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Abstract: The Human Immunodeficiency Virus-1 integrase is responsible for the covalent 

insertion of a newly synthesized double-stranded viral DNA into the host cells, and is an 

emerging target for antivirus drug design. Raltegravir (RAL) and elvitegravir (EVG) are the first 

two integrase strand transfer inhibitors used in therapy. However, treated patients eventually 

develop detrimental resistance mutations. By contrast, a recently approved drug, dolutegravir 

(DTG), presents a high barrier to resistance. This study aims to understand the increased 

efficiency of DTG upon focusing on its interaction properties with viral DNA. The results 

showed DTG to be involved in more extended interactions with viral DNA than EVG. Such 

interactions involve the halobenzene and scaffold of DTG and EVG and bases 5’G-43’, 

3’A35’and 3’C45’.  

Keywords: Human Immunodeficiency Virus-1, integrase strand transfer inhibitors, elvitegravir, 

dolutegravir, viral DNA 

1. Introduction 

Viral replication of Human Immunodeficiency Virus 1 (HIV-1)1depends mainly upon three 

viral enzymes: reverse transcriptase, protease and integrase [1, 2]. The catalytic functions of 

HIV-1 integrase (IN) are indispensable for the smooth integration process of the reverse-

transcribed viral genome into host chromosome. This integration reaction follows two 

                                                           

Abbreviations: DKA, diketo acid; EVG, elvitegravir; HIV-1, Human Immunodeficiency Virus-

1; IN, integrase; INSTIs, integrase strand transfer inhibitors; LTR, Long Terminal Repeats; MD, 

Molecular dynamics; NCI, Non-Covalent Interaction; PFV, Prototype Foamy Virus; RAL, 

raltegravir; ST, Strand transfer; 
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biochemical steps. The first, named 3’-processing, involves the cleavage of a GT dinucleotide 

downstream of a highly conserved CA dinucleotide at both 3’-ends of the viral DNA. The 

cleaved DNA is then inserted into the host genome by a direct transesterification reaction known 

as DNA strand transfer (ST) [3, 4]. Once integrated, the provirus persists in the host cell and 

serves as a template for the transcription of viral genes and replication of the viral genome, 

enabling the production of new viruses. IN thus represents a novel target for antiretroviral drug 

design, the more so, as it has no human counterpart. The first two US FDA approved integrase 

strand transfer inhibitors (INSTIs) were raltegravir (RAL) from Merck and Co [5, 6] and 

elvitegravir (EVG) from Japan Tobacco Inc. and Gilead Sciences [7-9]. Both are related to the 

diketo acid family (DKA), and inhibit the ST reaction by acting at the IN-DNA interface and are 

highly effective in reducing viral loads. EVG was shown to be a slightly more potent IN inhibitor 

than RAL [10-13]. RAL and EVG are administered as part of a multi-therapy treatment of AIDS 

since 2007 and 2012, respectively. However in the course of treatment, patients undergo viral 

resistance mutations that can severely limit the efficiency of these drugs [10-11, 14-16]. The 

latest DKA inhibitor, Dolutegravir (DTG) by Glaxo Smith Kline was introduced in the market in 

2013. It is endowed with a much lesser sensitivity to emerging HIV-1 resistance mutations than 

the other INSTIs [17].  

The X-ray structures of RAL, EVG and DTG complexed with the PFV (Prototype Foamy 

Virus) intasome, a viral PFV DNA-IN-Mg2+ complex, were solved by Hare et al. [7,18,19]. In 

addition to drug-protein and drug-metal interactions, all three structures showed the onset of 

extended drug-DNA interactions. These take place: a) between the inhibitor halogenated 

aromatic ring and the highly conserved 5’C4A3 3’/5’T -3G-4 3’ dinucleotide step; and b) between 
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the diketo ring and A3 (shown in red at the 3’end of the oligonucleotides in Figure 1a), over 

which it is stacked. 

Based on the X-ray structures, we have sought to unravel the contributions of individual 

viral DNA ends to inhibitor binding. A previous study led by our group [20] using spectroscopy 

had focused on the determinants of RAL affinity for these ends. Consistent with the X-ray 

analyses, it showed the RAL-processed viral DNA complex to be predominantly stabilized by 

the C4, A3 and G-4 bases (shown in red in Figure 1a). The present study compares EVG and DTG 

binding to viral DNA, correlating interaction affinities with their reported inhibitory properties 

[10]. To this aim, we have conducted fluorescence anisotropy experiments complemented by 

computational studies in the context of the Non Covalent Interaction (NCI) procedure [21]. We 

have considered the complexes of EVG and DTG with oligonucleotides mimicking processed 

(LTR32) and unprocessed (LTR34) viral DNA ends. Other oligonucleotide sequences derived 

from the U5 LTR (Long Terminal Repeats) extremity of viral DNA were also used in the 

fluorescence anisotropy titrations. All investigated LTR sequences are reported in Figure 1a. The 

purpose of this study is to put forth whether any increase in drug-DNA affinity correlates with a 

concomitant decrease of HIV-1 viral resistance mutation [20]. 

