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Abstract

:

Bruton’s tyrosine kinase (BTK) is a key protein from the TEC family and is involved in B-cell lymphoma occurrence and development. Targeting BTK is therefore an effective strategy for B-cell lymphoma treatment. Since previous studies on BTK have been limited to structure-function analyses of static protein structures, the dynamics of conformational change of BTK upon inhibitor binding remain unclear. Here, molecular dynamics simulations were conducted to investigate the molecular mechanisms of association and dissociation of a reversible (ARQ531) and irreversible (ibrutinib) small-molecule inhibitor to/from BTK. The results indicated that the BTK kinase domain was found to be locked in an inactive state through local conformational changes in the DFG motif, and P-, A-, and gatekeeper loops. The binding of the inhibitors drove the outward rotation of the C-helix, resulting in the upfolded state of Trp395 and the formation of the salt bridge of Glu445-Arg544, which maintained the inactive conformation state. Met477 and Glu475 in the hinge region were found to be the key residues for inhibitor binding. These findings can be used to evaluate the inhibitory activity of the pharmacophore and applied to the design of effective BTK inhibitors. In addition, the drug resistance to the irreversible inhibitor Ibrutinib was mainly from the strong interaction of Cys481, which was evidenced by the mutational experiment, and further confirmed by the measurement of rupture force and rupture times from steered molecular dynamics simulation. Our results provide mechanistic insights into resistance against BTK-targeting drugs and the key interaction sites for the development of high-quality BTK inhibitors. The steered dynamics simulation also offers a means to rapidly assess the binding capacity of newly designed inhibitors.
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1. Introduction


BTK (Bruton’s Tyrosine Kinase) is a member of the Tec family of non-receptor Tyrosine kinases. The association of BTK with various diseases has been previously reported [1]. Defects in BTK were identified in primary immunodeficiency X-linked aglobulinemia (XLA) in humans [2] and X-linked immunodeficiency disorders (XID) in mice [3]. XLA is indeed caused by a mutation in the BTK gene encoding the BTK protein. This results in the mutation of Arg28 in the BTK structure and further leads to the loss or reduction of mature B cell levels. BTK structure includes pleckstrin homology (PH), Tec homology (TH), Src homology 3 (SH3), Src homology 2 (SH2), and tyrosine kinase (TK) domains [1]. The TK domain includes the kinase active site, which binds ATP at the catalytic rift and phosphorylates signaling molecules. The BTK thereby activates downstream signaling pathways such as the calcium response pathway [4]. The N- and C-lobes of the TK domain are mainly composed of β-sheets and α-helices, respectively. The binding sites of ATP and magnesium ions are located between these lobes. The activation loop [5] (A-loop: Asp539-Phe559) connects the two lobes and regulates binding with downstream molecules. Phosphorylation of Tyr551 at the C-terminal end of the A-loop increases BTK’s activity by ten folds [6,7]. The N-terminus of the A-loop contains a highly conserved aspartic acid-phenylalanine-glycine motif (DFG) whose aspartic acid can be protonated to regulate drug binding [8]. In the N-lobe, the glycine-rich phosphate-positioning loop (P-loop) helps to locate the γ-phosphate group of ATP. The N-lobe contains a conserved lysine (Lys430) that can form hydrogen bonds with ATP’s α-phosphate group. In addition, the N-lobe also has a catalytic helix (C-helix), which contains a conserved glutamate residue (Glu445) that can form a critical salt bridge with Lys430 making BTK in the active state, or with Arg544 keeping BTK in the inactive state [9]. Even these reported researches showed that internal structural changes can affect the functional activity of BTK. Will the conformation of BTK such as A, P-loop, DFG, and salt bridges change after binding inhibitors? And whether the BTK activation has changed accordingly? What are the binding mechanisms of the kinase region of BTK with different inhibitors? This knowledge is not yet known.



BTK is also a tissue-specific protein that is expressed in hematopoietic cells. BTK is involved in physiological processes in B lymphocytes, such as transduction activation, differentiation, proliferation, homing, maturation, and survival [3,10,11]. BTK is an upstream activator of several signaling molecules including NF-κB, AKT, and MYC. Furthermore, BTK plays a role in the BCR pathway and also acts on Toll-like receptors (TLR), chemokine receptors, and various survival-related cytokine receptors [2]. BTK was also found to be a key factor in tumor necrosis factor production in lipopolysaccharide-induced monocytes [12]. Thus, the development of inhibitors targeting BTK has become an important strategy for the treatment of B-cell-related diseases [13,14,15], and even solid tumors [16].



Reversible and irreversible inhibitors of BTK have been identified previously. BTK inhibitors approved by the US FDA are mostly covalent irreversible inhibitors (Table S1), including ibrutinib (2013), acalabrutinib (2017), and zanubrutinib (2020) [12]. Ibrutinib, a first-generation covalent BTK inhibitor, has been widely used in clinics owing to its high inhibitory activity [17]. However, with the widespread clinical application, drug-resistant mutations have emerged in treated patients with chronic lymphocytic leukemia. By deep sequencing of these patients, Cys481 mutation was detected in most patients [18]. A similar pattern of resistance to other covalent inhibitors, such as acalabrutinib, was detected as well [19]. And the acquired resistance due to the C481S mutation in BTK is a major challenge for irreversible inhibitors. Increasing drug resistance has motivated the development of non-covalent reversible BTK inhibitors. The reversible inhibitor ARQ531 was found to maintain inhibitory activity even in the presence of the C481S mutation (Table S2). ARQ531 may therefore provide an alternative treatment option for patients with B-cell malignancies. ARQ531 development has recently entered advanced clinical stages [20,21,22]. Molecular mechanisms underlying the difference in the efficacies of covalent and non-covalent BTK inhibitors remain unclear. Past studies have only focused on clinical aspects and static structure analysis [23,24]. Here, molecular dynamics simulations were conducted to reveal the structural and functional relationship of BTK concerning its interaction with different inhibitors. Our findings are expected to provide theoretical support for the design of novel BTK inhibitors.




