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Abstract

:

The search for compounds that can inhibit the interaction of certain viral proteins with their cellular partners is a promising trend in the development of antiviral drugs. We have previously shown that binding of HIV-1 integrase with human Ku70 protein is essential for viral replication. Here, we present a novel, cheap, and fast assay to search for inhibitors of these proteins’ binding based on the usage of genetically encoded fluorescent tags linked to both integrase and Ku70. Using this approach, we have elucidated structure-activity relationships for a set of oligonucleotide conjugates with eosin and shown that their inhibitory activity is primarily achieved through interactions between the conjugate nucleic bases and integrase. Molecular modeling of HIV-1 integrase in complex with the conjugates suggests that they can shield E212/L213 residues in integrase, which are crucial for its efficient binding to Ku70, in a length-dependent manner. Using the developed system, we have found the 11-mer phosphorothioate bearing 3’-end eosin-Y to be the most efficient inhibitor among the tested conjugates.
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1. Introduction


Nowadays human immunodeficiency virus type 1 (HIV-1) reproduction can be controlled by specific antiretroviral therapy (ART). As a result, HIV-induced infection is reclassified to a manageable chronic disease [1]. However, ART usage is associated with the risk of the development of resistant viral strains due to the low fidelity of HIV-1 reverse transcriptase [2,3,4]. Unfortunately, these strains are increasingly common in ART-naïve patients [5], making the development of new approaches to block HIV-1 replication an urgent issue. In the present study, we describe a system that enables the screening of potential inhibitors of protein–protein interaction and tested it on modified oligonucleotides.



HIV-1 requires many cellular factors in order to successfully complete its replication [6,7,8]. Identification of these host cell factors and elucidation of their role in HIV-1 replication can reveal new targets for anti-HIV therapeutics that will overcome the viral resistance to existing drugs [8]. Some of the known cellular factors are involved in HIV-1 replication due to their direct interactions with viral proteins, e.g., HIV-1 integrase (IN) [6]. One of the well-studied IN partners is cellular protein LEDGF/p75, which both enhances integration efficiency and preferentially guides HIV-1 integration to actively transcribed genes [9,10,11,12]. To interfere with this interaction, a family of allosteric inhibitors called LEDGINs (after the lens epithelium-derived growth factor/p75 cofactor binding pocket on IN) was recently developed and characterized [12,13]. Since the LEDGINs binding pocket at the IN dimer interface is distant from the site of canonical inhibitors binding (e.g., raltegravir and dolutegravir), these compounds have overcome resistance to classical IN inhibitors [14]. Moreover, the use of such inhibitors is expected to cause a minimal chance of resistance development due to the high conservativeness of amino acid residues on the surface of two proteins interaction.



Another cellular protein Ku70 has been also identified as a host partner for HIV-1 IN [15,16,17]. It protects IN from proteasomal degradation by an unknown mechanism [15] and participates in post-integrational DNA repair [17]. In human cells Ku70 forms a heterodimeric complex with the Ku80 subunit. As a component of DNA-dependent protein kinase (DNA-PK), the Ku heterodimer plays a key role in the repair of double-strand DNA breaks (DSB) by the non-homologous end joining (NHEJ) pathway and in V(D)J and class switch recombination [18,19]. Despite the absence of DSB in the HIV-1 integration intermediate (a product of viral DNA insertion into the cell genome produced by IN), the interaction of IN and Ku70 promotes recruitment of the functional DNA-PK complex, the phosphorylation activity of which is necessary for post-integrational DNA repair [17]. Recently, we have identified point amino acid mutations in IN, which prevent Ku70 binding [16] and impair HIV-1 replication by affecting post-integrational DNA repair [17]. Thereby, the search for inhibitors impairing the interaction between IN and Ku70 is a relevant task.



Although structures of Ku70/Ku80 heterodimer alone (e.g., PDB ID: 1JEQ, 1JEY) or in macromolecular complexes (e.g., PDB ID: 5Y3R, 6ERF-H) are available, neither the full-size structure of native HIV integrase nor its complex with Ku70 is determined yet due to low solubility of HIV-1 IN. As the structure of these proteins complex is yet unknown, the search for inhibitors of their interaction can only be performed by screenings. To date, there is a broad spectrum of high-throughput methods of search for inhibitors of protein-protein interactions (PPI), such as AlphaScreen, precipitation with subsequent ELISA or bioluminescence detection of prey protein, etc. [20,21,22,23,24,25]. However, they involve additional reagents, such as antibodies and special resins, which increases the cost of the screening procedure. Another approach called fluorescence-based protein-protein interaction assay (FluorIA) implies testing the interaction between two proteins, one of which is immobilized on a plate, and the other contains genetically encoded fluorescent tag, e.g., enhanced green fluorescent protein (eGFP) [26]. Using fluorescent proteins (FP) as tags significantly simplifies the analysis and reduces its cost.



We have modified the FluorIA concept and designed a method of search for the inhibitors of the interaction between IN and Ku70. In particular, we used FP-tags attached to both IN and Ku70, which allows additional control of the bait protein levels. Normalization of the prey protein fluorescence level by the bait protein fluorescence level increases accuracy of the quantitative analysis of the characteristics of the inhibitor, for instance, IC50. We have shown that this approach is also applicable to the analysis of the effects of fluorescent inhibitors. In this case, the protein interaction is analyzed by glutathione sepharose affinity chromatography with subsequent sample separation in SDS-PAGE, which decreases the performance, but allows distinguishing inhibitor fluorescence from that of the proteins of interest.



