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The human immunodeficiency virus type 1 protease (HIV-1 PR) is an important enzyme in the life cycle of the HIV virus. It cleaves inactive pre-proteins of the virus and changes them into active proteins. Darunavir (DRV) suppresses the wild-type HIV-1 PR (WT-Pr) activity but cannot inhibit some mutant resistant forms (MUT-Pr). Increasing knowledge about the resistance mechanism can be helpful for designing more effective inhibitors. In this study, the mechanism of resistance of a highly MUT-Pr strain against DRV was investigated. For this purpose, complexes of DRV with WT-Pr (WT-Pr-D) and MUT-Pr (MUT-Pr-D) were studied by all-atom molecular dynamics simulation in order to extract the dynamic and energetic properties. Our data revealed that mutations increased the flap-tip flexibility due to the reduction of the flap-flap hydrophobic interactions. So, the protease’s conformation changed from a closed state to a semi-open state that can facilitate the disjunction of DRV from the active site. On the other hand, energy analysis limited to the final basins of the energy landscape indicated that the entropy of binding of DRV to MUT-Pr was more favorable than that of WT-Pr. However, the enthalpy penalty overcomes it and makes binding more unfavorable relative to the WT-Pr. The unfavorable interaction of DRV with R8, I50, I84, D25′, and A28′ residues in MUT-Pr-D relative to WT-Pr-D is the reason for this enthalpy penalty. Thus, mutations drive resistance to DRV. The hydrogen bond analysis showed that compared with WT-Pr, the hydrogen bonds between DRV and the active-site residues of MUT-Pr were disrupted.
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1 INTRODUCTION
The human immunodeficiency virus type 1 protease (HIV-1 PR) is an enzyme that cleaves the HIV polyproteins (the Gag and Gag-pol), helping the virus to reach maturity at the last stage of its life cycle (Sillapachaiyaporn and Chuchawankul, 2020). So, the enzyme inhibitors may play an important role in the battle with acquired immunodeficiency syndrome (AIDS) disease (Ghosh et al., 2016). However, the strains with a mutant protease demonstrate a great resistance against inhibitors (Wang et al., 2020). Therefore, understanding the molecular mechanisms underlying the resistance of mutant HIV-1 PR toward antiviral drugs is crucial for the design of highly potent inhibitors against drug-resistant strains.
HIV-1 PR is a member of the aspartyl protease family, which contains the aspartate residue in its active site (Mager, 2001). This protein is a symmetric homodimer that has two identical chains (i.e., A and B), each containing 99 residues (Sahin, 2020). The D25, T26, G27 (chain-A), D25’, T26’, and G27’ (chain-B) residues from the catalytic site (Mager, 2001). HIV-1 PR has six main structural segments, namely fulcrum (A and B: 11–22, 11’–22’), active site (A and B: 23–30, 23’–30’), flap-elbow (A and B: 35–42, 35’–42’), flap-tip (A and B: 43–58, 43’–58’), cantilever (A and B: 59–75, 59’–75’), and interface (A and B: 95–99, 95’–99’) (Supplementary Figure S1A) (Yu et al., 2017). The flap-tips are glycine-rich domains with a hairpin structure, which control the access of substrate/inhibitor to the active site (Tie et al., 2004). It has been shown both computationally and experimentally that the HIV-1 PR has three possible conformations, namely closed, semi-open, and open-like (i.e., curled, open, and wide open) conformations, which are classified based on the distance between two flap-tips (Huang et al., 2017; Apoorva and Sasidhar, 2020; Badaya and Sasidhar, 2020; Liu et al., 2020; Sk et al., 2020). In the ligand-bound form, the flap-tips take a downward conformation relative to the active site (closed state), while the free form permanently takes a semi-open conformation (Hornak et al., 2006; Hornak and Simmerling, 2007). The inhibitor pressure selected mutations to lead to forming open-like conformations and destabilize the closed conformation (Carter et al., 2014b; Huang et al., 2014; Liu et al., 2016; Liu et al., 2020). It has been discovered that there is a linear correlation between DRV inhibition and the population ratio of open-like to the closed state (Liu et al., 2020). The opening of the flap-tips is presumably essential to allow the entry of substrate to the active site but this conformation was not detected by the crystallographic experiments due to its short lifetime (Lapatto et al., 1989; Navia et al., 1989). However, the nuclear magnetic resonance (NMR) experiments could show the flexibility of the flap-tips, which undergo sub-nanosecond time scale fluctuations (Roche et al., 2015; Deshmukh et al., 2017). According to the NMR data, all of the three possible conformations are in dynamic equilibrium, whereas the semi-open state is dominant in the ligand-free HIV-1 PR (Ishima et al., 1999; Freedberg et al., 2002; Katoh et al., 2003). This hypothesis was further approved by the molecular dynamic (MD) simulation studies (Scott and Schiffer, 2000; Tozzini and McCammon, 2005; Hornak et al., 2006; Gupta and Senapati, 2019; Apoorva and Sasidhar, 2020).
Darunavir (DRV) is one of the HIV-1 PR inhibitors, which belongs to the second generation of AIDS drugs, with very limited side effects, approved by the FDA1, (Darwish et al., 2020). It has been shown that the oxygen atoms of the bis-tetrahydrofuran (bis-THF) group of DRV (Supplementary Figure S1B) can interact with the backbone and side-chain atoms of D30 and D30’ residues of HIV-1 PR by forming hydrogen bonds (HBs) (Kovalevsky et al., 2006; Orkin et al., 2020). DRV is a non-peptide compound that is proven to have potent activity against drug-resistant HIV-1 strains (Ghosh et al., 2007; Kovalevsky et al., 2008). So, it has been widely used in AIDS treatment (Chow et al., 2020; Navarro et al., 2020; Santos et al., 2020). However, there are some mutations that lead to resistance of the HIV-1 PR to DRV. The main substituted residues include V11I, V32I, L33F, I47V, I50V, I54M, G73T, T74P, L76V, I84V, and L89V, among which the most prevalent ones were I47V, I54M, I84V, and G73T substitutions (Johnson et al., 2008; Tremblay, 2008).
The use of drugs against the HIV-1 PR increases the diversity of its mutant strains (Carter et al., 2014a). Recently, ∼50 mutations have been discovered at 30 different sites of the HIV-1 PR gene (Wensing et al., 2019). The mutations fall into two types: 1) mutations that occur in the active site, which directly reduce the drug-protease interactions (proximal mutations); 2) mutations that occur distant from the active site (distal mutations), which indirectly reduce the HIV-1 PR affinity for the drug by affecting the conformational dynamics of the enzyme (Johnson et al., 2008; Meher and Wang, 2012). However, some mutations may exert both effects.
This study was devoted to comparing the structural, dynamic, and thermodynamic features of MUT-Pr-D (PDB code:3TTP) and WT-Pr-D by using MD simulation in atomistic details. This mutant strain was derived from clinical samples harboring mutations associated with high DRV resistance (Šašková et al., 2009). Although the study of this mutant strain is an important issue, to the best of our knowledge, it has not yet been studied. The substituted residues of this mutant enzyme were I13V, K20R, V32I, L33F, E35D, M36I, S37N, R41K, K43T, I47V, I54M, I62V, L63V, A71V, I72T, G73S, T74P, V82L, L89V, and I93L (Kožíšek et al., 2014), which, as stated before, comprises the most prevalent mutations that lead to resistance against DRV in AIDS patients. Our data revealed that mutations could increase the flexibility of the flap-tips, make them separated relative to each other, and change the motion of the fulcrums, cantilevers, and flap-elbows, which helps the conversion of the protease’s conformation from a closed state to a semi-open state. This consequently facilitates the disjunction of DRV from the active site. Besides, the more unfavorable binding enthalpy in MUT-Pr-D relative to WT-Pr-D overcomes the more favorable binding entropy, which leads to protease resistance against DRV. Furthermore, it was found that hydrogen bonds between DRV and the active site residues of MUT-Pr were less than those of WT-Pr. The mechanistic knowledge from this study may provide clues for designing new inhibitors against the HIV-1 protease.
