the trial duration (Margolis et al, 2017). 

At present DTG is the preferred INSTI for first line treatment, particularly for low to middle 

income nations. Inclusion of DTG into the South African AIDS treatment programme is 

currently in progress as of 2020 after initial delays due to side-effect concerns (Mendelsohn 

and Ritchwood, 2020).                                                                                                                               

1.5.3 Non-catalytic site inhibitors 

All currently approved FDA INSTI’s target the catalytic site and the strand transfer reaction. 

Allosteric inhibition is an alternative to active site inhibition and involves a ligand binding to 

a target enzyme at a location other than the active site (Monod et al, 1965). Allosteric inhibitors 

are being developed that inhibit integration by inducing a protein conformational change(s) (Di 

Santo, 2014). A particularly promising target is the LEDGF/p75 a transcriptional co-activator 

(Di Santo, 2014). LEDGF/p75 serves as a co-factor for IN, responsible for the tethering and 

correct integration of the viral genome into the host genome. Therapeutic agents referred to as 

ledgins have been developed which bind to the inner core dimer interface of IN (Christ and 

Debyser, 2013). Many ledgins or ledgin analogues simultaneously inhibit the catalytic ability 

of IN allosterically and the LEDGF/p75-IN protein-protein interaction (Christ et al., 2012; 

Kessl et al., 2012; Tsiang et al., 2012).  

                                                                                                                                                          

1.5.4 IN Drug Resistance 

INSTI’s while highly effective, have been shown to be vulnerable to treatment failure like the 

other anti-retroviral drug classes due to the development of drug induced resistance mutations. 

The first generation INSTI’s RAL and EVG are known to fail during treatment due to drug 

resistance. Furthermore, they can cause cross resistance to one another (Van Wesenbeeck et al., 

2011). DTG, while it has been shown to select for resistance substitutions, remains effective 

(Anstett et al., 2017). Drug pressure induced mutations are grouped into primary resistance 

substitutions and secondary resistance substitutions (Anstett et al., 2017). Primary resistance 

substitutions arise in response to INSTI treatment and cause a decrease in drug susceptibility, 
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these substitutions mostly occur in the vicinity of the active site where INSTI binding would 

take place. Primary resistance substitutions/mutations often have an impact on viral fitness, 

these lead to compensatory or secondary resistance substitutions developing which alleviate 

the negative impacts of the primary resistance substitutions and may also further contribute to 

drug resistant activity (Delelis et al., 2008; Hare et al., 2010; Anstett et al., 2017). 

 

The three major and most common resistance mutation/substitution positions known at present 

are Q148H/R, N155H and Y143C/H/R with the latter only occurring in response to RAL 

treatment (Fransen et al., 2009; Delelis et al., 2010). Compensatory mutations which 

commonly co-occur with the major mutations have been found at positions; G140S, T97A and 

E92Q, the drug resistant effect is compounded when these additional substitutions occur 

alongside a major resistance mutation/substitution (Fransen et al., 2009). Resistance against 

DTG has been reported both in-vitro and in-vivo, particularly for the mutations R263K and 

G118R. However, DTG maintains efficacy as only low level resistance is conferred and these 

mutations negatively influence viral fitness including decreased integration (Quashie et al., 

2012; Anstett et al., 2017). DTG monotherapy failure in patients has been reported which 

contained the G118R mutation, this is a rare occurrence and researchers concluded the 

possibility that monotherapy and additional polymorphisms facilitated the acquisition of the 

mutation G118R (Brenner et al., 2016). 

                                                                            

 

Evidence suggesting that subtype differences and naturally occurring polymorphisms impact 

drug susceptibility remain inconclusive with further studies being required (Han, Mesplède and 

Wainberg, 2016). Polymorphisms which contribute to reduced drug susceptibility have been 

reported in treatment naïve patients but occur at a very low frequency in several populations 

(Lataillade, Chiarella and Kozal, 2007; Ambrosioni et al., 2017; Chehadeh et al., 2017). A 

study which conducted an analysis into the IN protein’s natural variability, across 6706 INSTI 

treatment naïve patients, found that polymorphisms/mutations associated with INSTI 

resistance occur at a low rate of <2% for the tested subtypes B, C, D and recombinant 

CRF01_AE (Han, Mesplède and Wainberg, 2016; Llácer Delicado, Torrecilla and Holguín, 
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2016). Differing natural polymorphisms in the various subtypes may favour the development 

of different resistant pathways leading to varying levels of drug resistance (Bar-Magen et al., 

2010; Han, Mesplède and Wainberg, 2016). 

 

A study conducted using 127 treatment naïve patients in SA, confirmed that HIV-1 subtype C 

is the most prevalent subtype in SA. Furthermore, an examination for mutations revealed that 

polymorphisms/mutations which confer <5-fold resistance occurred in about 7% of the 

sequences (Bessong and Nwobegahay, 2013; Han, Mesplède and Wainberg, 2016). A more 

recent study also focusing on a South African cohort, found no resistance associated mutations 

present prior to the anticipated introduction of DTG. Molecular modelling of the naturally 

occurring polymorphisms in the IN protein suggests that some polymorphisms may affect 

intasome complex stability and IN structure which in turn may have an effect on drug binding 

(Brado et al., 2018).  

 

1.6 in-silico studies 

Computational approaches such as homology modelling, molecular docking and molecular 

dynamics have been very instrumental in studying the functional and structural details of HIV-

1 IN. Furthermore, in-silico studies played a major role in the development of the first FDA 

approved INSTI RAL. In the following sections we introduce homology modelling and 

molecular dynamic simulation methods. 
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1.6.1 Homology Modelling and Structure validation                                                                                       

Homology modelling also referred to as comparative modelling, is a computational method 

used to generate a three dimensional (3D) structure of a protein (Cavasotto and Phatak, 2009). 

This method relies upon the observation that similar sequence implies similar structure but not 

always. It is possible to generate a reliable homologous structure from an experimentally solved 

structure that has a sequence similarity of 30% or greater (Cavasotto and Phatak, 2009). Figure 

6 shows the various steps involved in the construction of a protein’s 3D structure. It is an 

efficient and cost effective alternative in the event a 3D structure for a protein cannot be 

resolved experimentally. Homology modelling has played a major role in drug discovery and 

further refinement of experimentally solved structures (Cavasotto and Phatak, 2009). 

 

 

  

Figure 6: Process of homology modelling the workflow shows the steps involved. 1: Obtain target protein 

sequence of unknown structure. 2: Identification of a closely related protein sequence/s with an experimentally 

solved structure to the target sequence. 3: Alignment of the target sequence to the homologous protein sequence. 

4: Building of the target sequence structure using the alignment between the target sequence and the homologous 

protein sequence. Adapted from (Cavasotto and Phatak, 2009)  
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To ensure the generated 3D protein model is of high quality, it is necessary to compare several 

parameters of the protein model to experimentally verified native proteins of high accuracy or 

resolution. A variety of software tools exist for this purpose, here I will briefly introduce three 

widely used quality tests namely Verify3D, PROCHECK and ProSA.  

Verify3D software measures compatibility between the protein model and corresponding 

amino acid sequence, it does this by creating a 3D model (Eisenberg, Lüthy and Bowie, 1997). 

Each residue in the 3D model has its properties defined by its environment and gets represented 

by a row of 20 numbers in the profile. These numbers represent statistical preferences and are 

called 3D – 1D scores. The environmental parameters which affect residue properties are: area 

of the residue that is buried; fraction of side-chain covered by polar atoms and finally the local 

secondary structure. The 3D profile S score is the sum of all residue positions. The model is 

considered more accurate the greater the 3D profile S score is, with the quality thresholds being 

0.2 per residue and the accuracy of a whole model being deemed reliable if over 80% of 

residues meet or surpass this threshold.   

