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Interaction of leukocyte integrin macrophage-1 antigen (Mac-1) to platelet glycoprotein Ibα (GPIbα) is critical for platelet–leukocyte crosstalk in hemostasis and inflammatory responses to vessel injuries under hemodynamic environments. The mechano-regulation and its molecular basis for binding of Mac-1 to GPIbα remain unclear, mainly coming from the lack of crystal structure of the Mac-1/GPIbα complex. We herein built a Mac-1/GPIbα complex model through a novel computer strategy, which included a flexible molecular docking and system equilibrium followed by a “force-ramp + snapback” molecular dynamics (MD) simulation. With this model, a series of “ramp-clamp” steered molecular dynamics (SMD) simulations were performed to examine the GPIbα–Mac-1 interaction under various loads. The results demonstrated that the complex was mechano-stable for both the high rupture force (>250 pN) at a pulling velocity of 3 Å/ns and the conformational conservation under various constant tensile forces (≤75 pN); a catch-slip bond transition was predicted through the dissociation probability, examined with single molecular AFM measurements, reflected by the interaction energy and the interface H-bond number, and related to the force-induced allostery of the complex; besides the mutation-identified residues D222 and R218, the residues were also dominant in the binding of Mac-1 to GPIbα. This study recommended a valid computer strategy for building a likely wild-type docking model of a complex, provided a novel insight into the mechanical regulation mechanism and its molecular basis for the interaction of Mac-1 with GPIbα, and would be helpful for understanding the platelet–leukocyte interaction in hemostasis and inflammatory responses under mechano-microenvironments.
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INTRODUCTION
Interaction of platelet glycoprotein receptor I bα (GPIbα) with αMβ2 (Mac-1) integrin mediates crosstalk between platelets and leukocytes in hemostasis and inflammatory responses to the vessel damages (Diamond et al., 1995). In platelet recruitment and thrombus formation, the circulating platelets first tether to, then roll on, and lastly adhered at the injured vessel sites, companying with platelet activation (Rahman and Hlady, 2019). The activated platelets recruit and activate leukocytes to prevent infection caused by an injury (Von Hundelshausen and Weber, 2007; Karshovska et al., 2013; Schrottmaier et al., 2015). Binding of P-selectin on activated platelet to P-selectin glycoprotein ligand 1 (PSGL-1) mediates adhesion of leukocytes to the platelets and further induces activation of Mac-1 integrin on leukocytes. The activated Mac-1 integrin enhances firm adhesion of leukocytes to platelets through binding with GPIbα (Diacovo et al., 1996; McEver and Cummings, 1997). The interaction of Mac-1 to GPIbα may be force dependent, especially under pathological flow environments (Kruss et al., 2013).
Mac-1 integrin, a heterodimeric protein, includes α and β subunits, regulates leukocyte functions, including crawling (Phillipson et al., 2006; Sumagin et al., 2010), chemotaxis (McDonald et al., 2010), survival (Whitlock et al., 2000), apoptosis (Coxon et al., 1996), and neutrophil extracellular trap (NET) formation (Behnen et al., 2014; Silva et al., 2020). The major binding site locates at the inserted (I) domain of the αM subunit (Diamond et al., 1993), like the A1 domain of von Willebrand factor (VWF) (Sadler et al., 1985). GPIbα is composed of an N-terminal, a transmembrane, and an intracellular domain. The N-terminal domain exhibits a narrow and curved shape, and eight leucine-rich repeats (LRRs) constitute the central region of the molecule, belonging to the typical LRR protein (Kobe and Kajava, 2001). Binding of N-terminal region (F201–G268) of GPIbα to the I-domain of Mac-1 induces stable association of platelets with neutrophils (Simon et al., 2000; Wang et al., 2005), while deletion or inhibition of either Mac-1 or GPIbα suppresses interaction of platelets with neutrophils or monocytes under inflammatory conditions (Hidalgo et al., 2009). Mutation experiments suggest that the four residues, such as T211, T213, R216, and R244 on Mac-1, locate at the binding site of the complex, and so do the residues R218, R222, and N223 on GPIbα (Simon et al., 2000; Ehlers et al., 2003; Wang et al., 2005; Morgan et al., 2019). Mutations of the residues T213 and R216 on Mac-1 cause delay of thrombosis after carotid and cremaster muscle microvascular injury (Ehlers et al., 2003), suggesting promotion of GPIbα–Mac-1 interaction to thrombosis.
Studies in vitro have shown that increasing wall shear stress in the range from 0.1 to 5 dyn/cm2 reduces the attachments of neutrophils on GPIbα-coated substrates (Kruss et al., 2013), but less knowledge is about mechano-regulation on the interaction of Mac-1 with GPIbα. Lack of crystal structure of the complex makes the molecular basis of Mac-1/GPIbα interaction unclear, despite the main crystallized structures of Mac-1 and GPIbα have respectively been solved (Ehlers et al., 2003; Li and Emsley, 2013). Molecular docking is demonstrated to be a powerful tool in building a computer model of ligand–receptor complex for various adhesive molecular systems, while a very likely bad thermo- and mechano-stability make the docking model unreliable (Zeng et al., 2013). However, AFM measurements reveal successfully various force-dependent ligand–receptor interactions of adhesive (Lee et al., 2016; Li et al., 2018) and so do the molecular dynamics (MD) simulations (Fang et al., 2012; Fang et al., 2018).