Using our method, we managed to study the structural peculiarities of the activity of the previously described inhibitors of IN and Ku70 interaction–conjugates of oligonucleotides with eosin-Y. We showed before that the conjugate of the 11-mer 2′-O-methyl-oligonucleotide GGUUUUUGUGU with eosin-Y (11-OM-E) hinders the interaction between IN and Ku70, and the disruption of the interaction requires both the oligonucleotide moiety of the inhibitor and the eosin-Y [16]. The interaction of the inhibitor with the IN has been closely studied by modeling the structures of IN complexes with 11-OM-E derivates. The Ku70 binding site in IN has been verified to be shielded by these inhibitors. Therefore, our novel data improve the accuracy of the model of 11-OM-E interactions with IN enabling targeted inhibitor design via in silico search of compounds with high affinity to the same site in IN in the future.




2. Materials and Methods


Oligonucleotides and plasmids: All oligonucleotides were synthesized by the phosphoramidite method. Modified oligonucleotides were synthesized as described earlier [27,28].



pET-15b_His6-Ku70 coding His6-Ku70 was produced by cloning the Ku70 gene into pET-15b to multiple cloning site. Vector pET-15b_His6-Ku70-tRFP coding His6-Ku70-tRFP was produced by cloning tRFP gene in pET15b_His6-Ku70 after Ku70 gene. For cloning, two PCR primers containing the BamHI restriction site C-fus-RFP_left 5′-ATGATCGGATCCAGCGGCGGCGAGCTGATCAAG-3′ and C-fus-RFP_right 5′-ATGATCGGATCCTCATCTGTGCCCCAGTTTGCT-3′ were designed to amplify the tRFP coding sequence. pET15b_His6-Ku70 was digested with BamHI and ligated to the digested PCR product by T4 DNA ligase (Thermo Scientific).



Plasmid pGGWA-GST-IN was a kind gift of Dr. Marc Ruff (IGBMC, Strasbourg, France). Plasmid construct pGGWA_GST-mCer-IN coding GST-mCer-IN was produced by cloning the mCer gene into the pGGWA_GST-IN plasmid between GST and IN sequences. For cloning, two PCR primers containing the KpnI site N_CFP_Kpn1 5′-ATGATCGGTACCGGATCCGTGAGCAAGGGCGAGGAG-3′ and the NdeI site N_CFP_Nde1 5′-ATGATCCATATGTCCAGATCCCTTGTACAGCTCGTCCATGCC-3′ restriction sites were designed to amplify the mCer coding sequence. pGGWA_GST-IN was digested with NdeI/KpnI and ligated to the digested PCR product by T4 DNA ligase (Thermo Scientific, Vilnius, Lithuania).



Construct pGGWA_GST-mCer was prepared from the pGGWA_GST-mCer-IN plasmid by the addition of a STOP codon after the mCer gene by site-directed mutagenesis with primers mCer_stop_a 5′-CATGGACGAGCTGTACAAGTGATCTGGACATATGTTTTT-3′ and mCer_stop_as 5′-AAAAACATATGTCCAGATCACTTGTACAGCTCGTCCATG-3′.



Recombinant proteins expression and purification: GST-mCer-IN and His6-Ku70-tRFP were expressed and purified in the same way as His6-IN and GST-Ku70, respectively, as previously described in [29,30]. GST-mCer was produced and purified in the same way as GST-mCer-IN.



Protein binding assay: To detect interactions between GST-mCer-IN and His6-Ku70-tRFP the GST-pull-down assay was performed. GST-mCer-IN and His6-Ku70-tRFP were incubated in 150 μL of buffer A (20 mM Hepes pH 7.5, 100 mM NaCl, 7.5 mM MgCl2, 2 mM 2-mercaptoethanol, 50 μg/mL BSA) at room temperature for 1 h. Then 20 μL of glutathione-agarose was added to the reaction mixtures followed by 1-h incubation at room temperature under rotation. Beads were washed twice with washing buffer (buffer A without BSA). The proteins were eluted from the beads with 20 μL of 1X SDS-PAGE loading buffer for 5 minutes and analyzed by SDS-PAGE with subsequent Western blotting or Fluorescence gel imaging. To investigate the influence of oligonucleotide inhibitors on the His6-Ku70-tRFP/GST-mCer-IN complex stability, indicated oligonucleotides were incubated in increasing concentrations (0–3200 nM) with 200 nM GST-mCer-IN and 200 nM His6-Ku70-tRFP in 150 µL of buffer A at room temperature for 1 h. Then the complexes His6-Ku70-tRFP/GST-mCer-IN and free GST-mCer-IN were precipitated by glutathione-agarose as described above. After elution of proteins with 20 μL of 1× SDS-PAGE the levels of His6-Ku70-tRFP and GST-mCer-IN were analyzed by standard SDS-PAGE electrophoresis with subsequent detection of fluorescence in the gel (see Fluorescence imaging subsection). The fluorescence signals ratios (tRFP/mCer) were used as a measure of proteins binding efficiency. This ratio in the absence of the inhibitor was taken as 100%.



To detect interactions between GST-mCer-IN and His6-Ku70-tRFP using Well-Coated™ Glutathione plates (G-BIOSCIENCES), GST-mCer-IN and His6-Ku70-tRFP were incubated in plate wells in 150 μL of buffer A at room temperature for 2 h under rotation. Then wells were washed twice with washing buffer (buffer A without BSA) and fluorescence was measured.



Western blot analysis: Protein samples were separated by 12% SDS PAGE and analyzed for the presence of GST- or His6-tag by WB with rabbit anti-GST (Sigma) and mouse anti-His6 antibodies (Sigma), respectively.



Fluorescence imaging: Fluorescent signals were measured in gel using the ChemiDoc MP system (Bio-Rad) or in black 96-well plates using VICTOR Multilabel Plate Reader (PerkinElmer). In the case of gel fluorescence measuring, 530/28 and 605/50 nm emission filters and Blue Epi illumination and Green Epi illumination excitation sources were used for mCer and tRFP, respectively. In the case of plates fluorescence measuring, P430/F460 and F555/610 excitation/emission filters were used for mCer and tRFP, respectively.