2. Results


2.1. Conformational Stability of Simulated Systems


We first investigated the conformational stabilities of three simulation systems, including the BTK kinase domain (control), the BTK kinase domain-reversible inhibitor (ARQ531) complex, and the BTK kinase domain-irreversible inhibitor (ibrutinib) complex. The BTK-inhibitor complexes included either ARQ531 or ibrutinib (Figure 1). We calculated the root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) profiles of these systems using simulation trajectories obtained from unrestrained classical MD simulations (Figure 2A,B). The results showed that the binding of small molecule inhibitors enhanced the conformational stability of the BTK kinase domain, as evidenced by stable RMSD time profiles. RMSD profiles of the two inhibitor-BTK complexes were found to be lower than those of the free BTK kinase domain. We also calculated the individual RMSD time profiles of the BTK kinase domain and small molecule inhibitors (Figure 2C,D), and found that conformational changes in the BTK kinase domain were the main contributors to the overall conformation stability. The RMSD values of the BTK kinase domain in the two complexes were below 2 Å (Figure 2C), where the maximum values for systems including reversible (ARQ531) and irreversible (ibrutinib) inhibitors were approximately 1.8 Å and 1.3 Å, respectively. In contrast, the maximum RMSD of the free BTK kinase domain (control) was over 3 Å. In addition, RMSD values of the complex system stabilized below 2 Å in both the reversible inhibitor GDC-0853 and the irreversible inhibitor BGB-3111 (Figure S1). These results show that small-molecule inhibitors increase the conformational stability of the system. We further calculated the per-residue root mean square fluctuation (RMSF) profiles based on Cα atoms of the kinase domain (Figure 2B) and found that inhibitor binding promoted backbone stability, especially around the P-loop (Thr410–Val415) and A-loop (Asp539–Phe559), which showed higher fluctuation levels in the free BTK kinase domain simulation.




2.2. Local Conformational Changes in BTK upon Binding of Different Small Molecule Inhibitors


The results above indicate that the binding of small-molecule inhibitors results in an increase in conformational stability, especially that of the BTK kinase domain. The flexibility analysis also (Figure 2B) showed that the major conformational changes are observed in P-loops (Thr410–Val415) and A-loops (Asp539–Phe559). How do these conformational changes affect the activity of the BTK kinase domain? To answer this question, we superposed the crystal structures of the three systems (Figure 3A) and found four regions with distinct conformations, including the DFG motif, P-loop, A-loop, and the gatekeeper loop. The DFG motif at the N-terminus of the A-loop is a key drug-binding site. We calculated the change in angle (Figure 3B,C) and the distance (Figure 3D,H) between the DFG motif and the ATP binding site upon inhibitor binding. The angle and distance in the free BTK kinase domain were approximately 60° and 8 Å, respectively. In contrast, the angle and distance were slightly higher than 60° and 8 Å in complexes including reversible/irreversible inhibitors. We reason that the conformation of the DFG motif is adjusted to enable stable binding of small-molecule drugs. We also found that the P-loop is oriented inward upon inhibitor binding. Here, the P-loop may act like a door for ATP binding. Indeed, measurements of the distance between the P-loop and ATP binding site revealed that the binding of small molecule inhibitors forced the P-loop to move closer to the ATP binding site, which may result in the prevention of ATP, Ca2+, and Mg2+ from entering the binding site to activate BTK kinase domain. The P-loop in the complex including the irreversible inhibitor was observed to orient inwards more during the entire simulation, compared to other systems (Figure 3E,I). The A-loop (Figure 3F), was found to be oriented outwards in contrast to the inward orientation of the P-loop. We also measured the solvent-accessible surface area (SASA) of the C-terminal helix and Tyr551 of the A-loop region (Figure 3J). The results showed that the exposure of the C-terminal and Tyr551 phosphorylation sites was increased in the complex including the reversible inhibitor ARQ531, whereas opposite results in Tyr551 phosphorylation sites were observed for the complex including the irreversible inhibitor ibrutinib. Finally, the local conformational analysis revealed that the fluctuation of the gatekeeper loop formed by residues Gly462–Thr474 was higher in inhibitor-BTK kinase domain complexes (Figure 3G,K). Calculations of the distance between the gatekeeper loop and the ATP binding site revealed that the loop was oriented towards the interior of the BTK kinase domain upon inhibitor binding. The role of the gatekeeper region with respect to conformational changes in the BTK kinase domain upon inhibitor binding has not been reported previously in the literature. Hence, we termed it “the gatekeeper” loop. We reason that this gatekeeper loop moves inwards, similar to the closing of a gate, and maybe hinders phosphorylation by the kinase, and thus maintains the inactive conformation of the enzyme. Further research is necessary to determine whether it can be used as a functional target for drug design. In addition, the inactive conformation of BTK protein was also proved to be associated with the DFG motif, P-, A-loop, and the gatekeeper loop in the reversible system GDC-0853 and irreversible system BGB-3111 (Figures S2 and S3). In summary, the BTK kinase domain maintained its inactive conformation upon inhibitor binding by preventing exposure of the ATP binding site and phosphorylation through four key regions: DFG motif, P-loop, A-loop, and the gatekeeper loop.