                                                                                                                                  

PROCHECK is a software which provides a highly detailed analysis of the stereochemistry of 

protein structures. It assesses the overall structural quality of the protein model and compares 

it with well refined structures and highlights regions of the structure which may warrant 

additional refinement (Laskowski et al., 1993). The stereochemical parameters tested for, are 

derived from the work of Morris et al (1992) along with bond-length and bond angle data from 

the work of Engh and Huber (1991). PROCHECK is divided into 5 distinct programs, the first 

is “CLEAN.F”, responsible for fixing formatting issues and for adherence to standard 

convention (Laskowski et al., 1993). The second program is called “SECTR.F”, this is 

responsible for the secondary structure assignment of individual residues and derived from a 

modified method of Kabsch and Sander (1983). The third program called “NB.C”, identifies 

all nonbonded interactions between the different pairs of residues. The non-bonded interaction 

is defined as the closest atom-atom contact between two residues within 4.0Å distance and 

atoms which are four or more bonds apart. The fourth program “ANGLEN.F”, calculates all 

main-chain bond lengths and bond angles. The final program “PPLOT.F” is responsible for the 

final output. The PROCHECK final output consists of a series of plots together with a residue-
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by-residue listing. The residue listing shows the calculated stereochemical value for each 

individual residue and their deviation from ‘ideal’ (Laskowski et al., 1993). The main chain 

Ramachandran plot shows four quadrants divided by psi against phi dihedral angles and groups 

each individual residue into one of the quadrants dependent upon the actual dihedral angles 

calculated as compared with the expected dihedral angle for a given residue.  

                                                                                                                                              

                                                                                                                          

Protein Structure Analysis or ProSA. This program focuses on the usage of the Boltzmann’s 

principle (Sippl, 1993). It places emphasis on determining the correct arrangement of the 

protein chains and the forces responsible for stabilizing native folds within solution spatially 

as opposed to assessing structural correctness via protein stereochemistry. To accomplish the 

intended goal, knowledge based mean fields are used to determine the stabilizing forces and 

energy distribution within protein structures (Sippl, 1993). The ProSA tool interrogates a 

precompiled database of known proteins and extracts the forces from the database using the 

Boltzmanns’s principle in the form of potentials of mean force. The potential of mean force is 

defined as a statistical average derived from the summation of amino acid pairwise contacts or 

distances. The forcefields of known or unknown proteins can then be obtained via 

recombination’s of these potentials of mean force as a function of the amino acid sequence. 

Once the energy of a given structure has been evaluated, a Z-score is generated which indicates 

overall model quality. Obtained Z-scores outside the range characteristic of native structures 

are deemed to be erroneous, with a negative Z-score indicating that the result is below the 

expected mean of all possible values. A plot is generated which displays the obtained Z-score 

in comparison to all experimentally resolved native structures within the PDB (Wiederstein 

and Sippl, 2007). ProSA requires only carbon alpha atoms of a protein structure and may thus 

be used for structures in which refinement of other characteristics such as side-chain 

orientations are still required. Furthermore, a web-based version is available at 

(https://prosa.services.came.sbg.ac.at/prosa.php) (Wiederstein and Sippl, 2007). 
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1.6.2 Molecular dynamic simulations                                                                                                        

Molecular dynamics simulations aim to predict the relative movement of atoms in space over 

time. The atomic motion of atoms in simulations are calculated by solving Newton’s second 

law of motion (Durrant and McCammon, 2011; Gelpi et al., 2015; Hollingsworth and Dror, 

2018; Braun et al., 2019) defined as Force equals mass times acceleration or (F = ma). Here 

the Forces involved are derived from non-bonded interactions and the bonded interactions. 

Bonded interactions: atomic angles, atomic bonds and dihedral angles are calculated using a 

set of equations as shown in Figure 7 (Durrant and McCammon, 2011; Gelpi et al., 2015; 

Hollingsworth and Dror, 2018; Braun et al., 2019). While non-bonded forces are the result of 

van der Waals interactions, which is modelled using the Lenard Jones 6-12 potential model and 

electrostatic interactions are derived from Coulomb’s law. All of these parameters are 

collectively referred to as a forcefield (Durrant and McCammon, 2011; Gelpi et al., 2015; 

Hollingsworth and Dror, 2018; Braun et al., 2019). A forcefield is defined as a mathematical 

formula which calculates all forces exerting effects on atoms within a given simulation system. 

Different forcefields are parameterized differently, in that the magnitude and/or distance cut 

offs of every interaction/force may differ. The forcefield weightings used are fitted to quantum 

mechanical calculations and experimental results (Hollingsworth and Dror, 2018). 

Figure 7: Force Field Parameters 

Shown are the physics derived equations for the determination of atomic motions, subdivided into bonded 

and non-bonded parameters. Bonded parameters are from left to right atomic bonds, atomic angles and 

dihedrals. Non-bonded parameters are made up of Electrostatic and Van der Waals forces.  
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Molecular dynamic simulations have been useful in studying the movement of biomolecular 

structures and elucidating the function of proteins. However, several limitations are known and 

these include the following. Firstly, computational processing power remains a barrier and has 

not improved to the point where simulations of protein folding/unfolding or ligand binding can 

be meaningfully elucidated. Secondly, molecular dynamic simulations do not account for 

covalent bond formation as these types of studies would require quantum mechanics 

simulations. Thirdly, while forcefields have substantially improved to the point where most are 

reproducibly accurate and align well with experimental results, they are inherently approximate 

as they are derived from classical mechanics and not quantum mechanics. Finally, a high 

quality simulation experiment requires high quality experimentally solved structures or 

homology models as a prerequisite (Hollingsworth and Dror, 2018).  

 

               

1.6.3 Structural computational studies of HIV-1 IN 

Homology modelling has been used to generate a 3D structure for HIV-1 integrase to facilitate 

drug development and understanding HIV-1 IN DNA and drug binding as well as drug 

resistance. Early studies exploited the homology shared between the bacterial transposon TN5 

transposase protein and HIV-1 IN to generate a homology model of IN (Barreca et al., 2006, 

2007, p. 5). One such TN5 based homology model study found that residues comprising 140-

149 represents a flexible catalytic loop responsible for stabilizing the integration complex by 

operating as a barrier between the two ends of the viral DNA, and they also showed that 

residues responsible for DNA binding are highly conserved (Wielens, Crosby and Chalmers, 

2005). This flexible catalytic loop plays an important role in drug resistance with mutations 

reported at positions 140 and 148 which confer Raltegravir resistance (Dewdney et al., 2013). 

 

The experimentally resolved structure of the Prototype Foamy Virus (PFV) IN protein provided 

the first homologous structure from which HIV-1 IN protein structures could be predicted (Hare 
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et al., 2010, 2011). The IN active site in the catalytic core of each IN is nearly identical. As a 

result of this high sequence identity, it is possible to bind INSTI’s to PFV IN, this enabled an 

accurate understanding of how INSTI’s bind, their predicted binding mechanism to HIV-1 IN 

and the effect of resistance mutations upon this binding (Cutillas et al., 2015; Quashie et al., 

2015). Homology protein models were also generated using domains of the IN proteins as the 

starting homologous structure from which to model (Wang, 2001). In one particular study, it 

was found that there is a dimer interface between the IN N-terminals (Wang, 2001). 

 

Cryogenic electron microscopy (Cryo-EM), an alternative technique to x-ray crystallography 

and nuclear magnetic resonance applied to macromolecular structure determination. The Cryo-

EM technique/technology involves imaging radiation-sensitive specimen samples with a 

transmission electron microscope where the samples have been cooled to cryogenic 

temperatures (Milne et al., 2013).  Cryo-EM allowed for the determination of the full length 

tetrameric HIV-1 IN complex of HIV-1B (Passos et al., 2017). This solved structure allowed 

for further studies, including homology modelling of other HIV-1 subtype IN proteins. 

Constructing a homology model of HIV-1C IN, facilitated structural studies to assess the 

impact of different polymorphisms on the structure of HIV-1C IN subtype protein (Brado et 

al., 2018; Rogers et al., 2018).  