Molecular dynamics: Initial DNA oligonucleotides in A and B forms were generated with Web-3DNA v 2.0 [31]. Then the fusion with complex of HIV-1 integrase (PDB ID: 1EX4, residues 206–270) and eosin-Y+linker was made with PyMOL Molecular Graphics System, Version 2.0.7 Schrödinger, LLC (PyMOL). Complex of HIV-1 integrase and eosin-Y+linker has been obtained by a flexible docking earlier [16]. ACE cap was added to the protein N-terminus via PyMOL. To increase the sampling efficiency, a set of starting structures was generated by rotating an oligonucleotide around a specific bond (O5′-P of the first nucleotide for both forms in the distal site and B-form in the proximal site; P of the first and O3’ of the second nucleotide for A-form in the proximal site) with a step of 20 degrees resulting in 18 rotamers for each system. The difference in the choice of bonds is due to the geometry features of the A and B-forms. The bonds were chosen so that the starting structures would cover the maximum area. This procedure was performed with PyMol. All molecular dynamics simulations were done with GROMACS v 5.1.2 [32] and amber14sb_OL15 force field, in 100 replicas for each starting structure (Supplementary Figure S1). The simulated-annealing-like procedure included 100 ps molecular dynamics simulation with 1 fs step size in a vacuum and electrostatic interactions as main acting forces. Initial velocities were independently generated for every run. Protein and oligonucleotide were divided into two temperature coupling groups with reference temperatures of 10 K and 400 K respectively with the Velocity-rescale thermostat. An oligonucleotide was heated to 1000 K in 5 ps, then cooled to 100 K in the next 45 ps following 50 ps equilibration. Group cut-off scheme was employed. After the simulations, minimal distances between oligonucleotides and the amino acids were calculated with python tools ProDY [33] and pyRMSD [34]. Graphs were plotted with GraphPad Prism v 7.03 and python modules Pandas v 0.24.2 [35], Seaborn v 0.9.0, and Matplotlib v 3.0.3 [36]. Visualization of biomolecules was performed with the PyMOL.




3. Results


3.1. Design and Validation of a System for Search for Inhibitors of the Interaction between HIV-1 Integrase and Ku70


As noted above, to date, there is a rather wide range of methods of PPI analysis and of the search for their inhibitors. These include such classical approaches as pull-down with a subsequent Western blot or ELISA test, as well as more advanced systems, such as Alpha Screen [20,21,22,23,24,25]. Unfortunately, they require additional reagents to detect protein interactions. In the former case, these are antibodies, and in the latter, these are donor and acceptor beads, which significantly increases the cost of screening.



To search for inhibitors of the interaction between IN and Ku70, we have designed a system based on the already published FluorIA system [26], which is based on using a fluorescent protein tag attached to one of the interacting proteins. We have modified this system and suggest using two different fluorescent genetically encoded tags on the prey and bait proteins, in our case Ku70 and IN, respectively. One of the tags is needed to estimate the levels of complex formation, and the other is necessary for the normalization by the bait protein level. The important limitation of fluorescent tags usage is the potential interfering of the tags with proper proteins binding due to the sterical hindrance of binding sites. The possibility of such tags usage should be tested additionally in a particular case. Another limitation is the need to use mild conditions for elution of proteins from affine sorbents since the FP fluorescence is sensitive to heating, significant changes in pH, etc. [37].



For our system, we have chosen fluorescent proteins turboRFP (tRFP) and monomeric Cerulean (mCer). The choice of these particular proteins was based on three criteria: minimal overlap of excitation and emission spectra, which is necessary to prevent FP signal distortion due to Förster resonance energy transfer (FRET), relative brightness of both proteins, and absence of heterodimer formation between the two fluorescent proteins. When designing IN and Ku70 hybrids with fluorescent proteins, we considered previously obtained data indicating that binding of IN and Ku70 involves primarily the N-terminal domain of Ku70 (residues 1–250) and IN region from residue 200 to residue 220 [16]. To minimize the tags’ effect on the interaction between IN and Ku70, we have chosen to attach tRFP to the C-terminus of Ku70, and mCer–to the N-terminus of IN (Figure 1A). To do this, we cloned genes of the tRFP and mCer fluorescent proteins into vectors pET-15b-Ku70 and pGGWA-GST_IN and obtained bacterial expression vectors to produce His6-Ku70-tRFP and GST-mCer-IN, respectively. The hybrid proteins were extracted and purified by affinity chromatography on Ni-NTA-agarose and glutathione sepharose, respectively.



Their purity was 35–45% for His6-Ku70-tRFP and 80–90% for GST-mCer-IN (Figure 2A). The purity of His6-Ku70-tRFP was comparable to that of His6-Ku70 (40–55% of the protein of interest), i.e. the introduction of FP did not significantly influence the stability of the protein. We had shown before that GST-Ku70 is subjected to proteolytic cleavage when expressed in E. coli, which leads to Ku70 preparations containing contaminants corresponding to the N-terminal fragments of the protein with the affine tag [16]. In the case of His6-Ku70-tRFP, we observed the same, i.e., the contaminants were detected with His6-tag antibodies (Figure 2B). Unfortunately, gel chromatography under non-denaturing conditions does not allow for the removal of N-terminal fragments from the preparations (data not shown), which may be explained by the dimerization of the N-terminal domains of Ku-70.



To verify that the introduction of such massive tags as fluorescent proteins (mCer ~26.6 kDa and tRFP ~25.9 kDa) did not alter the structure of the proteins of interest IN and Ku70 and did not hinder their interaction due to steric shielding of the binding sites, we primarily estimated the possibility of complex formation between the obtained hybrid proteins and, for reference, between their original variants GST-IN and His6-Ku70. A pull-down assay showed that His6-Ku70-tRFP forms a complex with GST-mCer-IN at the same level as the non-modified proteins (Figure 2C). Although tRFP is known to form stable homodimers [38], this did not disrupt the system, what was confirmed by titration of GST-mCer-IN and GST-IN by His6-Ku70-tRFP and His6-Ku70, respectively (Supplementary Figure S2).