The BTK kinase domain was previously found to be activated and inactivated upon the formation of a salt bridge between Glu445 and Lys430, and between Glu445 and Arg544 [25], respectively. We also found that a salt bridge formed between Glu445 and Arg544 in our simulations, which may maintain BTK in an inactive state upon inhibitor binding (Figure 4A–C). How does a salt bridge between Glu445 and Arg544 form, while another salt bridge between Lys430 and Glu445 is broken after inhibitor binding? Conformational analysis showed that the αC-helix was oriented outward upon binding of the inhibitor while driving the rotation of Trp395 and Glu445. A particular finding in this regard was the change in orientation of the Trp395 side chain from a downward-facing to an upward-facing state. Quantification of these changes showed that the angle of Trp395 in the BTK control system was stable at approximately −80°, while the angles of Trp395 in complex systems remained at approximately 80° (Figure 4D). Thus, the BTK kinase domain was maintained in the inactive state, in line with previous experimental results [26]. Another finding was the rotation of the Glu445 side chain, which increased the distance between Glu445 and Lys430, yet decreased the distance between Glu445 and Arg544 to form a new salt bridge in the inhibitor-BTK kinase domain complexes (Figure 4E). Moreover, the salt bridge was maintained for a longer time in the complex including the reversible inhibitor ARQ531 compared to the complex including the irreversible ibrutinib. This may explain the selectivity of reversible BTK inhibition. The distance between Glu445 and Arg544 at four cumulative time points during the simulation was calculated to quantify the conformational change in this regard (Figure 4F,G). The distance between Glu445 and Arg544 was found to decrease gradually over the simulation in BTK kinase domain-inhibitor complexes and finally remained at around 3 Å (Figure 4G). In summary, conformational changes in the αC-helix, Trp395, and the formation of the Glu445-Arg544 salt bridge maintained the BTK kinase domain in an inactive conformation upon inhibitor binding.




2.3. Key Intermolecular Interactions in BTK Kinase Domain and Inhibitor Complexes


The interactions between inhibitors and BTK residues at the binding interface were analyzed. The crystal structures of the complexes formed by BTK and small-molecule inhibitors are shown in Figure 5A,B. The pairs with strong interactions between each other are shown in red, and the covalent bonds are shown in blue. We found that both inhibitors bind to the ATP binding pocket and interact strongly with the hinge region (Figure 5A,B). Strong covalent bond interactions are only observed in the ibrutinib system (Figure 5B). Specifically, covalent bonds were detected between the thiol group of Cys481 of BTK and the α,β-unsaturated ketone of the small-molecule inhibitor. The distance between Cys481 and C=O forming covalent bonds was measured, and the frequency of distance in three independent tests was approximated to a Gaussian distribution. The distance between Cys481 and C=O stabilizes at about 1.9 Å. The R2 values of Gaussian fitting for the three statistics were 0.973, 0.984, and 0.973. We use the distance between two atoms to characterize the stability of the covalent bond (Figure 5C,D) because the stable distance between two atoms is conducive to the deprotonation of Cys, the activated Cys amiable nucleus attacks the substrate and promotes the stability of the covalent ligand at the catalytic site.



The residue interaction index, called the RII index, was also calculated based on interactions in the binding interface (Table 1, Figure 5E,F) [27]. Three independent simulations showed that seven interacting residue pairs were formed in the complex including the reversible inhibitor ARQ531, maintaining its bound state. Two residue pairs were found to have relatively persistent high RII values of 0.87 and 0.80 (Table 1, Figure 5E). Only four interacting residue pairs were detected between the BTK kinase domain and the irreversible inhibitor ibrutinib; however, these pairs had RII values of 0.92, 0.81, and 0.72 (Table 1, Figure 5F). We plotted a heatmap of these key interactions in the binding interface as well (Figure 5E,F). The results showed that two pairs of residues were prominent in the interactions between the reversible inhibitor and BTK kinase domain: the N atom of Met477 and N2 atom (index 4412) of the inhibitor, and the O atom of Glu475 and the N3 atom (index 4413) of the inhibitor (Figure 5E). Contacts between three pairs of residues were found to be maintained in the binding interface between the irreversible inhibitor and BTK kinase domain: the N atom of Met477 and the N1 atom (index 4331) of the inhibitor, N atom of Cys481 and O1 atom (index 4339) of the inhibitor, and O atom of Glu475, and N3 atom (index 4338) of the inhibitor (Figure 5F). Using free molecular simulation, combined with mutation techniques, we found that stable covalent and strong hydrogen bond interactions with Cys481 play a very important role in the binding of ibrutinib to BTK. The binding stability and the survival rate of the hydrogen bonds were reduced if destroying the covalent bond by mutating Cys481 (Figure S4D). Our simulation suggested that Cys481 was the most common mutated residue to affect the activity of BTK, and serve as the reason for acquired resistance to ibrutinib [28]. Further calculation of the radial distribution function (RDF) values highlighted the same residues, Met477 and Glu475, in the complex with reversible inhibitor ARQ531 and three residue pairs in the complex with an irreversible inhibitor, including Met477, Cys481, and Glu475 (Figure 5G,H) [29].