We herein built a model of the Mac-1/GPIbα complex through a novel computer strategy, in which a flexible molecular docking follows a “force-ramp + snapback” MD simulation (Methods and Materials) (Smith et al., 2005; Torchala et al., 2013). This model was predicted to be a likely wild-type one for its thermo- and mechano-stability and used to examine the mechano-regulation mechanism and its molecular basis of interaction of Mac-1 to GPIbα by running a series of “ramp-clamp” steered molecular dynamics (SMD) simulations. A biphasic force-dependent dissociation of Mac-1 from GPIbα was predicted by MD simulations, examined through AFM measurements, and demonstrated to be relative to force-induced allostery of the complex. The present computer strategy for optimizing the docking model with the treatment of “force-ramp + snapback” SMD simulation might be served as a novel powerful tool in building a likely wild-type docking model of complex for various adhesive molecular systems. Besides, the present study provides a novel insight into the mechano-regulation mechanism and its molecular basis for the interaction of Mac-1 to GPIbα, and further is helpful to understand the effects of force on platelet–leukocyte crosstalk in hemostasis and inflammatory responses under flows.
MATERIALS AND METHODS
AFM Bond Lifetime Measurement Experiments
Recombinant human integrin αMβ2 (Mac-1) and recombinant human CD42b (GPIbα) were purchased from R&D Systems. Anti-6× His tag antibody was purchased from Abcam (Supplement Material). MnCl2 and BSA were purchased from Sigma-Aldrich. To measure the interaction of Mac-1–GPIbα, a cantilever tip (MLCT; Bruker AFM Probes) was incubated with 30 μl of 15 μg/ml Mac-1 overnight at 4°C. 30 μl of GPIbα (15 μg/ml) was adsorbed on a small spot on a petri dish overnight at 4°C. After rinsing with PBS, the tip of the cantilever was incubated with HBSS containing 2% BSA and 1 mM Mn2+ for an hour at room temperature to obtain activated Mac-1. After rinsing with PBS, the petri dish was incubated for 30 min at room temperature with HBSS containing 2% BSA to block nonspecific adhesion. Notably, Mac-1 and GPIbα were also immobilized on a cantilever tip and a petri dish surface by the anti-6× His tag antibody capturing to examine the effect of molecule orientations on interactions (Supplement Material). During each measurement cycle, a petri dish was driven by the piezoelectric translator to contact with a cantilever tip to reach the set-point (0.5 V), and then immediately retracted slightly and held close to the tip for 0.5 s to allow bond formation and retracted along the z direction at a speed of 200 nm/s. A feedback system was applied in the experiments. During the retraction, if a tensile force was detected (adhesion) and reached the preset level, the retraction would stop to clamp the force at that level until the tensile force broke and further retracted to its initial position. If no tensile force was detected (no adhesion) or a tensile force did not reach the preset level, the petri dish was directly retracted to its initial position. The number of adhesion events and bond lifetimes at desired forces were measured from the force–time curves.
Molecular Docking
Flexible docking of I-domain of Mac-1 (residues 131–A317; PDB code 1JLM) to GPIbα (residues 1-267; PDB code 1P9A) was performed with SWARMDOCK server web (version 15.04.01) (https://bmm.crick.ac.uk/∼svc-bmm-swarmdock/submit.cgi) (Jain, 2003). In docking, seven residues, four (T211, T213, K244, and R216) on Mac-1 and others (R218, R222, and N223) on GPIbα, were designated as binding site residues because of the mutation data (Simon et al., 2000; Wang et al., 2005). The N- and C-terminal in either of Mac-1 and GPIbα was set to be neutral. All docking results (444 complex structures) were grouped into ten clusters, in which each was defined as an ensemble of at least two complex models with ligand interface Cα RMSD <6 Å. The docking model with the lowest binding energy and the specified essential residues participating in the receptor–ligand interaction was considered as the best one. Each complex model was visually inspected by visual molecular dynamics (VMD), and only one was selected as the best model by the following criteria: the N- and C-terminal of Mac-1 could not be bound with the LRR domain of GPIbα because of the binding of the Mac-1 legs to both the N- and the C-terminus, and the model had not only the largest number of designated interface residues but also the lowest SWARMDOCK score. The best complex model, the so-called Model I, was selected from docking results and used for subsequent analysis.