 

Molecular dynamic simulation has played a significant role in understanding the functional 

role of HIV-1 IN and the effect of mutations on the structure. Particular focus has been placed 

on the 140’s catalytic loop found close to the active site within the CCD domain of IN 

(Greenwald et al., 1999). In one simulation study, Dewdney and colleagues (2013), 

investigated the mechanism of how primary and secondary mutations Q148H/R, G140S/A 

induces drug resistance. They found that the formation frequency of a transient helix increases 

in the 140s catalytic loop and helix length is increased from 3 residues to 4 residues in the 

presence of these mutations (Dewdney et al., 2013). This helix formation resulted in reduced 

flexibility of the 140’s loop relative to the loop within the wild type IN and caused the loop to 

serve as a gating mechanism which led to restricted RAL access to the active site (Dewdney et 

al., 2013). Another study focused on the resistance inducing mechanism of the E92Q/N155H 

double mutation, particularly in relation to EVG resistance (Chen et al., 2015). It was found 
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the mutation caused positional rearrangement around the active site and this rearrangement 

induced EVG to adopt a different binding mode with a lower binding affinity as compared to 

the wild type (Chen et al., 2015). A significant drawback of these two studies is that a full 

length HIV-1 IN structure was not available for accurate comparisons and had to rely upon 

related IN structures or incomplete HIV-1 IN structures for modelling (Chen et al., 2013). In 

drug design studies, simulations have also been used to compare the different binding modes 

of diketo-acids bound to HIV-1 IN, and these studies showed that some diketo-acids adopted 

similar conformations while other’s displayed distinct conformations (Huang, Grant and 

Richards, 2011). The resulting interactions energies (van der Waals, Coulomb and hydrogen 

bonds) were calculated and could be correlated to binding pose(s). It was also possible to 

investigate IN conformations particularly changes to the 140s loop, informing further 

development of DKA’s into more potent compounds (Huang, Grant and Richards, 2011). 

Based on the successes of previous studies we applied a similar approach to investigate 

structural differences between full length HIV-1C and 1B IN proteins.                                                                                                        

                                                                                                             

1.7 Rationale of present research work 

The aim of this thesis is to determine if naturally occurring polymorphisms affect IN protein 

structure and possibly DTG drug binding. We will be analysing the IN amino acid sequence 

derived from a South African HIV-1C INSTI treatment naïve cohort. To serve as a comparison 

we will be using HIV-1 subtype B, in particular the sequence and structure reported by Passos 

et al, 2017. This will allow us to determine what structural and dynamic difference(s) exist 

between the two subtype IN’s and any resulting consequences for DTG binding.  

 

The aim of this study is subdivided into 3 objectives.  

 

1) To build an accurate HIV-1C tetrameric protein structure.  

2) To predict stabilizing/destabilizing effects of the polymorphisms found within HIV-1Cza.  

3) To determine if there are any difference in protein dynamics between HIV-1B and HIV-1C 

using molecular dynamic simulations and Principal component analysis. 
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This work is pertinent to SA as a structural study focusing on the genetic diversity of HIV-1C 

IN in South Africa has not been previously reported. Importantly, DTG is being introduced into 

our HIV-1 treatment programme as part of first line therapy. This study addresses and 

overcomes multiple prior limitations of previous HIV-1 IN studies, as previous studies had 

been conducted prior to the solving of a full-length HIV-1 IN complex in 2017 (Passos et al, 

2017). Several other differing aspects are that it is now known that the active site contains two 

magnesium ions and we are conducting longer MD simulations than previously reported, 

enabling us to potentially find and study HIV-1 IN conformational changes not previously 

described.  
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Chapter 2: Methods and Materials 

 

   

1.1 Data preparation 

The HIV-1C IN protein sequences were acquired from our collaborators based at the Division 

of Medical Virology, Stellenbosch University, Tygerberg campus who obtained the sequence 

data as described by Brado et al., 2018 from South African ARV treatment naïve patients. All 

sequences have been made publicly available and obtainable from Genbank. The 

corresponding dataset ID for the sequences are 1475996009 (Brado et al, 2018). 

                                                                                                                                       

1.2 Consensus sequence generation                                                                                                 

The consensus sequence for HIV-1 subtype C was derived from South African IN cohort 

sequences (n = 91), with accession numbers ranging from MH161467.1 to MH161557.1. 

Nucleotide sequences were verified for stop codons, insertion and deletions using an online 

quality control program on the Los Alamos National Laboratory HIV database (HIVLANL)  

(https://www.hiv.lanl.gov/content/sequence/QC/index.htm). Multiple sequence alignments 

were done with the software tool Multiple Alignment using Fast Fourier Transform (MAFFT) 

version 7, from which the consensus sequence was derived (Katoh and Standley, 2013). As part 

of quality control, each of the viral sequences were inferred on a phylogenetic tree to eliminate 

possible contamination. The amino acid sequence alignment was extensively screened for the 

presence of primary and secondary resistance associated mutations (RAMs) and 

polymorphisms associated with resistance to known INSTIs. The screening was conducted 

using the Stanford database (Shafer, 2006). Briefly, its algorithm assesses and calculates a total 

drug penalty score by adding all the scores of mutations associated with a particular drug and 

classes it in 5 tiers from 1 indicating susceptible to 5 indicating high resistance. We only 

interrogated the 91 sequences for the presence of known RAM’s (Liu and Shafer, 2006; Shafer, 

2006).                                                                                                                                    
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2.1 Protein modelling 

     

The consensus protein sequence of HIV-1Cza IN was generated as described above and 

previously reported by (Brado et al, 2018). The sequence was used to build a homology model 

for HIV-1C IN. Schrodinger Prime was used for homology modelling (Jacobson et al., 2002, 

2004). The complete Schrodinger package is a commercial software, available to researchers 

free of charge who make use of the Council for Scientific and Industrial Research (CSIR) 

Centre for High Performance (CHPC) supercomputing facilities. Prime was chosen because of 

high tertiary structure prediction accuracy and ease of use with a number of tutorials and case 

studies available from their website. A particular advantage it has over many other popular 

protein structure prediction software is the wide host of features and post-modelling refinement 

options.  

  

Schrodinger Prime software has built-in access to the NCBI blast program and the Protein Data 

Bank (PDB). The first step was to identify homologous sequences available with 

experimentally solved structures deposited within the PDB by performing a BLAST search 

using the HIV-1C consensus sequence as input. The search produced a list of homologous 

templates. The templates were ranked according to sequence identity, coverage and sequence 

similarity to the target sequence used as input. The highest ranked template was 5U1C. 5U1C 

is the only resolved near full length HIV-1 IN tetramer structure reported to date, with the 

highest sequence identity, coverage and similarity to our target HIV-1C IN sequence.  

                                                                                                                                   

5U1C had several unresolved loop regions within its structure, these were resolved by 

remodelling 5U1C with Prime along with converting the mutation glutamine present at position 

152 to glutamate to form the standard DDE motif of HIV-1 IN. The model was then re-

generated using default options. The newly modelled 5U1C/HIV-1B IN structure was used as 

the template to generate a HIV-1Cza IN three dimensional structure.                                                                                                                                                            
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2.2 Model Validation 

To determine the accuracy of the predicted protein structures, numerous quality assessments 

were performed. A variety of assessment tools available at the Structural Analysis and 

Verification Server (SAVES) which are PROCHECK, VERIFY3D, ERRAT, PROVE and 

WHATCHECK, was used to validate the quality of the predicted protein structures (Colovos 

and Yeates, 1993; Laskowski et al., 1993; Hooft et al., 1996; Pontius, Richelle and Wodak, 

1996; Eisenberg, Lüthy and Bowie, 1997). PROCHECK assesses the stereochemical quality of 

the protein model to determine the orientation of phi and psi dihedral angle distributions of 

residues within the protein model. Verify3D determines the compatibility between the 3D 

model and its amino acid sequence by assigning a structural class based on its location and 

environment (alpha, beta, loop, polar, nonpolar). ERRAT analyses the non-bonded interactions 

which occur between different atom types and compares this data with that of highly refined 

structures. PROVE calculates atomic volumes within macromolecules according to an 

algorithm which treats atoms like hard spheres and calculates a statistical Z-score deviation for 

the 3D model from well resolved structures (2Å or less). WHATCHECK assesses several 

stereochemical factors of residues within the 3D model.  The PDB files of the 3D models were 

used as the input data. The HIV-1B/5U1C and HIV-1Cza IN 3D models were validated for their 

accuracy using SAVES webserver, HIV-1Cza IN was compared to the newly generated HIV-1B 

3D structure to determine any structural deviation. The HIV-1Cza IN protein model was 

considered reliable, if the scores were similar to the scores obtained for the HIV-1B IN model. 

