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Abstract

:

Understanding non-covalent biomolecular recognition, which includes drug–protein bound states and their binding/unbinding processes, is of fundamental importance in chemistry, biology, and medicine. Fully revealing the factors that govern the binding/unbinding processes can further assist in designing drugs with desired binding kinetics. HIV protease (HIVp) plays an integral role in the HIV life cycle, so it is a prime target for drug therapy. HIVp has flexible flaps, and the binding pocket can be accessible by a ligand via various pathways. Comparing ligand association and dissociation pathways can help elucidate the ligand–protein interactions such as key residues directly involved in the interaction or specific protein conformations that determine the binding of a ligand under certain pathway(s). Here, we investigated the ligand unbinding process for a slow binder, ritonavir, and a fast binder, xk263, by using unbiased all-atom accelerated molecular dynamics (aMD) simulation with a re-seeding approach and an explicit solvent model. Using ritonavir-HIVp and xk263-HIVp ligand–protein systems as cases, we sampled multiple unbinding pathways for each ligand and observed that the two ligands preferred the same unbinding route. However, ritonavir required a greater HIVp motion to dissociate as compared with xk263, which can leave the binding pocket with little conformational change of HIVp. We also observed that ritonavir unbinding pathways involved residues which are associated with drug resistance and are distal from catalytic site. Analyzing HIVp conformations sampled during both ligand–protein binding and unbinding processes revealed significantly more overlapping HIVp conformations for ritonavir-HIVp rather than xk263-HIVp. However, many HIVp conformations are unique in xk263-HIVp unbinding processes. The findings are consistent with previous findings that xk263 prefers an induced-fit model for binding and unbinding, whereas ritonavir favors a conformation selection model. This study deepens our understanding of the dynamic process of ligand unbinding and provides insights into ligand–protein recognition mechanisms and drug discovery.
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1. Introduction


HIV type 1 (HIV-1) garnered enormous attention in the 1970s because it can attack CD4 cells and weaken the immune system, eventually causing acquired immunodeficiency syndrome (AIDS) if not suppressed in vivo. HIV protease (HIVp) is one of the essential proteins in the HIV life cycle, responsible for cleaving premature protein and producing fully functional enzymes [1,2,3]. Protease inhibitors (PIs) can disrupt HIVp function and stop HIV replication via competitive inhibition [4,5]. However, PI-selected mutations decrease the HIVp susceptibility to inhibitors and induce cross-resistance among PIs [6,7,8].



HIVp is a good model system to study ligand–protein binding/unbinding because HIVp is a homodimer with well-defined regions. Flap regions in HIVp must open in order to bring the peptide into the binding pocket [9,10]. Then the flaps close. Four residues, Asp25, Asp124, Ile50 and Ile149, are essential for holding the peptide in place, with Asp25 and Asp124 catalyzing proteolysis [11]. Such well-defined structural behavior and ligand–protein interaction features are informative in investigating protein conformational change during ligand–protein binding/unbinding.



Non-covalently binding drugs can reversibly bind and unbind from their protein targets. Many drugs forfeit their pharmacological effect once they leave the target site. In vivo and in silico studies suggest that pharmacological activity depends on the drug lifetime [12,13,14]. Binding (kon) and unbinding rate constants (koff) are two factors used to describe the kinetic process of the drug–protein interaction. Ideally, we want a drug with large kon (faster binding) and small koff (slower leaving). Residence time, the reciprocal of the unbinding rate constant, describes the lifetime of a ligand in the bound state with its target protein. Developing drugs with long residence time can enhance the pharmacological effect. All-atom simulations of ligand–protein dissociation can provide mechanistic information at the atomistic level [15,16]. Investigating the interactions between the drug and protein during unbinding may provide insights into drug design and altering drug residence time.



Several recent studies have focused on the binding kinetics of drug–HIVp systems [17,18,19,20]. Enhanced sampling methods, such as steered molecular dynamics (SMD), metadynamics, and accelerated MD (aMD), were used to sample ligands binding or unbinding from HIVp [21,22,23,24]. Binding kinetics explain the dynamic processes of ligand binding/unbinding, not merely the difference between the bound state and free state. Two binding mechanisms, induced-fit and conformation-selection, have been proven in experimental and computational studies [25,26,27]. Different ligands show distinct binding kinetics [28,29]. For example, ritonavir requires HIVp conformational change to bind, whereas xk263 can bind to HIVp without obvious protein motions [27]. The free energy profile was constructed computationally to reveal relative free energies between various intermediate, free and ligand bound states for ligand–HIVp binding or unbinding [30,31,32]. However, because of the complex dynamic nature of HIVp when binding to ligands with diverse properties, we still lack comprehensive studies explaining the possible unbinding pathway(s) and protein conformational change during ligand unbinding from HIVp.



Here, we studied processes of unbinding of a pair of ligands, ritonavir and xk263, from HIV-1 protease. Investigation into how differently these two ligands interact with HIVp provides insights into factors that affect the unbinding processes. We classify unbinding trajectories and discuss ligand unbinding pathways, intermolecular H-bond networks, and HIVp conformations during the dissociation processes. Root-mean-square deviation (RMSD)-based analysis was used to identify overlapping HIVp conformations between xk263 or ritonavir binding and unbinding. We also discuss the ligand unbinding mechanisms and compare these with ligand–protein binding models.




2. Materials and Methods


2.1. Target Molecular Systems


We selected Protein Data Bank entry 1HXW and 1HVR to study ritonavir and xk263 unbinding from HIVp, respectively (Figure 1b–d) [33,34]. 1HXW contains a ritonavir–HIVp crystal structure in the bound state, with a single protonation state applied for Asp25. 1HVR contains an xk263–HIVp crystal structure in the bound state, with a double protonation state for Asp25/124. We applied distinct protonation states for the two systems based on the results of the lowest interaction energy between the ligand and four different protonation states of HIVp [35].




2.2. MD Simulations


We performed 100-ns conventional MD (cMD) simulation for ritonavir–HIVp and xk263–HIVp followed by aMD simulations of 25 seeds for each system with a re-seeding approach, as described below.



The Amber18 package with GPU implementation was used for unbiased all-atom MD simulations [36]. The Amber FF99SB and General Amber Force Field (GAFF) were used for HIV protease and ligands, respectively [37]. VCharge was used to assign partial charges for the ligand atoms for better charge accuracy of resonance structures of phenyl groups in ritonavir and phenyl and naphthalenyl groups in xk263 [38]. Five chloride ions and six chloride ions were placed to maintain a neutral system for ritonavir–HIVp and xk263–HIVp, respectively. Minimization of hydrogen atoms, the side chains and the entire system was applied for 1000, 1000 and 3000 steps, respectively. The system was solvated in a rectangular TIP3P water box and the edge of the box was at least 10 Å away from the solutes. The system went through 1000 steps of water minimization and 5000 steps of whole-system minimization to correct any inconsistencies. Then the system was slowly heated to 50, 100, 150, 200, 250 K for 200 ps at each temperature and 9 ns at 300 K. Then, 100-ns cMD was performed in an isothermic−isopressure (NPT) ensemble to ensure that the system reached equilibrium. Langevin Thermostat along with a damping constant of 2 ps−1 was used to maintain a temperature of 310 K. Particle mesh Eward (PME) was used to compute the long-range electrostatic interactions > 10 Å [39]. Frames were saved every 10 ps with a time step of 2 fs. Finally, the SHAKE algorithm was used to constrain the covalent bonds involving hydrogen atoms [40].




2.3. Accelerated MD (aMD) Simulation


Biomacromolecules can have high energy barriers when a molecule is moving around the energy surface, which prevents efficient conformation sampling in cMD. Therefore, we used the final frame from the cMD run as the initial conformation for aMD simulations with a different starting velocity for each seed. AMD enhances the conformational sampling by adding a continuous non-negative bias or “boost” potential   ∆ V  ( r )    to the potential energy   V  ( r )    whenever the potential energy takes values below some predetermined threshold E [41]. A bias may also be applied to specific components of the potential energy, for example, the dihedral energy    V D   ( r )   . Energy boosts to both the total potential energy and the dihedral energy are applied here. The overall bias potential is given by


  ∆ V  ( r )  =      (   E P  − V  ( r )   )   2    α P +  (   E P  − V  ( r )   )    +      (   E D  −  V D   ( r )   )   2    α D +  (   E D  −  V D   ( r )   )     



(1)




where Ep and ED are the average total potential energy threshold and average dihedral energy threshold based on cMD simulation.   α P   and   α D   are boost factors for the total potential and dihedral potential, respectively. The actual values of Ep, ED,   α P   and   α D   are listed in supporting information (Table S1). By increasing the value of the tuning parameter α, we can reduce the energy boost,   ∆ V  ( r )   , thus allowing the conformational change of protein to evolve faster than in cMD yet maintain the protein’s secondary structure. Protein backbone dihedral angle change directly leads to protein conformational change. Hence, we applied both dihedral and total potential energy boost to our model systems. AMD input parameters can be found in Supporting Information.