2 MATERIALS AND METHODS
2.1 System preparation
The 3-dimensional structures of WT-Pr-D (PDB:1T3R) (Surleraux et al., 2005) and MUT-Pr-D (PDB:3TTP) (Kožíšek et al., 2014) were obtained from the protein data bank (PDB). Missing atoms were added to the structures using the Swiss-Pdb viewer (Guex and Peitsch, 1997). Due to the importance of the protonation state of D25’, one proton was added to its oxygen atom (OD2) in both WT-Pr-D and MUT-Pr-D (Hyland et al., 1991; Wang et al., 1996). The charges of the DRV were obtained by using the restrained electrostatic potential (RESP) method (Bayly et al., 1993). The general amber force field (GAFF) (Wang et al., 2004) parameters and the RESP charges were determined for DRV by using the antechamber module of the AMBER20 package (Case et al., 2020). All missing hydrogen atoms were added using the LeaP module. The WT-Pr-D and MUT-Pr-D were solvated with the TIP3P (Jorgensen et al., 1983) water model in the periodic boxes of sizes 7.71, 7.71, and 5.45 (x, y, and z: nm) and 8.14, 8.14, and 5.75 (nm), respectively. The chloride ions were added in order to neutralize the positive charges of the systems. In the WT-Pr-D system, 9697 TIP3P water molecules and 7 Cl ions, and in the MUT-Pr-D system, 11533 water molecules and 3 Cl ions were added to the simulation boxes. Then, the topology configurations for both systems were built by GROMACS version 2019 and the ff99SB force field (Koes and Vries, 2017).
2.2 Molecular dynamics simulation
In the first step, the WT-Pr-D and MUT-Pr-D, in water boxes, were minimized by using the steepest descent minimization algorithm for 150000 steps. Constant temperature and pressure conditions were applied for both simulations (Ryckaert et al., 1977; Berendsen et al., 1984). The systems were equilibrated at the NVT ensemble for 150,000 picoseconds (ps) by using a leap-frog integrator. In all simulations, the time step was set as 2 femtoseconds (fs) and the temperature was coupled via the V-rescale algorithm. At last, the temperature of systems was equilibrated at 310 K and followed by the NPT ensemble equilibration for another 150,000 ps. The pressure coupling and its type were determined to be Berendsen and isotropic. The pressure of the systems was equilibrated at 1 bar.
For all NVT ensembles, NPT ensembles, and MD production, the grid-based neighbor list update was used with 1.2 nm as a cut-off. The cut-off of Lennard-Jones interactions was determined as 1.2 nm. Long-range electrostatic interactions were calculated by the particle mesh ewald (PME) method (Essmann et al., 1995). The cut-off of the short-range electrostatic interactions was determined as 1.2 nm. At last, the 200 ns production simulations for WT-Pr-D and MUT-Pr-D systems were performed. This time was chosen based on the timescale for studying the protein domain motions (Cai et al., 2012; Ode et al., 2012; Rana et al., 2022) and the time needed to reach stable simulating structures, in which the average RMSD reached straight lines.
2.3 Principal component analysis method
The principal component analysis (PCA) method (David and Jacobs, 2014) is often used to extract the main dynamical properties of the MD trajectories (Bahar et al., 1998). In order to perform the PCA analysis, the gmx covar tool of GROMACS was used to extract the covariance matrix, eigenvectors, and eigenvalues from 20,000 frames of two system trajectories during a 200 ns simulation.
The eigenvectors represent the direction of motion and the eigenvalues represent the mean square fluctuation in these directions (Du et al., 2006; David and Jacobs, 2014). The principal components (PCs) were obtained by diagonalization of the covariance matrix and calculation of the eigenvalues and eigenvectors (David and Jacobs, 2014). At last, the gmx anaeig tool was used for the projection of trajectories onto the eigenvectors to give the PCs. The first five PCs commonly describe >75 percent of the system’s global motions, in which the first PC contains the largest movements in the ensemble (Maisuradze et al., 2009). All conformations of MUT-Pr, WT-Pr, and DRV in complexes during 200 ns were separately applied to PCA analysis. The free energy landscape, the binding entropy, and essential dynamics for both systems were obtained from PCA analysis.
2.4 Molecular mechanics-poisson boltzman surface area approach
The molecular mechanics-poisson Boltzmann surface area (MM-PBSA) approach was used to calculate the binding enthalpy between HIV-1 proteases and DRV in both systems. For this purpose, the python script MM-PBSA.py (Kumari et al., 2014) was used to calculate the average binding energies in the last basins, which were extracted via PCA analysis from both trajectories.
3 RESULTS AND DISCUSSION
3.1 Simulation stability
The root mean square deviation (RMSD) for the backbone atoms of the proteases and heavy atoms of DRV in MUT-Pr-D and WT-Pr-D were analyzed to find out if the structures reached stable states during the simulations (Supplementary Figures S2A and B). The mean RMSD and SD for the backbone atoms were calculated to be 0.12 ± 0.01 nm and 0.11 ± 0.01 nm for the proteases in WT-Pr-D and MUT-Pr-D, respectively. So, both the mutant and wild-type proteases reached their stable states at the RMSD value of almost 0.1 nm (Supplementary Figure S2A). The mean RMSD was slightly higher (0.01 nm) in protease of WT-Pr-D with respect to MUT-Pr-D. As seen in Supplementary Figure S2B, the DRV in MUT-Pr-D showed more structural deviations until 110 ns and then reached a steady state at a mean RMSD of 0.12 ± 0.01 nm. The DRV in WT-Pr-D complex reached a stable state sooner than that in MUT-Pr-D at a RMSD of 0.12 ± 0.01 nm. It also showed lower structural deviations at earlier steps of simulation (Supplementary Figure S2B). These data indicated that in both the WT-Pr-D and MUT-Pr-D complexes, DRV reached its stable state during the simulation.
3.2 Comparison of the flexibility of the residues
In order to evaluate the effect of mutations on the residual flexibility, the root mean square fluctuations (RMSF) of the Cα atoms were calculated for the proteases in MUT-Pr-D and WT-Pr-D complexes (Figure 1A), and the RMSF difference is shown in Figure 1B. The residues with an RMSF difference of more than 0.05 nm were considered to be highly fluctuating, which represents significant mutation-induced conformational changes. As seen, the residues D25-T26-G27 and D25’-T26’-G27’ of the catalytic site indicated low flexibility in both the WT-Pr-D and MUT-Pr-D complexes, which is in accordance with the previous experimental and theoretical studies (Freedberg et al., 1998; Zoete et al., 2002; Hou and Yu, 2007; Agniswamy et al., 2016). However, the flexibility of the G27 and A28 residues of the catalytic site (chain-A) was decreased in MUT-Pr-D. Moreover, compared with the WT-Pr-D, the MUT-Pr-D showed a significant decrease in the flexibility of residues in the fulcrum (Y14, I15, G16, G17, Q18, L19, and R20), flap-elbow (I36, N37, and L38) and cantilever (Q61, V62, and V63) regions of chain-A. However, the flexibility of the flap-tip of chain-A (residues V47, I50, G51, G52, F53, and M54) and flap-elbow (residues G40’ and Y41’) of chain-B of the MUT-Pr-D was remarkably increased compared with that of WT-Pr-D. It has been shown that increasing the flap-tip flexibility facilitates the opening of the active site gate, which consequently leads to the release of the inhibitor from the active site (Nicholson et al., 1995; Badaya and Sasidhar, 2020; Liu et al., 2020).
[image: Figure 1]FIGURE 1 | (A) RMSF values of Cα atoms of WT-Pr-D (blue) and MUT-Pr-D (red); (B) the difference in RMSF values between MUT-Pr-D and WT-Pr-D were illustrated and residues with an absolute difference larger than 0.05 nm (exceeding the blue cutoff lines) were considered as highly fluctuated; (C) 10 superimposed trajectories snapshots of WT-Pr-D and MUT-Pr-D with 2 ns intervals were illustrated.
These 10 superimposed trajectories snapshots of WT-Pr-D and MUT-Pr-D with 2 ns intervals are shown in Figure 1C. As seen, the flap-elbow, fulcrum, cantilever, and flap-tip regions in chain-A and the flap-elbow region in chain-B experience the most conformational changes as a result of mutations. It is worth noting that the substituted residues in MUT-Pr-D were I13V and K20R (in the fulcrum), E35D, M36I, S37N, and R41K (in the flap-elbow), K43T, I47V, and I54M (in the flap-tip), and I62V, L63V, A71V, I72T, G73S, and T74P (in the cantilever region) residues (Supplementary Figure S1C).
3.3 Principal component analysis
In order to extract the essential dynamics, principal component analysis (PCA) was performed (David and Jacobs, 2014). Firstly, the rotational and translational movements of systems were removed by superimposing all of the structures on the reference structure. Then, the covariance matrix, eigenvector matrix, and eigenvalues matrix were constructed.