Cryo-EM resolved structures are not yet comparable in resolution to high quality x-ray 

crystallisation or nuclear magnetic resonance resolved structures upon which the various 

SAVES tools have been optimized and may thus not pass the standard thresholds used.  
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2.3 Complex structure generation (IN-DNA-MG without or with DTG) 

HIV and other similar retroviral IN’s function is dependent on one or two magnesium (Mg) 

cations within the active site (Miri et al., 2014). To insert these Mg cations into the predicted 

structures we aligned the models to the homologous Prototype Foamy Virus (PFV) IN structure 

(ID: 3S3M) which contained the necessary Mg cations. These cations were then extracted and 

copied into our predicted 3D models. PFV IN active site is highly identical to HIV-1 IN active 

site and the structure has been experimentally solved in complex with two Mg cations and 

INSTI’s (Hare et al., 2010, 2011). Similarly, DNA present within 5U1C was added back into 

our predicted 3D models through structural alignment and subsequent extraction to generate 

IN-DNA-MG.                                                                                                                                         

To create IN-DNA-MG-DTG complexes, DTG was extracted along with Mg cations from 

3S3M. The alignments and subsequent structural feature extractions and copying was 

performed using the molecular visualisation software PyMol (Delano, 2002).  

 

2.4 Structural Comparative Analysis      

To determine if any structural changes occurred as a result of the polymorphisms present in 

HIV-1Cza secondary structure compared to HIV-1B a structural alignment was performed in 

PyMol. The HIV-1Cza model was superimposed onto the newly generated HIV-1B model and 

the root mean square deviation (RMSD) calculated using the align function within PyMol. This 

function allowed for the measurement of backbone atom difference in angstroms (Å) between 

the HIV-1B and HIV-1Cza IN proteins. An RMSD value closer to 0 indicates higher similarity 

between carbon backbone atoms of two structures. PyMol was used to visualize differences in 

the secondary structural features such as alpha helices, beta-sheets and coil regions for each IN 

protein structure. 

                                                                                                                                                                 

Stability impact assessment of polymorphisms 

To predict the effects that polymorphisms may have on HIV-1Cza integrase protein structure 

stability the machine learning based approach: mutation Cut-off Scanning Matrix (mCSM) and 

the knowledge-based approach Site Directed Mutator (SDM) web-based software tools were 
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used (Worth et al, 2011; Pires et al, 2014). mCSM uses pharmacophore properties such as 

aromatic rings, hydrogen bond acceptors and donators of the mutating residues and calculates 

resulting changes in Gibbs free energy. SDM calculates the thermal stability impact of 

mutations/polymorphisms on protein folding. Mutations in specific residues are considered and 

based on their local structural environment’s substitution probabilities are calculated from 

analyses of families of protein homologues. The HIV-1B/5U1C IN protein model in PDB 

format and a text document containing the list of polymorphic differences present in HIV-1Cza 

was used as input. HIV-1B IN was used as the wild type (WT) structure to calculate the 

differences which occur when these polymorphisms are present. Both mCSM and SDM 

classify mutations/polymorphisms as either stabilizing or destabilizing. A negative value 

indicates reduced stability while a positive value indicates increased stability. We also 

calculated the loss or gain of polar interactions within 3.5Å distance caused by the 

polymorphisms in their immediate environment using PyMol. Usually, the loss of polar 

interactions is associated with a reduction in protein structural stability and gain of polar 

interactions conversely with an increase of protein stability.  

 

3. Molecular Dynamic simulations 

The Gromacs 2018.2 MD package coupled with CHARMM36M forcefield and the webserver 

CHARMM-GUI was used to prepare simulation systems and run molecular dynamic 

simulations (Van Der Spoel et al., 2005; Jo et al., 2008; Huang and MacKerell, 2013). A total 

of four systems were prepared, two IN-DNA-MG complexes and two IN-DNA-MG-DTG 

complexes. 

 

3.1 Structural preparation of systems 

Schrodinger Maestro Protein Preparation wizard was used following IN complex building with 

PyMol. This automated the process of bond order assignment, addition of the correct 

hydrogens, disulphide bonds and structural refinement such as bond removal or addition of 

missing bonds. 
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3.2 CHARMM-GUI 

Following structural preparation, the structures were used as input into the CHARMM-GUI 

webserver’s solution builder function. The DTG containing complexes required an extra step. 

DTG was extracted and copied to a separate file in PDB format and converted to sdf format 

using OBABEL (O’Boyle et al., 2011), as sdf or mol2 formats are required as input for the 

ligand when uploading systems containing ligands. The IN-DNA-MG-DTG complexes 

required this extra step as forcefields are generally not parameterized for non-standard 

molecules and required the usage of a small molecule forcefield parameterization software 

(Vanommeslaeghe et al., 2009).  

                                               

The webserver automatically calculated the simulation water box size, the amount of water 

molecules, number of ions to neutralize the system and finally generated parameter files (mdp) 

as input for succeeding steps. The chosen box shape for the system was rectangular with the 

size calculated by CHARMM-GUI at 14.5Å in all 3 planes. The selected forcefield was 

CHARMM36M which is an additive all-atom forcefield able to handle proteins, DNA and 

ligands and has been further optimized to better deal with disordered proteins (Huang and 

MacKerell, 2013; Huang et al., 2017). The systems were solvated in a TIP3 water box. All the 

systems were neutralized by the addition of sodium (Na) ions. A total of 90 294 TIP3 water 

molecules and 58 sodium ions were added to the IN-DNA systems, while a total of 70 599 TIP3 

water molecules and 60 sodium ions were added to the IN-DTG-DNA systems each. No 

chloride ions were needed for neutralization of all the systems.  

 

3.3 Energy minimisation 

The four systems were energy minimized on a DELL Inspiron I5 3000 machine. The system 

was minimized over 5000 steps to an emtol of 1000.0 KJ/mol using the “steep” integrator 

method, with a step size of 0.01. 
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3.4 Equilibration 

Following energy minimisation, the systems were equilibrated using the same machine. The 

CHARMM-GUI equilibration mdp file was used, which had a timestep of 0.001 and a total 

step number of 125000, equivalent to 125 picoseconds(ps). The aim was to equilibrate the 

system at NVT conditions to a temperature of 303.15 Kelvin. The thermostat algorithm used 

was Nose-Hoover (Nosé, 1984; Hoover, 1985). Constraints were placed on the h-bonds with 

the algorithm Linear Constraint solver LINCS (Hess et al., 1997). The cut-off scheme 

algorithm used was the Verlet algorithm (Verlet, 1967). This cut-off scheme algorithm was 

chosen as it offers superior computational performance and is now the standard cut-off scheme 

algorithm implemented in Gromacs. The pressure regulator barometer was switched on during 

the production simulation therefore no NPT ensemble was performed. 

            

3.5 Production simulation 

After all, four systems were equilibrated. Production simulations were ran on the Centre for 

High Performance Computing (CHPC) Lengau cluster using Gromacs 2018.2. This facility 

allows jobs to be run in parallel on the central processing unit (CPU)/graphics processing unit 

(GPU) clusters improving the speed of the simulations. The parameters within the md.mdp file 

generated by CHARRM-GUI was kept with one modification, change of simulation duration. 

The production simulations were performed over a 300 ns time interval and repeated to validate 

reproducibility of trajectory results. The Parrinello-Rahman barometer algorithm was switched 

on to allow the system to be at a constant pressure of 1 atmosphere for the production 

simulation (Parrinello and Rahman, 1980, 1981). The simulations were conducted at random 

seed values a condition that ensures a pseudorandom starting conformation of the structure and 

no restraints were applied to the systems. 

 

3.6 MD analysis                                                                        

Trajectory analysis was performed using Gromacs tools. The tool gmx trjconv was used to 

eliminate periodic boundary condition artefacts or “jumps” within the simulation system and 

to repair any broken molecules. Backbone RMSD was calculated to confirm if the systems 
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reached equilibrium using gmx rms. The radius of Gyration is a measurement of protein 

compactness, was calculated using gmx gyrate for the protein atoms to determine if the 

protein’s remained folded during the simulation. The last 50ns of the trajectory corresponding 

to the equilibrated part of the simulation were used for further analysis. To extract the 

equilibrated part of the trajectory the tool gmx trjconv was used and the start and end frames 

specified. RMSF fluctuation was calculated to assess flexibility of the protein residues with the 

tool gmx rmsf. The average number of Hydrogen bonds was calculated between IN-DTG and 

DTG-DNA using the tool gmx hbond. Distance measurements between DTG and the 

magnesium ions were calculated using gmx mindist. The non-bonded interaction energy 

between DTG and the IN complex was calculated via a number of steps; firstly, a copy of the 

production simulation mdp file was made with a modification as additional energy groups were 

defined (IN complex and DTG), secondly gmx mdrun was used in conjunction with the -rerun 

parameter and finally the energy components were extracted using gmx energy.  The two 

components that compose the total interaction energy are the Coulomb and Van der Waals 

contributions. The thermodynamic properties of the systems were calculated using gmx energy, 

with the selected properties of temperature, potential and total energy. These selected properties 

allow for confirming whether the system reached convergence. Clustering analysis was done 

to identify similar structural conformations/clusters sampled during the simulation run. The 

gromacs tool gmx cluster was used to perform clustering at an average RMSD cut-off value. 