System Setup and Equilibrium
We herein used two software packages, VMD for visualization and modeling (Humphrey et al., 1996) and the NAMD 2.13 program for molecular dynamics simulations (Phillips et al., 2005). The Model I was solvated with TIP3P water molecules in a rectangular box (6.54 nm × 11.6 nm × 8.4 nm). The system was neutralized by adding 118 Na+ and 126 Cl− (150 mM concentration) to mimic the actual physiological environment and consisted of 103,164 atoms. MD simulations were performed with periodic boundary condition and 2 fs time step as well as the CHARMM27 all-atom force field (MacKerell et al., 1998), along with cMAP correction for backbone, particle mesh Ewald (PME) algorithm for electrostatic interaction, a 12 Å cutoff for electrostatic, and Van der Waals interaction. All bonds were restrained using SHAKE to allow the time step of 2 fs. The system was energy minimized first for 15,000 steps with heavy or non-hydrogen protein atoms being fixed, and then for another 15,000 steps with all atoms free. The energy-minimized systems were heated gradually from 0 to 310 K in 0.1 ns first, and then equilibrated once for 100 ns with pressure and temperature control. The temperature was held at 310°K using Langevin dynamics, and the pressure was held at 1 atmosphere by the Langevin piston method. The equilibrated structure of Model I with better thermal stabilization was used as the initial conformation for the subsequent steered molecular dynamics (SMD) simulations (Supplementary Figure S1).
Steered Molecular Dynamics Simulation
The SMD simulations in “force-ramp,” “force-ramp + snapback,” and “ramp + clamp” modes were performed for testing the mechanical strength, optimizing the structure of Model I, and the mechano-regulated structure–function interaction of the complex of Mac-1 with GPIbα, respectively. In the force-ramp MD simulation, the N-terminal Cα atom of GPIbα was fixed, and the C-terminal Cα atom of Mac-1 was pulled with constant pulling velocity (3 nm/ns) along the line between the steered and fixed atom (Supplementary Figure S1C) (Simon, 2012). The dummy atom and the steered atom were linked by the virtual spring with a spring constant of 13.89 pN/Å. The rupture force of the complex was read from the peak in the force–time pattern simulated with the force-ramp mode and used to scale the mechanical strength of the complex.
It is assumed that a rational docking model for the Mac-1/GPIbα complex should have both, a better thermal stabilization and stronger mechanical strength. To making Model I be more rational, we here developed a computer strategy of docking model optimizing (DMO) via the so-called force-ramp + snapback SMD simulations because the poor mechanical strength of the complex Model I was demonstrated by its low complex rupture forces. In a run with the “force-ramp + snapback” mode, an SMD simulation of 5 ns with constant pulling velocity (3 nm/ns) was performed first, then the system was mechanically unloaded but followed with equilibrium of 100 ns or 40 ns for the snapback complex. Through MD simulation with one or several mechanically loading–unloading cycles, as described above, the Model I might be remodeled and optimized as a more rational model, named Model II or Model III, for its better structural stabilization.
The so-called ramp-clamp SMD simulations, a force-clamp MD simulation followed a force-ramp one, were performed thrice on the equilibrated system with the Model II of the complex to examine the force-induced unbinding and conformation changing of the GPIbα bound with Mac-1. For each simulation, the complex was first pulled until the tensile force arrived at a given value, such as 25, 50, or 75 pN, and then, the SMD simulation was transformed from the force-ramp mode to a force-clamp one, at which the complex was stretched with the given constant tensile force for the following 40 ns.
Data Analysis for MD Simulations
All analyses were treated with VMD tools. The Cα root mean square deviation (RMSD) and the solvent accessible surface area (SASA) (with a 1.4 Å probe radius) were used to characterize the conformational change and the hydrophobic core exposure, respectively. The binding energy, consisting of van der Waals energy and electrostatic energy, was calculated through the NAMD energy plugin in VMD. A hydrogen bond was formed if the donor–acceptor distance and the donor-hydrogen–acceptor angle were less than 3.5 Å and 30°, respectively. A salt bridge was built up once the distance between any of the oxygen atoms of acidic residues (Asp or Glu) and the nitrogen atoms of basic residues (Lys or Arg) was within 4 Å. An occupancy (or survival rate) of an H-bond or a salt bridge was scaled with the percentage of bond survival time in the simulation period. As a reflection of the mechanical strength of receptor–ligand complex (Grubmüller et al., 1996), the rupture force was read from the maximum of the force spectrum in a force-ramp run with constant pulling velocity. All visual inspections and molecular images were completed by using VMD. The formation or breakage of each hydrogen bond on the binding site was assumed to be an independent event not related to other bonds.