In order to additionally confirm that the hybrid proteins interact similarly to the original IN and Ku70, we decided to use the previously described oligonucleotide inhibitor of their interaction. We had earlier found that IN catalytic activity inhibitor 11-OM-E hinders the interaction between IN and Ku70. Both the oligonucleotide moiety of the inhibitor and the eosin-Y fragment are important for this activity: free eosin-Y and an 11-OM-E analog without eosin-Y (11-OM) did not affect the stability of the IN/Ku70 complex [16]. We tested the effects of 11-OM-E and 11-OM on the pull-down of the non-modified (His6-Ku70 and GST-IN) and the FP-modified proteins (His6-Ku70-tRFP and GST-mCer-IN). Thus, 1 μM 11-OM-E turned out to completely prevent the interaction of the proteins of interest in both cases, whereas 11-OM exerted almost no effect on the coprecipitation of the proteins (Figure 2D), which additionally confirmed that the FP-tags did not influence binding of IN and Ku70.



The approach to the screening of inhibitors of binding of proteins with fluorescent tags suggested here may be used both in the high-throughput plate format and in the classical test-tube way with subsequent fluorescence analysis in the gel (Figure 1B). In the former case, a mixture of proteins and putative inhibitors is incubated with glutathione sepharose in 96-well spin-plates. After complex formation and the wash of the unbound proteins, GST-mCer-IN and GST-mCer-IN/Ku70-tRFP complexes are eluted from resin, and the signals from fluorescent proteins are measured. The tRFP/mCer ratio reflects the efficiency of complex formation. We assessed the applicability of this method to the analysis of coprecipitation of His6-Ku70-tRFP and GST-mCer-IN. As shown in Figure 2E, Ku70-tRFP is coprecipitated in a dose-dependent manner with GST-mCer-IN but not GST-mCer, which is a negative control confirming the workability of this approach. Of note, to simplify the test procedure we tried using glutathione-coated 96-well plates instead of glutathione sepharose and spin-plates. However, we did not manage to detect GST-mCer-IN immobilization in the plate or His6-Ku70-tRFP binding: the fluorescence levels of these proteins did not differ significantly from the background noise (data not shown), which can be explained by the insufficient binding capacity of such plates.



When using glutathione sepharose and spin-plates, (Figure 1B), GST-mCer-IN and the GST-mCer-IN/Ku70-tRFP complex were separated in SDS-PAGE after elution from resin, and fluorescence was then detected in the gel. In this case, samples were not denatured at 94 °C as in standard sample preparation in order to maintain FP fluorescence [37]. Under conditions described, mCer and tRFP signals were linearly dependent on the amount of the proteins applied on the gel up to 40 pmol of proteins (the maximal tested amount, Supplementary Figure S3). However, due to the lack of the denaturing stage, His6-Ku70-tRFP produced several lines in the gel for it is prone to multimerization: the least intense line reflected the mobility of the monomer (~100 kDa), the brightest line corresponded to the (His6-Ku70-tRFP)2 dimer (>180 kDa) (Figure 2F). There was also a number of medium brightness lines, which might represent the dimers of a full-length His6-Ku70-tRFP with N-terminal fragments of the protein, which, as previously mentioned, were copurified with the full-length protein, (Figure 2F; 100 kDa < MW < 180 kDa, signed as *). Importantly, these lines were not present when samples were prepared in a standard manner including the denaturing stage and subsequent visualization using Coomasie G250 (Figure 2A). However, protein fluorescence levels estimation under denaturing conditions is impossible.



The gel electrophoresis stage decreases the productivity of the method, but it allows for studying inhibiting activity of fluorescent compounds. In particular, using SDS-PAGE we determined IC50 for previously characterized inhibitor 11-OM-E (Figure 2F). The IC50 value measured in our system equaled 135 ± 20 nM, which differed to a certain extent from a previously published value of 50 ± 10 nM [16]. This discrepancy may be due to the high sensitivity of IC50 to concentrations of proteins studied [39,40]. In the present work, to determine the inhibiting activity of 11-OM-E, we used both His6-Ku70-tRFP and GST-mCer-IN in 200 nM concentration, and in another research [16]–100 nM GST-Ku70 and 200 nM His6-IN. Consequently, the method presented here may be used to search for inhibitors as well as for the estimation of quantitative parameters of inhibition by compounds of interest.




3.2. The Effect of the Oligonucleotide Inhibitor Structure on Binding of IN and Ku70


11-OM-E inhibits both interaction of IN and Ku70 and catalytic activity of IN with comparable efficiencies [16,28]. The effect of the oligonucleotide inhibitor structure on IN activity has been extensively studied before [28]. We decided to use our assay system to test whether previous observations on the IN activity inhibition are valid for the disturbance of binding of IN and Ku70.



3.2.1. Nucleobases Rather than the Sugar-Phosphate Backbone of the Inhibitor Are Crucial for IN Binding with Ku70


Primarily, using a series of 11-mer inhibitors with modifications in the sugar-phosphate backbone or the heterocyclic bases, we established structural motives in the oligonucleotide domain of the inhibitor necessary for the inhibition activity. As described above, we analyzed binding of His6-Ku70-tRFP to GST-mCer-IN in presence of increasing concentrations of 11-OM-E analogs using SDS-PAGE with subsequent fluorescence detection in gel.



Firstly, it turned out that substitution of 2′-O-methyl-oligonucleotide GGUUUUUGUGU (11-OM) with 2′-deoxyribooligonucleotide GGTTTTTGTGT (11-D) in the eosin conjugate did not affect inhibiting activity: the IC50 values of 11-OM-E and 11-D-E in our test were almost equal (IC50 = 135 ± 20 nM vs. 150 ± 30). Secondly, we found that decrease in charge of the 2′-deoxyribooligonucleotide by a substitution of phosphodiester groups with methylphosphonates did not affect the inhibition potential of the corresponding conjugates (11-D-E, 11-DX-E-1 and 11-DX-E-2; Table 1). Thirdly, an alteration of the hydrophobic properties of the sugar-phosphate backbone and charge delocalization on a more massive sulfur atom resulted from the substitution of phosphodiester groups with phosphorothioates increased inhibitory potential 3.75-fold (11-DS-E; Table 1).