2.4. Binding Modes and Interaction Energies of Small Molecule Inhibitors


To further evaluate the mechanism of interaction between BTK and small-molecule inhibitors, we first investigated the binding mode of the two inhibitors and identified that both inhibitors were inserted into the back pocket of the A-loop activation ring and later moved close to the BTK residue Leu460 (Figure 6A,B). This residue is adjacent to Tyr461, a component of the hydrophobic accumulation region. The small molecule inhibitors filling the back pocket may cause conformational adjustment of the hydrophobic accumulation region to trigger the self-inhibited state of BTK, in line with previous literature findings [30].



To quantify the intermolecular interactions in whole simulation systems, several parameters were computed, including the H-bond number, buried SASA, interaction energy, and hydrogen bond dissociation probability. First, the distributions of the hydrogen bonds in both inhibitor-BTK kinase domain complexes were determined (Figure 6C). The statistics of the Gaussian fitting curve showed that the number of H-bonds formed by ARQ531 was stable at around 2, and that of ibrutinib was around 3. R2 values for both were 0.99. The hydrophobic area of the binding interface was then calculated (Figure 6D). The results revealed a tighter binding interface in the complex with an irreversible inhibitor. The larger the buried SASA value was, the larger the binding surface area was. Next, we calculated interaction energies between small molecules and the BTK kinase domain (Figure 6E). The results showed that the non-covalent interaction energies are essentially the same for both inhibitors. Stable binding results from lower interaction energies in general. Here, a larger RMSD time profile, and more stable interaction was observed for the irreversible inhibitor (Figure 2A). From a theoretical perspective, the interaction energy between an irreversible inhibitor and a BTK kinase domain should be lower than that of a reversible inhibitor. This finding thus raises the question “how do the two systems yield almost identical interaction energies (Figure 6E)?”. This can be explained by the fact that the covalent bonds exist only in the system including the irreversible inhibitor. Even if its contribution to binding does not show up in the interaction energy plot, covalent bonding indirectly affects the probability of hydrogen bond dissociation (Figure 6F). As a result, the probability of hydrogen bond dissociation in the complex with an irreversible inhibitor is smaller than that with a reversible inhibitor.




2.5. Dissociation Kinetics of Inhibitors


The binding affinities of small-molecule inhibitors to BTK depend on binding stability, which arises from the quantity and strength of the interacting residue pairs. Thus, higher binding stability leads to stronger binding affinity. Binding affinity is positively and negatively correlated with association and dissociation rates, respectively. The results shown above are mostly related to factors affecting the association rate, such as the formation of salt bridges (Figure 4) and h-bonds (Figure 5).



Other factors related to the dissociation rate should also be investigated to better understand ligand-receptor binding processes. Steered molecular dynamics (SMD) simulations were thus performed to dissociate small-molecule inhibitors from the BTK kinase domain to probe the strength of the inhibitor binding. The more stable conformation in the 100 ns MD simulation trajectory was selected as the initial conformation, and three independent SMDs were performed on the two complex systems with steering velocities of 3 Å/ns, 5 Å/ns, and 7 Å/ns. The force spectrum curve of constant velocity tensile showed a similar trend for the three stretching velocities (Figure 7A–C). The force for the irreversible ibrutinib showed an overall upward trend during the first 5 ns at a tensile speed of 5 Å/ns (Figure 7B). As stretching continued, two consecutive peaks appeared at approximately 6 ns, and the dissociation force reached its maximum level at about 700 pN. During this period, bonds leading to strong resistance were mainly two hydrogen bonds formed between pairs of residues Glu475-N4338 and Met477-N4331. With further stretching, a second peak appeared at 8 ns due to bond fracture, and a third peak was observed at 10 ns. After the last force peak which was observed at 23.8 ns, the inhibitor dissociated completely from the BTK kinase domain (Figure 7B). In contrast, a clear peak at approximately 4 ns was observed, and the rupture force reached a maximum of approximately 100 pN for the reversible inhibitor ARQ531. Either the final dissociation time or the maximum rupture force for the reversible inhibitor ARQ531 was significantly lower than that of the irreversible ibrutinib. Similar findings were found for the dissociation process with 3 Å/ns and 7 Å/ns stretching velocities (Figure 7A,C).



To analyze the differences in dissociation, we studied the changes in the hydrogen bonds of the complexes including ARQ531 (Figure 7D–F) and ibrutinib (Figure 7G–I). During the dissociation at 5 Å/ns, three pairs of key residues were found to be responsible for the appearance of three peaks, which was consistent with the unrestrained classical MD simulations. The hydrogen and covalent bonds broke simultaneously, indicating dissociation. Therefore, stable hydrogen bonds in the interface between ibrutinib and BTK kinase domain were due to the presence of covalent bonds. Once the covalent bond was broken, the hydrogen bond dissociated as well, (Figure 7H) and the complex disintegrated (Figure 7K). Rapid dissociation of the ARQ531 from the BTK kinase domain was due to the breaking of the hydrogen bonds (Figure 7E). The dissociation characteristics were similar at 3 Å/ns (Figure 7D,G,J) and 7 Å/ns stretching velocities (Figure 7F,I,L).



