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Computational Details  

1. Preparation of initial enzyme reactant systems  

The initial structure for investigating the acylation reaction stage was prepared similarly as in the 

previous study,1 which was based on a snapshot of a 10-ns molecular dynamics simulation of the apo-

mAChE (PDB code: 1MAH) with explicit water molecules.2 The protonation states for all their 

titratable residues are in their normal states. First, we rotated the ring of His447 into its productive 

orientation. Then the AChE-ACh complex was constructed by docking the substrate acetylcholine 

(ACh) into the pre-equilibrated apo-AChE system using Autodock 4.0.1.3 The partial charges of the 

ACh were fitted with HF/6-31G(d)4 calculations and the restrained electrostatic potential (RESP) 

module5 in the Amber package. Next, the system was neutralized, solved, and equilibrated with a series 

of minimizations interspersed by short molecular dynamics simulations using Amber106 with periodic 

boundary condition. Then an extensive molecular dynamics simulation was carried out and the 

trajectory is stable. A snapshot at 1.8 ns was randomly chosen for the subsequent QM/MM simulations.  

For deacylation reaction, we prepared the initial structure from the computationally determined EA1 

product of the acylation stage. We removed choline from the binding pocket since experimental studies 

have indicated that the release of choline is faster than the deacylation reaction7,8. In order to examine 

both possibilities for Glu202, we have prepared and simulated two reactant complex models for the 

deacylation stage, which only differ in the protonation state of Glu202. The rest equilibration and 

simulation protocol is the same as for the reactant of acylation reaction. 

In all above MD simulations, long-range electrostatic interactions were treated with particle mash 

Ewald (PME) method9,10 and 12 Å cutoff was used for both PME and van deer Waals (vdW) 

interactions. The pressure was maintained at 1 atm and coupled with isotropic position scaling. 
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Temperature was controlled at 298 K with Berendsen thermostat method.11 They were performed with 

Amber10 molecular dynamic package,6 and amber99SB12,13 force fields was used. 

2.2. QM/MM simulations.  

With an equilibrated MD snapshot, the QM/MM model was prepared by deleting the ions and waters 

beyond 25 Å from the reaction center, which was chosen as hydroxyl oxygen atom of Ser203. Each 

resulted system contained about 10,000 atoms. For the acylation stage reaction, the QM sub-system 

includes the substrate ACh and the catalytic triad (side chains of Ser203, His447 and Glu334); while in 

the deacylation stage, the QM sub-system consists of the reactive water molecule and side chains of 

acetyl-Ser203, His447 and Glu334, as illustrated. The QM/MM boundary were described by improved 

pseudobond approach14-17. All other atoms were described by the same molecular mechanical force field 

used in classical MD simulations. For all QM/MM calculations, the spherical boundary condition was 

applied, and only the atoms within 20 Å from the reaction center were allowed to move. The 18 and 12 

Å cutoffs were employed for electrostatic and van der Waals interactions, respectively. There was no 

cutoff for electrostatic interactions between QM and MM regions.  The prepared QM/MM system was 

first minimized and then employed to map out a reaction path with B3LYP/6-31G* QM/MM 

minimizations.  Figure S2 illustrates the reaction coordinate employed for each reaction step. For the 

initial step of acylation reaction, it is chosen as dO-H – dC-O, which is the distance between O-H bond of 

Ser203 and the distance between attacking O of Ser203 and the attacked carbon atom of ACh. It should 

be noted that the distance dN-H (distance between H of Ser203 and N of His447) is not included into the 

reaction coordinate, so that the proton is free to transfer either to His447 or to the O of scissile bond of 

ACh. Our simulations indicate that the proton doesn’t transfer directly to the substrate. The reaction 

coordinate of the second acylation reaction step is dC-O2 + dO-H – dO2-H, in which dC-O2 means the 

distance between C and O of the scissile bond, dO2-H is distance between H and the O atom of scissile 

bond. For the deacylation reaction, almost the same reaction coordinates have been employed.  For the 

initial step of deacylation, we used reaction coordinate as dO-H – dC-O, which is the distance between O-

H bond of reactive water and the distance between O of water to the attacked carbon atom of acyl-

serine. For the second step, the reaction coordinate was chosen as dC-O2 + dO-H –dO2-H, in which dC-O2 is 

the distance of scissile bond, and dO2-H is the distance between H and O of Ser203 respectively. For each 

determined structure along the path, a 500 ps MD simulation with MM force field was performed to 

equilibrate the MM subsystem, with the QM subsystem being frozen. Finally, the resulting snapshot 

was used as the starting structure for Born-Oppenheimer B3LYP/6-31G* QM/MM MD simulation with 

umbrella sampling. Along the reaction path, 11, 21, 13, 18 umbrella windows 18-20 were chosen for the 

two steps of acylation and deacylation respectively. Time step of 1 fs was employed, and the Berendsen 

thermostat method has been used to control the system temperature at 300 K. Each window was 
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simulated for at least 30 ps. From these biased simulations, the free energy profile for each reaction was 

obtained with the weighted histogram analysis method (WHAM).21-23 All ab initio QM/MM 

calculations were performed with modified Q-Chem and Tinker programs.  
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Figure S1. Illustration of the division of QM/MM system for a) acylation, b) deacylation reactions. All 

atoms colored in blue are assigned 6-31G* basis set, and the pseudo-atoms (colored in red) are treated 

with pseudo-bond parameters. All the left atoms are MM atoms that are treated with Amber99SB force 

field. The atoms connected with pseudo-atoms (colored in green) are treated as zero-charge atoms, and 

have no electrostatic interaction with QM atoms. 
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Figure S2. Illustration of reaction coordinate chosen for acylation and deacylation reactions: a) initial 

step of acylation, b) second step of acylatoin, c) initial step of deacylation, d) second step of 

deacylation. 
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Figure S3. Free energy profile for the initial step of deacylation reaction with different protonation 

states of Glu202. The protonated Glu202 is referred as Glh202. 

 

Figure S4. Free energy profile for the initial step of deacylation reaction with different functional and 

basis set with ab initio QM/MM MD simulations. The Glu202 is protonated. For B3lLYP/6-31+G(d)1 

QM/MM MD simulations, diffusion functions are only added  on all the O ant N atoms.  

 

 

 


