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SUPPORTING INFORMATION 

 
STOCHASTIC BOUNDARY MOLECULAR DYNAMICS 
The structure of the complex between COX-1 and arachidonic acid was taken from 
PDB (1diy.pdb) [S1]. CHARMM code (version 27b2) was used for all structure 
manipulation and calculations [S2]. We selected and kept in the system all protein 
residues with at least one atom within 25 Å of the center (H13 of COX-1) while all 
the rest were deleted. The salvation of the system was done by superimposing a 60 Å 
edge pre-equilibrated box of 8000 TIP3P water molecules [S3]. Any water molecules 
with oxygen atom within 2.6 Å distance of another non-hydrogen atom were deleted. 
First, 10 ps of Langevin dynamics [S4] at a temperature of 300 K was performed to 
equilibrate the water molecules, whilst all other atoms were kept fixed. Then 
Stochastic Boundary MD simulations were carried out as follows: We defined a 4 Å 
buffer zone which includes all atoms further than 21 Å away from the center. The 
non-solvent heavy atoms were restrained to their coordinates by harmonic potentials 
with force constants based on model average B-factors [S5]. These restraints were 
linearly scaled in four steps, strating from zero at 21 Å from the center of the system, 
to a maximum value at 25 Å. Langevin dynamics with frictional coefficients of 250 
ps-1 for non-hydrogen protein atoms and 62 ps-1 on water oxygen atoms were applied 
for the entire buffer region. In addition for the water oxygen atoms were applied 
deformable boundary potential. CHARMM22 force field (CHARMM22 protein 
parameters and CHARMM27 lipid parameters [S6] was used. A cutoff distance for 
non bonded interactions of 13 Å was applied. The simulation was performed at two 
phases with timestep of 0.5ps: A heating phase in order to increase the temperature 
from 0 to 300 K was run for 30ps; (ii) an equilibration phase at 300 K was performed 
for 250 ps. The final was MM minimized to an energy gradient of 0.01 kcal mol−1 Å−1 
with the ABNR method before the QM/MM calculations. 
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PERIODIC BOUNDARY MOLECULAR DYNAMICS  
The structure of the enzyme-substrate complex has been taken from Protein Data 
Bank (PDB id: 1DIY) [S1] and represents a complex of COX-1 with arachidonic acid 
(AA) in productive orientation and co-substituted heme. The system preparation and 
simulation have been described in our previous publication [S7]. Here we only briefly 
summarize the preparation and simulation process. 
The CHARMM package [S2] was used for preparing the initial molecular model and 
analyzing the final results. The CHARMM22 force field [S6] was used throughout. 
COX-1 was rotated to align its two-fold dimer axis parallel to the membrane normal, 
and its membrane binding domain (MBD) was embedded into the upper leaflet of a 
DMPC-based lipid bilayer. The protein-membrane system was carefully constructed, 
as described in our previous publication [S7]. The upper planes were located at the 
peaks of the profiles for the cross-sectional area of the MBD along the two-fold dimer 
axis; the lower planes were 34Å below. The distance corresponds to the head-to-head 
distance of the DMPC bilayer. The complex was then solvated using TIP3P water 
molecules [S3] and electrostatically neutralized by adding counterions (Na+). The 
final system contained a COX-1 dimer complexed with arachidonic acids and hemes, 
and 170 and 205 DMPC molecules in the upper and lower layers respectively. 
Three-dimensional periodic boundary conditions were applied in the simulation. The 
minimization and production runs were performed using NAMD [S8]. The 
electrostatic interaction was divided into two parts: a local component which was 
calculated every time step with a local interaction distance of 12 Å, and a long-range 
component which was evaluated every four time steps. Particle mesh Ewald (PME) 
[S9] was used for the full electrostatic calculations. The vdW interactions were 
truncated using the switch method with a switch range of 10 – 12 Å. Hydrogen to 
heavy atom bonds, and the internal geometry of the water molecules, were 
constrained using SHAKE algorithm [S10] and the equations of motion were 
integrated with a 2 fs time step. Energy minimizations were first performed with 
heavy protein atoms restrained at their x-ray positions. Then a series of short 
simulations were conducted, while the restraints on heavy atoms were gradually 
reduced. This was followed by free dynamics simulation, assigning random velocities 
based on a Maxwellian distribution at 100 K as the initial temperature. The systems 
were heated to the final temperature of 300 K by periodically reassigning the 
velocities. Finally 25 ns production simulation was run at a temperature of 300 K and 
a pressure of 1 bar (NPT ensemble). Trajectory coordinates were recorded at every 2 
ps.  
 