For the WT-Pr and MUT-Pr in complex with DRV, trajectories were projected separately on the first five eigenvectors (Supplementary Figure S3), and from these data, the first two eigenvectors of WT-Pr, MUT-Pr, and DRV showed a significant proportion of trajectory variance (Figures 2A,2A’, 3A,A’). So, it was rational to use them to extract the energy basins.
[image: Figure 2]FIGURE 2 | PCA for WT-Pr (left) and MUT-Pr (right) in complex with DRV, (A,A’) Eigenvalue for each corresponding eigenvectors (first 50 eigenvectors) and proportion of the variance with respect to corresponding eigenvectors; (B,B’) The projection of trajectory on the two first eigenvectors (PCs); (C,C’) The backbone RMSD for the proteases; (D,D’) The free energy landscape obtained from first two eigenvectors and protease structures having the lowest free energy; (E,E’) Distances between Cα of the residues I50-I50’: D1, D25-I50: D2 and D25′-D50’: D3 for the protease structures in the low-energy basins.
[image: Figure 3]FIGURE 3 | PCA for DRV in complex with WT-Pr-D (left) and MUT-Pr-D (right). (A,A’) The Eigenvalue for the first 20 eigenvectors and proportion of the variance with respect to corresponding eigenvectors; (B,B’) The projection of trajectory on the two first eigenvectors (PCs); (C,C’) The free energy landscape obtained from first two eigenvectors; (D,D’) The RMSD of DRV; (E,E’) The snapshot of lowest energy conformation of DRV in each basins; (F) The RMSF of non-hydrogen atoms of DVR’s moieties.
The two-dimensional Gibbs free energy landscape was calculated through Eq. 1, where P is the joint probability density function of the data along with the two principal components and T, KB, V1, and V2 are the absolute temperature (310 K), the Boltzmann constant, eigenvector 1 and eigenvector 2, respectively (Papaleo et al., 2009).
[image: image]
The free energy landscape of WT-Pr in a complex with DRV includes two low-energy basins (Figure 2D). At the beginning of the simulation, protease in WT-Pr-D was often found in local basin A (5–50 ns). During 50–80 ns, it transferred to the final basin B, and from 80 to 200 ns, it remained in basin B (Figures 2B and D). However, the free energy landscape of MUT-Pr in complex with DRV included three low-energy conformational basins (i.e., A”, B”, and C” Figure 2D’). So, the protease in MUT-Pr-D showed more conformational changes, which is consistent with a higher mean RMSD value (0.01 nm), as depicted in Figures 2C and C’ and mentioned in Section 3-1. At the beginning of the simulation (0–30 ns), the MUT-Pr was often found in local basin A” (high free energy relative to the other two basins). From 35 to 110 ns, it was found in basin B” and remained in this basin and then, during 110–140 ns, it transferred to final basin C” and until 200 ns remained in this basin (Figures 2B’and D’).
The Cα distances of D1 (I50–I50’), D2 (D25–I50), and D3 (D25’–I50’) were investigated to estimate the extent of the flap opening (Okimoto et al., 2001; Badaya and Sasidhar, 2020). These distances were analyzed for proteases inside each basin of WT-Pr-D (Figure 2E) and MUT-Pr-D (Figure 2E’). As seen in Figure 2E, for the WT-Pr-D, during the transition from basin A to B, distances of D1, D2, and D3 were increased by 0.08, 0.15, and 0.02 nm, respectively. On the other hand, for MUT-Pr-D (Figure 2E’), during the transition from basin A” to B”, the distance of D1 was decreased by 0.16 nm and distances of D2 and D3 were increased by 0.07 and 0.20 nm, respectively. Also, during the transition from basin B” to C”, the distance of D1 was decreased by 0.02 nm and the distances of D2 and D3 were increased by 0.04 and 0.02 nm, respectively (Figure 2E’). Finally, through comparing the WT-Pr-D and MUT-Pr-D at their final energy basins (B and C”, respectively), it was observed that D1 was decreased by 0.16 nm, which indicates that the flap-tips were opened. This opening occurred as a result of increasing the flexibility of the flap-tips as discussed in Section 3.2. Besides, the D2 and D3 distances were increased by 0.04 and 0.20 nm, respectively, ascribed to a slight increase in the active site space.
The DRV free energy landscape in complex with WT-Pr and MUT-Pr was also analyzed (Figures 3C and C’, respectively). As seen, four low-energy basins were observed for DRV in complex with WT-Pr, namely a, b, c, and d (Figure 3C). DRV in complex with MUT-Pr also showed four low-energy basins, namely a”, b”, c”, and d” in the trajectory space (Figure 3C’). In the WT-Pr-D, at the first 35 ns, although DRV was mainly found in the local basin a, it sometimes jumped to local basin b and came back again (Figure 3B). As a result of this transition, the structure was modified and RMSD value decreased by ∼0.1 nm (Figure 3D). After 35 ns, DRV was found dominantly in the local basin b and remained in it until 50 ns. From 50 to 55 ns, it overcame the energy barrier in basin b and was found in basin c. From 55 to 200 ns, DRV dominantly was found in basin d. However, sometimes jumped to basin c and came back again.
Figure 3C’ shows the DRV free energy landscape in complex with the MUT-Pr. In the first 80 ns, DRV was found dominantly in basin a” and sometimes jumped to basins b” and c”, then coming back to the primary structure. So, its structure was frequently changed, which was accompanied by ∼ 0.12 nm difference in the RMSD value (Figure 3D’). From 80 to 110 ns, the DRV structure was found in basins b” and c”. The difference in RMSD for this conformational transition was found to be ∼0.12 nm. After 110 ns, DRV was found in the basin d” and remained in this basin until 200 ns. Through this transition, its structure was modified and its RMSD increased by ∼0.1 nm.
In order to follow the conformational fluctuation of DRV in complex with WT-Pr and MUT-Pr, the RMSF of its heavy atoms (Figure 3F) was obtained and its structure in each of the basins is illustrated (the main chemical moieties of DRV, labeled as P1, P1’, P2, and P2’) (Figures 3E and E’). As seen in Figure 3F, although the P1’ moiety of DRV showed high flexibility in both WT-Pr-D and MUT-Pr-D, the other three moieties (P1, P2, and P2’) presented a low fluctuation, suggesting the presence of extensive interactions of these moieties with the active site residues of the protease. However, compared with WT-Pr-D, the P2 moiety of DRV in MUT-Pr-D showed more flexibility as a consequence of decreased interactions with the active site residues. Besides, according to Figures 3E and E’, during the transition from the first basin to the last one (a” to d”), the conformation of the P2 moiety of DRV in MUT-Pr-D experienced a significantly more change than that of the WT-Pr-D. This data is in good agreement with the RMSD results, in which DRV in MUT-Pr-D complex showed a more fluctuation in the RMSD value (Figures 3D and D’). The greater conformational change of DRV could be ascribed to the less compact active site cavity in MUT-Pr-D (as discussed earlier in this section), which provided more space for DRV motion.
In order to extract the essential dynamics of proteases in WT-Pr-D and MUT-Pr-D, both of the trajectories were projected onto their first three eigenvectors (PC1, PC2, and PC3) and the main motions during 200 ns were obtained (Figure 4). PC1 involved a lot more structures in the trajectory as compared to PC2, and PC2 involved more structures than PC3. The PCA analysis showed that the effect of mutations on the motions of chain-A was greater than that of chain-B, which is in accordance with the RMSF data. As seen in Figure 4, the movements of the fulcrum, flap-elbow, and cantilever of chain-A in the MUT-Pr-D were significantly decreased relative to the WT-Pr-D, but the motions of flap-tip (chain-A) were increased. As seen in Figure 4A, the movements of fulcrum and cantilever (chain-A) in MUT-Pr-D were decreased relative to the WT-Pr-D, but the flap-elbow motion (chain-A) in MUT-Pr-D was increased. However, by considering PC2 and PC3 analysis, it is obvious that the total motion of the flap-elbow (chain-A) in MUT-Pr-D was decreased relative to that of the WT-Pr-D. These results are consistent with the RMSF data. Besides, the motion of cantilever, fulcrum (chain-A), and the flap-tips in WT-Pr-D were directed toward the protease active site. However, in MUT-Pr-D, these movements were directed outward from the active site. As seen in Figure 4B, the PC2 shows big downward motions of the flap-elbows, fulcrums, and cantilevers of WT-Pr-D (in the same direction) and a significant big motion of the flap-tips (chain-A) of MUT-Pr-D, which created a rotation (curling) in its conformation. The interface regions have a loop structure and inherently should be more flexible that is illustrated in PC1 and PC2 and is not very important in protease function. As seen in Figure 4C, the PC3 didn’t involve significant motions.