2. Materials and Methods  

2.1. DNA samples and inhibitors  

The oligonucleotides LTR34, LTR32, LTR32-I and LTR30 were purchased from 

Eurogentec (Belgium). The four LTRs of oligonucleotides were designed to adopt a folded 

double-stranded hairpin structure even under the low concentrations (10-9 to 10-5 M) used in 

fluorescence anisotropy experiments. The fluorescein reporter group is grafted on the central T 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

nucleotide (shown in green in Figure 1a) of the loop formed by the three thymine sequence 

(TTT). Folded LTR34 mimics the unprocessed U5 LTR end of viral DNA while LTR32 

reproduces the 3’-processed viral DNA obtained by deletion of 5’G2T13’ in the reactive strand 

after the highly conserved 5’C4A3
 3’ nucleotides (shown in red in the four oligonucleotides). 

LTR32-I (Inverted LTR-32) is a processed version of the viral DNA obtained by deletion of 5’A-

1C-23’ (shown in blue in Figure 1a). The fourth oligonucleotide, LTR30, is a blunt-ended 

oligonucleotide lacking 5’G2T13’:5’A -1C-23’. LTR32-I and LTR30 were used as controls to 

highlight the impact of the terminal dinucleotides during inhibition. EVG and DTG were 

purchased from AdooQ and Medchemexpress, respectively and their structures are represented in 

Figure 1b-c. 

2.2. Fluorescence measurements  

The thermodynamic parameters of the drug-DNA complexes were determined using 

fluorescence anisotropy on a Jobin-Yvon Fluoromax II instrument equipped with an Ozone-free 

150 W xenon lamp. Fluorescence anisotropy was expressed as: A= (I// - I⊥)/ (I// + 2I⊥) where 

parallel (I//) and perpendicular (I⊥) emission components were measured in L-format. The 

denominator of A was simply the total light that would be observed if no polarizers are used. 

With fluorescein as reporter, excitation was performed at 488 nm with a 4nm slit width. For 

LTR34 and LTR32, emission was recorded at 516 nm with a 5nm slit width while emission 

wavelengths were 515 and 514 nm, respectively, for LTR32-I and LTR30 with a slit width of 4 

nm. During titrations, labeled DNA was dissolved to the desired concentration (8nM) in 800 µl 

phosphate buffer (10mM, pH 6, I=0.1) and placed in thermally jacketed quartz cells (1cm) 

controlled by a circulating bath at 5oC; increasing concentrations of the inhibitors (EVG or DTG, 

respectively) were then added. The equilibrium dissociation constants (Kd) were determined by 
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fitting the sigmoidal curves, using the GraphPAD Prism 5 software which applies the non-linear 

regression (curve fit)-Least square procedure. 

2.3. PDB entries  

The high resolution cryo-EM structure of the HIV-1 intasome (PDB code: 5U1C) was 

recently resolved [21]. However, the structures of the HIV-1 intasome (IN-HIV-1 viral DNA-

Mg2+) in complex with RAL, EVG and DTG respectively have not been yet determined. 

Therefore, in the used computational approach, the complexes were extracted from the X-ray 

structures of the PFV intasome (IN-PFV viral DNA-Mg2+) in complex with EVG [19] (PDB 

code: 3L2U) and DTG [20] (PDB code: 3S3M) respectively. PFV intasome crystal structures are 

generally used due to the lack of HIV intasome crystal structures and on account of structural 

and functional similarities of the two viruses.  

2.4. NCI-Plot analyses 

 The weak interaction zones between the molecules were evaluated using quantum 

chemistry analyzing the electron density (promolecular) and its reduced gradient through the 

NCI (Non-Covalent Interaction) procedure with the NCI-Plot Program [22-23]. This procedure 

enables a visualization of the intermolecular interactions. The differentiation of the interaction 

depends on their nature and their strength (the density of the plots). The nature of the interaction 

can be differentiated by the color of the plot (blue= strong and attractive, green= weak 

interaction, red= strong and repulsive).  

 

3. Results 

3.1. Fluorescence studies  
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Fluorescence anisotropy is a well-adapted technique to evaluate and quantify ligand binding 

to DNA and proteins. It gives a non-disruptive means of measuring the association of a 

fluorescent ligand with another molecule [24] by providing insight on the stoichiometry and 

thermodynamic of the complex [25,26,27]. The binding isotherms illustrating the interaction of 

each fluorescein labeled oligonucleotide (LTR34, LTR32, LTR32-I, LTR30) with EVG and 

DTG are shown in Figures 2 and 3, respectively.  

