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ABSTRACT  

Two homologous 2-oxoglutrate dependent (ODD) non-heme enzymes T6ODM and CODM 

are involved in the morphine biosynthesis pathway from Thebaine, catalysing the O-

demethylation reaction with a precise regioselectivity at C6 and C3 positions of Thebaine 

respectively. We investigated the origin of the regioselectivity of these enzymes by combined 

MD and QM/MM calculations and found that Thebaine binds at the two distinct sites of 

T6ODM and CODM, which determines the regioselectivity of the enzymes. Remarkable oxo 

rotation is observed in the decarboxylation process. Starting from the closed pentacoordinate 

configuration, the C terminal lid adopts an open conformation in the octahedral Fe(IV)=O 

complex to facilitate the subsequent demethylation. Phe241 and Phe311 stabilize the substrate 

in the binding pocket while Arg219 acts as a gate-keeper residue to stabilize the substrate. Our 

results unravel the regioselectivity in 2-OG dependant non-heme enzymes and may shed light 

for exploring the substrate scope of these enzymes and developing novel biotechnology for 

morphine biosynthesis. 
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1. INTRODUCTION 

Morphine, Codeine, Thebaine and Oripavine are morphinan alkaloids that serve as the raw 

materials for the production of pain-relieving drugs such as oxycodone or naloxone. Morphine 

is mainly obtained by the extraction from opium poppy (Papaver somniferum), while it can 

also be synthesized by chemical or biotechnological approaches. Compared to the expensive 

and noxious chemical routes, the biosynthetic production of Morphine by fermentation in 

microbes such as yeast 1 or E. Coli 2 offers a cost-effective and environmentally friendly 

alternative. The biosynthesis pathway of Morphine is fulfilled by the O-demethylation of 

Thebaine through a bifurcated pathway (Scheme 1) involving Thebaine 6-O-demethylase 

(T6ODM), Codeine-3-O-demethylase (CODM) and Codeinone reductase (COR) 3 4.  

T6ODM and CODM are extremely regioselective, catalyzing the 6-O-demethylation and 3-O-

demethylation of Thebaine, respectively. They belong to the family of 2-oxoglutrate dependent 

(ODD) non-heme enzymes and are highly homologous to each other. Due to the large binding 

cavity of the enzymes, they have a broad substrate scope and can bind a variety of alkaloids 5. 

Other alkaloids abstracted from opium poppy can also be regioselectively demethylated by 

2OG/Fe(II)-dependent dioxygenases family in opium poppy. e.g. papaverine 7-O-demethylase 

(P7ODM), a substrate- and regio-selective enzyme can catalyze the conversion of Papaverine 

to Pacodine 6. Some human P450 enzymes can perform similar chemistry also selectively 

demethylating Thebaine at C3 and C6 positions. 7 Recently, non-heme enzyme was 

successfully engineered for abiological reactions that are usually catalyzed by P450. 8 

Understanding the origin of regioselectivity of the key enzymes involved in the morphine 

biosynthesis pathway enzymes would be crucial for rationally engineering the 2OG-depdent 

enzymes for the production of morphine like narcotic drugs from non-native substrates and 

may also shed light for novel abiological transformations by modifying transition metal 

coordination environment of the enzymes. 
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The crystal structure of T60DM in complex with 2-oxoglutrate (2OG) and succinate has been 

reported , and a redesigned CODM mutant was able to selectively demethylate Codeine 9 . 

However, the substrate is absent in the active site of T6ODM and the crystal structure of 

CODM is unavailable, which has limited rational engineering of these enzymes.  

In order to understand the origin of the regioselectivity of T6ODM and CODM, here we studied 

the binding mode of Thebaine/Oripavine and the reactions catalyzed by these enzymes, by 

combining atomistic molecular dynamics simulation and the quantum mechanical/ molecular 

mechanics calculations. We found Thebaine/Oripavine binds in distinct binding pockets in the 

two enzymes, dictating the regioselectivity of the enzymes. During the decarboxylation, the 

iron oxo gradually rotates, allowing for a water molecule to approach the catalytic site to form 

a stable octahedral iron coordination, while the C-terminal lid adopts an open conformation 

enabling the subsequent demethylation. Among the four possible spin states of iron 

investigated, the quintet surface is the most energetically favourable reaction pathway. This 

study would provide valuable guidance for rational engineering the 2OG dependent non-heme 

dioxygenases for the synthesis of morphinan alkaloid analogues.      