2.4. Re-Seeding Approach


Ritonavir and xk263 are both tight binders to HIVp. To efficiently explore their unbinding pathways, we applied a re-seeding approach under aMD simulation. Re-seeding refers to generating multiple MD simulation production runs from the same initial ligand–protein conformation but with different atom velocities. The last frames from cMD simulations of ritonavir–HIVp and xk263–HIVp were used to provide an initial conformation for 25 ritonavir-HIVp first re-seedings and 25 xk263-HIVp first re-seedings. Each first re-seeding is a 400-ns-long aMD simulation. Five 25-ns-long second re-seedings were applied with the last frame of the first re-seeding as an initial conformation if unbinding did not occur in the 400-ns aMD simulation. The third re-seeding was performed to generate five 25-ns-long aMD simulations using the frame from the second re-seeding in which the ligand reached the largest RMSD as compared with the fully relaxed ligand position in the bound state. The following re-seedings were performed with the same method as generating third-layer re-seeding. If the selected initial frame contained a ligand–HIVp conformation that presented a strong tendency to dissociate, up to twenty 25-ns-long aMD simulations would be generated from such frame. A detailed example of the re-seeding approach can be found in Supplementary Information Figure S1. Re-seeding was repeated until successful ligand dissociation, after the 17th re-seeding, or protein unfolding/distortion. Table S2 lists re-seeding attempts for ritonavir and xk263 dissociations.




2.5. Hydrogen Bond Analysis


Each hydrogen bond between the ligand and protein may contribute up to a few kcal/mol to interaction energy [42]. To hydrolyze the peptide bond in premature protein, Asp25/124 establishes hydrogen bonding with the peptide backbone in the substrate, whereas Ile50/149 stabilizes the substrate with a water bridge [35]. To better understand which residues may form H-bonds with ritonavir/xk263 during ligand dissociation, we analyzed and plotted H-bond versus time by using the CPPTRAJ program [36,43]. The criteria for H-bonding are (1) the distance between donor D and acceptor A < 3 Å, and (2) the D-H-A angle, where H is the shared hydrogen, at least 150°.




2.6. MM/PBSA Interaction Energy


To investigate the interaction energy between the ligand and HIVp, we used the molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) method [44]. Interaction energy,    Δ E   , is calculated by


  ∆ E =  E  PL   −  E P  −  E L   



(2)




where    E  PL   ,      E   P    and    E L    represent enthalpy of the ligand–protein complex, enthalpy of protein and enthalpy of ligand, respectively.


   E  MM / PBSA   =      E    gas   +      G    solvation    



(3)







   E  gas     is gas-phase energy calculated from the molecular mechanical force field,    G  solvation     is the solvation energy calculated by solving the Poisson-Boltzmann equation.    E  MM / PBSA     can be further decomposed as


   E  MM / PBSA   =  E  bond   +  E  angle   +  E  torsion   +  E  vdW   +  E  elect   +  (   G  pb   +  G  np    )   



(4)




where    E  bond     is bonded energy,    E  angle     is angle energy,       E    torsion     is dihedral energy,    E  vdW     is van der Waals (vdW) energy,    E  elect     is electrostatic energy,    G  pb     is polar solvation energy, and    G  np     is non-polar solvation energy. The bonded terms were canceled in interaction energy calculations because    E  PL   ,      E   P    and    E L    used the same ligand–protein conformation. We can rewrite


  ∆  E  MM / PBSA   = ∆  E  vdW   + ∆  E  elect   + ∆  G  pb   + ∆  G  np    



(5)






  = ∆  E  polar   + ∆  E  non − polar    



(6)




where   ∆  E  polar     is polar interaction energy (  ∆  E  elect   + ∆  G  pb    ) and   ∆  E  non − polar     non-polar interaction energy (  ∆  E  vdW   + ∆  G  np    ). Entropy contributions are neglected in MM/PBSA calculations. Polar, non-polar and total interaction energies are calculated with a 1-ns interval. Energies are averaged using three computed energy values, 1 ns before and after a reference frame (average 3 ns). The average energy at 0 ns is the mean of 0 ns and 1 ns, and the average energy at the last timestep is the average of the last and second last timestep.




2.7. RMSD-Based Dissociation-Association Trajectory Comparison


If the backbone RMSD of 2 HIVp conformations are within 2.5 Å, we define them as similar conformations or overlapping conformations. Under such criteria, we iteratively compared HIVp conformations in dissociation trajectories with association trajectories. Because pathway A is the most popular dissociation path for both ligands, we selected one ritonavir dissociation trajectory and one xk263 dissociation trajectory under pathway A that are discussed in the following context. We selected eight ritonavir association trajectories and six xk263 association trajectories from previous work [27]. Frames were saved every 1 ps in our original trajectories, and we re-saved a frame every 0.1 ns for each trajectory. Frames from the representative trajectory from pathway A were re-saved every 1 ns as reference structures (every 10 frame) to ensure that the frame count figure was succinct.



Using regions of HIVp from the crystal structure (i.e., regions containing residues 1 to 41, 61 to 130, and 160 to 198, flap regions excluded) from PDB entry 1HXW as a reference frame, we aligned all ritonavir association/dissociation trajectories to clearly observe flap motions. Using 1-ns interval frames in ritonavir dissociation as reference, we calculated HIVp backbone RMSD for all frames in each of eight association trajectories, then plotted a bar graph, similar frame count versus each reference frame, for visualizing the comparison result. The same analysis was conducted for the xk263–HIVp system using partial 1HVR as a reference frame for alignment.





3. Results


Figure 1a illustrates a schematic of non-covalent binding free energy, with two molecules binding and unbinding when a system reaches equilibrium. Although binding and unbinding may share highly similar paths, ligand unbinding may not need to follow the same path as it binds to the protein target. Here, we first classified unbinding pathways for two ligands with different chemical properties, and then compared the association and dissociation processes to further understand the binding and unbinding processes.



Using the re-seeding approach described in Methods, we obtained 20 and 15 unbinding trajectories for ritonavir and xk263, respectively. We grouped the trajectories into four unbinding routes based on where a ligand diffuses after leaving the binding pocket of HIVp—pathway A: unbinding between the flap and loop region; pathway B: surface diffusion through the flap region; pathway C: surface diffusion through the interface region; and others (Table 1 and Figure 2). Both ritonavir and xk263 preferred to dissociate from HIVp under pathway A because in 11 of 20 dissociation trajectories and 8 of 15 dissociation trajectories, ritonavir and xk263 followed the flap/loop unbinding pathway, respectively. We reported binding pocket openness and flap motions using the distance between Cα of Ile 50-Ile 149 (flap tip). Figure 3 also shows ligand RMSD (ritonavir/xk263) and HIVp RMSD and RMSF for easy comparison between molecular motions, pathways and different ligands. We performed H-bond analysis and intermolecular energy calculation by using MM/PBSA during ligand unbinding [43]. We also examined conformations from our dissociation pathways with reported association pathways to reveal popular HIVp conformations sampled during binding/unbinding.



3.1. Ligand Unbinding Pathways


Here, we discuss the pathways in detail to understand the similarities and differences between ritonavir and xk263 during unbinding.



3.1.1. Pathway A: Dissociation between Flap/Loop Region


Pathway A is the major unbinding pathway for both ligands because 11 of 20 ritonavir dissociation trajectories and 8 of 15 xk263 dissociation trajectories presented unbinding through the flap/loop region of HIVp (Figure 2a). Flaps opened and closed repeatedly during ligand dissociation because the distance between αC Ile 50 and αC Ile 149 fluctuated constantly. Previous studies showed that free HIVp has flaps that open/closed spontaneously, and the same behavior was preserved when in the ritonavir bound complex [27,45,46]. At the near end of ritonavir or xk263 dissociation, the protein underwent a wide-open handedness, which allowed the ligand to unbind from HIVp. RMSF analysis of HIVp during ligand dissociation revealed that the flap region experienced larger motion with ritonavir than xk263 dissociation (Figure 3(A,iii)). H-bonds between both ligands and the loop region were essential to stabilize ligands during unbinding, and yet a strong H-bond may be a disservice for ritonavir dissociation. As shown in Figure 4b, ritonavir can form an H-bond with Thr 80 in the loop region for a long simulation time (Figure S2), which strengthens the ritonavir-HIVp interaction and might prevent dissociation, whereas the H-bond between xk263 and Thr 80 was rarely observed. However, it took much longer for xk263 to leave the binding pocket because of the strong H-bond network; xk263 must break the H-bond network formed from both the flap tip and catalytic triads to unbind. The H-bond network restriction and the rigidity of xk263 led to smaller ligand motion on unbinding with ~5 Å RMSD from 100 ns to 400 ns as compared to ~8 Å RMSD for ritonavir from 20 ns to 215 ns (Figure 3(A,i,ii)). When we restarted simulations using reseeding strategy, xk263 and ritonavir frequently returned to the binding pocket even when already in the flap/loop region. Only when the ligand passed the gap between the flap/loop, it quickly solvated and left HIVp.



Here we computed the interaction energy to further understand the dissociation processes and the intermolecular attractions. Although ritonavir has more H-bond donor/acceptor atoms, the drug does not have stronger polar attraction with HIVp as compared with xk263. The polar interactions consider both electrostatic attraction and PB solvation free energy. Our calculations show that non-polar attraction is the dominant energy term during ligand dissociation for both ritonavir and xk263 (Figure 4c, Figure 5g, Figure 6f, Figure 7e, Figure 8f and Figure 9f).