Determination of the RMSD cut off value was done by an initial clustering run with the default 

cut-off value of 0.1nm. The average RMSD value obtained was used as the cut-off value.                                                       

                                                                                                                                         

Principal Component Analysis (PCA) is a useful statistical method used to reduce the 

complexity of the generated data set to extract the most important biologically relevant 

movements of the IN protein (David and Jacobs, 2014). The gromacs tools that were used 

included gmx covar to construct the covariance matrix and gmx anaeig to calculate the 

eigenvectors and eigenvalues by diagonalizing the matrix. The output of gmx covar were 

eigenvec.trr and eigenval.xvg files, eigenval.xvg listed all the eigenvectors and their 

contribution to protein motion. We selected the most dominant eigenvectors; namely vector 1 

and 2 using gmx anaeig. The results were then plotted in a 2D dotplot using the plotting 

software GNUPLOT (Janert, 2016)                                                                                                                                                                                      
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Chapter 3: Results:       

1.1 Protein Homology Modelling: 

 

The HIV-1Cza IN model was generated by alignment of the HIV-1C consensus sequence with 

the sequence of the HIV-1B solved structure (ID:5U1C). The sequence identity was calculated 

to be 88% and sequence similarity 92% when aligned to the 5U1C sequence. The alignment 

showed missing residues within 5U1C and these residues were added into the 3D protein model 

by re-modelling (Figure 8). Residue Q152 was converted from glutamine to glutamate (E152) 

to reconstitute the naturally occurring DDE motif (Figure 8). The sequence gaps or missing 

unresolved structural sections were remodelled with Schrodinger Prime. The remodelled HIV-

1B IN served as the template to build a HIV-1Cza model with Schrodinger Prime. All four chains 

can be seen comprising the tetrameric IN structure in Figure 9. The two inner dimers are 

responsible for interaction with DNA and the catalytic activity of IN. The two outer dimers 

serve to stabilize the tetramer by a protein-protein interaction with the inner dimers.                                                                                                                                                                                                                                                                                                                                                                         

 

                            

 

Figure 8: Pair-wise sequence alignment between HIV-1C consensus sequence and HIV-1B amino acid sequence. 

The sequences of HIV-1Cza compared with the 5U1C/HIV-1B structure prior to modification. Shown in 

colour(s) are the differing polymorphisms between the two sequences. It can also be seen the missing regions 

in 5U1C which were fixed by re-modelling, shown in grey and at position 152 the residue glutamine is present 

instead of glutamate for 5U1C. 
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1.1.2 Protein Model Quality Assessment: 

Protein model quality assessment consisted of a number of computational tests to assess the 

reliability of the generated models. Firstly, the backbone structure of HIV-1Cza IN was 

superimposed onto HIV-1B IN, indicating an RMSD value of 0.03Å. Secondly, the tools 

located at the SAVES webserver assessed the quality of the generated model and this was 

compared to the HIV-1B template structure. The Ramachandran plot generated by the 

PROCHECK tool in SAVES showed 84.7% of residues are located in most favoured regions 

of the plot and none in disallowed regions, compared with 87.3% of residues located in most 

favoured regions of the Ramachandran plot and 0.8% in disallowed regions for HIV-1B IN 

(Figure S1A). The ERRAT overall energy analysis score was found to be 90.5% for HIV-1Cza 

IN structure compared to 97% for HIV-1B, while the Verify3D score indicated that 75.84% of 

Figure 9: Cartoon representation of the predicted tetrameric 3D structure of HIV-1C. The 

secondary structure for each chain is shown in a different colour. The purple and green chains 

comprise the inner dimer while the blue and yellow chains comprise the outer dimer.  
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the residues had an average 3D-1D score >= 0.2 for HIV-1Cza IN compared to the 83.4% for 

HIV-1B IN. In summary, the two models are comparable and suitable for further analysis.                                                                                                                                                            

1.2 Variant stability change calculations: 

Natural occurring polymorphisms (variants) identified in the amino acid sequence of HIV-1C 

IN were interrogated structurally to determine their phenotypic effect on the protein structure 

using the webservers SDM and mCSM. The remodelled HIV-1B template was used as the WT 

input structure. Furthermore, the loss or gain of polar interaction due to the variant was 

calculated using the find polar contacts function in PyMol. In Table 1, mCSM classified all 

variants as destabilizing, while SDM showed contradictory results with eight of the 12 variants 

being classified as stabilizing and the remaining four being destabilizing. Furthermore, 3 

variants showed a loss in polar contacts and one showed a gain in the number of polar contacts 

with neighbouring amino acids. To further clarify the effect of the variants we conducted MD 

to assess the overall effect of the natural occurring variants on the protein’s dynamics. 

 

Table 1: The predicted Gibbs free energy change due to the introduction of 12 natural occurring 

polymorphisms in HIV-1B IN.  

Polymorphism SDM (kcal/mol)          mCSM (kcal/mol)        #Polar interactions 

HIV-1B                                 HIV-1Cza 

D25E           1.41      -0.191  2(ALA21, LYS188)    1(ALA21) 

V31I 0.19  -0.433               2(LYS34, GLU35)   2(LYS34, GLU35)      

M50I 0.70       -0.22   0   0 

V72I -0.28  -0.902  1(ILE89)  1(ILE89)    

F100Y 

 

-1.08   -0.785  2(GLU96, LEU104)    3(GLU85, GLU96, 

LEU104)   
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L101I -0.39     -0.685   3(ALA98, ALA105, 

THR97)  

                

3(ALA98, ALA105, 

THR97) 

T112V 2.17      -0.825   4(GLY59, TRP61, 

LYS136, VAL113)   

2(GLY59, TRP61)  

T124A 1.53    -0.296    1(ALA128)   1(ALA128) 

T125A 

 

1.53     -0.638   2(ALA128, 

ALA129)  

2(ALA128, ALA129)    

K136Q -0.43   -0.204    3(LYS111, THR112, 

VAL113)  

2(LYS111, ILE113)   

                         

V201I 0.19      -0.287   1(GLY197) 1(GLY197)  

T218I      0.46   -0.057       0  0  

Negative numbers indicate the variant has a destabilizing effect and a positive number a stabilizing effect.  

# indicates number of polar interactions. Amino acid abbreviations used: ALA: Alanine, LYS: Lysine, GLU: 

Glutamate, ILE: Isoleucine, GLY: Glycine, VAL: Valine, TRP: Tryptophan, LEU: Leucine                                                                            

 

1.3 Molecular dynamic simulations: 

In this section, the simulation results are split into two separate sections. One section focuses 

on the IN-DNA complexes and compares the complexes using RMSD, GYRATION, RMSF and 

PCA solely. The second section focuses on results produced for IN-DNA-DTG complexes, 

additional analyses presented here are DTG-MG distance, Hbond analysis, clustering and non-

bonded interaction-analysis. IN-DNA complex simulations allowed us to analyze the structural 

differences between IN B and IN C in respect to folding compactness, residue flexibility and 

essential dynamics. IN-DNA-DTG complexes allowed us to determine whether structural 

conformational changes can account for differences in DTG binding to IN B and IN C subtypes. 
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In the supplementary material we provide the RMSD and Radius of gyration results of the 

repeated simulations, as well as a table showing the thermodynamic properties for each system.  