 

2. METHODS 

2.1 Structure preparation  

The initial structure of the T6ODM was obtained from the crystal structure (PDB:5O9W 10) in 

complex with 2OG.  The nickel ion in the X-ray structure was replaced with Fe (II) to obtain 

the resting state of the enzyme. The ethylene glycol and the dihydroxyethyl ether molecules in 

the crystal structure were removed while the water molecules were kept. The missing loop 

between Ala36-Leu41 and Gly45-Glu53 was built using the loop modelling protocol (DOPE-

HR method) using the modeller software implemented in the UCSF Chimera 1.14 11. The 

protonation states of the side chains of the titratable amino acids were assessed using H++ 
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server 12 at pH=7.0. The side chains of arginine and lysine residues were protonated and all the 

glutamic acid and aspartic acid side chains were deprotonated. The His52 and His291 were 

doubly protonated carrying an overall charge of +1, His295. His238 and His312 were in the 

neutral form with the delta nitrogen protonated and His79, His93, His157 and His162 were in 

the neutral form with the epsilon nitrogen protonated. The homology model of the CODM 

enzyme was constructed using Modeller 13 software implemented in UCSF Chimera by taking 

T60DM (PDB: 5O7W 10 ) as the template, which shared 73.6% amino acid sequence identity 

with CODM. 

2.2 Parameterization of the substrates   

The parameters for Thebaine and Oripavine were developed using the general Amber force 

field (GAFF 14) using Antechamber module available in AmberTools18. 15 The charges were 

calculated according to the Merz–Singh–Kollman scheme using Gaussian 16 package 16 at 

HF/6-31G* level. The restrained electrostatic potential (RESP) method was used for the charge 

fitting procedure to calculate the point charges used in the docking studies and MD subsequent 

simulations. 

2.3 Molecular docking 

Thebaine and Oripavine were docked into the MD simulated apoenzyme X-ray structures of 

T6ODM using AutoDock 4.2 suite 17 with the Lamarckian genetic algorithm (LGA) and the 

standard free energy scoring function. The grid box (X,Y,Z: 37.568Å x 45.524Å x 35.247Å ) 

was centred around the non-heme iron in the active site of the T6ODM. The Arg219 was made 

flexible during docking, and a total of 300 LGA runs were carried out for each ligand:protein 

complex.   

2.4 MD simulations 

The productive MD simulations were performed using GPU version of PMEMD 18 integrated 

with Amber 18 15. The parameters for the non-heme iron in Fe (II), Fe(III)-superoxide and 
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Fe(IV)=O oxidation states at quintet spin state (S=2) were developed using MCPB.py 19 

implemented in AmberTools18 15 (Table S1 and Figure S1). The similar parametrization was 

used in our previous study of non-heme enzyme PHF8 20. The FF14SB force field 21 was 

employed in all the simulations and Leap module was used to add the missing hydrogen atoms 

and counter ions to neutralise the protein system.  Each of the enzyme complex systems were 

immersed into a truncated octahedral box of TIP3P water molecules 22 with the boundary of 

protein system being 10 Å away from the box edges. The periodic boundary conditions were 

employed in all the simulations. Long-range electrostatic interactions were calculated using the 

particle mesh Ewald (PME) 23 with a cut-off of 8 Å for the direct space Coulomb and vdW 

forces.  

The solute molecules were restrained using a potential of 5 kcal mol−1 Å2 and the solvent and 

ions were subjected to energy minimization (5,000 steps) using steepest descent and conjugate 

gradient methods. The entire system was then subjected to controlled heating from 0 to 298.15 

K for 50 ps at constant volume using Langevin thermostat with a collision frequency of 1 ps−1 

using a canonical ensemble. During the heating process, the non-hydrogen atoms of the solute 

molecules were restrained using a harmonic potential of 5 kcal mol−1 Å2. This was followed 

by another round of energy minimization for 2,000 steps using steepest descent and conjugate 

gradient methods. The entire system was then subjected to two rounds of equilibration at 