As a scale for the residue–residue interactions across binding site, [image: image], the probability of the ith ligand residue binding with the jth receptor residue, was evaluated by the following equation:
[image: image]
where [image: image] was the survival ratio of the lth H-bond between the ith ligand residue and the jth receptor residue, [image: image] denoted the numbers of H-bonds between the ith ligand residue and the jth receptor residue, and [image: image] and [image: image] were, respectively, the total numbers of ligand and receptor residues involved in binding. Thus, [image: image] (the probabilities of the jth ligand residue binding to the receptor) and [image: image] (the probabilities of the jth receptor residue binding to the ligand) were, respectively, estimated by the following equations:
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 and 
[image: image]
Furthermore, [image: image], the dissociation of ligand from receptor, could be estimated by the following equation:
[image: image]
And, the mechano-regulation factor or the normalized complex dissociation [image: image] was the ratio of [image: image] at tensile force of [image: image] and of [image: image] at zero tensile force, that was given by the following equation:
[image: image]
where f expressed the tensile force on the complex and f0 was a given tensile force. Regardless of the geometrical and timescale effects on complex dissociation [image: image], it was expected that [image: image] should be comparable with our AFM experiment data.
RESULTS
A Likely Wild-Type Model of Mac-1–GPIbα Complex Was Well Built Up Through Molecular Docking With Treatment of the “Force-Ramp + Snapback” MD Simulations
To gain a likely wild-type conformation for the complex of Mac-1 with GPIbα, we built three structural models (Models I, II, and III) for complex of Mac-1 with GPIbα, through SWARMDOCK program (Torchala et al., 2013) with and without a DMO treatment (Materials and Methods), respectively. With the lowest SWARMDOCK energy score and the most mutation-identified residues in the binding site, the Model I was picked out from 444 poses generated by docking of Mac-1 to ligand-free GPIbα and equilibrated by performing a system equilibrium of 100 ns or 40 ns along with the same protocol of energy minimization (see Material and Methods). Models II and III (Figure 1A) were built up, respectively, by remodeling Model I with the so-called force-ramp + snapback SMD simulation of 105 ns or 45 ns, in which 5 ns was spent for the SMD simulation with a pulling velocity of 3 nm/ns, and the other 100 ns or 40 ns was contributed to a system re-equilibration for the unloaded or snapped-back complex (Materials and Methods). Models I, II, and III should be equilibrated because the time courses of the total energy, and the root mean square deviation (RMSD) of Cα-atoms fluctuated on their respective stable levels with small relative derivations (Supplementary Figure S2A,B,E). Among the all fourteen observed H-bonds across the complex interface in Model II (Table 1; Supplementary Table S1), the first seven existed also in Model I, but others did not (Figures 1B,C); and except the 7th bond, the other six in Model I had lower occupancies than those in Models II and III. It suggested that the missed or undervalued H-bonding events on the interface in Model I might emerge and be valuation-rational through treatment with “force-ramp + snapback” SMD simulation.
[image: Figure 1]FIGURE 1 | The likely wild-type molecular docking model and some representative involved hydrogen bonds on the binding site of the Mac-1/GPIbα complex. (A) The snapshot of the likely wild-type molecular docking model, which was built up by treating Model I of the Mac-1/GPIbα complex with a “ramp-snapback” MD simulation (Material and Methods) and shown in new cartoon diagram. Mac-1 and GPIbα were colored with cyan and orange, respectively. The hydrophobic pocket of GPIbα consists of six β sheets (from β1 to β6), seven α helixes (from α1 to α7), and loops to link any two adjacent α or β structures. (B) The three intrinsic hydrogen bonds, which were contributed by the residue pairs such as K244-D18 and Y51-R64 as well as S288-D235 and detected from either of Model I and II. (C) The three newly formed hydrogen bonds, which were the linkers between the other three residues (R216-D63, K278-Q66, and E261-237) and occurred just at Model II. The hydrogen bonds at the complex interface were shown as dashed black lines and labeled on the structure in VDW mode. The orange spheres represent the residue on Mac-1 and the green spheres represent the residue on GPIbα.The labels here see reference (Kobe and Kajava, 2001).
TABLE 1 | Hydrogen bonds on the binding site of the complex.