We have also analyzed an effect of nucleic base elimination on the inhibiting properties of conjugates. Because of some specific features of synthesis of such derivatives, a dye was decided to be introduced during the synthesis at the 5′-end of the oligonucleotide moiety, which is complicated for eosin-Y. It had been demonstrated before that a substitution of eosin-Y with 6-carboxy-4,7,2′,4′,5′,7′-hexachlorofluorescein (HEX) in the conjugates and a translocation of the hydrophobic moiety from the 3’-end to the 5′-end do not affect their ability to suppress IN catalytic activity [28]. To make sure that these alterations in the structure of the inhibitor would not affect its ability to impair IN/Ku70 complex formation, we synthesized Hex-11-D and tested its inhibiting properties. In our system, Hex-11-D demonstrated IC50 values comparable to those of 11-OM-E and 11-D-E (Table 1). After that, we prepared a Hex-11-D analog–Hex-11-ddR–lacking nucleic bases at 1–10 positions from 5′-end. Hex-11-ddR did not affect the stability of the IN/Ku70 complex up to 3.2 μM (Table 1). This result shows that nucleobases are critical for these compounds’ capacity to hinder IN/Ku70 complex formation.




3.2.2. The Inhibition Efficiency of the Eosin-Y-Conjugates Depends on the Length of Their Oligonucleotide Moiety


We suggested before, based on experimental data, that 11-OM-E may act as a competitive inhibitor of IN/Ku70 complex formation by shielding residues of IN involved in the interaction with Ku70, namely, E212 and L213 [16]. To test this hypothesis, we decided to estimate the effect of the length of inhibitor oligonucleotide moiety on inhibition efficiency. A series of conjugates of 2′-oligodeoxyribonucleotides GG(T)n (n = 3, 5, 8, 9, 10, 11 и 13) was obtained, which we named 5-D-E, 7-D-E, 10-D-E, 11*-D-E, 12-D-E, 13-D-E, and 15-D-E respectively. IC50 values were determined for these compounds using our test system. First of all, it is noteworthy that a G→T heterocyclic base substitution in the 3′-end of the 11-mer oligonucleotide did not affect inhibition properties of the conjugate: the IC50 values turned out to be equal for 11-D-E and 11*-D-E (Table 1 and Figure 3B). As shown in Figure 3A,B, the inhibitory efficiency of the conjugates decreased with decrease in the oligonucleotide length. While the IC50 value of 10-D-E equaled 213 ± 57 nM, which was insignificantly higher than that of 11*-D-E, 7-D-E hinders IN/Ku70 complex formation by 50% in the maximal inhibitor concentration tested (3.2 μM), and 5-D-E–by only 24% under the same conditions. Accordingly, increase in length of the inhibitor oligonucleotide moiety (12-D-E, 13-D-E, 15-D-E) caused increase in the inhibitors’ efficiency, which manifested in IC50 value decrease (Figure 3A,B). However, this effect was not so important. Comparing the IC50 values of 11*-D-E vs. 15-D-E (a 2.56-fold decrease in IC50) and 7-D-E vs. 11-D*-E (a more than 20-fold decrease in IC50) revealed that the impact of the first 10–11 nucleotides was much higher than that of subsequent ones (12–15). Therefore, the 11-mer conjugate sufficed to inhibit IN/Ku70 complex formation.





3.3. The Effect of the Oligonucleotide Moiety Structure on the Conjugates’ Inhibition Potential May Be Due to the Steric Shielding of the Integrase Surface Involved in the Complex Formation


According to the experiment, as the length of the oligonucleotide decreases, the inhibitory activity of the conjugates decreases as well. This effect may occur due to the physical shielding of the 212/213 amino acids of IN by the oligonucleotide. We hypothesized that short oligonucleotides are limited in the ability to perform such shielding. To verify this hypothesis, we performed molecular modeling of IN in complex with oligodeoxyribonucleotides of different length conjugated to eosin-Y (ODN-E). As the inhibitors in our study are long flexible polymers, it is hard to expect one particular complex conformation. However, it is possible to estimate the repertoire of the possible positions of the inhibitors using molecular dynamics approaches. We suggested before, based on experimental data, that 11-OM-E may act as a competitive inhibitor of IN/Ku70 complex formation: eosin serves as an anchor, being fastened in a certain position by hydrophobic contacts with IN while an oligonucleotide moiety reaches and shields residues of IN involved in the interaction with Ku70, namely, E212 and L213 [16]. A series of structures of IN complexes with inhibitors of various lengths (5-D-E–15-D-E) was obtained by adding DNA oligonucleotides in A- or B-form to eosin-Y+linker moiety bound in two sites identified previously and called proximal and distal due to their distance from E212 and L213 a.a. of IN [16]. The structures were then subjected to molecular modeling (Figure 3C).



The shielding of E212/L213 may occur due to a direct interaction with an oligonucleotide or due to a conformational change in an α6-helix that makes the E212/L213 less accessible for Ku70. To consider both possibilities, we separately analyzed a distance between the inhibitor and selected amino acids and a solvent-accessible surface area (SASA) for E212/L213 as shielding criteria (Figure 3D,E). For the distal and the proximal sites, we observed principally different dependencies of a minimal distance between the inhibitor and E212/L213 on the length of oligonucleotide.