In the beginning of the aMD run (Figure 4a), the interaction energy between ritonavir and HIVp was −76.11 kcal/mol (non-polar: −113.46 kcal/mol, polar: 37.35 kcal/mol). Notably, we focused on intermolecular interactions. The solute conformational energy and the entropic effects are not included here. As ritonavir rearranged and moved toward one side of the flap/loop region of HIVp, the system reached a local energy minima of −107.48 kcal/mol (non-polar: −124.43 kcal/mol, polar: 16.95 kcal/mol) at 34 ns because of increased contact area and the H-bond formation between hydroxyl groups in Thr 80 and ritonavir (Figure 4b). The H-bond length was 1.67 Å at 34 ns and remained so until 228 ns (Figure S2), and flap A and B opened and closed repeatedly. Ritonavir also formed a H-bond with Asp 29 and Arg 107 from 1 ns to 170 ns, which stabilized ritonavir, and the RMSD of ritonavir was maintained within 8 Å as compared with its bound-state position (Figure S2 and Figure 3a). At 172 ns, HIVp rearranged to a wide-open conformation, which kept the ritonavir–Thr 80 H-bond (1.77 Å) but significantly weakened the non-polar intermolecular interactions, thus resulting in an energy barrier of −68.72 kcal/mol (non-polar: −91.49 kcal/mol, polar: 22.77 kcal/mol) (Figure 4c). As ritonavir migrated from chain A (Figure 4c) to chain B (Figure 4d), an energy barrier of −51.05 kcal/mol (non-polar: −63.16 kcal/mol, polar: 25.62 kcal/mol) occurred because of the reduced contacts between the two molecules. Once ritonavir contacted flap B at 234 ns (Figure 4e), it moved to the gap between the flap/loop region and was temporarily stabilized with interaction energy of −52.76 kcal/mol (non-polar: −70.88 kcal/mol, polar: 18.12 kcal/mol). Then, ritonavir moved outward and completely re-solvated. The final interaction energy at 250 ns was 0.65 kcal/mol (non-polar: 0.53 kcal/mol, polar: 0.12 kcal/mol), indicating complete ritonavir dissociation from HIVp.



Ritonavir lost 55-fold of binding affinity towards HIVp with mutations of L10I, G48V, I54V, L63P and V82A [47]. Notably, both I54V and V82A mutants are located on the flap/loop pathway with smaller side-chains, which would inevitably reduce the VDW interaction between HIVp and ritonavir, leading to a faster dissociation process.



Different from ritonavir interacting with the loop region during dissociation, xk263 spent most of the time in the bound state, owing to the strong H-bond network with flaps and catalytic triads (Figure 5a and Figure S3). Such an intermolecular H-bond network was mainly restricted to residues Asp 25, Ile 50, Asp 124 and Ile 149 because the H-bond length was 1.85 Å for xk263–Asp 25 and 1.78 Å for xk263–Ile 50. Interaction energy between xk263 and HIVp at 0 ns was −92.03 kcal/mol (non-polar: −123.27 kcal/mol, polar: 31.24 kcal/mol), which is 15.92 kcal/mol stronger than that of ritonavir in the bound state. During unbinding, xk263 tilted at 86 ns, which led to decreased interaction between xk263 and HIVp as flap A lifted and the diol group was released from the catalytic triads, thus resulting in an interaction energy barrier of −83.84 kcal/mol (non-polar: −107.58 kcal/mol, polar: 24.15 kcal/mol) (Figure 5b). Even though xk263 moved back to the binding pocket at 104 ns (Figure 5c), the flap handedness was disrupted, with only one flap contacting xk263 and the ligand RMSD increased (Figure 3(A,ii)). Xk263 was trapped inside the pocket until 440 ns, when xk263 moved toward chain B and formed an H-bond with Pro 180 and Val 181 with interaction energy of −62.94 kcal/mol (non-polar: −82.87 kcal/mol, polar: 19.93 kcal/mol) (Figure 5d) and H-bond length of 1.77 Å and 1.70 Å, respectively. Finally, flap B opened (Figure 5e), which allowed xk263 to shift into the flap/loop region, followed by both flaps opening and xk263 continuing to unbind (Figure 5f).




3.1.2. Pathway B: Dissociation with Surface Diffusion through the Flap Region


Pathway B is defined as the ligand unbinding along the flap without contacting the loop region (Figure 2b). Four of 20 ritonavir and zero xk263 dissociation trajectories used this pathway. Xk263 has four aromatic groups, and the hydrophobicity always drives the ligand to contact with the loop region. Similar to pathway A, during ritonavir dissociation under pathway B, flaps fluctuated spontaneously, which can be irrelevant to the position of ritonavir and not directly induced by ritonavir (Figure 3(B,i)). However, ritonavir moved with one flap as the flaps moved open/closed at ~280 ns, thus resulting in increased ligand RMSD fluctuation. Because it moved with a flap, ritonavir also underwent more noticeable rotation (Figure 6e) as compared with the conformations found in pathway A. Nevertheless, ligand rotation did not affect protein motions, and the RMSF of HIVp in both pathways A and B had major fluctuations from the flap region (Figure 3(A,iii) and (B,ii)).



In the beginning of the simulation (see the same conformation as Figure 4a), a stable H-bond between ritonavir and Asp 29 (bond length 1.80 Å) remained until 75 ns (Figure S4). The energy fluctuated when ritonavir stayed close to the crystal structure bound complex (Figure 3(B,i) before 55 ns). At 179 ns (Figure 6b), ritonavir moved in between flaps A and B, where a H-bond with Asp 29 and subsequently with Ile 50 was broken, thus resulting in a slightly increased interaction energy of −81.72 kcal/mol (non-polar: −117.74 kcal/mol, polar: 36.03 kcal/mol). Ritonavir continued wiggling, and at 213 ns, the drug formed a transient H-bond with Asp 128 (length 1.86 Å) to create a local energy minimum by reducing the polar interaction (total energy: −102.52 kcal/mol; non-polar: −121.91 kcal/mol, polar: 19.93 kcal/mol). At 279 ns, the flaps were fully open, and ritonavir maintained contact with flap A only, which significantly weakened the non-polar interaction energy (total: 57.33 kcal/mol; non-polar: −64.58 kcal/mol, polar: 18.51 kcal/mol) (Figure 6d). Then ritonavir migrated to the outer side of flap region, partially solvated in water raising the interaction energy to −5.12 kcal/mol (Figure 6e) followed by further ligand rearrangement and complete unbinding.



Previous studies reported that some drug resistance mutations are distal from the ligand binding site [3,47,48]. It is therefore not straightforward to explain how the mutations affect inhibitor binding. We noticed residues 43 and 46 with major mutations of K43T and M46IL are located on pathway B, and ritonavir formed H-bonds with Lys 43 and Met 46 before the drug completely dissociated from HIVp (Figure S4, chain B residues 142 and 145). Although future investigations are needed to quantify the contribution in binding energy if Lys 43 and Met 46 mutate to other residues, our simulations suggested that the two amino acids are important in holding ritonavir under pathway B.




3.1.3. Pathway C: Dissociation with Surface Diffusion through Interface Region


Pathway C is defined as a ligand diffusing on the interface region and then unbinding from HIVp (Figure 2c). One unique HIVp motion in this pathway is that the flaps open widely at first and then ligand dissociation occurs. Dissociations under pathway C were observed in 3 of 20 ritonavir trajectories and 3 of 15 xk263 trajectories. It took longer time (543 ns) for ritonavir to unbind from HIVp under pathway C as compared with pathway A (249 ns) or pathway B (305 ns), whereas xk263 spent a similar time dissociating under pathways A and C. Wide-open flap handedness was observed before ligand unbinding in both ritonavir and xk263 dissociation under this pathway (Figure 7c and Figure 8d). For example, ritonavir shifted to the catalytic triad and diffused along the interface region when flap tip distance was > 30 Å after 479 ns (Figure 3(C,i)). Similarly, xk263 moved to the interface region with noticeable flap openness after 453 ns (Figure 3(C,ii)). Even after leaving the binding pocket, ligands may remain in the interface region for a significantly long time, which is consistent with existing studies that this area is a highly favorable non-specific binding site for ligands [49]. As a result, only one of three ritonavir trajectories and one of three xk263 trajectories achieved complete dissociation from HIVp under pathway C. Notably, because no stable H-bonds were observed when a ligand stays in the interface region (Figures S5 and S6), the non-specific attraction was mostly non-polar interactions.