[image: Table 1]The mean Cα-RMSD, binding energy (E), the interface H-bond number (NHB), and the interface buried SASA for complex in equilibrium of 40 ns showed that the Cα-RMSD value climbed from 2 Å to a quasi-plateau of 6 Å for the Model I but remained almost at a low level of 2 Å for Models II and III (Figure 2A; Supplementary Figure S2B), suggesting a higher thermo-stabilization of Models II and III in comparison with Model I (Figure 2A); Models II and III rather than Model I should be energy favorable because the binding energies (−398 ± 53 kcal/mol, −369 ± 50 kcal/mol) in Models II and III were far lower than that (−293 ± 75 kcal/mol) in Model I (Figure 2B); the mean number of H-bonds on the binding site over a simulation time of 40 ns for Models I, II, and III were 4.8, 6.9, and 5.8 (Figure 2C), respectively, showing a stable linkage between Mac-1 and GPIbα for Models II and III rather than Model I; and the mean interface buried SASA was read to be 730 Å2 for Model I, 840 Å2 for Model II, and 800 Å2 for Model III (Figure 2D), meaning the closer contact between Mac-1 and GPIbα in Models II and III than that in Model I. The dissociation probabilities [image: image] of complex were estimated to be 0.02, 0.0005, and 0.0009 for Models I, II, and III (Figure 2E), showing that the Mac-1 affinity to GPIbα for the Model I was down estimated and could be restored to the quasi-actual level by a DMO treatment based on a “force-ramp + snapback” MD simulation. These results demonstrated that in comparison with Model I, Models II and III were more energy-rational and more thermostable. And, we further performed the so called force-ramp SMD simulations thrice with constant pull velocity (3 nm/s) for Models I, II, and III (Materials and Methods) to evaluate the mechanical strength of the models. The force–time curves exhibited that the rupture force of the complex was 150 pN about for Model I but 300 pN about for Models II and III, suggesting a high mechano-strength in Models II and III rather than in Model I (Figure 2F; Supplementary Figure S2E). Under pulling with a constant velocity of 3 Å/ns, the Mac-1/GPIbα complex remained structure-stable under a pulling force <250 pN for Models II and III or 100 pN for Model I (Supplementary Figure S2E; Supplementary Videos S1, S2). These results demonstrated that in comparison with Model I, Models II and III were more energy-rational, more thermo- and mechano-stable in modeling the Mac-1/GPIbα complex. For these reasons, Model II was regarded as the likely wild-type model of the Mac-1/GPIbα complex and used as an initial conformation for the subsequent “ramp-clamp” SMD simulations.
[image: Figure 2]FIGURE 2 | Comparison of the complex characters in Model II (light gray) and Model III (dark gray) with those in Model I (black). (A) The mean Cα-RMSD, (B) the mean binding energy E (−293 ± 75 kcal/mol for Model I, -398 ± 53 kcal/mol for the II, and −369 ± 50 kcal/mol for Model III), (C) the mean interface H-bond number NHB (4.8 ± 2 for Model I, 6.9 ± 1.4 for Model II, and 5.8 ± 1.5 for Model III), (D) the mean buried SASA (730 Å2 for Model I, 840 Å2 for Model II, and 800 Å2 for Model III), and (E) the dissociation probability fD for complex in 40 ns equilibrium. (F) The mean rupture force (120 pN about for Model I, 300 pN for Model II, and 313 pN for Model III) in “force-ramp” SMD simulations thrice on complex with a velocity of 3 Å/ns. The p-values of the unpaired two-tailed Student’s t test were shown to indicate the statistical difference significance (****p < 0.0001), or lack thereof. Data were shown with mean ± S.D.
Dissociation of the Stretched Mac-1–GPIbα Complex Was Biphasic Force Dependent
To examine the mechano-regulation on the interaction of Mac-1 with GPIbα, we performed a series of “ramp-clamp” SMD simulations of 40 ns thrice with Model II under constant tensile forces of 0, 25, 50, and 75 pN (Materials and Method). Just a bit force-induced conformational change of complex is shown in Figure 3, meaning that Model II was reliable for its fine mechanical stability. And, the mechanical stability of the complex was also demonstrated by the very slight tension-induced increasing of the Cα-RMSD of the complex (Figure 4A) and distance between the pulled- and fixed-atom (Figure 4B), while the sampled structural space was regarded as quasi-perfect because the H-bond number obeyed the Gaussian distribution (Figure 4C), meaning that the complex conformations sampled within a simulation time of 40 ns under each given constant tensile force were enough in gaining information of the structure–function relation of the complex.
[image: Figure 3]FIGURE 3 | The conformations of Mac-1/GPIbα complex (Model II; new cartoon) after 40 ns “clamp-force” SMD simulation with tensile forces 0 (A), 25 (B), 50 (C), and 75 pN (D). Mac-1 and GPIbα were shown as cyan and orange, respectively. The main conformation changes of β-switch, which were marked with a red box, where shown in (A–D).
[image: Figure 4]FIGURE 4 | Variations of the structural stability and interface interaction of the complex versus constant tensile force. Data were read from the thrice 40-ns “force-clamp” SMD simulations on Model II of the Mac-1–GPIbα complex. (A) The representative time courses of the Cα-RMSD of complex at tensile forces of 0 (blue), 25 (green), 50 (red), and 75 pN (black). The Cα-RMSD fluctuated in a range from 1.0 to 2.5 Å for each tensile force. (B) The distance–time plot at tensile forces of 0, 25, 50, and 75 pN. The distance between the pulled- and fixed-atom fluctuated with an amplitude <5Å around a plateau for each tensile force. (C) Gaussian fitting of the NHB frequencies from thrice 40-ns runs at various tensile forces. (D) and (E) The variations of the mean binding energy E and the mean H-bond number NHB on binding site over 40 ns for three runs versus the tensile force. (F) The normalized dissociation probability fD of complex under various tensile forces. Pearson correlation coefficients for E, NHB, and fD are -0.832, 0.879, and -0.987 if 0 ≤ force ≤ 25 pN but take values of 0.595,−0.766, and 0.749 as 25 pN < force ≤ 75 pN, respectively, with p < 0.05, statistically demonstrating the dependences of E, NHB, and fD on the tensile force. The data in (D), (E), and (F) were shown as the mean ± SD.