[image: Figure 4]FIGURE 4 | Projections of motions along first [(A); PC1], second [(B); PC2] and third [(C); PC3] eigenvectors for Cα atoms of WT-Pr-D and MUT-Pr-D. DRV is not shown in the picture. The proteases segments are depicted in different colors; the active site by purple, the flap-elbows by yellow, the flap-tips by cyan, the fulcrums by pink, the cantilevers by blue, and the interfaces by orange colors. The direction of the cones describes the direction of motions and their lengths are correlated with the magnitude of motions, which was also indicated by the color gradient scale.
So, in the WT-Pr-D, the regions surrounding the active site moved in a way that led to a closed conformation. Besides, in the WT-Pr-D, the flap-tip residues move toward each other and to the active site (Figure 4A), while in MUT-Pr-D the flap-tip and flap-elbow of chain-A tend to move in a way that leads to an increase in the flap-tip opening (Figure 4A) and flap-tip of chain-A tend to rotate largely that change significant conformational changes (Figure 4B). These are signs which show that the MUT-Pr-D tends to form a semi-open conformation (Perryman et al., 2004; Perryman et al., 2006; Kunze et al., 2014; Ung et al., 2014; Liu et al., 2020).
3.4 Distance and radial distribution function analysis
In addition to obtaining the D1, D2, and D3 distances from the lowest free energy structures in the energy basins, these distances were also determined during the total simulation time. For this purpose, distances of D1, D2, and D3 in both the WT-Pr-D and MUT-Pr-D complexes were obtained from the radial distribution function (RDF) (Figure 5).
[image: Figure 5]FIGURE 5 | The Cα- Cα radial distribution functions (RDF) and distances during 200 ns MD simulation for MUT-Pr-D and WT-Pr-D were measured for D1 (A), D2 (B), and D3 (C).
The average ± SD distance of D1 was ∼0.62 ± 0.07 and 0.76 ± 0.07 nm in the MUT-Pr-D and WT-Pr-D, respectively. The most probable distances were ∼0.58–0.65 nm and 0.75–0.8 nm for MUT-Pr-D and WT-Pr-D, respectively (Figure 5A). As seen, the flap-tip to flap-tip average distance was about 0.14 nm smaller in MUT-Pr-D. Considering that residues I50 and I50’ were located in the cap of the flap-tips, when the flap-tips got far away from each other along the longitudinal axis, these residues became closer to each other (Supplementary Figure S4). Based on the previous reports, the flap-tips separation of more than 1 nm was considered an open conformation and from 0.6 to 1 nm a semi-open conformation (Badaya and Sasidhar, 2020; Liu et al., 2020; Sk et al., 2020). However, in our 200 ns simulation, the flap-tips conversion from closed to semi-open conformation has not been shown directly because it acquires microsecond to millisecond time to occur as NMR experiments have revealed (Ishima et al., 1999; Freedberg et al., 2002; Katoh et al., 2003).
The D2 distance was measured during the 200 ns MD simulations. The mean ± SD distances of D2 were ∼1.42 ± 0.05 and 1.39 ± 0.04 nm for MUT-Pr-D and WT-Pr-D, respectively. The most probable distances (RDF) were ∼1.40–1.45 nm and 1.35–1.40 nm for MUT-Pr-D and WT-Pr-D, respectively (Figure 5B). So, in chain-A of the MUT-Pr-D, the average distance between the flap-tip and active site was increased by ∼0.03 nm as a result of mutation. This increase was even greater in chain-B. The mean ± SD distance values of D3 were ∼1.60 ± 0.09 and 1.50 ± 0.07 nm for MUT-Pr-D and WT-Pr-D, respectively. The most probable distances were ∼1.58–1.65 nm and 1.45–1.55 nm for MUT-Pr-D and WT-Pr-D, respectively (Figure 5C). Thus, the average flap-tip to active site distance in chain-B of the MUT-Pr-D has increased on average by ∼0.10 nm. As seen, the opening movements of the flap-tips were observed as a result of mutations leading to the conversion of the closed conformation to a semi-open conformation and releasing inhibitors from the active site region (Ding et al., 2008; Badaya and Sasidhar, 2020).
3.5 The hydrophobic interactions
In ligand-bonded WT-Pr, the hydrophobic interactions between I50 and its adjacent residues I47’/I54′ as well as hydrophobic interactions between I50’ and its adjacent residues I47/I54 (Supplementary Figure S5) play an important role in the retention of the flap-tips in a closed conformation, which consequently traps DRV in the active site (Lange and Grubmüller, 2006; Yu et al., 2015; Pawar et al., 2019). Previous experimental analysis of the extensive statistical community that suffers from AIDS disease has revealed that I47V, I54M, I47’V, and I54’M substitutions are the most prevalent substitutions in the resistant strains of DRV (Wheeler et al., 2010). So, the interactions between these residues were compared in MUT-Pr-D and WT-Pr-D during 200 ns MD simulations. For this purpose, RDF and the distance between Cα atoms of I50’ and I47/I54 (Supplementary Figures S5 and S6) and between I50 and I47’/I54’ in both complexes were calculated, in which I47 was substituted by V and I54 was substituted by M in chain-A and B of MUT-Pr-D (Supplementary Figures S5 and S7).
The average distance ± SD between I50’ and V47 in MUT-Pr-D and between I50’ and I47 in WT-Pr-D were calculated to be ∼0.92 ± 0.08 nm and 0.88 ± 0.05 nm, respectively (Supplementary Figure S6A). As seen, in MUT-Pr-D, the average distance was increased by ∼0.04 nm compared to that of WT-Pr-D. The most probable distances were calculated to be ∼0.81–1.00 nm and 0.83–0.92 nm for MUT-Pr-D and WT-Pr-D, respectively (Supplementary Figure S6A). The average distance ± SD between I50’ and M54 in MUT-Pr-D and between I50’ and I54 in WT-Pr-D were calculated to be ∼0.7 ± 0.05 and 0.75 ± 0.06 nm, respectively (Supplementary Figure S6B). So, in MUT-Pr-D, the average distance decreased by about 0.05 nm relative to that of WT-Pr-D. The most probable distances were calculated as ∼0.65–0.72 Å and 0.73–0.78 Å for MUT-Pr-D and WT-Pr-D, respectively (Supplementary Figure S6B).
The average distance ± SD between I50 and V47’ in MUT-Pr-D and between I50 and I47’ in WT-Pr-D was calculated to be ∼0.92 ± 0.09 and 0.81 ± 0.05 nm, respectively, showing that the average distance increased about 0.11 nm relative to that of WT-Pr-D due to mutations (Supplementary Figure S7A). The most probable distances were calculated to be ∼0.83–0.87, 0.98–1.03, and ∼0.78–0.83 nm for MUT-Pr-D and WT-Pr-D, respectively (Supplementary Figure S7A). The average distance ± SD between I50 and M54’ in MUT-Pr-D and between I50 and Ile54’ in WT-Pr-D was calculated to be 0.82 ± 0.07 and 0.75 ± 0.03 nm, respectively (Supplementary Figure S7B). So, this distance increased ∼0.07 nm relative to that of WT-Pr-D due to mutations. The most probable distances were calculated to be ∼0.80–0.85 and 0.73–0.77 nm for MUT-Pr-D and WT-Pr-D, respectively (Supplementary Figure S7B). However, the distance between I50’ and M54 in MUT-Pr-D was decreased (Supplementary Figure S6B), showing increased hydrophobic interaction. However, three other mentioned hydrophobic interactions between the flap-tips were decreased in MUT-Pr-D. So, the flap-tip separation relative to each other occurred due to the reduction of hydrophobic interactions (Yu et al., 2015). As a result, the active site gateway could be opened easier in MUT-Pr-D than in WT-Pr-D (Badaya and Sasidhar, 2020; Liu et al., 2020).