Initially, the crystal structure bound complex (Figure 4a) had a stable H-bond between ritonavir and Asp 29, but the H-bond broke at ~40 ns. Two new H-bonds between Ile 50 and Arg 107 formed, which strengthened the   ∆  E  polar     and lasted 50 ns (Figure 7a and Figure S4). However,   ∆  E  MM / PBSA     kept increasing because vdW contacts were reduced when ritonavir gradually moved away from the crystal structured bound form until 53 ns, when ritonavir interacted with five non-polar residues (Ile 50, Ile 84, Val 131, Pro 180 and Val 181 in Figure 7a) to bring the system to a local energy minimum (total energy: −100.25 kcal/mol; non-polar: −119.97 kcal/mol, polar: 19.38 kcal/mol). Ritonavir stayed in the region until 245 ns (Figure 7b), when the drug curled within the binding pocket and reduced the contacts with HIVp, thus yielding an energy barrier of −61.14 kcal/mol (non-polar: −97.64 kcal/mol, polar: 36.50 kcal/mol). Figure 7c shows that at 434 ns, both flaps opened, and ritonavir arranged to an extended form, thus resulting in a local energy minimum of −100.63 kcal/mol (non-polar: −125.02 kcal/mol; polar: 24.40 kcal/mol). The flaps continued opening widely and ritonavir formed contacts with only the interface region (Figure 7d), which quickly increased interaction energy to −52.10 kcal/mol (non-polar: −61.47 kcal/mol, polar: 9.36 kcal/mol). Ritonavir stayed in the area for ~60 ns before it eventually detached from the interface region as interaction energy reached ~0 kcal/mol. In the other two ritonavir dissociations under pathway C, ritonavir may attach to the interface region for longer than ~125 ns (equivalent to five re-seeding attempts) and yet no complete unbinding was observed.



Similar to xk263 unbinding from pathway A (see the same conformation as Figure 5a), the ligand formed a stable H-bond network at the beginning of the aMD run (Figure S6). Xk263 jiggled inside the binding pocket until it exposed a diol group toward solvent at 222 ns with interaction energy of −79.21 kcal/mol (non-polar: −101.58 kcal/mol, polar: 22.37 kcal/mol) (Figure 8a), followed by partially sliding out of the binding pocket and partially shifting to the flap/loop region with greatly decreased non-polar interaction energy, −86.14 kcal/mol at 264 ns (Figure 8b). Flap A opened up at 452 ns, whereas xk263 maintained interactions with flap B and moved back to interact with the interfacial region, which enhanced the non-polar interaction to −110.21 kcal/mol (Figure 8c). Xk263 moved with flap B to the flap/loop region at 486 ns (Figure 8d). However, the complex failed to keep strong attractions (total energy: −43.66 kcal/mol; non-polar: −54.01 kcal/mol, polar: 10.35 kcal/mol), and xk263 quickly shifted to the interface region with the diol group contacting HIVp and the ketone group exposed to solvent (Figure 8e). In this sampled dissociation trajectory, xk263 continued to diffuse on the interface region for longer than 100 ns (equivalent to four re-seeding attempts, which are not included here for the trajectory length). If xk263 successfully unbound from HIVp, xk263 spent only ~20 ns contacting the interface region.




3.1.4. Other Pathways


Besides the three major dissociation pathways, ritonavir could solvate and unbind when flaps were wide open (observed in one trajectory) or attach to the flap tip when the flap opened to dissociate (one trajectory). Xk263 could unbind through the gap between flaps (one trajectory), move with the flap tip (one trajectory) or directly slip out of the binding pocket with the closed-flap HIVp conformation (two trajectories).



Existing studies showed that xk263 can bind to HIVp with semi-open flaps [11,27]; therefore, here we discuss a case in which xk263 dissociated with slightly-open flaps and closed-flap handedness. Only 2 of 15 xk263 dissociation trajectories showed closed-flap handedness during unbinding. Among them, one trajectory completed unbinding and the other remained on the protein surface when we terminated the run. Before xk263 left the pocket, HIVp had slightly-open flap handedness during ligand rearrangement inside the binding pocket, but the flaps never fully opened. None of the 20 ritonavir dissociation trajectories had closed flap handedness. Because of the special flap behavior, we classified this pathway under “other pathways” and discussed it in the following text. Flaps remained closed at ~5 Å, but a significant xk263 RMSD increase was recorded starting at 300 ns (Figure 3(D,i)). HIVp also experienced less fluctuation because the backbone RMSF was <3.8 Å as compared with 5.4 Å for pathway A (Figure 3(A,iii)) and 5.7 Å for pathway C (Figure 3(C,iii)). An important precondition for this pathway was that xk263 flipped upside down within the binding pocket when flaps opened at 50 ns and water molecules entered the binding pocket to weaken the interactions between xk263 and HIVp (Figure 9b). H-bond analysis revealed that only 13 residues formed an H-bond with xk263, but there were 22 residues in pathway A and 19 residues in pathway C, respectively (Figures S3, S6 and S7).



Xk263 remained inside the bonding pocket until the flap region slightly opened, which allowed xk263 to flip upside down. During xk263 flipping at 63 ns, the non-polar interaction was slightly weakened, from −130.04 kcal/mol to −120.68 kcal/mol, thus resulting in a small energy barrier of −97.09 kcal/mol. The H-bond between xk263 and HIVp barely changed before and after ligand flipping (Figure S7) because a carbonyl oxygen in xk263 formed H-bonds with Ile 50/Ile 149 and two hydroxyl groups formed H-bonds with Asp 25/Asp 124 before flipping. After xk263 flipping, carbonyl oxygen formed H-bonds with Asp 25/Asp 124 and two hydroxyl groups formed H-bonds with Ile 50/Ile 149. The flaps moved from slightly-open to a closed conformation and xk263 remained in the flipped position with bridge waters observed between the flaps and the catalytic triads at 97 ns (Figure 9b). The two bridge water molecules joined the H-bonds between xk263-HIVp at about 100 ns as the H-bonds (xk263 and Asp 25, Asp 124, Ile 149) broke and reformed (Figure S7). From 50 ns to 280 ns, the RMSD of flipped xk263 remained steady at ~10 Å, which suggests that the bridge waters stabilized xk263 (Figure 3(D,i)). At 294 ns, xk263 exposed the diol group to solvent for unbinding (Figure 9c), then xk263 moved into flap A and the loop region. Because the flaps were closed, xk263 remained in contact with flap B, but the attractions were weak (total energy: −69.77 kcal/mol; non-polar: −99.75 kcal/mol, polar: 29.98 kcal/mol) at 313 ns. Xk263 diffused on the HIVp surface after it passed through the flap/loop region. Because previous studies suggested that the surface diffusion may last longer than 1 µs, we terminated the simulation because xk263 completely left the binding pocket.



Traditional computer-aided drug design (CADD) mostly focuses on ligand-protein bound-state and assumes that there is only one dominant ligand binding/unbinding pathway for inhibitor binding. As a result, it is puzzling how several distal mutations located in various locations of HIVp associate with resistance to inhibition. Our study revealed that HIVp inhibitors have multiple unbinding pathways. Mutations far from the inhibitor binding site may hamper stable intermediate states during drug unbinding which prolong dissociation time and is helpful to inhibit protein function. Pathways sampled here provided insights into why distal mutations are not clustered in certain locations and suggested that different ligand unbinding processes can be affected by different mutated residues.





3.2. Association–Dissociation Trajectories Comparison


To examine the similarity of ligand binding/unbinding processes, we first investigated the mutual protein conformations during ligand binding and unbinding. Comparing protein backbone RMSD between different frames from various trajectories is a simple and precise strategy to identify similar protein conformations. We selected the dissociation trajectories of pathway A for ritonavir (Figure 2a and Figure 4) and xk263 (Figure 5) and re-saved a frame every 1 ns, yielding a total of 248 and 479 reference frames, respectively. Each frame served as a reference structure to calculate protein backbone RMSD for the association trajectories. In comparison with a reference frame, if the computed RMSD between two structures was < 2.5 Å, we considered it an overlapping HIVp conformation with the reference structure.



Both ritonavir and xk263 preferred the flap/loop pathway, dissociation pathway A, when unbinding, as shown above (Table 1). Previous studies also showed that HIVp ligands with different molecular properties prefer different association pathways and/or distinct association rate constants [24,29,50]. However, whether their unbinding processes are simply the reverse process of ligand binding is unclear. Notably, classical binding mechanisms such as conformation selection and induced-fit models mainly describe the conformational fluctuations during ligand binding. For example, ritonavir binds to HIVp with a conformation selection model, whereas xk263 binds with an induced-fit model [27]. Therefore, we wondered whether xk263 could induce the same HIVp motion in both binding and unbinding processes.



In the ritonavir dissociation–association comparison, overlapping conformations were found in seven of eight association trajectories (Figure 10a). Association #2 had no frame similar to any reference frame in the compared dissociation trajectory because HIVp experienced uncommonly large elbow region displacement during ritonavir association (Figure S8). The population of overlapping frames revealed that HIVp conformations at ~50, ~170 and ~220 ns from the dissociation trajectory were popular among association trajectories (Figure S9). HIVp flap conformations were semi-open or slightly-open with a flap distance of 6.91 Å, 7.23 Å and 5.96 Å for snapshots at 50 ns, 170 ns and 220 ns, respectively. Ritonavir spent most of the time inside the binding pocket with flaps closed or semi/slightly-open during dissociation. The two-step binding mechanism suggests that the ligand–HIVp spends a long time in conformational change to form a tighter complex [25,46]. Existing studies suggested that the semi-open flap conformation was purposed to be the most stable intermediate state during the flap open/closed position [51,52], which also explains why semi-open/slightly-open flaps were commonly observed in both ligand binding/unbinding in our trajectories. HIVp conformations in ~10 ns, ~100 ns and ~240 ns are not common in association trajectories because the frame count is low or none (Figure S10). Elbow loop distortion at 10 ns was the main reason why we found no overlapping conformation at this step, even though the flaps were in a slightly-open conformation (i.e., flap tip distance ~6.09 Å). Once the elbow loop recovered from distortion, more overlapping conformations were found starting at ~25 ns. HIVp flap conformations were wide open, with flap distance of 17.56 Å and 27.57 Å for snapshots at 100 ns and 240 ns, respectively. The wide-open conformations were less popular, which agrees with a previous study reporting ~6 kcal/mol higher conformational free energy of substrate-HIVp with open-flap than semi-open flap conformation [46]. Hence, HIVp tends to remain in semi/slightly-open flap conformation.