When eosin-Y was anchored in the proximal site, the distributions of the minimal distance do not significantly depend on the length of the oligonucleotide moiety of the inhibitor. For each inhibitor, there was a series of complexes where ODN-E interacted with the selected amino acids (Figure 3C, within 5 Å). Therefore, the proximal site model did not correspond to the experimental data and, probably, is not utilized in the reality. Compounds with eosin bound in the distal site, on the contrary, reached the threshold of contact distance (5 Å) starting from 7-D-E, which corresponded to the experimental IC50 (Figure 3D). This relation is observed for initial systems with the oligonucleotide moiety in B-form, but not in A-form (Figure 3D,F), although previously we had observed the distances shorter than 5 Å for 11-OM-E in A-form even for the distal site [16]. The difference in the distribution of distances from inhibitor to E212/L213 a.a. for 11-OM-E [16] and 11*-D-E both started from the A-form structures must be due to greater flexibility of ssDNA comparing to ssRNA, which is even more pronounced near polar surfaces, such as proteins [28]. Moreover, in the case of 2′-O-Me-RNA, flexibility and thus a possible conformational landscape is even lower due to the steric hindrances imposed by the presence of the methyl group.



For the inhibitors anchored in the distal site, we also analyzed SASA for E212/L213 a.a. Since absolute values of SASA are not informative, a distribution of relative SASA values for E212/L213 normalized to SASA values for complexes with conjugates excluded from structures was analyzed (Figure 3E). The ratio less than 1 was observed for oligonucleotides of length 7 and more, which means that 5-D-E did not affect the solvent-accessible surface area around E212/L213. This relation was observed for initial systems with ODN in B-form. In the case of A-form, all the relative SASA values equaled 1 (Figure 3E). Similar effects can be seen on density maps of ODN-E in complex with IN (Figure 3F). Importantly, the observed SASA values around E212/L213 in structures with the inhibitor extracted were independent of the inhibitor’s length (Supplementary Figure S4A), which implies that the impact of conformational rearrangements in the shielding was inconsiderable. At the same time, when the inhibitor was present, notable decrease in SASA values was seen (Supplementary Figure S4B). This effect is consistent with length dependency observed for distances.



Minimal distances and SASA analyses suggest that oligonucleotide conjugates with eosin-Y can shield E212/L213 of HIV-1 IN in a length-dependent manner, which confirms the hypothesized mechanism of action for these inhibitors described above.



Furthermore, we analyzed interaction of different building blocks of 11*-D-E (phosphates, sugars, bases and eosin-Y) with IN to decipher their role in its inhibiting activity. Higher frequency of interaction of nucleic bases and sugars rather than phosphates of 11*-D-E with IN was detected (Supplementary Figure S5). Interestingly, only bases were found to contact with amino acids from 206 to 212 located in the α6-helix of IN. Since the removal of nucleic bases from the inhibitor sharply reduced its activity, it is possible that these contacts are crucial for the efficient shielding E212/L213a.a.





4. Discussion


Just 20–30 years ago, PPIs were considered as “undruggable” targets. However, a growing number of positive results of using low-molecular compounds to modulate cellular functions by affecting PPI has caused the necessity to reconsider this concept [41]. PPI inhibitors are considered promising for curing various human virus diseases, such as HIV-infection. HIV-1 uses a variety of cellular proteins, the interaction of which with those of the virus is critical for successful replication. While using classical inhibitors of viral enzymes is associated with resistance development in the case of RNA-containing viruses, using PPI inhibitors aimed at cellular and viral proteins interaction disruption should exert no such harmful effects [42]. Indeed, such inhibitors are already being designed. As previously noted, the most progress in HIV-1 studies is made for the complex of HIV-1 integrase and cellular protein- LEDGF/p75, for which complex structures have been determined [12].



We have recently characterized interaction of HIV-1 IN with another cellular partner–Ku70 [16,17], the interaction with which had been shown before [15]. In particular, a functional role of this interaction in post-integration DNA repair has been shown [17] and IN residues involved in complex formation have been determined [16]. We suppose that HIV-1 IN-Ku70 complex should be regarded as a novel promising target for anti-HIV drugs. In the present study, we have designed a fluorescence-based method of search for inhibitors of the interaction of IN and Ku70, which is a modified FluorIA method [26]. We have shown that this method can be used to assess efficiency of interaction of Ku70 and IN in a plate format, as well as to study effects of inhibitors with proper fluorescence in the same channels as the proteins of interest in an SDS-PAGE format. The latter variant is possible due to the low sensitivity of some fluorescent proteins to SDS in the absence of heating [37]. Indeed, in our experiment, mCer and tRFP signals were linearly correlated with the amount of the proteins applied to the gel (Supplementary Figure S3). The system has been validated using 11-OM-E, the only known inhibitor of interaction of IN and Ku70 we had described before, and 11-OM, its analog displaying no inhibiting activity [16].



In the present study, we used a series of derivatives of 11-OM-E and studied dependence of the inhibiting effect exerted on the IN/Ku70 complex on the structure of these compounds. We had previously hypothesized a competitive mechanism of inhibition of IN/Ku70 complex formation by 11-OM-E. It was also suggested that the oligonucleotide moiety of the inhibitor might shield amino acid residues E212 and L213 in IN, which are critical for its interaction with Ku70, while eosin serves as an anchor, being fastened in a certain position by hydrophobic contacts with IN. Here, using our analytical system, we have experimentally tested the effect of length alterations of the oligonucleotide moiety of the conjugate (5–15-mer) on its inhibiting activity and have performed additional in silico experiments to model structures of IN complexes with inhibitors of various lengths in compliance with a previously published protocol [16]. In total, our data support the suggestion that the inhibition of IN/Ku70 complex formation may be mediated by shielding of IN residues E212 and L213, which are crucial for its interaction with Ku70. Moreover, the in-silico experiments show that these amino acids are shielded when eosin is anchored in the distal site in the C-terminal domain of IN.