 

1.3.1 IN-DNA-MG complex                                                                      

Firstly, the backbone RMSD deviation for each of the IN protein structures indicates whether 

the protein backbone of the two systems are stable. Both IN C and IN B structures deviate 

around 0.3 nm and reaches equilibrium after 225 ns (Figure 10). Significant RMSD overlap is 

observed for both structures in the last 50 ns. The mean and standard deviation values 

calculated for the backbone RMSD was 0.325±0.025 nm for IN B and 0.316±0.036 nm for IN 

C (Figure 10), respectively.  Secondly, the Radius of gyration (Rg) measures the compactness 

of the protein structures and if they remain folded throughout the simulation. Figure 11 shows 

the Rg for the backbone atoms of both IN structures measured over the final 50ns of the 

trajectories, which corresponds to the most stable part of the trajectory. Both structures deviate 

between 3.6 and 3.7 nm with a mean and standard deviation of 3.670±0.012 nm for IN B and 

3.680±0.017 nm for IN C. Thirdly, the RMSF analysis indicate average residue flexibility for 

the protein residues over the course of the simulation. The RMSF values are shown for the final 

50 ns for each IN protein system. In Figure 12 it is shown that RMSF values for IN B and C 

overlap, but in a few regions there are higher flexibility. The mean and standard deviation 

values calculated for C-alpha RMSF atoms was 0.11±0.06 nm for IN B and for IN C it was 

0.12±0.057 nm.  The regions of high flexibility occur primarily in the loop regions, one such 

region which comprises the 140s loop or catalytic loop displayed greater flexibility with values 

reaching 0.3 nm. IN B displays large amounts of flexibility at residue region 200-225, this 

occurs in a disordered coil region and therefore is expected to display higher flexibility, it 

peaked at a value over 0.5 nm. Furthermore, this represents an unresolved region of the original 

5U1C template which was remodelled.  
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Finally, Principal component analysis was used to determine the contribution of the first 5 

eigenvectors to the variation in the data set (Figure 13). In IN C the contributions were as 

follows for the first five eigenvectors; 1 contributed 51%, 2 contributed 16.6%, 3 contributed 

13.2%, 4 contributed 10.1% and finally eigenvector 5 was responsible for 9.1% of the variation. 

In IN B the contributions were as follows; 1 contributed 34.65%, 2 contributed 22.5%, 3 

contributed 18%, 4 contributed 14% and finally eigenvector 5 was responsible for 10.7% of 

the variation. Based on the PCA results we plotted the first two eigenvectors as they contributed 

to the majority of the protein movement. The first two eigenvectors of IN C showed more 

randomized movements with two clusters throughout the phase space as compared with IN B 

which demonstrated more concerted movements and adopting three distinct clusters suggesting 

that the IN B system was more stable than IN C (Figure 13). For the repeated simulation system 

the RMSD was calculated to be 0.355±0.031 nm for IN B and 0.308±0.030 nm for IN C (Figure 

S2A). Similarly, For the Rg values the mean and standard deviations were 3.647±0.018 nm for 

IN B and 3.692±0.018 nm for IN C (Figure S2B). The findings are in agreement with the first 

production run indicating that the IN B system is more compact than IN C.  

 

Figure 10: Change in backbone RMSD for the HIV-1 subtypes C and 

B IN proteins plotted over 300ns 
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Figure 11: Radius of gyration measured for backbone atoms for 

both HIV-1 subtype B and C IN proteins plotted over the last 50ns 

of the trajectory. 

 

Figure 12: Change in RMSF for the C-alpha residues of the IN protein models plotted 

over the last 50ns of the trajectory. 
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1.3.2 IN-DNA-MG-DTG complex                                                                      

The complexes are shown in Figures S3A and S3B.The proteins backbone RMSD values 

showed that the two IN proteins in complex with the ligand DTG followed initially differing 

trajectories toward stabilization but equilibrated at similar values (Figure 14). The mean and 

standard deviation values for the backbone RMSD were 0.330±0.031 nm for IN B and for IN 

C was 0.340±0.034 nm. The ligand RMSD was calculated to assess the stability of the ligand 

DTG during the simulation (Figure 15). Over the course of the full 300 ns trajectory, the ligand 

DTG in complex with IN C stabilizes after 50 ns and remains stable throughout the remainder 

of the simulation. DTG in complex with IN B remains in a given conformation until the ~75 

ns and then adopts a new conformation with seemingly large deviations for the remainder of 

the trajectory. Conformational changes of the DTG ligand within the IN B complex are shown 

in figures S4A and S4B. IN B complex residues form polar contacts between DTG and MG 

 

 

Figure 13: Two-dimensional (2D) PCA Plot for eigenvector 1 vs eigenvector 2 for both HIV-1 

C and B DNA-MG systems plotted over the last 50 ns. 
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ions. The major structural difference is that at timepoint 50ns the DTG remains more linear 

while at timepoint 200ns the benzene ring on DTG adopts a greater flexed conformation 

pointing away from the catalytic DDE motif. The flexed away conformation allows for one 

extra polar interaction to occur with DNA at 200ns. The mean and standard deviations for the 

heavy chain atoms of the ligand was 0.18 ± 0.062 nm for IN B and for IN C was 0.14± 0.012 

nm. The Rg analyses showed that both complexes remain folded during the final 50 ns (Figure 

16). HIV-1 IN C is more compactly folded than IN B, with a mean and standard deviation of 

3.632±0.012 nm compared with 3.69±0.014 nm for IN B. 

                                                                                                                

The RMSF analysis showed that the flexibility of the two complexes remained well conserved 

(Figure 17). The mean and standard deviations for the RMS fluctuation of IN B was 

0.109±0.058 nm and 0.096±0.063 nm for IN C. The distance in space between DTG and MG 

ions are important as these ions are exploited by all currents INSTI’s for their mechanism of 

inhibition. Gromacs minimum distance analysis conducted over the last 50 ns showed both 

complexes with DTG deviate around different values (Figure 18). The mean and standard 

deviations of minimum distance calculated were 0.35±0.023 nm for IN B and 0.44±0.021 nm 

for IN C. Hydrogen bonds are important for both structural stability and the strength of ligand 

binding to the IN active site and viral DNA. We performed Hbond analysis over the last 50ns 

of the trajectory and computed the average number of hydrogen bonds forming between DTG 

– IN and DTG – DNA (Figures 19 and 20). Polar interactions were calculated at 10ns intervals 

over the last 50ns and summarized in table S5. It shows that DTG in IN B forms bonds with 

DDE motif residues whereas IN C does not, although bonds are still formed with nearby 

residues. The mean and standard deviations calculated for hydrogen bond formation between 

DTG – IN were 0.44±0.539 nm for IN C and 1.27±0.558 nm for IN B. The mean and standard 

deviations calculated between DTG – DNA were 0.75±0.428 nm and 0.36±0.486 nm for IN’s 

C and B respectively. Clustering allowed for the determination of the number of different 

conformations that the complexes assume at an average RMSD. To determine the average 

RMSD, the command was first executed without a cut-off value. The lowest resulting average 

RMSD was used as the cut-off value and the cluster command executed once again. The lowest 

RMSD average was 0.26nm. At this cut-off value both IN C and B formed 4 clusters.                                                                                                                                                                                                                                                                                                                                                                                                                                    
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Principal component analysis was conducted, and the percentage contribution for the first five 

components were calculated. For HIV-1C IN the contributions were as follows for the first 5 

eigenvectors; 1 contributed 38.68%, 2 contributed 24.59%, 3 contributed 16.11%, 4 contributed 

12.11% and finally eigenvector 5 was responsible for 8.51% of variation. For HIV-1B IN the 

contributions were as follows; 1 contributed 34.09%, 2 contributed 24.34%, 3 contributed 

19.43%, 4 contributed 12.48% and finally eigenvector 5 was responsible for 9.66% of 

variation. In Figure 21 we plotted the two main contributors to the dynamics of the protein 

namely eigenvector 1 and 2.  

The 2D plot showed IN C having more randomized movements in the protein’s phase space 

adopting two clusters. However, both systems displayed wide range of movements throughout 

the phase space indicating that DTG binding results in fewer concerted movements and 

possibly fewer low energy minima states. The Non-bonded Interaction energy method 

calculates the short-range Coulombic interaction energy and the Lennard-jones interaction 

energy. The sum of these components represents the total interaction energy. The interaction 

energy between DTG and the IN-DNA-MG groups were calculated over the last 50 ns 

trajectory. The mean values and standard deviations are shown in Table 2. Interestingly, both 

components contributed equally to the total interaction energy. However, HIV-1C IN showed 

stronger affinity for DTG compared to HIV-1B (gold standard) suggesting DTG is a feasible 

option for patients infected with HIV-1 subtype C. For the repeat simulation systems, the mean 

and standard deviation values for the RMSD was 0.339±0.029 nm for IN B and 0.349±0.032 

nm for IN C (Figure S2C). The mean and standard deviation Rg values for the repeat simulation 

systems was 3.6389±0.013 nm for IN B and3.625±0.021 nm for IN C (Figure S2D). This 

finding is similar to the first simulation run whereby the IN C system where found to be more 

stable compared to IN B based on Rg values. 
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Figure 14: Change in backbone RMSD for the two IN-DNA-DTG complexes plotted 

over the course of the 300 ns simulation trajectory. 