With a total of 248 reference frames in ritonavir dissociation trajectory, 98 frames in dissociation pathway A were found to be overlapping conformations in all seven association trajectories (Figure 10b), whereas 31 reference frames had no overlapping frame in any association trajectories (Figure 10c). In these 98 frames, ritonavir mostly located between the flap/loop region, and HIVp flaps were slightly-open. According to the conformational selection model, these 98 frames are selected popular conformations when ritonavir is entering/leaving the binding pocket. In contrast, when HIVp flaps were wide open, even when ritonavir also located in the flap/loop region, these nine conformations (black lines shown in Figure 10c) did not overlap with any frames in association. In the other 22 no-overlapping conformations, ritonavir located inside the binding pocket, attaching to a loop region while HIVp flaps were closed, accompanied by large elbow displacement or open, accompanied by a distorted flap tip. We can conclude that HIVp constantly fluctuates during ritonavir dissociation, yet there are certain HIVp conformations that occur in almost all ritonavir association trajectories. Commonly preferred protein conformations during ritonavir association or dissociation exist, which suggests that the drug utilizes a conformational selection model for both binding and unbinding to HIVp.



In contrast to ritonavir, with thousands of overlapping frames during association/dissociation, xk263 association-dissociation shows significantly fewer overlapping conformations (Figure 11a). The distribution of frame count revealed that HIVp conformations at ~10 ns, ~200 ns and ~440 ns were popular in association trajectories with flap distance 9.03 Å, 11.33 Å and 7.46 Å, respectively (Figure S11). HIVp in xk263 dissociation favors slightly/semi-open flap conformations than wide-open conformations because wide-open conformations are at high energy states. Of note, even in the bound state (snapshot at 10 ns), the xk263-HIVp complex had fewer overlapping frames than ritonavir-HIVp, which suggests that xk263 introduced various HIVp conformational changes. Unique HIVp conformations were induced by xk263 unbinding, such as frames between 90 to 190 ns and snapshots at 100 ns, 140 ns and 160 ns shown in Figure S12, where the flaps stacked above xk263, and the elbow loop was largely distorted (Figure S13). Here, flap stacking refers to an asymmetric motion where one flap remains contacting with xk263 while the other flap rotates away from xk263. Flap stacking was only observed in the xk263 dissociation trajectory where the carbonyl group of xk263 tightly binds to one flap tip and the catalytic trials move together with xk263 (Figure S13). The concerted motions result in the unique conformations in xk263 dissociation, which further demonstrates that xk263-HIVp undergoes an induced-fit mechanism during unbinding. With a total of 479 reference frames, 18 frames in xk263 dissociation were overlapping conformations in all six association trajectories (Figure 11b), whereas 214 frames had no overlapping frame in association trajectories (Figure 11c). In these 18 frames, xk263 mostly located inside the binding pocket and HIVp flaps were closed. Unlike ritonavir, xk263 quickly moved through the flap/loop region to dissociate; we did not observe popular HIVp conformations with xk263 between the flap/loop region. Figure 5g shows a small energy fluctuation during xk263 unbinding, which suggests a constantly induced small conformational rearrangement during ligand dissociation. The local environment during xk263 binding and unbinding is not the same. As a result, the conformations induced during xk263 association–dissociation are rare.



The overlapping HIVp conformation frame count difference between ritonavir and xk263 dissociation supported a conformational-selection mechanism for ritonavir-HIVp and induced-fit mechanism for xk263-HIVp. With ritonavir binding/unbinding from HIVp under pathway A, protein conformations with ritonavir between the flap/loop were observed in both dissociation and association. In contrast, HIVp conformations rarely overlapped during xk263 association/dissociation, which suggests that the conformations were induced during xk263 association/dissociation. The environment during xk263 binding/unbinding is not identical, which results in different induced conformations.




3.3. Mutual Conformations in Association/Dissociation


Here, we discuss the pathways in detail to understand the similarities and differences between ritonavir and xk263 during unbinding.



3.3.1. Closed Flap Conformation


HIVp with a closed-flap configuration was the most-observed mutual conformation in the ritonavir dissociation–association comparison, which was expected because all dissociation trajectories started with a closed flap configuration and all association trajectories ended with a closed or semi-open configuration. In contrast, only one reference conformation with a closed flap in xk263 dissociation was found with similar HIVp conformations in xk263 association 1.



Using the initial frame of ritonavir dissociation trajectories as a reference frame (Figure 4a), we observed the overlapping conformation in seven association trajectories with abundant frame counts. Figure 4a was the initial frame of aMD simulation, and the protein conformation is nevertheless highly similar to its crystal structure conformation. Therefore, we selected another closed-flap HIVp conformation in pathway B (Figure 6a, the frame taken in 32 ns) as a reference structure and found 1283 overlapping frames from our reference dissociation pathway B and 505 overlapping frames from association 1 (Figure 12a). Hundreds of similar conformations with closed flaps on ritonavir association/dissociation suggested that the pre-existing conformations are selected during ritonavir binding/unbinding processes, which implies use of a conformational-selection binding mechanism.



Using eight xk263-HIVp conformations with a closed flap from previous figures (Figure 5b,c, Figure 8a,b and Figure 9a–d) to examine conformation overlap with xk263 association 1, we found that only 27 frames overlapped with conformations (Figure 8a). No conformations from association 1 were similar to the other seven closed-flap conformations that appeared during xk263 dissociation. Using the HIVp conformation in pathway C (Figure 8a) as a reference structure, we found 2710 overlapping frames from a dissociation trajectory with 4932 frames, but only 27 overlapping frames from the association 1 trajectory with 3000 frames (Figure 12b). Although Figure 8a is a highly populated conformation in pathway C, the low similarity of closed-flap confirmations between xk263 dissociation and association raised our interest. The low similarity is due to the induced-fit model with different micro-environments during xk263 association and dissociation precluding the system from inducing similar HIVp conformations.



In the ritonavir-HIVp bound complex, a bridge water molecule connects ritonavir and the flap region with H-bonds [33,35]. The cyclic-urea inhibitors were designed by using the oxygen atom in the carbonyl group of cyclic urea to replace the bridge water [34]. The diol group in xk263 forms H-bonds with catalytic triads, especially with catalytic residues Asp 25 and Asp 124. Hence, the H-bond network consisting of the flap region-xk263-catalytic triads tightly clamped xk263 in a non-polar environment. The H-bond network and non-polar binding pocket also restricted flap motions, as seen in Figure 3, in which flap distance is generally less in xk263 unbinding than ritonavir unbinding. As compared with xk263 association, in which the ligand was binding to a pocket full of water molecules, the ligand was unbinding from a hydrophobic environment, which induced significantly different HIVp conformations during association–dissociation. Our analysis suggests that an induced-fit mechanism is used for xk263-HIVp dissociation as well.




3.3.2. Open Flap Configuration


HIVp with an open-flap configuration was observed in both ritonavir and xk263 dissociation trajectories. As a ligand moves to one flap/loop region, the ligand formed an asymmetric contact with the flaps, thus resulting in the flaps opening.



Here we used a slightly-open (Figure 4b, 34 ns) and wide-open conformation (Figure 4c, 172 ns) from the most popular ritonavir dissociation pathway A to examine association–dissociation overlapping. We used the flap tip distance (α-C distance between Ile 50-Ile 149) to define slightly (7.70 Å in Figure 4b) or wide open (14.92 Å in Figure 4c) conformations. Different flap openness yielded significantly different results. In the association 1 trajectory, 1803 and 3 overlapping frames had a slightly-open (Figure 13a) and wide-open (Figure 13b) conformations, respectively. Notably, the trajectory recorded a total of 3000 frames; therefore, this overlapping conformation populated 60.2% of the entire association process. Comparing the entire dissociation pathway A with frame 4b of the same trajectory, this conformation is also highly popular: 12.94% of the entire ritonavir dissociation process. Notably, this slightly-open conformation is also one of the most popular conformations when HIVp is in the ligand-free state, which suggests that ritonavir also selects this conformation during dissociation [27].



Wide-open conformations also pre-exist in the ligand-free state, but they are significantly less populated because of unfavorable conformational free energy. Previous studies showed that conformational free energy for HIVp was ~6 kcal/mol higher for wide-open than semi-open confirmations [46]. As compared with the wide-open conformation (Figure 4c) with the entire dissociation pathway A, only 54 frames (2.17%) overlapped with this wide-open conformation. Because of the free energy cost and highly flexible open flaps, only a few (i.e., three in this case) overlapping frames from association 1 to Figure 4c were anticipated.