To further understand the dissociation mechanism, conformational changes in the binding interface were analyzed as well (Figure 8). It was found that the complex with the reversible inhibitor was less stable than the complex including the irreversible inhibitor, even though more hydrogen bond interactions were made by the reversible inhibitor. The small-molecule inhibitor, ARQ531, was pulled out from the back pocket of the A-loop activation ring with increasing force. The hydrogen bonds were broken gradually until the complex dissociated completely (Figure 8A). Unlike the reversible inhibitor, the binding of the irreversible inhibitor to the BTK kinase domain was found to be stable due to the existence of covalent and non-covalent bonds. Even when a tensile force was applied, the binding interface between the BTK kinase domain and the small-molecule inhibitor ibrutinib remained intact. The N-terminal β sheets of BTK were unfolded before the hydrogen bonds and covalent bonds that maintained the interaction of the complex were broken (Figure 8B).




2.6. Quantification of Dissociation of Different Inhibitors from BTK Kinase Domain


The differences between the dissociation modes of reversible and irreversible inhibitors described above were quantified. For this purpose, we calculated the buried SASA (Figure 9A–C) and hydrogen bonds (Figure 9D–F) for both systems in three independent simulation trajectories. The solvent-inaccessible surface area, also known as the binding surface of the complex, was represented by the buried SASA value. This value was found to be significantly higher for the irreversible inhibitor ibrutinib than the reversible inhibitor ARQ531. At a tensile speed of 5 Å/ns, the buried SASA value of the complex including the irreversible inhibitor showed a brief initial plateau, followed by a downward trend (from approximately 1100 Å2 to approximately 800 Å2), as the tensile force was increased. Two other plateaus occurred at 10 ns and 18 ns, suggesting that strong interactions between inhibitors and the BTK kinase domain disappeared after plateaus were observed. The values of buried SASA as well as the number of hydrogen bonds dropped to zero at 25 ns (Figure 9B,E), and complete dissociation occurred. For the reversible inhibitor at a tensile speed of 5 Å/ns, the buried SASA value of the complex decreased from 400 Å2 to 0 within 7 ns (Figure 9B), and the number of hydrogen bonds decreased gradually to 0 at 7 ns (Figure 9E); and finally the complex dissociated completely (Figure 7E). The results showed that the irreversible inhibitor is more difficult to dissociate than the reversible inhibitor. In contrast, the buried SASA value and hydrogen bond of the binding surface remained stable until the end of the 30 ns-simulation processes at a tensile speed of 3 Å/ns (Figure 7A,D). However, the buried SASA value and hydrogen bond rapidly dropped to zero due to the dissociation of the complex at a tensile speed of 7 Å/ns (Figure 7C,F). These two parameters are closely related to dissociation. We further calculated the rupture force (Figure 9G) and rupture time (Figure 9H) from the time profiles of force during the dissociation process. The results showed that the rupture force increased with the tensile velocity (Figure 9G). However, the rupture time and the time required to reach the maximum peak decreased with an increase in velocity (Figure 9H,I). Both rupture force (Figure 9G) and rupture time (Figure 9H) were smaller for the reversible inhibitor compared to the irreversible inhibitor. In particular, the complex did not dissociate at a relatively low tensile speed (such as 3 Å/ns in this system), which was not sufficient to break the bonds between the irreversible inhibitor and the BTK kinase domain within 30 ns (Figure 7A). However, in the irreversible system with the Cys481 mutation, we found that the breakdown of the covalent bond caused the complex to dissociate at 5ns under a stretching speed of 5 Å/ns, and the rupture force was less than 200 pN (Figure S4).





3. Discussion


Small molecule inhibitors of BTK suffer from problems such as drug resistance and off-target effects. The development of small molecule inhibitors of BTK with high inhibitory activity and high selectivity remains a challenge. Here, irreversible [31] and reversible inhibitors [32] were investigated to reveal differences between their BTK binding mechanisms. Ibrutinib and ARQ531 were picked as the representative irreversible and reversible inhibitors from the list as shown in Table S1, and their inhibitory activity of them was summarized in Table S2. As shown in Table S2, the irreversible inhibitor ibrutinib showed strong inhibitory activity with IC50 of 0.5 nM and the reversible inhibitor ARQ531 with IC50 of 0.85 nM. The complex including the irreversible inhibitor ibrutinib was found to be more stable than the complex including ARQ531 based on the RMSD values (Figure 2A), the reason was coming from the presence of covalent bonds in the irreversible complex simulation system. Ibrutinib may thus show higher inhibitory activity [33,34]. However, with the mutation at the Cys481 site, the inhibitory activity of the irreversible inhibitor ibrutinib was significantly reduced with IC50 of 9.03 nM, while the reversible inhibitor ARQ531 increased its inhibitory activity with IC50 of 0.39 nM. Therefore, even if irreversible inhibitors have high inhibitory activity, there are problems of off-target and drug resistance [31,32].