3.6 Comparing the darunavir–proteases interactions
In order to compare the binding potency of DRV to WT-Pr and MUT-Pr, the binding energies in the last basins B and C” were calculated by MM-PBSA approach (Genheden and Ryde, 2015) (Table 1). In MUT-Pr-D, compared with WT-Pr-D, the part of the binding energy related to the electrostatic interactions (ΔEelectrostatic) was unfavorable by 13.6 kj mol−1 averagely. The van der Waals (VDW) energy contribution was also unfavorable by ∼25.0 kj mol−1 averagely (Table 1; Supplementary Figure S8). The polar solvation energy (∆GPolar-solvation) contribution of the binding energy was favorable by 21.5 kj mol−1 and the non-polar solvation energy contribution (∆GSASA) was almost the same in both systems (Table 1). So, it can be concluded that in MUT-Pr-D, the electrostatic and VDW interactions between the protease and DRV were decreased. However, the polar solvation energy partly compensates for this reduction. Totally, the enthalpy of the protease-DVR interaction in WT-Pr-D was ∼17.3 kj mol−1 more favorable than that of MUT-Pr-D.
TABLE 1 | Comparison of binding energy components between the protease and DRV in the WT-Pr-D and MUT-Pr-D systems. Also, other experimental and simulation studies about DRV binding to some mutant HIV-1 proteases were shown.
[image: Table 1]The quasi-harmonic (QH) approach (Brooks et al., 1995) was used to calculate the configurational entropies of the binding of DRV to WT-Pr and MUT-Pr. In this method, the atomic fluctuation matrix could be obtained from the snapshots of the trajectories based on the PCA analysis of the mass-weighted variance-covariance matrix (Hikiri et al., 2016). Table 1 shows the configurational entropies of the binding of DRV for both systems, obtained from PCA analysis on the two first eigenvectors. As seen, the entropy contribution (-T∆S) of the MUT-Pr-D decreased by ∼6.3 kj mol−1 compared with that of WT-Pr-D, which partly compensates for the unfavorable enthalpy of binding. By considering both the enthalpy and entropy contributions, the binding Gibbs free energy of binding (ΔG) of DRV to protease in WT-Pr-D was ∼10.8 kj mol−1 more favorable than that of MUT-Pr-D (Table 1; Supplementary Figure S8), due to the decrease of the VDW and electrostatic interactions in MUT-Pr-D as was denoted experimentally (Kožíšek et al., 2014) (Table 1). This is also consistent with another work based on the MD simulation, which showed that decreased WDV interactions are the main reason for the resistance of a mutant HIV-1 protease to DRV (Chen et al., 2015). So, the unfavorable enthalpy of binding of the DRV to MUT-Pr relative to WT-Pr leads to its resistance to DRV.
In order to identify the residues that play an important role in the binding of the DRV to proteases, in WT-Pr-D and MUT-Pr-D the MM-PBSA approach was used (Supplementary Table S1; Figure 6). As seen, the residues A28, I50, I84, A28’, I50’, and I84’ of WT-Pr play an important role in binding to the DRV, which is consistent with the previously reported results (Meher and Wang, 2012; Chen et al., 2018). On the other hand, the energy analysis also showed the main unfavorable binding energy of D25, D30, D29’, and G48 residues to DRV in WT-Pr. Besides, as seen in Figure 6, the enthalpy-unfavorable binding of DRV to MUT-Pr relative to WT-Pr is mainly related to the R8, I50, I84, D25’, and A28’ residues, which induced a remarkable increase in the enthalpy value (Supplementary Table S1; Figure 6). In order to determine the residues that mainly affect the weak binding of DRV to MUT-Pr, the binding energy of these residues was decomposed (Supplementary Table S1). As seen, the main forces that lowered the binding energy to DRV in I50, I84, and A28’ were VDW and electrostatic interactions, and the contribution of polar solvation and nonpolar solvation interactions was far less important. For R8, in addition to the VDW and electrostatic interactions, the polar solvation interactions also play an important role. For D25’, only the polar solvation interactions contribute unfavorably to the binding energy. The binding energy difference between D25 and D25’ with DRV in WT-Pr-D was large (Figure 6). The favorable binding energy of D25’ with DRV in WT-Pr-D could be attributed to the favorable polar solvation energy of ∼−2 kj mol−1 and electrostatic and VDW binding energy of ∼−1.5 kj mol−1 (Supplementary Table S1). The unfavorable binding energy of D25 with DRV in WT-Pr-D could be ascribed to the unfavorable polar solvation energy of ∼42 kj mol−1 (data not shown) despite the presence of favorable electrostatic and VDW binding energy of ∼−27 kj mol−1 (data not shown).
[image: Figure 6]FIGURE 6 | Down: residual spectrum of binding energy with DRV. Up: The group of interactions consists of residues in total with the binding energy equal to or more than +/−3 kj.mol−1 was be showed, and their binding potency was determined visually by color indicator.
3.7 Hydrogen bonds between darunavir and HIV-1 proteases
Hydrogen bond (HB) patterns between DRV and HIV-1 PR are important and can affect enzyme inhibition (Sayer et al., 2008; Huang et al., 2012; Huang et al., 2014). In order to investigate the effect of mutation on these interactions, HBs between DRV and HIV-1 PR from global minimum basins B and C” were analyzed by the Hbonanza program (Durrant and McCammon, 2011) program. Figure 7 shows the HBs data, shown by color gradient, in which red colors represent the HBs with an occupancy of less than 50 percent and green colors show the HBs with an occupancy of higher than 50 percent. In our analysis, only HBs in which the distance between hydrogen donor and acceptor atoms was equal or less than 0.35 nm and the angle of donor-H-acceptor atoms was between 0-60° have been considered. As seen in Figure 7, while N20 and H21 atoms of DRV (P1) formed HBs with D25 of WT-Pr by HB occupancy of more than 90%, they didn’t form any HBs with the MUT-Pr. The reported HBs for these atoms in MUT-Pr correspond to intramolecular HBs in DRV, as depicted in Figure 7B. The O18 and H19 atoms of P1’ site of DRV formed HBs with D25 and D25’ of both proteases. As seen in Figure 7, the HBs frequency in MUT-Pr decreased by 20% and 11% for O18 and H19 atoms, respectively. The O26 atom of DRV (P2 site) formed HBs with D30 of WT-Pr (∼10%) and D30 of MUT-Pr (∼37%). The O28 atom of DRV (P2 site) formed HBs only with D29 of MUT-Pr (∼44%). Neither WT-Pr nor MUT-Pr formed HBs with the O23 atom of DRV and only showed intramolecular HBs interactions. The O9 and O10 atoms (P2’ site) of DRV make HBs with the I50’ and I50 of WT-Pr, respectively. While in MUT-Pr, O10 maintained nearly identical HBs frequencies and O9 didn’t take part in the hydrogen bonding interaction with I50’ of DRV. The N1, H1 atoms (P2’) of DRV make HBs with both D29’ and D30’ of WT-Pr and D30’ of MUT-Pr, showing almost identical HBs occupancy. The H2 atom of DRV (P2’) formed HBs with D30’ of WT-Pr and MUT-Pr. However, this atom experienced ∼40 % decrease in the HB frequencies with the D30’ of MUT-Pr. So, in the MUT-Pr, the H2 atom of the NH2 group (P2’) accounts for much of the decrease in HBs. Briefly, our results showed that the hydrogen bonding network was disturbed in MUT-Pr, leading to a decreased potency of DRV binding to the active site. This could cause resistance against DRV (Chen et al., 2018; Henes et al., 2019), as discussed in Sections 3.3 and 3.4.
[image: Figure 7]FIGURE 7 | The Pattern of hydrogen bonds networks (HB) between DRV with WT-Pr (A) and MUT-Pr (B) in minimum energy basins B and C were indicated. (C) the main chemical moieties of DRV, labeled as P1, P1’, P2, and P2’. HBs percent in both basins are illustrated in table; red colors are for hydrogen bonds that their occupancy is lower than 50 percent, and green colors are for hydrogen bonds that their occupancy are higher than 50 percent. Only, those HBs that were formed at least in 10 percent of structures and angle between three atoms involving in HBs were between 0–60 degree were considered.
3.8 Radius of gyration
In order to assess the compactness of the protease active site cavity, the radius of gyration (g(r)) of the backbone atoms was calculated for residues 23–32, 46–54, and 78–87 in both chains (Supplementary Figure S9). As seen, the average ± SD g(r) values during the first 110 ns simulation time for MUT-Pr-D and WT-Pr-D were 1.05 ± 0.01 nm and 1.06 ± 0.01 nm, respectively. So, the average g(r) in WT-Pr-D was ∼0.01 nm larger than that of MUT-Pr-D. So, during the first 110 ns, the active site of MUT-Pr-D was more compact than that of WT-Pr-D. This shows that, during the first 110 ns, the active site of MUT-Pr-D was more compact than that of WT-Pr-D. However, after 110 ns, (in basins B and C”), the average g(r) and standard deviation for MUT-Pr-D and WT-Pr-D were calculated as 1.08 ± 0.007 nm and 1.05 ± 0.006 nm, respectively. Thus, the g(r) of the MUT-Pr-D active site increased slightly to 0.03 nm and became less compact than that of WT-Pr-Dr. So, at basin C” relative to basin B, the active site cavity space was increased. These results are in agreement with the other discussed results (in Sections 3.3 and 3.4).