298.15K for 50ps using a weak restraint of 0.1 kcal mol−1 Å2 on all the solute atoms in an NPT 

ensemble. A Berendsen barostat was used to maintain the pressure at 1 bar and the SHAKE 

algorithm 24 was used to constrain bonds involving hydrogen. A time step of 2 fs was used for 

all MD runs. A production MD run for continuous 200 ns was performed in an NPT ensemble 

with a target pressure of 1 bar and a pressure coupling constant of 2 ps (Table S1). An overall 

sampling time of 7.8 μs (39*200ns) ranging from Fe(II) to Fe(IV) oxidation states was 



7 
 

simulated. The Root Mean Square Deviation (RMSD), distances between residues, hydrogen 

bonding, Radial distribution function, and cluster analysis were conducted using Pytraj. 25  

2.5 QM/MM calculations 

Clustering analysis was conducted for the equilibrated MD trajectories of the T6ODM and 

CODM enzymes and the top three snapshots were selected for the subsequent QM/MM 

calculations. These snapshots were first subjected to 2,500 steps of steepest descent energy 

minimisation followed by 2,500 steps of conjugate gradient minimisation using Amber18 15. 

The QM/MM calculations were performed using the Chemshell 3.7 26  to study the reaction 

mechanism of Thebaine catalysed by T6ODM and CODM enzymes, respectively. The QM 

calculations were performed using ORCA 4.2.0 27 and the MM part was defined using 

DL_POLY 28 using FF14SB force field. RIJCOSX 29 approximation and TightSCF criteria 

were used in the QM calculations. The effect of the protein environment on the polarization of 

the QM wavefunction was described by the electronic embedding scheme 30. In order to 

evaluate the ground state of the system, QM/MM geometry optimisation using dl-find 31 were 

performed for four spin multiplicities; singlet (S=0), triplet (S=1), quintet (S=2) and septet 

(S=3). 

The QM region consisted of the iron species, His238, His295, Asp240, 2OG (or Succinate) for 

T6ODM (Scheme 1). The substrate Thebaine and a coordinating water was also included in 

the QM region in the study of demethylation steps. Similar QM region was employed for 

CODM to study the hydrogen atom abstraction and the subsequent hydroxyl radical rebound 

step. The residues which are within 8 Å of non-heme iron including water molecules were 

allowed to move freely and the rest of the system was frozen during the geometry optimization. 

The hydrogen link atoms were used to saturate the dangling bond at the QM/MM boundary. 

We have employed U-B3LYP functional with the def2-SVP basis with D3 dispersion 

correction and BJ damping set to perform all the QM/MM calculations 32 33 34. The zero-point 
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vibrational energy (ZPE) were calculated with the same level of DFT functional and added to 

all the stationary points. The potential energy scans were performed using a step size of 0.1Å. 

The transition state structures were optimised using dimer method 35. The transition state 

structures were validated by the presence of single imaginary frequency using the thermal 

keyword in Chemshell 3.7 26.  

 

Scheme 1 The QM region in the QM/MM calculations. (A) Fe(III)-OO·- superoxide anion 

radical, 2OG, His295, His238 and Asp240 are included in the QM regions in the 

decarboxylation reaction steps. (B) Fe(IV)=O, Succinate, water, His295, His238, Asp240, 

Arg219 and THB were included in the QM region in the demethylation reaction steps.  

 

3. RESULTS AND DISCUSSION 

The biosynthesis of morphine from Thebaine undergoes a bifurcated pathway 36. The major 

route starts from the 6-O-demethylation of thebaine catalysed by T6ODM to give Neopinone, 

followed by isomerization of Neopinone to Codeinone by Neopinone isomerase (NISO) 37. 

Codeinone is subsequently reduced by COR to yield Codeine, which is then subjected to 3-O-

demethylation to produce Morphine. In the alternative route, Thebaine is first subjected to 3-

O-demethylation by CODM to give Oripavine, followed by the 6-O-demethylation catalysed 
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by T6ODM and isomerization catalysed by NISO to give Morphinone, which is then reduced 

by COR to generate Morphine (Scheme 2).  

 

Scheme 2: Morphine biosynthesis pathway from Thebaine 

Oxidation of proteins are responsible for enzyme’s catalytic activity or pathological disorders. 