As for xk263, we also selected a slightly-open (Figure 5d, 440 ns) and wide-open (Figure 5f, 467 ns) flap to examine conformation overlapping during xk263 association-dissociation. Regardless of flap openness, in the association 1 trajectory, we found zero and two overlapping frames with a slightly-open and wide-open conformation, respectively (Figure 13c). Although a low overlap possibility with a wide-open conformation during association-dissociation is anticipated, we did not expect that no frames from association 1 would show the similar slightly-open HIVp conformation observed in dissociation pathway A. Therefore, we checked the population of the two open conformations in pathway A; slightly-open conformations (Figure 5d) occupied 41.4% (1989 of 4800 frames) of the entire trajectory and wide-open conformations 12.5% (600 of 4800 frames). Even though the slightly-open conformation was highly popular in dissociation pathway A, the induced flap conformations were unique in xk263 dissociation. As a result, the wide-open conformation with symmetric flap opening is the only common open HIVp conformation during xk263 association–dissociation. Xk263 is highly hydrophobic. Because the pocket of HIVp contains mainly non-polar residues, xk263 prefers contacting with HIVp to induce new protein motions. For example, when xk263 moved to flap B/loop B for dissociation, xk263 could also remain in contact with flap A, as seen in Figure 5d,e for pathway A and Figure 8d for pathway C. As xk263 continued dissociating, xk263–flap A interactions promoted asymmetric flap A movement, thus resulting in a newly induced HIVp flap conformation. Hence, new HIVp conformations were constantly induced as xk263 was unbinding from the pocket. Unlike ritonavir, which can partially re-solvate after flaps open widely (Figure 4c and Figure 7d), xk263 always favors contacting with flap/loop regions instead of easily re-solvating into the solvent. We also believe that the hydrophobicity of xk263 prevents the ligand from undergoing pathway B because diffusion on the surface through the flaps exposes most of the ligand to solvent. As suggested in previous papers, ligand properties contribute to the binding mechanisms, and here we showed that the properties affect unbinding mechanisms as well [10,17,27].






4. Conclusions


The study used unbiased aMD and a re-seeding approach to sample unbinding pathways of ritonavir-HIVp and xk263-HIVp, which brings a more comprehensive picture for understanding molecular recognition and unbinding mechanisms of ligand and protein. We observed three common dissociation pathways: between the flap/loop region, diffusion on the flap region, and diffusion on the interface region. Dissociation between flap/loop regions (pathway A) was the major dissociation pathway for both ritonavir and xk263 because of strong non-polar interactions between the ligand and HIVp to bring increased contacts between the ligand and loop region during dissociation. However, the loop region could form transient but strong H-bonds with ritonavir to prevent ritonavir from dissociation. The H-bond between the loop region and xk263 has a short lifetime but helps to stabilize xk263. Diffusion on the flap, pathway B, with the ligand moving to the solvent following the flap opening, was observed only in ritonavir dissociation. The non-polar property of xk263 keeps xk263 contact with HIVp even after the flaps already opened. Diffusion on the interface region was observed in both ritonavir and xk263 dissociation.



We observed overlapping conformations between dissociation and association trajectories for both ritonavir and xk263 unbinding/binding. However, overlapping HIVp conformations are rarely seen between xk263-HIVp association/dissociation. Because the environments during binding/unbinding differ, significantly different conformations are induced during unbinding. Previous studies suggested a conformational-selection binding mechanism for ritonavir. During unbinding processes, ritonavir revisited these conformations, which suggests the use of a conformational-selection mechanism in unbinding as well. Among overlapping conformations, we observed more closed-flap conformations than slightly-open or wide-open conformations for both ritonavir and xk263. In general, ritonavir requires open flaps to achieve unbinding, whereas xk263 can unbind with a closed-flap conformation. Our study suggests that traditional structure-based drug design that focused on the bound state may be extended to stabilizing the transient conformations during ligand binding/unbinding to prolong drug dissociation and increase the dissociation rate constant.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/life12010116/s1.





Author Contributions


Conceptualization, C.-E.A.C.; formal analysis, J.S.; investigation, J.S., M.A.V.R. and C.-E.A.C.; writing—original draft preparation, J.S.; writing—review and editing, C.-E.A.C.; visualization, J.S.; funding acquisition, C.-E.A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the US National Institutes of Health (GM-109045).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to large file size.




Acknowledgments


We are grateful to Yu-Ming M Huang for the ritonavir-HIVp and xk263-HIVp association trajectories and the San Diego Supercomputer Center for technical support of the GPU clusters. We thank Si-Han Chen and Jeffery Thompson for providing the in-house analysis tools and helpful discussion.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kohl, N.E.; Emini, E.A.; Schleif, W.A.; Davis, L.J.; Heimbach, J.C.; Dixon, R.A.F.; Scolnick, E.M.; Sigal, I.S. Active Human Immunodeficiency Virus Protease Is Required for Viral Infectivity. Proc. Nat. Acad. Sci. USA 1988, 85, 4686–4690. [Google Scholar] [CrossRef]

	



Tomasselli, A.G.; Heinrikson, R.L. Targeting the HIV-Protease in AIDS Therapy: A Current Clinical Perspective. Biochim. Biophys. Acta-Protein Struct. Mol. Enzymol. 2000, 1477, 189–214. [Google Scholar] [CrossRef]

	



Weber, I.T.; Wang, Y.F.; Harrison, R.W. HIV Protease: Historical Perspective and Current Research. Viruses 2021, 13, 839. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, X.; Huo, Z.; Kang, D.; Wu, G.; Zhou, Z.; Liu, X.; Zhan, P. Current Insights into Anti-HIV Drug Discovery and Development: A Review of Recent Patent Literature (2014–2017). Expert Opin. Ther. Pat. 2018, 28, 299–316. [Google Scholar] [CrossRef] [PubMed]

	



Voshavar, C. Protease Inhibitors for the Treatment of HIV/AIDS: Recent Advances and Future Challenges. Curr. Top. Med. Chem. 2019, 19, 1571–1598. [Google Scholar] [CrossRef]

	



Pawar, S.D.; Freas, C.; Weber, I.T.; Harrison, R.W. Analysis of Drug Resistance in HIV Protease. BMC Bioinform. 2018, 19, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Whitfield, T.W.; Ragland, D.A.; Zeldovich, K.B.; Schiffer, C.A. Characterizing Protein-Ligand Binding Using Atomistic Simulation and Machine Learning: Application to Drug Resistance in HIV-1 Protease. J. Chem. Theory Comput. 2020, 16, 1284–1299. [Google Scholar] [CrossRef] [PubMed]

	



Nascimento, A.; Fernandes, R.P.; Quijia, C.; Araujo, V.H.S.; Pereira, J.; Garcia, J.S.; Trevisan, M.G.; Chorilli, M. Pharmacokinetic Parameters of HIV-1 Protease Inhibitors. Chemmedchem 2020, 15, 1018–1029. [Google Scholar] [CrossRef]

	



Trylska, J.; Tozzini, V.; Chang, C.-E.A.; McCammon, J.A. HIV-1 Protease Substrate Binding and Product Release Pathways Explored with Coarse-Grained Molecular Dynamics. Biophys. J. 2007, 92, 4179–4187. [Google Scholar] [CrossRef]

	



Lexa, K.W.; Carlson, H.A. Binding to the Open Conformation of HIV-1 Protease. Proteins-Struct. Funct. Bioinform. 2011, 79, 2282–2290. [Google Scholar] [CrossRef]

	



Brik, A.; Wong, C.H. HIV-1 Protease: Mechanism and Drug Discovery. Org. Biomol. Chem. 2003, 1, 5–14. [Google Scholar] [CrossRef]

	



Copeland, R.A. The Drug-Target Residence Time Model: A 10-Year Retrospective. Nat. Rev. Drug Discov. 2016, 15, 87–95. [Google Scholar] [CrossRef]

	



Bernetti, M.; Masetti, M.; Rocchia, W.; Cavalli, A. Kinetics of Drug Binding and Residence Time. Annu. Rev. Phys. Chem. 2019, 70, 143–171. [Google Scholar] [CrossRef]

	



Lu, H.; Iuliano, J.N.; Tonge, P.J. Structure-Kinetic Relationships That Control the Residence Time of Drug-Target Complexes: Insights from Molecular Structure and Dynamics. Curr. Opin. Chem. Biol. 2018, 44, 101–109. [Google Scholar] [CrossRef]

	



Ribeiro, J.M.L.; Tsai, S.T.; Pramanik, D.; Wang, Y.H.; Tiwary, P. Kinetics of Ligand-Protein Dissociation from All-Atom Simulations: Are We There Yet? Biochemistry 2019, 58, 156–165. [Google Scholar] [CrossRef]

	



Lazim, R.; Suh, D.; Choi, S. Advances in Molecular Dynamics Simulations and Enhanced Sampling Methods for the Study of Protein Systems. Int. J. Mol. Sci. 2020, 21, 6339. [Google Scholar] [CrossRef]

	



Huang, Y.M.M.; Kang, M.; Chang, C.E.A. Switches of Hydrogen Bonds during Ligand-Protein Association Processes Determine Binding Kinetics. J. Mol. Recognit. 2014, 27, 537–548. [Google Scholar] [CrossRef]

	