4 CONCLUSION
In this study, the mechanism of resistance of a MUT-Pr strain against DRV was investigated. The PCA and RMSF analyses showed that in MUT-Pr-D, the flap-tips get away from each other, curl significantly, and become more flexible in chain-A. Based on the distance and RDF analysis, it was also shown that the average distance of the flap-tips from each other and from the active site increased in MUT-Pr-D, leading to conversion from a closed to a semi-open conformation. The increase in flap-tip (chain-A) to flap-tip (chain-B) distance occurred as a result of decreasing hydrophobic interactions in MUT-Pr-D. The PCA and g(r) analysis showed that the volume of the active site in MUT-Pr-D becomes a little larger, which was accompanied by a wide conformational change of DRV. This is because, in WT-Pr-D, the fulcrum, cantilever, and flap-tips move toward the active site core, while in MUT-Pr-D, these movements were slightly outward from the core of the active site. The binding energy analysis showed that the MUT-Pr resistance against the DRV is created by unfavorable binding enthalpy in the MUT-Pr-D relative to the WT-Pr-D, which overcomes the more favorable binding entropy in MUT-Pr-D. The MM-PBSA approach showed that the R8, I50, I84, D25’, and A28’ residues play a major role in increasing the enthalpy of binding via reducing van der Waals (VDW) and electrostatic interactions of the residues I50, I84, A28’, and van der Waals (VDW), electrostatic and polar solvation interactions of the residue R8 and polar solvation interaction of the residue D25’. As all of these residues are conserved in our mutant strain, the mutations indirectly drive resistance to DRV and are distal mutations. The HBs analysis indicated that mutations disturbed the hydrogen bonding network. Briefly, it can be concluded that resistance of MUT-Pr to DRV occurred due to changes in the structure and dynamics of the protease, which decreased the binding potency to the DRV.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
YS, SS, and AK contributed to the conception and design of the study and wrote the first draft of the manuscript. EB and PA organized the database. All authors contributed to manuscript revision and read and approved the submitted version.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2022.927373/full#supplementary-material
FOOTNOTES
1FDA: Food and Drug Administration.
REFERENCES
 Agniswamy, J., Louis, J. M., Roche, J., Harrison, R. W., and Weber, I. T. (2016). Structural studies of a rationally selected multi-drug resistant HIV-1 protease reveal synergistic effect of distal mutations on flap dynamics. PloS one 11 (12), e0168616. doi:10.1371/journal.pone.0168616
 Apoorva, B., and Sasidhar, Y. U. (2020). Inhibition of the activity of HIV-1 protease through antibody binding and mutations probed by molecular dynamics simulations. Sci. Rep. 10 (1), 5501. doi:10.1038/s41598-020-62423-y
 Badaya, A., and Sasidhar, Y. U. (2020). Inhibition of the activity of HIV-1 protease through antibody binding and mutations probed by molecular dynamics simulations. Sci. Rep. 10 (1), 5501. doi:10.1038/s41598-020-62423-y
 Bahar, I., Atilgan, A. R., Demirel, M. C., and Erman, B. (1998). Vibrational dynamics of folded proteins: Significance of slow and fast motions in relation to function and stability. Phys. Rev. Lett. 80 (12), 2733–2736. doi:10.1103/physrevlett.80.2733
 Bayly, C. I., Cieplak, P., Cornell, W., and Kollman, P. A. (1993). A well-behaved electrostatic potential based method using charge restraints for deriving atomic charges: The RESP model. J. Phys. Chem. 97 (40), 10269–10280. doi:10.1021/j100142a004
 Berendsen, H. J., Postma, J. v., van Gunsteren, W. F., DiNola, A., and Haak, J. R. (1984). Molecular dynamics with coupling to an external bath. J. Chem. Phys. 81 (8), 3684–3690. doi:10.1063/1.448118
 Brooks, B. R., Janežič, D., and Karplus, M. (1995). Harmonic analysis of large systems. I. Methodology. J. Comput. Chem. 16 (12), 1522–1542. doi:10.1002/jcc.540161209
 Cai, Y., Yilmaz, N. K., Myint, W., Ishima, R., and Schiffer, C. A. (2012). Differential flap dynamics in wild-type and a drug resistant variant of HIV-1 protease revealed by molecular dynamics and NMR relaxation. J. Chem. Theory Comput. 8 (10), 3452–3462. doi:10.1021/ct300076y
 Carter, J. D., Gonzales, E. G., Huang, X., Smith, A. N., de Vera, I. M. S., D’Amore, P. W., et al. (2014a). Effects of PRE and POST therapy drug-pressure selected mutations on HIV-1 protease conformational sampling. FEBS Lett. 588 (17), 3123–3128. doi:10.1016/j.febslet.2014.06.051
 Carter, J. D., Mathias, J. D., Gomez, E. F., Ran, Y., Xu, F., Galiano, L., et al. (2014b). Characterizing solution surface loop conformational flexibility of the GM2 activator protein. J. Phys. Chem. B 118 (36), 10607–10617. doi:10.1021/jp505938t
 Case, D. A., Belfon, K., Ben-Shalom, I., Brozell, S. R., Cerutti, D., Cheatham, T., et al. (2020). Amber. San Francisco: University of California. 
 Chen, J., Peng, C., Wang, J., and Zhu, W. (2018). Exploring molecular mechanism of allosteric inhibitor to relieve drug resistance of multiple mutations in HIV‐1 protease by enhanced conformational sampling. Proteins 86 (12), 1294–1305. doi:10.1002/prot.25610
 Chen, J., Wang, X., Zhu, T., Zhang, Q., and Zhang, J. Z. (2015). A comparative insight into amprenavir resistance of mutations V32I, G48V, I50V, I54V, and I84V in HIV-1 protease based on thermodynamic integration and MM-PBSA methods. J. Chem. Inf. Model. 55 (9), 1903–1913. doi:10.1021/acs.jcim.5b00173
 Chow, W., Donga, P., Côté-Sergent, A., Rossi, C., Lefebvre, P., Lafeuille, M.-H., et al. (2020). Treatment patterns and predictors of adherence in HIV patients receiving single-or multiple-tablet darunavir, cobicistat, emtricitabine, and tenofovir alafenamide. Patient prefer. Adherence 14, 2315–2326. doi:10.2147/PPA.S272211
 Darwish, I. A., Al-Majed, A. A., Alsaif, N. A., Bakheit, A. H., Herqash, R. N., Alzaid, A., et al. (2020). Darunavir: A comprehensive profile. Profiles Drug Subst. Excip. Relat. Methodol. 46, 1–50. doi:10.1016/bs.podrm.2020.07.001
 David, C. C., and Jacobs, D. J. (2014). “Principal component analysis: A method for determining the essential dynamics of proteins,” in Protein dynamics (Totowa, NJ, United States: Springer), 193–226.