The titration curves of processed LTR32 with increasing concentrations of EVG (Figure 

2a) and DTG (Figure 3a) are monophasic sigmoid and display important increases of 

anisotropy (about 0.8 units). However, although the increases of anisotropy are nearly the same, 

the Kd values are distinctly different: 0.95E-10 for EVG and 1.63E-12 for DTG, thus, 

translating a much stronger affinity for LTR32 in the case of DTG compared with EVG, for the 

same stoichiometry. 

The binding of EVG and DTG to unprocessed LTR34 produces about the same increase 

of anisotropy (0.2 units), although smaller compared with processed LTR32. Here again, the 

Kd values (1.15 E-9 versus 2.0 E-11) attest to a higher affinity of DTG (10 folds) compared with 

EVG. In contrast, addition of EVG or DTG to inverted LTR32-I and blunt LTR (LTR30) does 

not produce any effect on anisotropy, proving that these drugs fail to interact with the extremities 

of the two modified oligonucleotides. 

It is noteworthy that these results are consistent with clinical data reporting efficiencies of 

DTG and EVG [10], showing that the binding of drugs to DNA is the most important event 

during the IN inhibition process [20]. 

These experimental results highlight the key role of the flanking 5’A
-1
C

-2
3’dinucleotide in 

ultimate position of the uncleaved DNA strand (shown in blue in LTR32 of Figure 1) for the 
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binding of INSTIS to LTRs. This dinucleotide step may prevent the fraying of guanine G
-4
 on 

the facing reactive strand, retaining it in a, albeit distorted, stable H-bonded base pair with C
4
. 

This arrangement will also enable G
-4 to partake to interactions with the dihalogen ring of 

DTG/EVG. On another note, the 3’dinucleotide d (T
1
G

2
) on the unprocessed LTR34, limits the 

access of the drug to the terminal A
3 adenine. It also reduces the base fraying at A3 contributing 

to an improved stacking with the DKA ring.  

3.2. NCI-Plot analysis  

Closely related recognition motives are highlighted by the crystal structures of the two PFV 

integrase-DKA inhibitor complexes [18, 19]. On the one hand, the halogenated aromatic rings 

stack under the processed viral DNA cytosine C4, and simultaneously bind to guanine G-4 on the 

opposite strand. Binding to G-4 is driven by the interaction of the sigma hole prolonging the CF 

bonds with the electron-rich rings of G-4. On the other hand, the diketo ring stacks over A3.  

Analyses of the intermolecular interaction energies of a series of halogenated derivatives 

with the G-4-C4 base pair were recently reported by us by parallel ab initio quantum chemistry 

and polarizable molecular mechanics calculations [26, 27]. As a complement to these studies, we 

perform here a topological analysis of the binding of the entirety of both EVG and DTG with an 

extended recognition zone encompassing G-4, C4 and A3. This was done in the context of the NCI 

procedure as implemented in the NCI-Plot program [22]. The results reflect important 

interactions (electrostatic and van der Waals) of each INSTI with the processed viral DNA ends 

(Figure 4) with DTG scoring the best interaction plot (Figure 4b). A quantitative evaluation is 

given in Supplementary data (Figure S.1). 
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The interaction plots showed in Figure 4 highlight the fact that the intercalation of the drug 

between the two viral DNA strands is not only guided by the halobenzene ring but also by the 

rest of the ligand. In fact, intense, large and green plots are recorded in the whole pocket formed 

by C4A3-G-4 and either EVG or DTG.  These reveal strong non-covalent interactions within the 

drug-DNA complex. In addition, the green plot represented in Figure 4b for the DTG complex 

has broader extensions than the one corresponding to the EVG complex (Figure 4a). Such a 

finding is consistent with those from fluorescence anisotropy and suggests a possible reason 

behind the better efficiency of DTG in clinical trials [10]. The affinities of the drug entities for 

the G-4/C4A3 pocket may be impacted by their electron densities and can be subtly tuned by the 

nature and the position of their substituents. A more detailed computational work assessing the 

impact of such interactions will be given in a forthcoming paper [El Khoury et. al, in 

preparation]. 