In this study, three simulation systems were constructed to study patterns of interaction between inhibitors and BTK. First, we found that inhibitors stabilize the conformation of the BTK. The P-loop in all inhibitor-BTK complexes was oriented inwards and moved closer to the ATP binding site. This may assist in the prevention of ATP, Ca2+, and Mg2+ from entering the binding site and promoting protein activation. The A-loop in complexes was far away from ATP binding sites, especially in DFG motifs [6,35], which help stabilize the binding of small-molecule drugs to proteins. In addition, we detected another region, the gatekeeper loop, which includes Thr474 [36], and oriented inwards to prevent protein phosphorylation and maintain the inactive conformation of BTK. Compared to other systems, the RMSD time profile of the complex was lower for the irreversible ibrutinib, the P-loop was closer to the ATP-binding site, and the phosphorylation site Tyr551 was less exposed. These findings indicate that the irreversible inhibitor binds to BTK more strongly, and thereby shows higher inhibitory activity. As for the reversible inhibitor ARQ531, the degree of rigidity was lower, and the interaction formed between residue pairs was less stable. This finding reflects the flexibility of the binding of the reversible inhibitor to the BTK. In addition, we also observed these conformational changes in the complexes, with the irreversible inhibitor BGB-3111 and the reversible inhibitor GDC-0853, which further confirmed our results (Figures S2 and S3).



The key residues involved in the binding of these inhibitors to the hinge region of BTK may be targeted for inhibitor design. A stable covalent bond made by Cys481 and three major non-covalent interacting residue pairs were detected between the irreversible inhibitor and BTK structure. Based on the RDF calculations, Met477, Cys481, and Glu475 were identified as key residues for non-covalent bond formation. In addition, strong hydrogen bond interaction at Cys481 further stabilized the binding of the complex. This is the main reason for drug resistance. Met477 and Glu475 were the main residues showing weak interactions with Cys481 in the reversible inhibitor – BTK complex. In addition, the Asn484 of BTK contributed to the binding of reversible inhibitor ARQ531 and could be considered as a target in inhibitor design. Binding analysis showed that the non-covalent binding energies of the irreversible and reversible systems were not significantly different, but the dissociation probabilities were significantly different. Covalent bonds may thus play an important role in stabilizing ligand binding to BTK.



SMD simulations were conducted at three steering speeds, 3, 5, and 7 Å/ns, to further analyze the mechanism of interaction between the BTK kinase domain and small molecule inhibitors. A larger rupture force and smaller rupture time were observed for the irreversible inhibitor: the rupture force was found to reach 800 pN, in contrast to that for the reversible inhibitor, which remained at 200 pN. With an increase in the steering speed, the rupture time gradually decreased, the rupture force to reach the maximum peak increased, and the required time to reach the maximum peak decreased. This shows that force can affect the binding and dissociation of the complex, and binding is more favorable when the external force is stable within a certain range. Steered molecular dynamic simulation results show that the binding affinity of the irreversible inhibitor to the BTK kinase domain is higher than that of the reversible inhibitor. To further demonstrate the role of covalent bonding, the BTK protein mutated at Cys481 was combined with ibrutinib to achieve energy balance. By analyzing the binding system of the unmutated BTK protein with the irreversible inhibitor ibrutinib, we found that the destruction of covalent bonds reduced the binding stability and the survival rate of the hydrogen bonds, which were generated at the key binding sites Met477, Glu475, and Cys481. (Figure S4D). The influence of covalent bonds cannot be ignored in the binding mechanism as well. Smaller steering speeds (e.g., 3 Å/ns), were not sufficient to break the interactions between the irreversible inhibitor and the BTK kinase domain within 30 ns of simulation (Figure 7A). In summary, our findings here revealed the conformational changes in the BTK kinase domain and the key residues involved in interactions with small-molecule inhibitors. These results provide important information for the further development of high-quality BTK inhibitors. In addition, we found that in the absence of covalent bonds, the dissociation time of the whole mutant system became shorter, and the rupture force decreased. This made the protein and inhibitor less stable (Figure S4), further indicating that covalent bonds play an important role in maintaining binding stability and binding affinity. Interestingly, we also found that the binding affinity of the mutated irreversible system was lower than that of the mutated reversible system.




4. Materials and Methods


4.1. System Setup


Three systems were constructed and simulated (Figure 1): the kinase domain of the wild-type BTK protein (PDB ID:3K54) [37], the complex of the BTK kinase domain binding with the reversible small-molecule inhibitor ARQ531 (PDB ID:6E4F), and the complex of the BTK kinase domain with the irreversible small-molecule inhibitor ibrutinib (PDB ID:5P9J). The three systems were defined as control (BTK), ARQ531, and ibrutinib (Figure 1B). The PSF file of the control system was generated using the psfgen plug-in of Visual Molecular Dynamics (VMD, version 1.9.2) [38]. The PSF files of inhibitor-BTK kinase domain complexes were generated using CHARMM-GUI [39]. Missing hydrogen atoms were added to the simulation systems using the VMD Autopsf plug-in. Water molecules were added to the systems using the Solvate plug-in to achieve a minimum distance of 15 Å from the protein structure to system boundaries in each direction. TIP3 water model was used (Figure 1A). The system was neutralized with 154 mM sodium and chloride ions using the Autoionize plug-in to mimic the physiological environment. The data and figures of the mutant system are presented in the Supplementary Material. Since the C481S mutation in the BTK kinase domain is the main type of resistance to ibrutinib [18]. The C481S mutation was picked to construct the mutation system of a complex of the irreversible inhibitor ibrutinib in this study. The PSF file of the mutant system was synthesized using CHARMM-GUI. The subsequent setup process was the same as that described above.