Reactive oxygen species (ROS) are usually generated from aerobic metabolism or enzymatic 

catalysis 38 39. In 2OG-dependent non-heme dioxygenases, ferrous iron  is coordinated with a 

His-His-Asp catalytic triad and a water molecule 10. The binding of 2OG and the substrate 

pushes the water out of the active site, allowing the triplet oxygen molecule to bind to the 

vacant coordination site of iron 40. The demethylation process begins with dioxygen activation  

where an oxygen molecule binds to the iron site 41, forming a  Fe(III)-OO•- superoxide radical 

(Scheme 1A)42 20 43. The distal oxygen Od of the superoxide radical anion then performs a 

nucleophilic attack on the C2 carbon of 2OG, generating a peroxo-bridged intermediate, 

followed by heterolytic cleavage of the Op-Od bond of the peroxo-bridged intermediate, giving 

an Fe(IV)=O intermediate (Scheme 1B), the oxidant for the subsequent demethylation 44 45 46 
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47. The subsequent reaction steps involve hydrogen abstraction from the substrate methyl group 

to iron oxo, followed by the  OH rebound (i.e. transfer of the OH group to the substrate), 

demethylation of the substrate and release of a formaldehyde molecule. 46 44 

3.1 Regioselectivity for O-demethylation  

3.1.1 The two binding sites of T6ODM identified by molecular docking  

T6ODM and CODM share 73.6% amino acid sequence identity. The crystal structures T6ODM 

complexed with 2OG (PDB: 5O9W, hereafter called T6ODM-I) and succinate (PDB: 5O7Y, 

hereafter called T6ODM-II) have been resolved 10. However, the crystal structure of CODM is 

not known; moreover, there is no substate in the T6ODM crystal structures, therefore, in order 

to understand the regioselectivity, it is necessary to investigate how the morphinan alkaloid 

substrates bind in the enzymes. 

The two crystal structures represent the states prior to decarboxylation and after the 

decarboxylation, respectively. The crystal structure of T6ODM in complex with 2OG (PDB: 

5O9W) (T6ODM-I) represents the enzyme before the decarboxylation. The docking of 

Thebaine in T6ODM-I showed a single dominant binding pose in the second binding site, 

where Thebaine was close to the non-heme iron Fe(II) (with a distance of 4.7Å from the C6 

methyl carbon) (Figure 1A), forming an hydrogen bond with Arg219 and an ionic bond with 

Asp313.  

The crystal structure of T6ODM in complex with succinate (PDB: 5O7Y) (T6ODM-II) 

represents the enzyme after the decarboxylation. Docking Thebaine showed two binding poses 

(Figure 1B), which are nested in two binding sites characteristic by Asp144 (binding site I) and 

Asp313 (binding site II), respectively (Figure 1B). In the first binding pose, Thebaine (the C6 

methyl carbon) was 4.9 Å away from the oxygen atom of the Fe(IV)=O complex, making 

hydrogen bonds with Arg219 and Asp144. In the second binding pose, Thebaine (C6 methyl 

carbon) was 3.5 Å away from the oxygen atom of the Fe(IV)=O complex, making a hydrogen 
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bond with Asp313 (Figure 1B). Thus, additional space is created in T6ODM-II with the release 

of CO2, allowing for the binding of the substrates in either binding pocket. 

To further validate the preferred binding site of morphinian alkaloids in T6ODM, docking 

study was also performed for Oripavine, which is also subjected to 6-O-demethylation by 

T6ODM. Similar to Thebaine, docking of Oripavine in T6ODM-I showed one dominant 

docked pose nested in the binding site II of T6ODM with the tertiary amino of Oripavine 

making an ionic bond with Asp313 (Figure S1A); docking of Oripavine in T6ODM-II showed 

two possible poses characteristic by the ionic interactions with Asp313 in site II or Asp144 in 

site I via the amino group of Oripavine (Figure S1B).  

 

Figure 1 The binding of Thebaine in T6ODM from docking studies (A) Thebaine molecule 

nested in the site II of the enzyme before the oxygen activation and decarboxylation, T6ODM-

I (PDB: 5O9W), (B) Two docked posed were observed with Thebaine nested in either site I or 

site II of the Fe(IV)=O state representing the enzyme after decarboxylation, T6ODM-II (PDB: 

5O7Y). 2OG and SUC denote 2-oxoglutrate and succinate, respectively. The two binding sites 

are characteristic of Asp144 (binding site I) and Asp313 (binding site II) which are in close 
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vicinity of the N group of Thebaine. THB is shown in sphere representation in green and gold. 