The interaction energies, the buried SASA, and the H-bonds (or salt bridges) on the binding site for the complex under constant tensile forces were sampled through the “ramp-clamp” SMD simulations with Model II (Materials and Method). Plots of the mean interaction energy (E), the mean buried SASA, and the mean number of the H-bonds (NHB) (or salt bridges) on the binding site over 40 ns for three runs against tensile force exhibited that E decreased first and then increased with F, and the force threshold occurred at 25 pN (Figure 4D), demonstrating a biphasic force-dependent energy preference for the stretched GPIbα–Mac-1 complex; on the contrary, NHB increased first and then decreased with F (Figure 4E), illustrating a transition from force-enhanced to force-weakened linkage between GPIbα and Mac-1; as a result, fD, the normalized complex dissociation probability, decreased first and then increased F (Figure 4F), suggesting a catch-slip bond transition in Mac-1 dissociation from GPIbα. All the transition points for E, NHB, fD, and the mean buried SASA occurred at a tensile force of 25 pN, as it should be. These results were in keeping with our single molecular AFM measurement data, which exhibited a catch-slip bond transition with a force threshold of about 31 pN (Figure 5; Supplementary Figure S3) for interaction between Mac-1 with GPIbα. The catch-slip bond transition had been measured by AFM and BFP as well as flow chamber experiments for various adhesive molecule systems, such as von Willebrand factor with GPIbα (Yago et al., 2008), ADMAMTS13 (Wu et al., 2010), PSGL-1 with P-, E-, and L-selectins as well as the PSGL-1-actin cytoskeleton linker protein ezrin/radixin/myosin (ERM) (Marshall et al., 2003; Yago et al., 2004; Li et al., 2016), and so on.
[image: Figure 5]FIGURE 5 | Variation of lifetimes of Mac-1–GPIbα bonds versus force. All data were from single molecular AFM measurements and shown as mean ± SEM. At least 325 single-bond rupture force data at each group were collected and analyzed using a force bin of 7.5 pN. Cantilever tip and petri dish were functionalized through coating with 15 μg/ml Mac-1 and GPIbα, respectively (Materials and Methods).
It signed that the computer strategy with “ramp-clamp” SMD simulation was practicable in examining the mechano-regulation on receptor–ligand interactions, as done in our previous work for the interaction of PSGL-1 with ERM (Feng et al., 2020) or Kindlin 2 with β3 integrin (Zhang et al., 2020) and Model II, a docking model treated with “force-ramp + snapback” SMD simulation, was suitable in studying the structure–function relation for the complex of Mac-1 with GPIbα.
Force-Induced Allostery in Mac-1 Dissociation From GPIbα
To scale the force-induced allostery of the Mac-1 bound with GPIbα, we herein measured θ (Figure 6A), the mean angle between α1 and α7 helix of the ligated Mac-1 over 40 ns simulation time thrice under each tensile force. The angle θ increased remarkably first and then decreased with F (Figure 6B), was correlative negatively to the normalized complex dissociation probability fD (Figure 4F) and the interaction energy E (Figure 4D) but positively to the H-bond number NHB (Figure 4E) and the mean buried SASA (Figure 6C), suggesting that the force-induced allostery of the ligated Mac-1 might be responsible for the catch-slip bond transition in the interaction of Mac-1 with GPIbα. An observation for the α7 helix of Mac-1 exhibited a descent of Mac-1 affinity to GPIbα due to the downward change of the α7 helix (Figure 6A).
[image: Figure 6]FIGURE 6 | The force-induced conformational change of the Mac-1–GPIbα complex. (A) The cross angle θ between α7- and α1-helix of the ligated Mac-1. The four representative conformations of α1- and α7-helix under various tensile forces of 0, 25, 50, and 75 pN were colored in blue, cyan, yellow, and green, respectively. The superposition of these different conformations showed a force-induced down-movement of α7 helix tail. (B) The plot of θ against tensile force. θ was averaged over the simulation time of 40 ns for three runs. The mean values are 64.5, 66.5, 64.4, and 62.3 degrees, respectively. (C) Variation of the mean buried SASA over the thrice 40-ns runs versus tensile force. (D) The distance LMB (dashed black line) between the two green spheres, which were located respectively at the centroid and the D235 residue in the bound GPIbα. (E) Superposition of four representative conformations of β-switch (residues 227–241) of GPIbα under various tensile force of 0 (blue), 25 (cyan), 50 (yellow), and 75 pN (green). A force-induced down-movement of the β-switch was shown in the structural superposition. (F) Variation of LMB versus the tensile force. Pearson correlation coefficients for θ, SASA, and LMB are 0.852, 0.408, and −0.735 if 0 ≤ force ≤ 25 pN but take values of −0.606, −0.612, and 0.885 as 25 pN < force ≤75 pN, respectively, with p < 0.05, statistically demonstrating the dependences of E, NHB, and fD on the tensile force. The data in (B), (C), and (F) were shown as the mean ± SD.