  

Figure 15: Change in RMSD for the ligand DTG for both complexes over 300ns 
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Figure 16: Measure of compactness for the IN-DNA-DTG 

complexes over the final 50ns of the trajectory 
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Figure 18: Change in minimum distance between 

the ligand DTG and MG ion group plotted over the 

last 50ns of the trajectory. 

Figure 17: Change in RMSF fluctuation for the C-alpha residues of IN-DNA-

DTG complexes plotted over the course of the final 50 ns of the simulation 

trajectory. 
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Figure 19: The average number of hydrogen 

bonds formed between DTG and IN during 

last 50ns of the trajectory 
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Figure 20: The average number of hydrogen bonds formed 

between DTG and DNA nucleotides plotted over the last 50 ns 

of the simulation trajectory for both systems. 

Figure 21: 2D PCA Plot for eigenvector 1 vs eigenvector 2 for both 

HIV-1 C and B DNA-MG-DTG systems over last 50ns. 
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Table 2: The interaction energy composition between DTG and each complex is shown.   

Complex         Lennard-Jones (KJ/Mol)  Coulombic (KJ/Mol)  Total  (KJ/Mol)  

IN B   -57.55±12.35  -57.40±17.96 -114.95±15.15            

IN C   -68.57±10.26  -69.82±19.21  -138.39±14.735      

 

In summary, the findings from this study suggest that while differences in polymorphic 

variation exist between IN B and C, both protein structures have a stable dynamic behaviour 

and binds DTG efficiently that results in structural changes that destabilize the protein 

structure.                        
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Chapter 4: Discussion and Conclusion  

    

In this thesis we compared two HIV-1 IN proteins from two distinct subtypes namely, subtypes 

B and C to determine if structural differences would affect protein structure behaviour and drug 

binding. We investigated the effect of natural occurring polymorphisms present in the South 

African HIV-1C IN protein, to inform DTG use within the South Africa population. In the 

following paragraphs we discuss the findings of this study and its implications as well as the 

limitations and future perspectives. 

 

The 3D structures predicted for HIV-1 IN B and C are highly similar in structural fold, differing 

only by the variant side chains. Structural visualization of the 3D models showed that the 

secondary structural features of IN C and B are identical, with RMSD analysis indicating 

minimal deviation in backbone residues. Noticeably, regions that were missing from template 

5U1C are connecting regions between the monomers and was repaired by modelling these 

connecting regions. These regions correspond to highly disordered regions that remain 

unamenable to experimental resolving. Furthermore, the C-terminal tail end of HIV-1C and B 

could not be modelled as it was not resolved in the original 5U1C template model. Subsequent, 

protein model quality analyses using a variety of tools and software programs confirmed the 

accuracy of the predicted protein structures of HIV-1C and B. Our modelling results agree with 

previous reports that IN is highly conserved between subtypes and that the variants identified 

have a negligible effect on the proteins structure. One study in particular focused on variants 

within IN from different HIV-1 isolates sourced from the Pacific islands of Jayapura and Papua 

(Hutapea, Maladan, and Widodo, 2018). They found that although variants slightly altered 

some characteristics of the protein it did not affect structural stability and INSTI binding, even 

though the presence of a longer helix region in one of the IN isolates had been identified 

(Hutapea, Maladan, and Widodo, 2018).   

                                             

SDM and mCSM predictions showed that none of the individual variants tested, showed a 

significant impact on IN protein stability. The software mCSM classified all variants as slightly 

destabilizing while SDM and interaction analysis showed contrasting results. For example, the 
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D25E was predicted to be stabilizing by SDM but showed a loss of one polar interaction. The 

V31I variant was predicted as slightly stabilizing by SDM but, no polar interactions were lost 

with this variant, V31I likely therefore has a negligible or a near neutral effect upon the stability 

of IN protein structure. The variant M50I has been previously implicated as a secondary 

mutation in INSTI drug resistance pathways, although it was noted in this study to play a 

minimal to no role in restoring viral fitness but instead contributes to drug resistance (Wares et 

al., 2014). SDM predicted M50I to be slightly stabilizing. Furthermore, the variant V72I was 

predicted to be destabilizing by SDM and showed no loss of polar interactions. SDM predicted 

the variant F100Y to be destabilizing, however a polar interaction was gained with 

neighbouring residues. The variant L101I was predicted to have a destabilizing effect, although 

no polar interaction loss occurred. The T112V variant was predicted to be stabilizing by SDM 

however 2 polar interactions were lost and therefore it is more likely that T112V has a net 

destabilizing effect. The variant T124A was predicted as stabilizing by SDM, however no 

change in the number of polar interactions occur. Similarly, the variants T125A and V201I were 

predicted to increase stability of the protein structure but with no difference in the number of 

polar interactions and therefore likely to have a neutral or negligible effect on the protein 

structure. The K136Q variant resulted in reduced stability with one polar interaction being lost. 

The T128I variant was predicted to be stabilizing by SDM but like the other variants the change 

in GIBB’s free energy was inconsequential and therefore neutral in effect. In contrast to a study 

by Brado et al., 2018, we used structural tools; SDM and mCSM to assess changes in protein 

energy due to the introduction of a variant. In the study by Brado et al., 2018 only 5 variants 

(D25E, M50I, F100Y, L101I and V201I) were interrogated. They found that M50I is in close 

proximity to two DNA substrate strands and may therefore be important for DNA binding and 

that D25E forms an ion pair in a symmetrical fashion between 2 monomers of IN. In Rogers et 

al., 2018 all variants were investigated with the conclusion that several of these variants may 

affect IN structural stability, vDNA binding and drug binding. Our findings suggest that these 

changes (D25E, M50I, F100Y, L101I and V201I) has little to no effect on the IN protein 

structure and function as measured by a change in GIBBS free energy and number of polar 

interactions gained or lost between neighbouring residues. We further assessed the effects of 

the natural occurring variants on the protein structures dynamic behaviour using molecular 

dynamics. We discuss our findings below. 
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Molecular dynamic simulations 

IN-MG-DNA complexes 

The backbone RMSD for the IN-DNA complexes showed that both complexes reached 

equilibrium after 220 ns to a stable value of ~0.3nm. The high similarity in RMSD deviation 

values suggest that the backbone structure of HIV-1C IN is nearly identical to that of HIV-1B 

IN and that the polymorphic differences between the subtypes do not significantly alter the 

backbone structure of HIV-1C IN. The highest degree of overlap between the complexes was 

found between 250 ns and 300 ns, as a result further analyses were conducted on the final 50 

ns of the simulation. The radius of gyration values also confirmed very little difference in 

compactness of the two simulation systems and this was supported by comparable RMSF 

fluctuation values between the two structures suggesting similar behaviour between the two 

structures.                                                                                                     

 

Furthermore, the flexible regions in HIV-1B showed agreement to other studies (Delelis et al., 

2008; Williams and Essex, 2009) w.r.t the flexibility of the G140’s loop region. This region is 

particularly important for INSTI binding, with it acting as a gating mechanism regulating DTG 

access. It can be seen that HIV-1B IN is more flexible in the G140 region compared to HIV-1C 

IN, with excessive flexibility caused by mutations in this region being implicated as a cause of 

INSTI drug resistance (Chen et al., 2013, 2015). HIV-1B IN is more flexible at residues 137 

and 138 where the variant substitution K136Q occurs. However, this difference in flexibility is 

not likely to be significant enough to exert an effect upon drug binding. The PCA analysis 

indicated that IN B is a more stable system than the IN C as the atomic movements were found 

to be more concerted. 