The non-heme iron and oxygen are shown in magenta and red in sphere representation. The 

amino acids are shown in grey stick representations. The hydrogen bonds are shown in cyan 

colour and the distances are shown in Å.  

 

3.1.2 Regioselectivity in Fe(III)-superoxide radical of T6ODM 

In order to investigate the regioselectivity of the enzyme, molecular dynamics simulations were 

performed for the Fe(III)-superoxide anion radical (the dioxygen activated form) of the enzyme 

in complex with Thebaine or Oripavine, which was derived from T6ODM-I in complex with 

the docked substrate. The axial ligands of non-heme iron consist of superoxide anion radical, 

His238 and the equatorial ligands consist of His295, Asp240 and 2OG. The non-coordinating 

carboxylate group of 2OG is stabilised by the hydrogen bond interactions with Ser307, Tyr223 

and Arg305 (Figure S3). The second sphere residues in 2OG-dependent non-heme 

dioxygenases may help to maintain the monodentate coordination of an aspartate residue and 

facilitate the decarboxylation reaction 20  48. Similarly, in T6ODM, we found a second sphere 

residue Thr245 formed a hydrogen bond with the non-coordinating oxygen of Asp240, 

resulting in a monodentate coordination of Asp240 (Figure S3).  

MD simulations show that Thebaine or Oripavine is nested in a hydrophobic pocket composed 

of Phe311, Phe152, Met150 and Val128. The positively charged region of the substrate was 

stabilized by the electrostatic interactions with Asp313 (Figure 2 and Figure S4). The distal 

oxygen Od in both the substrates is close to the C2 carbon atom of 2OG (with an average 

distance of 3.1 Å), favourable for the subsequent nucleophilic attack (Figure 2). Interestingly, 

Arg219 stabilized 2OG by the electrostatic interactions with its coordinating carboxylate, 

acting as a gate-keeper residue to prevent the access of the C3 group of Thebaine or Oripavine 

to the non-heme centre. As a result, the C6 methyl group is positioned in a preferable distance 
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from the non-heme iron centre (average 4.4 Å and 4.5 Å, respectively) (Figure S5A and B). 

The C3 methyl group was much further away from the non-heme centre with an average 

distance of more than 10Å. The preferred C6 selectivity is in accordance with the 

experimentally observed regioselectivity toward C6 O-demethylation.9  

 

Figure 2 The representative snapshot obtained from MD simulations of the Fe(III)-superoxide 

anion radical complex of T6ODM. (A) Thebaine (THB), (B) Oripavine (ORP). The distances 

are shown in angstrom and hydrogen bonds are represented with dashed lines. THB and ORP 

are shown by stick representation, respectively. The non-heme iron and oxygen are shown by 

sphere representation.  

 

3.1.3 Regioselectivity in Fe(IV)-oxo complex 

3.1.3.1 Iron coordination in the Fe(IV)-oxo-complex  

The Fe(IV)=O species in the active site of the non-heme 2OG dependent enzymes can exist 

either as a trigonal bipyramidal coordinate  (5C)  49 50 20 51 configuration or  octahedral-

coordinate (6C) configuration 52 53 54 55 56. QM/MM study of AsqJ 54 and EFE56 showed that 

the 6C Fe(IV)=O resembles closely to the experimentally trapped Fe(IV)=O species obtained 
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in Prolyl-4-Hydroxylase and Taurine dioxygenase (TauD) enzymes 57 45. However, it is not 

known whether the 5C or 6C is the preferred configuration in T6ODM.  

MD simulations were performed for both the 5C and 6C configurations of iron. The axial 

ligands consisted of His238 (or water for 6C), and the equatorial ligands consist of His295, 

Asp240, succinate (or oxo oxygen atom for 6C coordination). MD simulations of the 5C 

T6ODM in complex with Thebaine in binding site II showed the average distance of the C6 

and C3 methyl groups from the oxygen atom of the Fe(IV)=O intermediate was on average 

3.70 Å and 8.90Å (Figure S6 & S7), indicating C6 is the preferred site of Thebaine for the C-

H activation in T6ODM. The occupation of the water molecule in the vicinity of the Fe(IV)=O 

complex was studied by using the radial distribution function. In three out of five replicas, a 

water molecule was coordinate with the sixth coordination site of the Fe(IV)=O at the axial 

position (Figure S8). The occurrence of coordinating water at the sixth site in the 5C Fe(IV)=O 

complex during MD simulation indicates the 6C configuration of Fe(IV)=O is more preferred 

compared to the 5C configuration.  