Yu, Y.X.; Liu, W.T.; Li, H.Y.; Wang, W.; Sun, H.B.; Zhang, L.L.; Wu, S.L. Decoding Molecular Mechanism Underlying Binding of Drugs to HIV-1 Protease with Molecular Dynamics Simulations and MM-GBSA Calculations. Sar Qsar Environ. Res. 2021, 32, 889–915. [Google Scholar] [CrossRef] [PubMed]

	



Peng, C.; Wang, J.A.; Xu, Z.J.; Cai, T.T.; Zhu, W.L. Accurate Prediction of Relative Binding Affinities of a Series of HIV-1 Protease Inhibitors Using Semi-Empirical Quantum Mechanical Charge. J. Comput. Chem. 2020, 41, 1773–1780. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, S.; Senapati, S. Mechanism of Inhibition of Drug-Resistant HIV-1 Protease Clinical Isolates by TMC310911: A Molecular Dynamics Study. J. Mol. Struct. 2019, 1198, 126893. [Google Scholar] [CrossRef]

	



Li, D.C.; Ji, B.H.; Hwang, K.C.; Huang, Y.G. Strength of Hydrogen Bond Network Takes Crucial Roles in the Dissociation Process of Inhibitors from the HIV-1 Protease Binding Pocket. PLoS ONE 2011, 6. [Google Scholar] [CrossRef]

	



Huang, S.H.; Zhang, D.; Mei, H.; Kevin, M.; Qu, S.J.; Pan, X.C.; Lu, L.C. SMD-Based Interaction-Energy Fingerprints Can Predict Accurately the Dissociation Rate Constants of HIV-1 Protease Inhibitors. J. Chem. Inf. Model. 2019, 59, 159–169. [Google Scholar] [CrossRef]

	



Ngo, S.T.; Nguyen, M.T. Determination of the Absolute Binding Free Energies of HIV-1 Protease Inhibitors Using Non-Equilibrium Molecular Dynamics Simulations. Chem. Phys. Lett. 2017, 676, 12–17. [Google Scholar] [CrossRef]

	



Bhattarai, A.; Miao, Y.L. Gaussian Accelerated Molecular Dynamics for Elucidation of Drug Pathways. Expert Opin. Drug Discov. 2018, 13, 1055–1065. [Google Scholar] [CrossRef]

	



Furfine, E.S.; D’Souza, E.; Ingold, K.J.; Leban, J.J.; Spector, T.; Porter, D.J. Two-Step Binding Mechanism for HIV Protease Inhibitors. 1992, 31, 7886–7891. Biochemistry 1992, 31, 7886–7891. [Google Scholar] [CrossRef]

	



Katoh, E.; Louis, J.; Yamazaki, T.; Gronenborn, A.; Torchia, D.; Ishima, R. A Solution NMR Study of the Binding Kinetics and the Internal Dynamics of an HIV-1 Protease-Substrate Complex. Protein Sci. 2003, 12, 1376–1385. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.M.M.; Raymundo, M.A.V.; Chen, W.; Chang, C.E.A. Mechanism of the Association Pathways for a Pair of Fast and Slow Binding Ligands of HIV-1 Protease. Biochemistry 2017, 56, 1311–1323. [Google Scholar] [CrossRef] [PubMed]

	



Qu, S.J.; Huang, S.H.; Pang, X.C.; Yang, L.; Mei, H. Constructing Interconsistent, Reasonable, and Predictive Models for Both the Kinetic and Thermodynamic Properties of HIV-1 Protease Inhibitors. J. Chem. Inf. Model. 2016, 56, 2061–2068. [Google Scholar] [CrossRef] [PubMed]

	



Shuman, C.F.; Hamalainen, M.D.; Danielson, U.H. Kinetic and Thermodynamic Characterization of HIV-1 Protease Inhibitors. J. Mol. Recognit. 2004, 17, 106–119. [Google Scholar] [CrossRef]

	



Miao, Y.L.; Huang, Y.M.; Walker, R.; McCammon, J.A.; Chang, C.E. Ligand Binding Pathways and Conformational Transitions of the HIV Protease. Abstr. Pap. Am. Chem.Soc. 2018, 57, 1533–1541. [Google Scholar] [CrossRef]

	



Acevedo, O.; Ambrose, Z.; Flaherty, P.T.; Aamer, H.; Jain, P.; Sambasivarao, S.V. Identification of HIV Inhibitors Guided by Free Energy Perturbation Calculations. Curr. Pharm. Des. 2012, 18, 1199–1216. [Google Scholar] [CrossRef] [PubMed]

	



Karnati, K.R.; Wang, Y.X. Structural and Binding Insights into HIV-1 Protease and P2-Ligand Interactions through Molecular Dynamics Simulations, Binding Free Energy and Principal Component Analysis. J. Mol. Gr. Model. 2019, 92, 112–122. [Google Scholar] [CrossRef]

	



Kempf, D.J.; Marsh, K.C.; Denissen, J.F.; McDonald, E.; Vasavanonda, S.; Flentge, C.A.; Green, B.E.; Fino, L.; Park, C.H.; Kong, X.P.; et al. ABT-538 Is a Potent Inhibitor of Human-Immunodeficiency-Virus Protease and Has High Oral Bioavailability in Humans. Proc. Nat. Acad. Sci. USA 1995, 92, 2484–2488. [Google Scholar] [CrossRef] [PubMed]

	



Lam, P.Y.S.; Jadhav, P.K.; Eyermann, C.J.; Hodge, C.N.; Ru, Y.; Bacheler, L.T.; Meek, J.L.; Otto, M.J.; Rayner, M.M.; Wong, Y.N.; et al. Rational Design of Potent, Bioavailable, Nonpeptide Cyclic Ureas as Hiv Protease Inhibitors. Science 1994, 263, 380–384. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.Z.; Yang, M.Y.; Hu, G.D.; Shi, S.H.; Yi, C.H.; Zhang, Q.G. Insights into the Functional Role of Protonation States in the HIV-1 Protease-BEA369 Complex: Molecular Dynamics Simulations and Free Energy Calculations. J. Mol. Model. 2009, 15, 1245–1252. [Google Scholar] [CrossRef]

	



Case, D.A.; Ben-Shalom, I.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E., III; Cruzeiro, V.W.D.; Darden, T.A.; Duke, R.E.; Ghoreishi, D.; Gilson, M.K.; et al. Amber 18; University of California: San Francisco, CA, USA, 2018. [Google Scholar]

	



Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and Testing of a General Amber Force Field. J. Comput. Chem. 2004, 25, 1157–1174. [Google Scholar] [CrossRef]

	



Gilson, M.K.; Gilson, H.S.R.; Potter, M.J. Fast Assignment of Accurate Partial Atomic Charges: An Electronegativity Equalization Method That Accounts for Alternate Resonance Forms. J. Chem. Inf. Comput. Sci. 2003, 43, 1982–1997. [Google Scholar] [CrossRef]

	



Kholmurodov, K.; Smith, W.; Yasuoka, K.; Darden, T.; Ebisuzaki, T. A Smooth-Particle Mesh Ewald Method for DL_POLY Molecular Dynamics Simulation Package on the Fujitsu VPP700. J. Comput. Chem. 2000, 21, 1187–1191. [Google Scholar] [CrossRef]

	



Jean-Paul, R.; Giovanni, C.; Herman, J.C.B. Numerical integration of the Cartesian Equations of Motion of a System with Constraints: Molecular Dynamics of n-Alkanes. J. Comput. Phys. 1977, 23, 327–341. [Google Scholar]

	



Hamelberg, D.; Mongan, J.; McCammon, J.A. Accelerated Molecular Dynamics: A Promising and Efficient Simulation Method for Biomolecules. J. Chem. Phys. 2004, 120, 11919–11929. [Google Scholar] [CrossRef]

	



Chen, D.L.; Oezguen, N.; Urvil, P.; Ferguson, C.; Dann, S.M.; Savidge, T.C. Regulation of Protein-Ligand Binding Affinity by Hydrogen Bond Pairing. Sci. Adv. 2016, 2, e1501240. [Google Scholar] [CrossRef]

	



Roe, D.R.; Cheatham, T.E. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory Data. J. Chem. Theory Comput. 2013, 9, 3084–3095. [Google Scholar] [CrossRef] [PubMed]

	



Miller, B.R.; McGee, T.D.; Swails, J.M.; Homeyer, N.; Gohlke, H.; Roitberg, A.E. MMPBSA.py: An Efficient Program for End-State Free Energy Calculations. J. Chem. Theory Comput. 2012, 8, 3314–3321. [Google Scholar] [CrossRef]

	



Huang, X.; Britto, M.D.; Kear-Scott, J.L.; Boone, C.D.; Rocca, J.R.; Simmerling, C.; McKenna, R.; Bieri, M.; Gooley, P.R.; Dunn, B.M.; et al. The Role of Select Subtype Polymorphisms on HIV-1 Protease Conformational Sampling and Dynamics. J. Biol. Chem. 2014, 289, 17203–17214. [Google Scholar] [CrossRef]

	



Karthik, S.; Senapati, S. Dynamic Flaps in HIV-1 Protease Adopt Unique Ordering at Different Stages in the Catalytic Cycle. Proteins 2011, 79, 1830–1840. [Google Scholar] [CrossRef]

	



