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1. The parameterization of the heme thiolate 

Parameters for the heme ligated with cysteine in the P450-cam system for use with the 

GROMOS force field were developed by Helms et al. in 1995 (1). Unfortunately, the spin state of 

heme in P450-cam system is low spin (S=1/2), while the spin state of heme in CPO’s resting 

state is high spin (S=5/2). Therefore we determined the heme-thiolate parameters appropriate for 

CPO’s resting state. 

In this work, the bonded parameters for the heme ligated with cysteine were mainly obtained 

from geometry optimization and the hessian matrix using Seminario's method (2) For bonded 

parameters, the heme structure was taken from a high-resolution X-ray crystal coordinates (PDB 

code: 2CIW, resolution at 1.15 Å) and ligated with methylthiolate (representing cysteine). The 

side chains of the heme were omitted to simplify the calculation, since the experimental 

geometries of porphyrin models can be reproduced to a high accuracy without simple side chains 

(e.g., alkyl and vinyl groups) (3). Hydrogen atoms were added manually using the package 

MOLDEN(4), version 5.0. Ab initio DFT geometry optimizations at the spin-unrestricted TPSS (5, 
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6) level was performed by ORCA (version 2.9) (7) with both the def2-SVP (8) and def2-SVP/J (9) 

basis sets on all atoms. The TPSS functional was used because of its high accuracy and fast 

calculation speed for reproducing the experimental geometry (3). The def2-SVP/J basis set is an 

auxiliary basis that, when used with the resolution-of-the-identity (RI) approach, speeds up the 

calculations significantly (9). The vibrational frequencies were calculated by two-sided numerical 

differentiation of analytical gradients. The hessian matrix was analyzed by Seminario’s method 

(2) to derive the force constants for bond stretching and angle bending. While the dihedral terms 

can be fit to vibrational frequencies by Seminario's method, the harmonic approximation is 

particularly poor for the torsional degrees of the freedom (10). Instead, the terms were derived 

from a relaxed potential energy scan (PES) (11). A series of constrained geometry optimizations 

was performed by freezing different N-Fe-S-C dihedral angles at each step, while the other 

coordinates were relaxed. The optimized structures were then energy minimized with 

GROMACS (12) (Groningen Machine for Chemical Simulations), version 4.5.5, using a conjugate 

gradient algorithm converged to a gradient of less than 5 kcal/mol/Å in which the dihedral terms 

were set to zero. The difference in energy between the two scans (QM and MM) was then fit to a 

trigonometric expansion to derive the dihedral constant. Our ab initio calculation indicates a total 

barrier of 1.50 kJ/mol, and our molecular simulation shows a non-bond energy contribution of 

0.28 kJ/mol to the dihedral barrier. The bond stretching, angle and dihedral-angle parameters are 

listed in Table S1, and the methods for deriving these constants are shown below. 

For the non-bonded parameters, van der Waals parameters for the heme were taken directly 

from the GROMOS53a6 force field. The atomic partial charges of the heme system were 

obtained by the CHELPG (CHarges from Electrostatic Potentials using a Grid based method) 

approach (13) as implemented in ORCA. The heme structure from the X-ray crystal coordinates 
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(PDB code: 2CPO) was optimized at the same level of theory with the def2-SVPD (14) basis set. 

For this purpose, the side chains of heme were attached to the structure. The charges of 

equivalent atoms were symmetrized with the constraint that the total charge on the heme-thiolate 

system be -2 (see Figure S1). 

 

Table S1. Bonded parameters of ferric heme. 

Groups Equilibrium Values Force constant 

Bond Bond Length (Å) (kJ/(mol·nm2)) 

Fe-N 2.10 4.62×105 

Fe-S 2.30 6.35×105 

N-C(heme) 1.38 6.18×105 

   

Angle Bending Angle (°) (kJ/mol) 

N-Fe-N 87.1 293.38 

Fe-N-C 126.1 656.75 

Fe-S-CH3 105.4 216.21 

S-Fe-N 103.0 265.06 

   

Dihedral Angle Multiplicity (n) (kJ/mol) 

N-Fe-S-CH3 4(φ0=0) 0.1525 
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Figure S1. The structure of heme-thiolate with GROMOS atom types and the CHELPG charges 

(shown in blue).  
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2. Distances between protons of indole and the heme iron obtained from NMR relaxation at 

pH 5.0 and from restrained MD simulation. 

Table S2. The dissociation constant (KD) of CPO-indole complex and the distances (r) between 

protons of indole and heme iron derived from proton relaxation time at pH 5.0 and from 

restrained MD simulation. 

position δ (ppm) T1b (s)  r (Å)  KD (mM)  MD r (Å)a 

2-H 7.31 6.0×10-5
  4.1 23 3.0 

3-H 6.50 4.1×10-4
  5.6 23 3.9 

4-H 7.61 7.3×10-3
  9.1 22 6.5 

5-H 7.05 1.5×10-2
 10.2 26 8.6 

6-H 7.14 1.8×10-2
 10.5 21 9.1 

7-H 7.44 9.1×10-3
  9.4 22 7.7 

aThe MD distances (r) were averaged ovedr the last 50 ps of the simulations. 

 
Figure S2. The plot of the MD distances (Å) between protons of indole and the heme iron as a 

function of time (ps).  
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3. Root mean-square deviations (RMSDs) and root mean-square fluctuations (RMSFs) 

relative to the minimized crystal structure of CPO calculated for the active-site residues 

during the last 50 ps of MD simulation. 

Table S3. The RMSD (Å) and RMSF (Å) of the active residues averaged over the last 50 ps of 

simulation. 

Residues RMSD (Å) RMSF (Å) 

Ile 68 0.2 0.2 

Leu 70 0.04 0.05 

Asn 74 0.06 0.09 

Phe 103 0.1 0.1 

Ile 179 0.07 0.09 

Val 182 0.3 0.2 

Glu 183 0.8 0.2 

Phe 186 0.1 0.1 
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Figure S3. The RMSD (Å) of residues in the active site of CPO with respect to the starting 

structure during the last 50 ps of the simulation.  
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4. Mean potential energy calculated by GROMACS during the last 50 ps of simulated 

annealing. 

Table S4. The calculated energy (kJ/mol) during the last 50 ps of the simulation 

Residues Average Energya,b 

 Coul LJ 

Val 67 -2.1±0.3 -2.7±0.3 

Ile 68 -0.4±0.03 -2.4±0.3 

Leu 70 1.1±0.1 -7.2±0.1 

Ala 71 1.7±0.2 -4.0±0.3 

Asn 74 -1.2±0.3 -2.8±0.1 

Phe103 -3.1±0.2 -10.4±0.1 

Ile 179 -1.3±0.1 -8.0±0.2 

Val 182 0.02±0.06 -8.8±0.1 

Glu 183 -25.7±1.1 -5.6±0.2 

Phe 186 -1.4±0.1 -6.6±0.2 

Ala 267 -0.9±0.1 -1.6±0.2 

aLJ, Lennard-Jones potential energy; Coul, coulomb potential energy (rcoulomb=1.2 nm, 
rvdw=1.4 nm). bStatistics over 50001 steps (150.0 through 250.0 ps). 
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