4.2. Molecular Dynamics Simulations


NAMD 2.13 was used for unrestrained and steered molecular dynamics (SMD) simulations [40]. MD simulations were performed using periodic boundary conditions [41], a 2 fs timestep, the particle mesh Ewald (PME) algorithm for electrostatic interactions, and a 12 Å cutoff for electrostatic and van der Waals interactions [42]. The CHARMM36 atomic field and small-molecule field were selected as the system force fields [43]. First, positional restraints were applied on the protein, and water molecules and small-molecule inhibitors were subjected to energy minimization for 15,000 steps. Here, the main objective was to optimize the position of the proteins with respect to those of inhibitors and water molecules. Then, positional restraints were applied on small molecules, and protein and water molecules were subjected to energy minimization for 5000 steps. After that, positional restraints were applied on protein backbone atoms, and the positions of side chains of amino acids were optimized via 15,000 steps of energy minimization. Finally, all atoms were subjected to 15,000 minimization steps to optimize the entire system. The energy-minimized systems were heated gradually first from 0 to 310 K for 0.1 ns, and then equilibrated for 5 ns with pressure and temperature control. The temperature was maintained at 310 K using Langevin dynamics, and the pressure was maintained at 1 atm using the Langevin piston method. The equilibrated structure was used as the initial conformation for subsequent SMD simulations. Unrestrained molecular dynamics simulations were run three times on each equilibrated system for over 100 ns.



Constant velocity SMD simulation [44,45,46] was adopted for two inhibitor-BTK kinase domain complexes to observe the dissociation of inhibitors from BTK. After 100 ns of equilibration simulation, stable conformations of BTK protein and inhibitors were selected. The complex was then rebuilt by coordinate adjustments, three steps of energy minimization, and 1 ns of equilibration simulation.



The Cα atom of residue Gly389 at the N-terminus of the BTK kinase domain (Figure 1B) was fixed, and atom 4361 of reversible inhibitor ARQ531 (Figure 1C) and atom 4398 of irreversible inhibitor ibrutinib (Figure 1D) were steered away along the direction of the vector formed between positions of these atoms to the fixed Cα atom. Constant tensile speeds of 3 Å/ns, 5 Å/ns, and 7 Å/ns were used. The elastic coefficient of the virtual spring connecting the virtual and controlled atoms (k) was 7 kcalmol−1 A−2. The simulation of each system was repeated three times, and the data were averaged.




4.3. Data Processing


Molecular visualization and relevant data analysis were completed using VMD and TCL scripts. The root-mean-square deviation (RMSD) of the simulation systems was calculated to characterize the conformational change and stability of the complex structure [47]. The root-mean-square fluctuation (RMSF) of the Cα atoms of the complex was computed to quantify per-residue flexibility levels [48]. Local conformational changes were quantified based on angles and distance between relevant atoms of the systems. The ATP binding site of the BTK kinase domain is composed of three motifs, including the DFG motif chelating Mg2+, P-loop binding the ATP phosphate, and the hinge region binding ATP adenosine [5]. A probe radius of 0.14 nm was used to calculate the solvent-accessible surface area (SASA) [49], which is used to evaluate the level of exposure of amino acids to the solvent. Larger SASA values indicate that residues are more exposed to water, and the area of the binding interface is thus smaller. Hydrogen bonds were detected based on the following criteria: donor-acceptor distance less than 0.35 nm and the donor-hydrogen atom-acceptor angle less than 30. A salt bridge is formed when the distance between the nitrogen atom of the basic residue and the oxygen atom of the acid residue is less than 0.4 nm. The hydrogen bond and salt-bridge persistence levels were calculated as the ratio of the number of conformations in which these interactions were observed to the total number of conformations. Binding energy was calculated using NAMD and CHARMM field files [40]. The rupture time and the maximum rupture force of the time profile of were used to evaluate the affinity between the receptor and the ligand. Statistical differences between the two groups were determined using an unpaired two-tailed Student’s t-test. Differences were considered statistically significant when the p value was <0.05.