SELECTIONS OF INITIAL STRUCTURES FOR QM/MM MODELLING 
Representative structures were determined by a cluster analysis of the AA 
conformations [S7]. Most of the “conformational states” [S7]were unlikely to 
represent a productive binding mode as the distance between pro-S hydrogen atom 
and phenoxyl radical oxygen ([O-Hs] distance) was too great (see Table 2 in reference 
[S7]. This is not surprising as the representative structures observed in a classical MD 
simulation are not necessarily the optimal states in quantum calculations. Therefore, 
the frames were chosen based on the [O-Hs] distance, with a threshold of 3.0Å, 
instead of using representative structures from MD simulation. They are at least 300ps 
apart to make them less correlated. The frames differ not only at the [O-Hs] distance, 
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but the conformations of both protein and arachidonic acid (Figure S1). The 
conformations were MM and QM/MM minimized before further simulations. 
 
 
 ( A ) ( B )  

 
( C ) ( D )  

Figure S1. The conformations of molecular dynamics simulations at 2180ps (A), 
3984ps (B), 4960ps (C) and 5344ps (D). COX-1 is depicted in ribbon representation, 
the arachidonic acid in bond model with C13 and pro-S hydrogen atoms in ball 
model, and the residue TYR 385 in ball-and-stick model. The structures are aligned 
using the sidechain of the TYR 385 residue. 
 
QM/MM METHODOLY 
One (hydrogen) ‘link atom’ was used at the QM/MM boundary, connecting the CB 
and CA atoms of the tyrosine radical. The QM part (68 atoms) was modelled at the 
B3LYP/6-31+G(d) level of theory. This method has been shown to perform well for 
this system [S11, S12]. As the QM part contains an unpaired electron, open shell 
calculations using Jaguar [S13] were performed. The rest of the system was treated 
with the CHARMM27 force field [S6] using the TINKER program [S14]. Coupling 
between the QM and MM regions was done with QoMMMa interface [S15]. All 
atoms situated outside a 20 Å sphere centred on the C13 atom of ACD were held 
fixed. The electrostatic interactions between QM and MM regions were accounted for 
by incorporating the MM atomic charges in the QM Hamiltonian. QM/MM van der 
Waals interactions were calculated classically by assigning Leonard-Jones parameters 
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to the QM atoms. No cut-offs for electrostatic and van der Waals interactions were 
used. All initial structures were QM/MM minimized to within an energy gradient of 
0.01 kcal mol−1 Å−1. The adiabatic mapping (coordinate driving) approach [S16] was 
used to explore the reaction path for the abstraction of the pro-(S)-hydrogen (Hs) from 
the C13 atom of ACD by the oxygen of the Tyr385 radical. During the adiabatic 
mapping its value was incremented by 0.2 Å each step, apart from in the proximity of 
the approximate transition state, where the increment was 0.1 Å. A force constant of 
1000 kcal mol-1 Å-2 was used to restrain the reaction coordinate to each particular 
value. Energy minimizations at each value of the reaction coordinate were performed 
to within an energy gradient value of 0.01 kcal mol-1 Å-1. The structures of energy 
minima (reactants and products) were determined more precisely by performing 
additional geometry optimizations with no reaction coordinate restraint.  
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Figure S2. Geometric parameters representing important interactions in COX-1 Michaelis complex. 
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Table S1 Geometric parameters of Reactant Complex. Distances are presented in [Ǻ], angles and torsion angles in [º].  
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Torsion 
Angle 
φ3 

 
 

Distance  
δ2 

 
 

Angle 
 α2 

 
 

Torsion  
Angle 

 φ4 
 

 
SBMD 

  

 
19.00 

 
2.37 

 
108.96 

 
145.51 

 
-141.51 

 
1.63 

 
1.68 

 
-24.50 

 
1.77 

 
174.80 

 
-107.79 

 
4960ps 

  