4. Discussion 

Both EVG and DTG are novel DKA derivatives affecting HIV-1 replication by inhibiting 

IN-mediated ST. While the first two marketed IN inhibitors, RAL and EVG, display a 

remarkable efficiency for HIV-1 patients, they induce important resistance mutations in the 

enzyme. Such mutations are less prone to occur with DTG. A previous paper had shown that the 

viral DNA, not the protein, is the primary target of RAL [20]. As a follow-up, we focused in this 

short communication on EVG and DTG, both of which are more effective than RAL. We 

addressed the following point: if the inhibitory effect of antiretroviral drugs is indeed exerted at 

the level of the viral LRT ends, do their binding affinities for such ends parallel the 

corresponding differences of their inhibitions of IN-mediated ST?  
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The experimental results showed that whether the LTR is processed or unprocessed, DTG is 

always endowed with a greater affinity than EVG. Despite their important structural differences, 

EVG and DTG dock in a similar manner in a well-defined pocket at the viral DNA end. This 

binding site is of high therapeutic interest since it is crucial for the viral DNA interactions with 

IN [30, 31]. Thus, targeting this site reinforces the inhibition of the integration mechanism [32]. 

NCI-plots highlight the match between the C4-G-4 base pair and the halobenzene ring on the one 

hand, and between A3 and the DKA ring on the other hand. More favorable overlaps are 

quantified in the case of DTG than EVG, which could contribute to the enhanced affinity of 

DTG.  

 Both INSTI complexes are more stable in the processed than in the unprocessed site. Thus, 

the fluorescence anisotropy results indicated the main involvement of the 5’A-1C-23’ dinucleotide 

in the binding of DKA(s). These findings are in agreement with previous data describing HIV-1 

viral DNA as a main target of the first designed DKA inhibitors, highlighting the importance of 

d(A-1C-2) in the recognition mechanism required for strand transfer inhibition [7, 20, 28, 33-35].  

There appear to be stringent requirements  concerning the sequence of the nucleic bases at 

the ends of the LTR for retroviral integration [35-40], and there is no evidence of mutations in 

the LTRs that could lead to resistance to INSTIs. The design of new-generation inhibitors should 

then benefit from the conservative nature of the base sequence at the viral ends. More specific 

antiviral compounds, less prone to induce resistance mutations, could be tailored by increasing 

the number of interactions with processed viral DNA rather than with the protein. Following this 

preliminary study, the PFV intasome has been constructed with AMOEBA polarizable force 

field and is being currently equilibrated prior to molecular dynamics (MD) simulations. These 

will be performed on the respective intasome-inhibitor (RAL/EVG/DTG) complexes [EL 
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Khoury et al., to be published], using a massively parallel version of TINKER, TINKER-HP 

[41]. We believe that MD simulations will further clarify the role of 5’A
-1

C
-2
3’ dinucleotide on 

preventing G-4 fraying. Furthermore, the role of other nucleotides in the LTR can better be 

demonstrated and supported by such simulations. 
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Figure legends 

Figure 1. a) the four oligonucleotides with the central three thymines (TTT) enabling their 
folding into hairpin (loop-stem) structures; b) elvitegravir; and c) dolutegravir. 

Figure 2. Fluorescence anisotropy analysis of elvitegravir binding to oligonucleotides. 2a. 
Titration curve of LTR32. 2b. Titration curves of LTR34 (black), LTR32-I (green) and LTR30 
(blue) at 8 nM by increasing concentrations of EVG (from 10-13 to 10-6). Values of Kd yielded by 
treatment of the EVG-LTR32 and EVG-LTR34 titration curves are inserted on the graphs. 

Figure 3. Fluorescence anisotropy analysis of dolutegravir binding to oligonucleotides. 3a. 
Titration curve of LTR32. 3b. Titration curves of LTR34 (black), LTR32-I (green) and LTR30 
(blue) at 8 nM by increasing concentrations of DTG (from 10-13 to 10-6). Values of Kd yielded by 
treatment of the DTG-LTR32 and DTG-LTR34 titration curves are inserted on the graphs. 

Figure 4. Representation of the IN−DNA-DKA complex focusing on: a. The recognition site of 
the elvitegravir halobenzene and scaffold in interaction with G-4, C4 and A3 bases at the viral 
DNA ends. EVG is shown in pink and the green plots are the respective intermolecular 
interaction surfaces. b. The recognition site of the dolutegravir halobenzene and scaffold in 
interaction with G-4, C4 and A3 bases at the viral DNA ends. DTG is shown in purple and the 
green plots are the respective intermolecular interaction surfaces. All interactions were generated 
by the NCI-plot procedure. 
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Highlights 

• Elvitegravir and Dolutegravir demonstrate high affinities towards HIV viral DNA 
• Dolutegravir displays the most specific interactions with HIV viral DNA extremities  
• Increase in drug-DNA affinity correlates with decrease of HIV resistance mutation 

• Dolutegravir derivatives could be promising potent HIV inhibitors 
• Experimental/Computational Approach elucidating the HIV integrase inhibition 

 