Besides, we measured LMB, the distance from the Cα atom of the residue D235 in the β-switch to the mass center of GPIbα (Figure 6D), to scale the deviation of the β-switch from its neighbor subdomains under various tensile forces. Plots of LMB against tensile force (Figure 6F) said that increasing tensile force made LMB lengthened significantly first and then shortened slightly, and the turning point occurred at the tensile force of 25 pN too, demonstrating that a limit on Mac-1 dissociation from GPIbα might be provided through the β-switch deviating from GPIbα body. Together with the force-induced allostery of the ligated Mac-1 (Figures 6A,B), the force-mediated deviation of the β-switch (Figure 6E) also might be responsible for the force-dependent mean buried SASA of the binding sites and the dissociation of Mac-1 from GPIbα.
The Key Residues in the Biphasic Force-Dependent Mac-1-GPIbα Interaction
To reveal the structural basis of the biphasic force-dependent Mac-1–GPIbα interaction mentioned above, we examined the H-bonding interactions on the binding site through “force-clamp” SMD simulation of 40 ns thrice under tensile forces of 0, 25, 50, and 75 pN, and evaluated the probabilities for unbinding of either the residues in Mac-1 from GPIbα or the residues in GPIbα from Mac-1 (Materials and Methods). The variation of the H-bond occupancy versus tensile force (Table 2) demonstrated that the residue–residue interactions on the binding site were mechano-sensitive, and increasing tensile force might make H-bonding occurred, broken, strong, or week, exhibiting a diversity for the H-bonds in response to the tensile force. Of all detected H-bonds, those with mean occupancies >0.20 had eleven members (Table 2; Supplementary Table S2) which could be clustered into four groups in responding to the tensile force with modes of the “slip-bond type,” the “catch-slip bond” type, the “slip-catch-slip bond,” and the “catch-slip-catch bond” type, respectively. The first group was contributed by K19 on GPIbα with its two partners E243 and E282 on Mac-1; the second was consisted of those such as D235 on GPIbα paired with S288, K278, and E261 on Mac-1 paired with their respective partners E40 and K237 on GPIbα, as well as E252 on Mac-1 with its three partners K37, S39, and R64 on GPIbα; the third included those of K244 and Y251 on Mac-1 paired with their respective partners, D18 and R64 on GPIbα; and the fourth was contributed only by D259 on Mac-1 paired with K231 on GPIbα (Table 2). These suggested that the force-induced changes of conformation and function for either Mac-1 or GPIbα in complex should be mediated by the cooperative interaction of the H-bonds in responding to the tensile force with different modes.
TABLE 2 | H-bonds (with occupancies in top 11) on the binding site of the complex under various tensile forces.
[image: Table 2]Based on the contributions on strong interface H-bonding with high occupancies (>50%), the six residues, such as K244, E252, E261, K278, E282, and S288 on Mac-1, might be responsible for the force-dependent interaction of Mac-1 with GPIbα, despite just K244 in these residues was mutation-identified (Simon et al., 2000; Wang et al., 2005). Other three mutation-identified residues, such as T211 and T213 as well as R216 on Mac-1 (Simon et al., 2000; Wang et al., 2005), did not emerge from the above six key interface residues because of either nothing for T211 and T213 or less contribution for R216 to H-bonding on the complex interface. This inconsistency of the mutation-experimental data and the computational results might come from the timescale effects on milliseconds MD simulations in predicting the receptor–ligand interaction in a period of 1 s or its tenth (Schwantes et al., 2014).
DISCUSSION
It was believed that MD simulation might predict druggable binding site on complex interface, while providing a valuable dynamics insight to receptor–ligand interaction mechanism. However, a near-native docking model should be required for a meaningful MD simulation, under the lack of solved structural data of the complex. A rational assumption said that Mac-1/GPIbα complex should be thermo- and mechano-stable, like the GPIbα–VWF complex because of the structural similarity between the two complexes. However, it is still a technical challenge to make a complex docking model near-native. We herein proposed a novel computer strategy to make the Model I (the docking model of Mac-1/GPIbα complex) more near-native or rational. This strategy for structural improvement included a system equilibrium followed a “force-ramp + snapback” SMD simulation of 105 ns, in which 5 ns was spent for SMD simulation with a constant pulling velocity of 3 nm/ns and the other 100 ns for a system re-equilibration for the unloaded or snapped-back complex (Materials and Methods). The interface H-bonds in Model II were more and stronger than those in Model I, saying that the present computer strategy with a treatment of “force-ramp + snapback” MD simulation might be feasible for improving a docking model, and meaning that the barrier in the transition from a nonnative complex conformational model to a near-native one might overcome through adding a mechano-perturbation on the complex. However, the effectiveness and efficiency of our “force-ramp + snapback” methodology relies on a suitable choice of fixed and pulled atoms, as well as pulling velocity and direction. We have shown that given a rational choice of these parameters, our methodology can improve the quality of a modeled dimer. To conclusively demonstrate the general applicability of our methodology, tests on multiple docked models of different dimers should be carried out.