5. Conclusions


Due to the problems of drug resistance and low inhibitory activity of existing BTK inhibitors, there is an urgent need to develop high-quality BTK inhibitors. Thus, the study of the interaction mechanism between BTK and inhibitors has become very important. In our study, we found that the inhibitory activity of BTK inhibitors was due to the locking of the active site through local conformations, such as the DFG motif, P-, A-, and gatekeeper loops. Others, the residues of Met477 and Glu475 in the hinge region were proved to be the key residues for inhibitor binding. These findings can be used to evaluate the inhibitory activity of the pharmacophore and apply it to the design of effective BTK inhibitors. In addition, covalent interactions, stronger hydrogen bond interactions, and larger binding areas can increase binding affinity. However, the covalent and strong hydrogen bond interactions at Cys481 could lead to drug resistance when mutated at this site. In comparison, reversible inhibitors retained binding affinity with BTK because Cys481 was not an essential interaction site and the hydrogen bond interaction was weak at this site. These findings may provide useful information for designing BTK inhibitors for the drug-resistant Cys481 mutation. Dissociation kinetics showed that reversible inhibitors were more likely to dissociate from the complex due to their binding flexibility, and the irreversible inhibitor ibrutinib had a greater binding affinity. Therefore, dissociation kinetics can be applied to rapidly evaluate the binding capacity of newly designed inhibitors.
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Figure 1. The construction of a simulation system. (A) BTK kinase domain with small molecule inhibitors and ions were placed in a 15 × 15 × 15 Å water box. (B) Kinase structure. (C,D) 2D chemical structures of ibrutinib and ARQ531. 
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Figure 2. Analysis of conformational stability upon inhibitor binding. (A) Time profiles of root mean square deviation (RMSD) values (BTK with Ibrutinib, BTK with ARQ531, BTK without inhibitor). (B) Time profiles of per-residue root-mean-square fluctuation (RMSF). (C) RMSD time profile of BTK kinase domain. (D) RMSD time profiles of small molecule ligands. 
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Figure 3. Effects of inhibitor binding on the conformation of ATP binding site. (A) Local conformational changes of three simulation systems. 1. DFG motif; 2. P-loop; 3. A-loop; 4. Gatekeeper loop (Residues 462–474). (B) Angle between the DFG motif and ATP binding site. (C) Changes in angle between the DFG motif and ATP binding site. (D–G) A close-in on conformations of functional sites on BTK kinase domain. (H) Change in distance from DFG to ATP binding site. (I) Change in distance between the P-loop and ATP binding site. (J) Solvent-accessible surface area (SASA) of the C-terminal helices of A-loop (left) and the phosphorylation site Tyr551 (right). (K) Variation in distance between the gatekeeper loop (Residues 462–474) and the ATP binding site. (* p < 0.05 and **** p < 0.0001). 
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Figure 4. Local conformational changes upon inhibitor binding. (A) Conformational changes of the control system (free BTK kinase domain). Double red arrows represent salt bridges. (B) Conformational changes in BTK kinase domain upon binding of ARQ531. (C) Conformational changes in the BTK kinase domain upon binding of ibrutinib. (D) Changes in orientation of Trp395. (E) Changes in salt bridges in BTK kinase domain – inhibitor complexes. (**** p < 0.0001). (F) Changes in the distance between Glu445 and Arg544 in complex including ARQ531. (G) Variation in distance between Glu445 and Arg544 in free BTK kinase domain. 
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Figure 5. Key interactions between BTK and small molecule inhibitors. (A,B) Major residues in the interaction interfaces of ARQ531 and ibrutinib with BTK kinase domain as observed in crystal structure. Magenta and orange molecules denote small molecule inhibitors ARQ531 and ibrutinib. Spheres represent atoms, rods represent residues, red lines represent hydrogen bonds, and blue lines represent covalent bonds. (C,D) Statistics of the mean distance and distance frequency between Cys481 and C=O forming covalent bonds in simulations. (E,F) Heat map of interacting atomic pairs in complexes including ARQ531 and ibrutinib. (G,H) Radial distribution function (RDF) of key interaction residues in complexes with ARQ531 and ibrutinib. 
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Figure 6. Analysis of binding modes and binding energies of different small molecule inhibitors. (A) The binding mode of ARQ531. (B) The binding mode of ibrutinib. (C) Probability and statistics of hydrogen bond formation in binding interface. (D) Solvent accessible surface area (SASA) of the interface. (E) Calculation of binding energies in complex systems. (F) Probability of hydrogen bond dissociation (* p < 0.05). 
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Figure 7. Kinetics of inhibitor dissociation from the complex. (A–C) Time profiles of force during the dissociation process with constant velocity tensile at 3, 5, and 7 Å/ns velocity. (D–F) Hydrogen bonds during dissociation of ARQ531 at 3, 5 and 7 Å/ns steering velocity. (G–I) Hydrogen bonds during dissociation of ibrutinib at 3, 5 and 7 Å/ns steering velocity. (J–L) The covalent bond dissociation process of ibrutinib at 3, 5 and 7 Å/ns steering velocity. 
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Figure 8. Dissociation pathways of inhibitors (A) ARQ531-BTK kinase domain. (B) Ibrutinib-BTK kinase domain. 
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Figure 9. Statistical analysis of dissociation process. (A–C) The buried SASA value of the interface at 3, 5 and 7 Å/ns steering velocities. (D–F) The number of hydrogen bonds (H-Bonds) at 3, 5 and 7 Å/ns steering velocities. (G) Rupture force. (H) Rupture time. (I) Breaking time at the maximum peak. 
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Table 1. Residue interaction index (RII) of complexes with ARQ531 and Ibrutinib.
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Complex of BTK with ARQ531

	
Complex of BTK with Ibrutinib




	
No

	
BTK

	
ARQ531

	
RII

	
No

	
BTK

	
Ibrutinib

	
RII






	
1

	
Met477

	
HRA701

	
0.87

	
1

	
Met477

	
8E8701

	
0.92




	
2

	
Glu475

	
HRA701

	
0.80

	
2

	
Cys481

	
8E8701

	
0.81




	
3

	
Asn484

	
HRA701

	
0.16

	
3

	
Glu475

	
8E8701

	
0.72




	
4

	
Thr410

	
HRA701

	
0.05

	
4

	
Thr474

	
8E8701

	
0.01




	
5

	
Cys481

	
HRA701

	
0.02

	

	

	

	




	
6

	
Leu408

	
HRA701

	
0.004

	

	

	

	




	
7

	
Gln412

	
HRA701

	
0.001
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