 Deshmukh, L., Tugarinov, V., Louis, J. M., and Clore, G. M. (2017). Binding kinetics and substrate selectivity in HIV-1 protease− Gag interactions probed at atomic resolution by chemical exchange NMR. Proc. Natl. Acad. Sci. U. S. A. 114 (46), E9855–E9862. doi:10.1073/pnas.1716098114
 Ding, F., Layten, M., and Simmerling, C. (2008). Solution structure of HIV-1 protease flaps probed by comparison of molecular dynamics simulation ensembles and EPR experiments. J. Am. Chem. Soc. 130 (23), 7184–7185. doi:10.1021/ja800893d
 Du, Q.-S., Jiang, Z.-Q., He, W.-Z., Li, D.-P., and Chou, K.-C. (2006). Amino acid principal component analysis (AAPCA) and its applications in protein structural class prediction. J. Biomol. Struct. Dyn. 23 (6), 635–640. doi:10.1080/07391102.2006.10507088
 Durrant, J. D., and McCammon, J. A. (2011). HBonanza: A computer algorithm for molecular-dynamics-trajectory hydrogen-bond analysis. J. Mol. Graph. Model. 31, 5–9. doi:10.1016/j.jmgm.2011.07.008
 Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., Pedersen, L. G., et al. (1995). A smooth particle mesh Ewald method. J. Chem. Phys. 103 (19), 8577–8593. doi:10.1063/1.470117
 Freedberg, D. I., Wang, Y.-X., Stahl, S. J., Kaufman, J. D., Wingfield, P. T., Kiso, Y., et al. (1998). Flexibility and function in HIV protease: Dynamics of the HIV-1 protease bound to the asymmetric inhibitor kynostatin 272 (KNI-272). J. Am. Chem. Soc. 120 (31), 7916–7923. doi:10.1021/ja981206r
 Freedberg, D. I., Ishima, R., Jacob, J., Wang, Y. X., Kustanovich, I., Louis, J. M., et al. (2002). Rapid structural fluctuations of the free HIV protease flaps in solution: Relationship to crystal structures and comparison with predictions of dynamics calculations. Protein Sci. 11 (2), 221–232. doi:10.1110/ps.33202
 Genheden, S., and Ryde, U. (2015). The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities. Expert Opin. Drug Discov. 10 (5), 449–461. doi:10.1517/17460441.2015.1032936
 Ghosh, A. K., Dawson, Z. L., and Mitsuya, H. (2007). Darunavir, a conceptually new HIV-1 protease inhibitor for the treatment of drug-resistant HIV. Bioorg. Med. Chem. 15 (24), 7576–7580. doi:10.1016/j.bmc.2007.09.010
 Ghosh, A. K., Osswald, H. L., and Prato, G. (2016). Recent progress in the development of HIV-1 protease inhibitors for the treatment of HIV/AIDS. J. Med. Chem. 59 (11), 5172–5208. doi:10.1021/acs.jmedchem.5b01697
 Guex, N., and Peitsch, M. C. (1997). SWISS-MODEL and the Swiss-Pdb viewer: An environment for comparative protein modeling. electrophoresis 18 (15), 2714–2723. doi:10.1002/elps.1150181505
 Gupta, S., and Senapati, S. (2019). Mechanism of inhibition of drug-resistant HIV-1 protease clinical isolates by TMC310911: A molecular dynamics study. J. Mol. Struct. 1198, 126893. doi:10.1016/j.molstruc.2019.126893
 Henes, M., Kosovrasti, K., Lockbaum, G. J., Leidner, F., Nachum, G. S., Nalivaika, E. A., et al. (2019). Molecular determinants of epistasis in HIV-1 protease: Elucidating the interdependence of L89V and L90M mutations in resistance. Biochemistry 58 (35), 3711–3726. doi:10.1021/acs.biochem.9b00446
 Hikiri, S., Yoshidome, T., and Ikeguchi, M. (2016). Computational methods for configurational entropy using internal and Cartesian coordinates. J. Chem. Theory Comput. 12 (12), 5990–6000. doi:10.1021/acs.jctc.6b00563
 Hornak, V., Okur, A., Rizzo, R. C., and Simmerling, C. (2006). HIV-1 protease flaps spontaneously open and reclose in molecular dynamics simulations. Proc. Natl. Acad. Sci. U. S. A. 103 (4), 915–920. doi:10.1073/pnas.0508452103
 Hornak, V., and Simmerling, C. (2007). Targeting structural flexibility in HIV-1 protease inhibitor binding. Drug Discov. Today 12 (3-4), 132–138. doi:10.1016/j.drudis.2006.12.011
 Hou, T., and Yu, R. (2007). Molecular dynamics and free energy studies on the wild-type and double mutant HIV-1 protease complexed with amprenavir and two amprenavir-related inhibitors: Mechanism for binding and drug resistance. J. Med. Chem. 50 (6), 1177–1188. doi:10.1021/jm0609162
 Huang, X., Britto, M. D., Kear-Scott, J. L., Boone, C. D., Rocca, J. R., Simmerling, C., et al. (2014). The role of select subtype polymorphisms on HIV-1 protease conformational sampling and dynamics. J. Biol. Chem. 289 (24), 17203–17214. doi:10.1074/jbc.M114.571836
 Huang, X., de Vera, I. M. S., Veloro, A. M., Blackburn, M. E., Kear, J. L., Carter, J. D., et al. (2012). Inhibitor-induced conformational shifts and ligand-exchange dynamics for HIV-1 protease measured by pulsed EPR and NMR spectroscopy. J. Phys. Chem. B 116 (49), 14235–14244. doi:10.1021/jp308207h
 Huang, Y.-m. M., Raymundo, M. A. V., Chen, W., and Chang, C.-e. A. (2017). Mechanism of the association pathways for a pair of fast and slow binding ligands of HIV-1 protease. Biochemistry 56 (9), 1311–1323. doi:10.1021/acs.biochem.6b01112
 Hyland, L. J., Tomaszek, T. A., and Meek, T. D. (1991). Human immunodeficiency virus-1 protease. 2. Use of pH rate studies and solvent kinetic isotope effects to elucidate details of chemical mechanism. Biochemistry 30 (34), 8454–8463. doi:10.1021/bi00098a024
 Ishima, R., Freedberg, D. I., Wang, Y.-X., Louis, J. M., and Torchia, D. A. (1999). Flap opening and dimer-interface flexibility in the free and inhibitor-bound HIV protease, and their implications for function. Structure 7 (9), 1047–1055. doi:10.1016/s0969-2126(99)80172-5
 Johnson, V. A., Brun-Vézinet, F., Clotet, B., Günthard, H. F., Kuritzkes, D. R., Pillay, D., et al. (2008). Update of the drug resistance mutations in HIV-1. Top. HIV Med. 16 (5), 138–145.
 Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., and Klein, M. L. (1983). Comparison of simple potential functions for simulating liquid water. J. Chem. Phys. 79 (2), 926–935. doi:10.1063/1.445869
 Katoh, E., Louis, J. M., Yamazaki, T., Gronenborn, A. M., Torchia, D. A., Ishima, R., et al. (2003). A solution NMR study of the binding kinetics and the internal dynamics of an HIV‐1 protease‐substrate complex. Protein Sci. 12 (7), 1376–1385. doi:10.1110/ps.0300703
 King, N. M., Prabu-Jeyabalan, M., Nalivaika, E. A., Wigerinck, P., De Béthune, M.-P., Schiffer, C. A., et al. (2004). Structural and thermodynamic basis for the binding of TMC114, a next-generation human immunodeficiency virus type 1 protease inhibitor. J. Virol. 78 (21), 12012–12021. doi:10.1128/JVI.78.21.12012-12021.2004
 Koes, D. R., and Vries, J. K. (2017). Evaluating amber force fields using computed NMR chemical shifts. Proteins 85 (10), 1944–1956. doi:10.1002/prot.25350
 Kovalevsky, A. Y., Tie, Y., Liu, F., Boross, P. I., Wang, Y.-F., Leshchenko, S., et al. (2006). Effectiveness of nonpeptide clinical inhibitor TMC-114 on HIV-1 protease with highly drug resistant mutations D30N, I50V, and L90M. J. Med. Chem. 49 (4), 1379–1387. doi:10.1021/jm050943c
 Kovalevsky, A. Y., Louis, J. M., Aniana, A., Ghosh, A. K., and Weber, I. T. (2008). Structural evidence for effectiveness of darunavir and two related antiviral inhibitors against HIV-2 protease. J. Mol. Biol. 384 (1), 178–192. doi:10.1016/j.jmb.2008.09.031
 Kožíšek, M., Lepšík, M., Grantz Šašková, K., Brynda, J., Konvalinka, J., Řezáčová, P., et al. (2014). Thermodynamic and structural analysis of HIV protease resistance to darunavir–analysis of heavily mutated patient-derived HIV-1 proteases. FEBS J. 281 (7), 1834–1847. doi:10.1111/febs.12743