The shielding may be mediated by immediate contacts between IN and the sugar-phosphate backbone or the nucleic bases of the inhibitor. To clarify it, we also characterized the effects of inhibitors with modifications in the sugar-phosphate backbone or lacking some nucleic bases. We found that a substitution of 2′-O-methylated ribose with 2′-deoxyribose does not affect the inhibition efficiency. The elimination of three negative charges in the sugar-phosphate backbone did not significantly affect the inhibiting activity either, whereas a substitution of oxygen atoms with sulfur increased the inhibiting activity four-fold. This could be explained both by increased localization of the negative charge on the sulfur atoms when compared to oxygens in phosphodiesters, and by higher hydrophobic properties of phosphorothioates than those of phosphodiesters. The most pronounced effect of oligonucleotide moiety modifications was observed with an elimination of 10 bases of 11 from the inhibitor. Apparently, an appropriate folding of the inhibitor on the surface of IN necessary for its inhibiting properties results from contacts between amino acids in region of IN from 206 to 212 a.a. and nucleic bases rather than the sugar-phosphate backbone (Supplementary Figure S5), although the backbone may also have a certain impact, which is observed in the case of phosphorothioates. It is also important to stress that the presence of nucleic bases rather their sequence is critical for the inhibiting activity. This finding as well as the inhibitory activity increase with the O→S substitution suggest that the appropriate folding is based primarily on hydrophobic interactions.



Of note, such effects, including inhibiting activity not being dependent on oligonucleotide sequence, had previously been observed for impact of oligonucleotide inhibitors on IN catalytic activity [27,43,44]. Interestingly, these inhibitors are able to destroy the already formed complex of IN and DNA [44], and we had not managed to explain this property before. It is clear now that the inhibitor uses its hydrophobic aromatic part (eosin) to bind to the C-terminal domain of IN and its oligonucleotide moiety to shield the surface of the α6-helix, which links the C-terminal and the catalytic domains. Moreover, this binding can result in a certain structural deformation of the α6-helix [16]. Taking into account that it is the C-terminal and catalytic domains that bind viral DNA [45,46], and the α6-helix interacts with Ku70, it becomes clear why similar structural alterations of the inhibitor have similar effects on the inhibition of both the catalytic activity of IN and its binding to Ku70.




5. Conclusions


Summing up, we have managed to design a simple system to analyze interaction of HIV-1 IN and human protein Ku70, and have successfully used this system to characterize a structural basis of the impairment of these proteins’ interaction by an oligonucleotide conjugate with eosin. These data should be taken into account in the further in silico search for novel inhibitors of this interaction.








Supplementary Materials


The following are available online at https://www.mdpi.com/2218-273X/10/9/1236/s1. Figure S1. Sampling estimation map. For each rotamer of each structure, we estimated the number of replicas sufficient to observe distances between 212/213 a.a. and an oligonucleotide close to the best possible. The numbers on the map are the estimates. They were calculated as follows: after a modeling in 100 repetitions, a distance between any atom of an oligonucleotide and 212 or 213 amino acid was calculated for every repetition of every rotamer. After that, from 100 distances for every rotamer, we took 1000 independent samples of size n with repetitions, took a minimum for each sample and calculated how many m minimums (out of 1000) were less than or equal to 5 Å, rounded up minimal distance among initial 100 replicates, which was a criteria of proximity to minimum. A size n of samples that gave us m ≥950 out of 1000 minimums close to the global minimum was assumed sufficient and placed on the map. If the estimated value was >100, the cell was left blank. Structures on the map were surrounded with a blue frame if a distance less or equal to 5A was observed among 100 repetitions. These structures are the most interesting since their initial position allows them to get close to the target amino acids, while others can be originally oriented so that their interaction with the protein is not sufficient. Figure S2. GST-pull down assay analysis of the binding of His6-Ku70-tRFP or His6-Ku70 with GST-mCer-IN or GST-IN, respectively. Concentration of the GST-mCer-IN and GST-IN was 50 nM. Figure S3. Dependence of mCer and tRFP fluorescent signal measured in gel on amount of GST-mCer-IN (a) and His6-Ku70-tRFP (b). Figure S4. Distribution of solvent-accessible surface area (SASA) of E212/L213 a.a. with oligonucleotide inhibitors are being extracted from the complexes of HIV-1 IN with ODN-E obtained in molecular dynamic experiments (a) or with inhibitors (b). Only systems with eosin-Y bound at distal site and ODN in A- or B-forms were considered. Figure S5. Cumulative contacts between IN and oligonucleotide atoms of 11*-D-E. Each data point represents the total number of contacts (defined as a distance less or equal than 5 Å) between particular protein atom and all oligonucleotide atom normalized by the total number of oligonucleotide configurations. Phosphates are colored in red, sugars in green, bases in blue, and eosin-Y in gold. Table S1. MALDI MS analysis of the oligonucleotides used in the study.
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Figure 1. General scheme of the fluorescent assay for the discovery of Ku70-IN inhibitors. (A) Schematic illustration of recombinant Ku70 and HIV-1 integrase fused to affinity tags and fluorescent proteins used in the assay. (B) The pipeline of the fluorescent assay for the discovery of Ku70-IN inhibitors. On the first step, FP-tagged proteins are mixed with tested compounds in a pull-down buffer. On the second step, glutathione-coated beads are also added to the mix to precipitate GST-mCer-IN and GST-mCer-IN/His6-Ku70-tRFP. After washing of unprecipitated proteins (the third step) GST-mCer-IN and co-precipitated His6-Ku70-tRFP are eluted from beads under the mild denaturing conditions without heating to prevent loss of fluorescence of FP-tags. The level of mCer and tRFP can be assayed in plate-fluorometer or using gel-documentation station after separation of proteins in SDS-PAGE. The tRFP signal normalized to the mCer signal is used as a measure for inhibitors’ effectiveness. The additional points should be analyzed in the same experiment. One of them is a mix of all components except the tested compound. Another one is a mix, in which GST-mCer-IN is replaced by GST-mCer. The level of tRFP signal normalized to the mCer signal, in this case, is taken as the background. 
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Figure 2. Validation of the fluorescent assay for the discovery of Ku70-IN inhibitors. (A) SDS-PAGE analysis of recombinant proteins GST-IN, GST-mCer, GST-mCer-IN, His6-Ku70, His6-Ku70-tRFP. (B) Western-blot analysis of His6-Ku70-tRFP purity using an anti-His6 antibody. (C) GST-mCer-IN (200 nM) binds His6-Ku70-tRFP (200 nM) at the same amount as GST-IN (200 nM) binds His6-Ku70 (200 nM). (D) Interaction of 200nM GST-IN and His6-Ku70 or GST-mCer-IN and His6-Ku70-tRFP in the absence or in the presence of well-characterized inhibitor 11-OM-E (1µM) or control compound 11-OM (1µM) is analyzed by GST-pull-down assay with subsequent WB analysis against GST and His6-tags. ctr–control, binding of proteins in absence of 11-OM-E or 11-OM. (E) Precipitation of His6-Ku70-tRFP with GST-mCer-IN or GST-mCer analyzed by the method described here in 96-well plate format. (F) Fluorescent pull-down assay analysis of the interaction of His6-Ku70-tRFP (200 nM) and GST-mCer-IN (200 nM) in the presence of an increasing concentration of 11-OM-E. * signed dimers of the full-length His6-Ku70-tRFP and N-terminal degraded forms. 
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Figure 3. An effect of the oligodeoxynucleotide length of ODN-E on the complex formation between the Ku70 and HIV-1 integrase. (A) Fluorescent pull-down assay analysis of the interaction of His6-Ku70-tRFP (200 nM) and GST-mCer-IN (200 nM) in presence of an increasing concentration of ODN-E with different size of ODN part (5–15 nucleotides). (B) ODN-E sequences and IC50 values measured in a fluorescent pull-down assay. (C) The pipeline of the molecular dynamics experiments for IN/ODN-E systems. Eosin-Y+linker was docked to the HIV-1 IN (PDB ID 1EX4, residues 206–270) and two complexes with Eosin-Y+linker bound at proximal and distal sites were obtained. After that, DNA oligonucleotides in either A or B forms were attached to the Eosin-Y+linker. To prevent the undesirable interactions between ODN-E and N-terminal charged amino group ACE-cap (acetyl group) was added to the N-terminus. The molecular dynamics simulations were carried out after the rotamers generation as described in the Materials and Methods section. (D) Distribution of minimal distances between atoms of the ODN-E and the E212/L213 residues of IN for different starting systems: eosin-Y bound at a proximal or distal site in C-terminal domain of IN, A- or B-ODN forms. (E) Distribution of normalized solvent-accessible surface area (SASA) of E212/L213 in complexes of HIV-1 IN with ODN-E obtained in the molecular dynamics simulations for starting systems with eosin-Y bound at the distal site and ODN in A- or B-form. (F) Density maps of the ODN-E. Atom positions belonging to the particular fragments (eosin-Y, sugars, phosphates, bases) were averaged across all oligonucleotide structures and depicted with meshes at the 3σ level. Atoms, including hydrogens, were treated as spheres with the vdW radius of corresponding chemical elements. Phosphates are colored in red, sugars in green, bases in blue, and eosin-Y in gold. 