Ali, A.; Bandaranayake, R.M.; Cai, Y.F.; King, N.M.; Kolli, M.; Mittal, S.; Murzycki, J.F.; Nalam, M.N.L.; Nalivaika, E.A.; Ozen, A.; et al. Molecular Basis for Drug Resistance in HIV-1 Protease. Viruses 2010, 2, 2509–2535. [Google Scholar] [CrossRef]

	



Yilmaz, N.K.; Swanstrom, R.; Schiffer, C.A. Improving Viral Protease Inhibitors to Counter Drug Resistance. Trends Microbiol. 2016, 24, 547–557. [Google Scholar] [CrossRef]

	



Tang, Z.Y.; Roberts, C.C.; Chang, C.E.A. Understanding Ligand-Receptor Non-Covalent Binding Kinetics Using Molecular Modeling. Front. Biosci.-Landmark 2017, 22, 960–981. [Google Scholar] [CrossRef]

	



Li, D.C.; Ji, B.H.; Liu, M.S.; Hwang, K.C.; Huang, Y.G. Coarse-Grained Molecular Dynamics of Inhibitors Binding into HIV-1 Protease. In Proceedings of the 11th International Congress of the IUPESM/World Congress on Medical Physics and Biomedical Engineering, Munich, Germany, 7–12 September 2009; pp. 623–625. [Google Scholar]

	



Toth, G.; Borics, A. Flap Opening Mechanism of HIV-1 Protease. J. Mol. Gr. Model. 2006, 24, 465–474. [Google Scholar] [CrossRef] [PubMed]

	



Sadiq, S.K.; De Fabritiis, G. Explicit Solvent Dynamics and Energetics of HIV-1 Protease Flap Opening and Closing. Proteins-Struct. Funct. Bioinform. 2010, 78, 2873–2885. [Google Scholar] [CrossRef] [PubMed]








[image: Life 12 00116 g001 550] 





Figure 1. (a) Free energy difference between ligand–protein unbound state and bound state. (b) HIV protease (HIVp) structure with color-coded regions: flap (orange, flap a: residues 42–60, flap b: residues 141–159, flap tips: residues 49–52 and 148–151), loop (pink, residues: 75–85 and 174–184), catalytic triads (blue, residues: 23–29 and 122–128) and dimer interface (red, residues: 1–9, 86–99, 100–108 and 185–198). Catalytic residues, Asp 25 and Asp 124, are shown in licorice. Two-dimensional structure of (c) ritonavir and (d) xk263. 
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Figure 2. Dissociation pathways of HIVp and ritonavir sampled by accelerated molecular dynamics (aMD). Each bead represents a position of center of mass of ritonavir with 1-ns interval during dissociation, with total simulation time of 248.7 ns, 304.9 ns and 543.1 ns for pathways A (a), B (b), and C (c), respectively. Color beads present center of mass of ritonavir taken from frames in the beginning (red), middle (white) and near the end (blue) of the trajectory. Ritonavir’s initial position is green licorice. Flap region (orange), loop region (purple), catalytic triads (blue) and interface region (red) are colored for better visualization. The HIVp conformation is taken from the final frame in each dissociation trajectory. 
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Figure 3. Binding pocket openness, ligand RMSD and HIVp RMSD ((A,i and ii), (B,i), (C,i and ii) and (D,i)) as well as HIVp RMSF((A,iii), (B,ii), (C,iii) and (D,ii)) under different pathways. We use flap tip distance (αC Ile 50 to αC Ile 149) to describe flap behavior and binding pocket openness. Distance, RMSD and RMSF are in angstroms. 
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Figure 4. Ritonavir dissociation under pathway A. Flap and loop are in orange and purple, respectively. Ritonavir is in licorice. Hydrogen bond (H-bond) is shown in dashed blue line with the corresponding residue labelled. (a) 0 ns. (b) 34 ns. (c) 172 ns. (d) 233 ns. (e) 243 ns. (f) Non-polar interaction energy (red), polar interaction energy (black) and total interaction energy (blue) between ritonavir and HIVp during unbinding. 
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Figure 5. Xk263 dissociation under pathway A. Flap and loop are in orange and purple, respectively; xk263 is in licorice. H-bond is shown in dashed blue line with the corresponding residue labelled. (a) 0 ns. (b) 86 ns. (c) 104 ns. (d) 440 ns. (e) 465 ns. (f) 467 ns. (g) Nonpolar interaction energy (red), polar interaction energy (black) and total interaction energy (blue) between xk263 and HIVp during unbinding. 
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Figure 6. Ritonavir dissociation under pathway B. Flap is in orange. Ritonavir is in licorice. H-bond is shown in dashed blue line with the corresponding residue labelled. (a) 31 ns. (b) 179 ns. HIVp and ritonavir were flipped along the horizontal in (c) 213 ns, (d) 279 ns and (e) 293 ns for better visualization. (f) Non-polar interaction energy (red), polar interaction energy (black) and total interaction energy (blue) between ritonavir and HIVp during unbinding. 
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Figure 7. Ritonavir dissociation under pathway C. Interface region is in red. Ritonavir is in licorice. (a) 53 ns. (b) 245 ns. (c) 434 ns. (d) 492 ns. (e) Non-polar interaction energy (red), polar interaction energy (black) and total interaction energy (blue) between ritonavir and HIVp during unbinding. 
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Figure 8. Xk263 dissociation under pathway C. Interface region is in red. Xk263 is in licorice. H-bond is shown in dashed blue line with the corresponding residue labelled. (a) 222 ns. (b) 264 ns. (c) 452 ns. (d) 486 ns. (e) 493 ns. (f) Non-polar interaction energy (red), polar interaction energy (black) and total interaction energy (blue) between xk263 and HIVp during unbinding. 






Figure 8. Xk263 dissociation under pathway C. Interface region is in red. Xk263 is in licorice. H-bond is shown in dashed blue line with the corresponding residue labelled. (a) 222 ns. (b) 264 ns. (c) 452 ns. (d) 486 ns. (e) 493 ns. (f) Non-polar interaction energy (red), polar interaction energy (black) and total interaction energy (blue) between xk263 and HIVp during unbinding.



[image: Life 12 00116 g008]







[image: Life 12 00116 g009 550] 





Figure 9. Xk263 dissociation with closed-flap HIVp. Flap, loop and catalytic triads are in orange, purple and blue. Xk263 is in licorice. H-bond is shown in dashed blue line with the corresponding residue labelled. (a) 63 ns. (b) 97 ns. (c) 294 ns. (d,e) 313 ns. (f) Non-polar interaction energy (red), polar interaction energy (black) and total interaction energy (blue) between xk263 and HIVp during unbinding. 
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Figure 10. Ritonavir association-dissociation comparison under pathway A. (a) Distribution of overlapped frame (< 2.5 Å RMSD) count from eight ritonavir association trajectories compared to ritonavir dissociation. The reference frame was taken every 1 ns from the dissociation trajectory. (b) Ritonavir-HIVp conformations with overlapped frame in seven association trajectories. Ritonavir-HIVp was horizontally flipped to better visualize ritonavir’s position. (c) Ritonavir-HIVp conformations with no overlapped frame in any association trajectories. HIVp is shown in blue line with backbone. Wide-open HIVp conformations are shown in black line. Ritonavir is shown in red line. 
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Figure 11. Xk263 association–dissociation comparison under pathway A. The y-axis range is 0–3000 for association 1 and 0–450 for the rest of the association trajectories. (a) Distribution of overlapped frame (<2.5 Å RMSD) count from six xk263 association trajectories compared to xk263 dissociation. The reference frame was taken every 1 ns from the dissociation trajectory. (b) Xk263-HIVp conformations with overlapped frame in all association trajectories. (c) Xk263-HIVp conformations with no overlapped frame in any association trajectories. HIVp is shown in blue line with backbone only. Xk263 is shown in red line. 
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Figure 12. Overlapped frames with closed flaps and projections of HIVp configurations on PC space. (a) HIVp conformations in ritonavir dissociation trajectory under pathway B (red) using Figure 6a as a reference frame and corresponding overlapped frames from ritonavir association 1 (blue). (b) HIVp conformations in xk263 dissociation trajectory under pathway C (red) using Figure 8a as a reference frame and corresponding overlapped frames from xk263 association 1 (blue). 
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Figure 13. Overlapped frames with open flaps and projections of HIVp configurations on PC space. (a) HIVp conformations in ritonavir dissociation trajectory under pathway A (red) using Figure 4b as a reference frame and their corresponding overlapped frames from ritonavir association 1 (blue). (b) HIVp conformations in ritonavir dissociation trajectory under pathway A (red) using Figure 4c as a reference frame and their corresponding overlapped frames from ritonavir association 1 (blue). (c) HIVp conformations in xk263 dissociation trajectory under pathway A (red) using Figure 5f as a reference frame and their corresponding overlapped frames from xk263 association 1 (blue). 
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Table 1. Ritonavir and xk263 dissociation trajectories sorted by pathways.
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	Ritonavir
	xk263





	Total dissociations
	20
	15



	Pathway A: Unbind between flap/loop
	11
	8



	Pathway B: Diffusion on flap
	4
	Not observed



	Pathway C: Diffusion on interface
	3
	3



	Others
	2
	4
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