 Kumari, R., Kumar, R., and Lynn, A.Open Source Drug Discovery Consortium (2014). g_mmpbsa–A GROMACS tool for high-throughput MM-PBSA calculations. J. Chem. Inf. Model. 54 (7), 1951–1962. doi:10.1021/ci500020m
 Kunze, J., Todoroff, N., Schneider, P., Rodrigues, T., Geppert, T., Reisen, F., et al. (2014). Targeting dynamic pockets of HIV-1 protease by structure-based computational screening for allosteric inhibitors. J. Chem. Inf. Model. 54 (3), 987–991. doi:10.1021/ci400712h
 Lange, O. F., and Grubmüller, H. (2006). Generalized correlation for biomolecular dynamics. Proteins 62 (4), 1053–1061. doi:10.1002/prot.20784
 Lapatto, R., Blundell, T., Hemmings, A., Overington, J., Wilderspin, A., Wood, S., et al. (1989). X-ray analysis of HIV-1 proteinase at 2.7 Å resolution confirms structural homology among retroviral enzymes. Nature 342 (6247), 299–302. doi:10.1038/342299a0
 Liu, Z., Casey, T. M., Blackburn, M. E., Huang, X., Pham, L., de Vera, I. M. S., et al. (2016). Pulsed EPR characterization of HIV-1 protease conformational sampling and inhibitor-induced population shifts. Phys. Chem. Chem. Phys. 18 (8), 5819–5831. doi:10.1039/c5cp04556h
 Liu, Z., Tran, T. T., Pham, L., Hu, L., Bentz, K., Savin, D. A., et al. (2020). Darunavir-resistant HIV-1 protease constructs uphold a conformational selection hypothesis for drug resistance. Viruses 12 (11), 1275. doi:10.3390/v12111275
 Mager, P. P. (2001). The active site of HIV‐1 protease. Med. Res. Rev. 21 (4), 348–353. doi:10.1002/med.1012
 Maisuradze, G. G., Liwo, A., and Scheraga, H. A. (2009). Principal component analysis for protein folding dynamics. J. Mol. Biol. 385 (1), 312–329. doi:10.1016/j.jmb.2008.10.018
 Meher, B. R., and Wang, Y. (2015). Exploring the drug resistance of V32I and M46L mutant HIV-1 protease to inhibitor TMC114: Flap dynamics and binding mechanism. J. Mol. Graph. Model. 56, 60–73. doi:10.1016/j.jmgm.2014.11.003
 Meher, B. R., and Wang, Y. (2012). Interaction of I50V mutant and I50L/A71V double mutant HIV-protease with inhibitor TMC114 (darunavir): Molecular dynamics simulation and binding free energy studies. J. Phys. Chem. B 116 (6), 1884–1900. doi:10.1021/jp2074804
 Navarro, J., González-Cordón, A., Casado, J. L., Bernardino, J. I., Domingo, P., Portilla, J., et al. (2020). Effectiveness of boosted darunavir plus rilpivirine in patients with long-lasting HIV-1 infection: DARIL study. J. Antimicrob. Chemother. 75 (7), 1955–1960. doi:10.1093/jac/dkaa072
 Navia, M. A., Fitzgerald, P. M., McKeever, B. M., Leu, C.-T., Heimbach, J. C., Herber, W. K., et al. (1989). Three-dimensional structure of aspartyl protease from human immunodeficiency virus HIV-1. Nature 337 (6208), 615–620. doi:10.1038/337615a0
 Nicholson, L. K., Yamazaki, T., Torchia, D. A., Grzesiek, S., Bax, A., Stahl, S. J., et al. (1995). Flexibility and function in HIV-1 protease. Nat. Struct. Biol. 2 (4), 274–280. doi:10.1038/nsb0495-274
 Ode, H., Nakashima, M., Kitamura, S., Sugiura, W., and Sato, H. (2012). Molecular dynamics simulation in virus research. Front. Microbiol. 3, 258. doi:10.3389/fmicb.2012.00258
 Okimoto, N., Kitayama, K., Hata, M., Hoshino, T., and Tsuda, M. (2001). Molecular dynamics simulations of a complex of HIV-1 protease and substrate: Substrate-dependent efficiency of catalytic activity. J. Mol. Struct. THEOCHEM 543 (1-3), 53–63. doi:10.1016/s0166-1280(00)00834-4
 Orkin, C., Eron, J. J., Rockstroh, J., Podzamczer, D., Esser, S., Vandekerckhove, L., et al. (2020). Week 96 results of a phase 3 trial of darunavir/cobicistat/emtricitabine/tenofovir alafenamide in treatment-naive HIV-1 patients. Aids 34 (5), 707–718. doi:10.1097/QAD.0000000000002463
 Papaleo, E., Mereghetti, P., Fantucci, P., Grandori, R., and De Gioia, L. (2009). Free-energy landscape, principal component analysis, and structural clustering to identify representative conformations from molecular dynamics simulations: The myoglobin case. J. Mol. Graph. Model. 27 (8), 889–899. doi:10.1016/j.jmgm.2009.01.006
 Pawar, S., Wang, Y.-F., Wong-Sam, A., Agniswamy, J., Ghosh, A. K., Harrison, R. W., et al. (2019). Structural studies of antiviral inhibitor with HIV-1 protease bearing drug resistant substitutions of V32I, I47V and V82I. Biochem. Biophys. Res. Commun. 514 (3), 974–978. doi:10.1016/j.bbrc.2019.05.064
 Perryman, A. L., Lin, J. H., and McCammon, J. A. (2004). HIV‐1 protease molecular dynamics of a wild-type and of the V82F/I84V mutant: Possible contributions to drug resistance and a potential new target site for drugs. Protein Sci. 13 (4), 1108–1123. doi:10.1110/ps.03468904
 Perryman, A. L., Lin, J. H., and McCammon, J. A. (2006). Restrained molecular dynamics simulations of HIV-1 protease: The first step in validating a new target for drug design. Biopolymers 82 (3), 272–284. doi:10.1002/bip.20497
 Rana, N., Singh, A. K., Shuaib, M., Gupta, S., Habiballah, M. M., Alkhanani, M. F., et al. (2022). Drug resistance mechanism of M46I-Mutation-Induced saquinavir resistance in HIV-1 protease using molecular dynamics simulation and binding energy calculation. Viruses 14 (4), 697. doi:10.3390/v14040697
 Roche, J., Louis, J. M., and Bax, A. (2015). Conformation of inhibitor-free HIV-1 protease derived from nmr spectroscopy in a weakly oriented solution. ChemBioChem 16 (2), 214–218. doi:10.1002/cbic.201402585
 Ryckaert, J.-P., Ciccotti, G., and Berendsen, H. J. (1977). Numerical integration of the cartesian equations of motion of a system with constraints: Molecular dynamics of n-alkanes. J. Comput. Phys. 23 (3), 327–341. doi:10.1016/0021-9991(77)90098-5
 Sahin, K. (2020). Investigation of novel indole-based HIV-1 protease inhibitors using virtual screening and text mining. J. Biomol. Struct. Dyn. 39, 3638–3648. doi:10.1080/07391102.2020.1775121
 Santos, A. M. R. d., Martins, A. P., Juliato, D., de Miranda, É. J. F. P., Lopes, G. I. S. L., Brígido, L. F. d. M., et al. (2020). Long-term virological effectiveness with darunavir/ritonavir-based salvage therapy in people living with HIV/AIDS from São Paulo, Brazil. Int. J. STD AIDS 31 (10), 967–975. doi:10.1177/0956462420933716
 Sayer, J. M., Liu, F., Ishima, R., Weber, I. T., and Louis, J. M. (2008). Effect of the active site D25N mutation on the structure, stability, and ligand binding of the mature HIV-1 protease. J. Biol. Chem. 283 (19), 13459–13470. doi:10.1074/jbc.M708506200
 Scott, W. R., and Schiffer, C. A. (2000). Curling of flap tips in HIV-1 protease as a mechanism for substrate entry and tolerance of drug resistance. Structure 8 (12), 1259–1265. doi:10.1016/s0969-2126(00)00537-2
 Sillapachaiyaporn, C., and Chuchawankul, S. (2020). HIV-1 protease and reverse transcriptase inhibition by tiger milk mushroom (Lignosus rhinocerus) sclerotium extracts: In vitro and in silico studies. J. Tradit. Complement. Med. 10 (4), 396–404. doi:10.1016/j.jtcme.2019.08.002
 Sk, M. F., Roy, R., and Kar, P. (2020). Exploring the potency of currently used drugs against HIV-1 protease of subtype D variant by using multiscale simulations. J. Biomol. Struct. Dyn. 39, 988–1003. doi:10.1080/07391102.2020.1724196
 Surleraux, D. L., Tahri, A., Verschueren, W. G., Pille, G. M., De Kock, H. A., Jonckers, T. H., et al. (2005). Discovery and selection of TMC114, a next generation HIV-1 protease inhibitor. J. Med. Chem. 48 (6), 1813–1822. doi:10.1021/jm049560p
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