 

MD studies of IN-MG-DTG complexes to understand the influence of polymorphisms on drug 

binding 

 

The backbone RMSD values for the two IN systems did not show any significant differences 

except for the heavy atoms of the drug that adopted two different conformations for HIV-1B 

IN. This may be due to flexibility of the G140’s loop region affecting the volume and size of 
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the HIV-1B IN binding pocket. Also, the drug DTG is a planar molecule with a benzene ring 

that can flip around in the binding pocket. This is further explained as smaller molecules being 

more flexible than larger biological macromolecules. However, DTG attains stability after a 

certain time period throughout the simulation suggesting in both systems the drug remains 

stable. Similarly, the radius of gyration and RMSF analysis indicated that both systems were 

highly comparable with no significant deviation between the two structures. From the RMSF 

analysis there were no regions of high flexibility at the substitution/variant sites or at G140 

loop suggesting little to no effect of the variants on the drug binding site via the gating 

mechanism of the G140’s loop. The only differences were found in the average number of 

hydrogen bonds formed between the IN protein and drug DTG and the distance between the 

drug and Mg ions. In the HIV-1B IN complex the drug DTG makes more hydrogen bonds with 

the IN protein and is in closer proximity to the Mg ions resulting in a stable protein-drug 

complex. On the other hand the HIV-1C IN protein formed a lower number of hydrogen bonds 

with DTG but a higher number of hydrogen bonds with the DNA resulting in a stable drug-

DNA complex formation.The importance of ionic bonds with Mg ions within the IN active site 

has been widely reported on and is crucial for DNA binding (Liao and Nicklaus, 2010; Ribeiro, 

Ramos and Fernandes, 2012; Miri et al., 2014; Musyoka et al., 2018). The distance between 

the ions, the drug and the observed overlap for the complexes indicate that in both IN 

complexes DTG remains within close proximity to the Mg ions and therefore likely remains 

bound to each IN system. INSTI’s exert their effect through interaction with Mg ions and 

findings from our study shows that during the simulations DTG remained bound to Mg ions 

and IN protein. Additionally, we find that the same number of distinct clusters were generated 

at the same cut-off indicating that both systems adopt four major conformations. Furthermore, 

non-bonded interaction energy confirmed that DTG has a stronger interaction with HIV-1C-

DNA-MG compared to the HIV-1B complex suggesting that DTG remains a feasible option 

for treatment in patients with WT or naturally occurring polymorphic variant sequences in HIV-

1 IN proteins. In this regard we believe the present study confirms DTG as a plausible option 

to inhibit HIV-1C IN protein to prevent viral integration. 
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Strengths and limitations 

This is the first study to conduct a comparative molecular dynamic simulation study of two 

HIV-1C and 1B IN protein structures with HIV-1C derived from a near complete 

experimentally resolved HIV-1 IN protein. In addition, the HIV-1B template structure was 

repaired by remodelling missing residues to obtain a complete structure. Another strength of 

this study is the use of SDM and mCSM webservers to assess protein folding for both HIV-1B 

and 1C. Finally, this was the first molecular dynamic study to investigate naturally found 

variants within the South African HIV treatment naїve population and predicted their effect on 

DTG binding. One particular limitation of the study was that it was conducted during mass 

DTG roll-out, newer studies should include HIV-1 treatment experienced patients or even 

patients failing DTG or other INSTI based treatments. The experimental model 5U1C had 

missing residues in the C-terminal end which could not be resolved and this could affect our 

predicted model due to the presence of variants in the C-terminal end. MD analysis did not 

include free-energy of binding calculations to determine accurate interaction energy and also 

the simulations were ran for only 300 ns which did not allow us to exploit the enormous 

energetic landscape. A portion of this research study was published in the journal Viruses 

(impact factor 4.1) and the first pages of two other published work produced during this Msc 

is attached in appendices. 

 

Future work would benefit greatly by extending simulations over longer time periods and 

conducting free-energy of binding calculations such as Molecular mechanics Poisson-

Boltzmann surface area method (mmpbsa) to accurately determine DTG binding free energy. 

Additional experimental validation such as functional assays which compare the activity of 

HIV-1C and 1B IN proteins and ligand binding assays would be valuable to compare 

experimental and computational predictions. The inclusion of other second generation INSTI’s 

such as Cabotegravir and Bictegravir would also be advisable to understand drug binding to 

HIV-1C IN.    
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Conclusions 

Three-dimensional structure prediction was useful in obtaining accurate IN protein models, as 

confirmed by protein quality assessments. Stability and interaction analysis showed contrast 

and therefore MD simulations was pursued. MD analysis showed that natural occurring 

polymorphisms within a South African HIV-1C IN protein does not result in a major change to 

protein stability nor prevent DTG binding based on RMSD, Rg and non-bonded interaction 

energy analysis. Interestingly, we did observe that DTG binding destabilizes the protein 

structure resulting in fewer local energy minima clusters based on PCA analysis. In conclusion, 

we propose that the second-generation DTG should be added to the antiviral regimens as part 

of first-line regimens for HIV-1C IN subtype infections, this would furthermore account for 

cross-resistance which may occur between EVG and RAL as DTG has a higher genetic barrier 

to resistance. 
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Supplementary Material  

Quality analyses 

 

  

 

Thermodynamic Parameters 

Table S1: Thermodynamic parameter values indicating stability of the simulations.    

Parameter  INB-DNA-MG-

DTG    

 INC-DNA-MG-

DTG  

    INB-DNA-MG      INC-DNA-MG 

Potential    -3.83e+06              -3.82e+06                -3.83e+06            -3.82e+06 

Temperature         303.15   303.15   303.15   303.15 

Total-energy -3.09e+06    -3.08e+06                -3.09e+06            -3.09e+06                

                      

 

           

Figure S1A: Ramachandran plots. Small black squares represent residues. Red region indicates most the most 

favoured regions. Yellow indicates allowable regions. White space with no colour indicates disallowed regions.  
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Simulation Repeats 

Figure S2A: Change in Backbone RMSD for HIV-1 subtype B and C IN proteins 

plotted over 300ns. HIV-1 IN-DNA-MG complex 

Figure S2B: Radius of gyration measured for backbone atoms for both HIV-1 

subtypes B and C IN proteins plotted over 300ns. HIV-1 IN-DNA-MG complex 
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Figure S2D: Radius of gyration measured for backbone 

atoms for both HIV-1 subtypes B and C IN proteins plotted 

over 250ns. HIV-1 IN-DNA-MG-DTG complex 

Figure S2C: Change in Backbone RMSD for HIV-1 subtype B and C IN 

proteins plotted over 350ns. HIV-1 IN-DNA-MG-DTG complex 
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Complex Visualisations 

 

Figure S3A: Cartoon representation of the HIV-1B IN-DNA-MG-DTG 

complex. Magnesium ions shown as magenta spheres and DTG as red 

sticks. 

 Figure S3B: Cartoon representation of the HIV-1C IN-DNA-MG-DTG 

complex. Magnesium ions shown as red spheres and DTG as a green stick 

structure. 
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HIV-1B IN-DNA-MG-DTG Ligand Conformations 

  

Figure 4A: Overlay of DTG ligands at timepoints 50ns and 200ns. Red Sticks 

indicate 50ns point and blue 200ns. Yellow dashes indicate polar interactions. 

Magnesium ions shown as green spheres. Protein and DNA residues shown as 

magenta sticks 

Figure 4B: Alternate angle of overlay of DTG ligands at timepoints 50ns and 200ns. Here 

it can be seen that in the second conformation the benzene ring of DTG is further away 

from the magnesium ions. 
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Polar Interactions 

Table S5: All polar interactions calculated in PyMol over final 50ns. 

Time(ns) Polar Interactions 

 IN B IN C 

250 4(2MG,GLN148, 

GUA228) 

8(GLN148,3GUA22, 3THY11,ASN144) 

260 3(2GLU152,ADE21) 4(2THY11,2GUA22) 

270 1(GLU152) 5(2THY11,ASN144, 2GUA22) 

280 3(2GLU152,ADE21) 3(2GUA22,THY11) 

290 4(2GLU152,CYT20,GLN

148) 

4(2THY11,GLN148,GUA22)  

300 3(GLN148,GLU152) 4( GLN148,GUA22,2THY11) 

Number in front of brackets indicate total polar interactions. Number in front of residue indicates number of 

bonds formed between DTG and that residue. 
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