 
16.40 

 
2.36 

 
89.26 

 
152.21 

 
-139.84 

 
1.65 

 
1.69 

 
112.40 

 
1.81 

 
172.11 

 
-25.10 

 
2180ps  

 

 
18.20 

 
2.38 

 
95.18 

 
173.77 

 
-113.48 

 
1.77 

 
1.70 

 
-49.92 

 
1.81 

 
168.51 

 
-16.34 

 
5344ps  

 

 
14.30 

 
2.48 

 
83.41 

 
142.42 

 
-157.30 

 
1.76 

 
1.64 

 
107.30 

 
1.79 

 
173.65 

 
-45.76 

 
3984ps  

 

 
25.90 

 
2.44  

 
107.17 

 
 96.84 

 
-135.20 

 
1.65 

 
1.63 

  
     -51.47 

 
1.98 

 
167.98 

 
-71.81 
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Structure 

 
 

∆E# 

 
 

Distance 
δ1 

 
 

Angle 
α1 

 
 

Torsion 
Angle 
φ1 

 
 

Torsion 
Angle 
φ2 

 
 

Distance 
δ3 

 
 

Distance 
δ4 

 
 

Torsion 
Angle 
φ3 

 
 

Distance 
δ2 

 
 

Angle 
α2 

 
 

Torsion 
Angle 
φ4 

 
SBMD 

 

 
19.00 

 
1.37 

 
110.24 

 
146.94 

 
-151.54 

 
1.63 

 
1.69 

 
-23.96 

 
2.03 

 
172.17 

 
-119.56 

 
4960ps 

 

 
16.40 

 
1.29 

 
108.43 

 
156.32 

 
-137.61 

 
1.65 

 
1.69 

 
45.22 

 
1.89 

 
177.72 

 
-9.95 

 
2180ps 

 

 
18.20 

 
1.30 

 
108.01 

 
161.90 

 
-129.11 

 
1.76 

 
1.70 

 
-15.80 

 
2.15 

 
172.41 

 
23.30 

 
5344ps 

 

 
14.30 

 
1.37 

 
106.70 

 
148.40 

 
-147.00 

 
1.77 

 
1.64 

 
41.20 

 
1.88 

 
175.54 

 
-75.01 

 
3984ps 

 

 
25.90 

 
1.41 

 
114.73 

 
85.93 

 
-137.36 

 
1.65 

 
1.62 

 
-36.40 

 
1.88 

 
166.25 

 
-47.10 

Table S2 Geometric parameters of Transition State. Distances are presented in [Ǻ], angles and torsion angles in [º].  
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Structure 

 
∆E# 

 
Distance 
δ1 
 

 
Torsion 
Angle 
φ1 
 

 
Torsion 
Angle 
φ2 
 

 
Distance 
δ3 
 

 
Distance 
δ3 
 

 
Torsion 
Angle 
φ3 
 

 
Distance 
δ2 
 

 
Angle 
α2 

 
Torsion 
Angle 
φ3 
 

 
SBMD 

 

 
19.00 

 
3.12 

 
179.26 

 
179.19 

 
1.63 

 
1.69 

 
-68.49 

 
1.79 

 
174.28 

 
-107.44 

 
4960ps 

 

 
16.40 

 
3.12 

 
179.36 

 
-178.74 

 
1.70 

 
1.64 

 
-74.18 

 
1.87 

 
160.77 

 
-100.76 

 
2180ps 

 

 
18.20 

 
2.69 

 
-174.10 

 
-167.70 

 
1.75 

 
1.70 

 
-38.24 

 
1.84 

 
172.05 

 
18.54 

 
5344ps 

 

 
14.30 

 
3.20 

 
173.96 

 
-177.24 

 
1.77 

 
1.65 

 
-71.72 

 
1.88 

 
160.34 

 
-107.49 

 
3984ps 

 

 
25.90 

 
3.62 

 
177.17 

 
174.35 

 
1.65 

 
1.63 

 
-65.48 

 
1.78 

 
165.51 

 
-74.19 

 
Table S3 Geometric parameters of Product Complex. Distances are presented in [Ǻ], angles and torsion angles in [º].  
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Figure S3. Correlation between hydrogen abstraction angle in the Michaelis complex and the transition state 

 
 