Figure 3. An effect of the oligodeoxynucleotide length of ODN-E on the complex formation between the Ku70 and HIV-1 integrase. (A) Fluorescent pull-down assay analysis of the interaction of His6-Ku70-tRFP (200 nM) and GST-mCer-IN (200 nM) in presence of an increasing concentration of ODN-E with different size of ODN part (5–15 nucleotides). (B) ODN-E sequences and IC50 values measured in a fluorescent pull-down assay. (C) The pipeline of the molecular dynamics experiments for IN/ODN-E systems. Eosin-Y+linker was docked to the HIV-1 IN (PDB ID 1EX4, residues 206–270) and two complexes with Eosin-Y+linker bound at proximal and distal sites were obtained. After that, DNA oligonucleotides in either A or B forms were attached to the Eosin-Y+linker. To prevent the undesirable interactions between ODN-E and N-terminal charged amino group ACE-cap (acetyl group) was added to the N-terminus. The molecular dynamics simulations were carried out after the rotamers generation as described in the Materials and Methods section. (D) Distribution of minimal distances between atoms of the ODN-E and the E212/L213 residues of IN for different starting systems: eosin-Y bound at a proximal or distal site in C-terminal domain of IN, A- or B-ODN forms. (E) Distribution of normalized solvent-accessible surface area (SASA) of E212/L213 in complexes of HIV-1 IN with ODN-E obtained in the molecular dynamics simulations for starting systems with eosin-Y bound at the distal site and ODN in A- or B-form. (F) Density maps of the ODN-E. Atom positions belonging to the particular fragments (eosin-Y, sugars, phosphates, bases) were averaged across all oligonucleotide structures and depicted with meshes at the 3σ level. Atoms, including hydrogens, were treated as spheres with the vdW radius of corresponding chemical elements. Phosphates are colored in red, sugars in green, bases in blue, and eosin-Y in gold.
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Table 1. Modifications of the oligonucleotide structure and their effects on the inhibition of the Ku70/IN complex formation.
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	ODN-E
	Sequence, 5′-3′
	IC50, nM





	11-OM-E
	GGUUUUUGUGU-EosinY
	135 ± 20



	11-D-E
	GGTTTTTGTGT-EosinY
	150 ± 30



	11-DX-E-1
	GGTTTTTxGTxGTx-EosinY
	160 ± 55



	11-DX-E-2
	GGTxTxTxTTGTGT-EosinY
	150 ± 40



	11-DS-E
	GsGsTsTsTsTsTsGsTsGsTs-EosinY
	40 ± 10



	Hex-11-D
	HEX-GGTTTTTGTGT
	170 ± 45



	Hex-11-ddR
	HEX-(ddR)10T
	No inhibition up to 3200 nM
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