As a key event in hemostasis and inflammatory responses to vessel injuries, the crosstalk between platelet and neutrophil would be mediated by GPIbα–Mac-1 interaction in hemodynamic environments. Lack of crystal structural data led to less knowledge on the mechano-regulation and its molecular basis on GPIbα–Mac-1 interaction under shear stress conditions, despite those mutation-identified residues, such as T211, T213, K244, and R216 on Mac-1, were demonstrated to be crucial for binding of Mac-1 to GPIbα (Simon et al., 2000; Wang et al., 2005). In mediating adhesion and accumulation of circulating platelets, GPIbα–vWF interaction was governed by a catch-slip bond mechanism, saying a force-induced prolongation of bond lifetime for complex under loads below a force threshold (Da et al., 2014). This catch-slip bond was also observed herein not only from AFM measurements for GPIbα–Mac-1 interaction but also from a series of “ramp-clamp” mode SMD simulations with Model II of the GPIbα–Mac-1 complex under various tensile forces (Figure 4). It might come from the structural similarity between Mac-1 I-domain and VWF-A1 domain with the major binding site for GPIbα (Diamond et al., 1993). This better consistency of the experimental data and computational predictions might provide another support to Model II of the GPIbα–Mac-1 complex, despite that the catch-slip bond transition occurred at 31 pN in AFM experiments but 25 pN in the “ramp-clamp” SMD simulations. The catch-slip bond phenomenon in GPIbα–Mac-1 interaction was observed in various adhesive molecular systems, such as selectins with PSGL-1 (Marshall et al., 2003), β2 integrin (αLβ2, αMβ2) with ICAM-1 (Kong et al., 2009; Chen et al., 2011), and VWF-A1 with GPIbα (Yago et al., 2008; Lining et al., 2015).
The force-induced allostery of the mutually constrained Mac-1 and GPIbα was stable for a given tensile force (Figure 3) and might synergize beneficially to induce the “catch-slip bond” phenomenon in the interaction of Mac-1 and GPIbα. We obtained that the catch bond in the interaction of Mac-1 to GPIbα might be derived from an increasing flexibility of the αM domain α1 helix and a force-induced downward movement of the αM domain α7 helix of the bound Mac-1, similar to the α7 helix shifting downward and the outward movement of the α1 helix in the force-induced conformational transition of the ICAM-1–bound LFA-1 (Chen et al., 2011). The force-induced change of angle between α1 and α7 helix came from the swing of α7 tail spiral (Figures 6A,B), suggesting that α7 helix was responsible for the affinity of the bound Mac-1. The force-induced change of the GPIbα-binding pocket (the β-switch) might regulate the GPIbα affinity to Mac-1 (Figures 6D–F), in consistency with the interaction of VWF A1 domain with GPIbα.
Usually, MD simulation results at the atom level were not comparable to the single molecular measurement data. The barriers might mainly come from the timescale effects on MD simulation results in predicting receptor–ligand interactions, due to that affinity change and conformation evolution of adhesive molecules would undergo a period far longer than the simulation timescale from nanoseconds to milliseconds (Schwantes et al., 2014). These timescale effects might be overcome through a suitable computer strategy such as the “ramp-clamp” SMD simulation, as shown in the better consistency of AFM experimental data with MD simulation results. With Model II of the Mac-1/GPIbα complex, the identified residues D222 and R218 on Mac-1 were predicted to be the key, showing the rationality of Model II and the availability of the present computer strategy. However, the random feature and the initial-state dependence of conformational evolution might lead to fail in detecting the identified residues (T211 and T213) on Mac-1 and N223 on GPIbα herein, but enough simulations in parallel might be beneficial in locating this residue.
In conclusion, a rational docking model (Model II) for the Mac-1/GPIbα complex was built herein through the present computer strategy, and shown to be thermo- and mechano-stable. A slip-catch bond transition phenomenon was observed not only from the “ramp-clamp” SMD simulations with Model II under various tensile forces but also from AFM experiments. The force-enhanced interaction of Mac-1 to GPIbα under force below a force threshold might be required for stable crosstalk between platelets and neutrophils in mechano-microenvironments around the injured vessel sides. The present work provided not only an effective computer strategy to build a likely wild-type model of Mac-1 bound to GPIbα but also a novel insight into the mechano-regulation mechanism and its molecular structure basis for Mac-1–GPIbα interaction and should be helpful for understanding the force-dependent platelet–leukocyte interactions in hemostasis and inflammatory responses under flows.
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