 

3.1.3.2 C6 selectivity in Fe(IV)-oxo of T6ODM 

Docking of Thebaine in the Fe(IV)-oxo complex (T6ODM-II) showed two binding poses, 

which were nested in two distinct binding sites, site I and site II, respectively (Figure 1). The 

MD simulations of 6C coordinate T6ODM in complex with Thebaine in the binding site I 

showed that the C6 and C3 methyl group were both too far away from the Fe(IV)=O 

intermediate for the hydrogen atom abstraction in the demethylation reaction (Figure S9A &  

S10A). In contrast, MD simulations of Thebaine in the site II (Figure S9B & S10B) showed 

the preference toward the C6 O-demethylation of Thebaine (the C6 and C3 methyl groups are 

on average 3.70 Å and 8.36Å away from Fe(IV)=O intermediate. This is in accordance with 
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the experimental selectivity 10, indicating the site II is the preferred binding site for Thebaine 

in T6ODM (Figure 3A).  

During the MD simulations, Phe311 formed favourable interaction with Thebaine (Figure 3A). 

Notably, the distance between Arg219 and the oxygen atom of Fe(IV)=O moiety or non-

coordinating oxygen atom (O2) of succinate was significantly reduced compared to the X-ray 

structure (T6ODM-II) (Figure S11); Arg219 moved inward toward non-heme iron centre, 

forming stable electrostatic interactions with the Fe(IV)=O moiety and the carboxylate of 

succinate (Figure 3A). 
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Figure 3 MD simulated structures of Thebaine in 6C Fe(IV)=O. (A) The MD simulations show 

Thebaine prefers the site II of T6ODM for C6 selectivity. (B) The MD simulations show 

Thebaine prefers the site I of CODM for C3 selectivity. THB is shown by stick representation 

in green and yellow. The non-heme iron and oxygen are shown by sphere representation in 

magenta and red, respectively. T6ODM and CODM are shown in grey and pink, respectively.  

 

3.1.3.3 C3 selectivity in Fe(IV)-oxo of CODM 
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CODM is selective for the C3-O-demethylation of Thebaine. 10 Docking of Thebaine in the 

Fe(IV)=O of CODM displayed two potential binding poses, which are nested in the two 

binding sites characteristic with Asp143 (corresponding to Asp147 in T6ODM, site I) and 

Asp310 (corresponding to Asp313 in T6ODM, site II), respectively (Figure S12). MD 

simulations were performed for the 6C Fe(IV)=O of CODM with Thebaine in the two binding 

sites obtained from the docking study (Figure S13). The MD simulations of Thebaine in 

binding site II showed that the C3 and C6 methyl group were both too far away from the 

Fe(IV)=O intermediate for the reaction to happen (Figure S13A & C), indicating the O-

demethylation is not likely to occur in the site II of CODM.  

On the contrary, MD simulations show the binding of Thebaine in the binding site I allows for 

the access of C3 methyl group to the Fe(IV)=O oxo. The average distance between the C3 

methyl group and Fe(IV)=O is much shorter than that of C6 in relation to the iron oxo (4.0 Å  

versus 9.2Å) (Figure S13B), indicating the C3 methyl group is more liable for demethylation 

than C6. This is in accordance with the experimentally observed selectivity of CODM toward 

C3 O-demethylation 10, indicating the site I is preferred site for the C3 selective O-

demethylation of Thebaine in CODM. Phe127 and Leu232 formed hydrophobic interactions 

with the ring B of Thebaine (Figure 3B). Asp143 made stable electrostatic interactions with 

the positively charged region of Thebaine and held it in a favourable orientation with the methyl 

group pointing towards the iron oxo species for the demethylation reaction to happen.   

In summary, Thebaine binds in the site II (characteristic by the presence of Asp313) of T6ODM 

for the C6 selectivity; in contrast, it binds in the site I (characteristic by the presence of Asp143) 

of CODM for the C3 selectivity. Thebaine formed stable ionic interaction with these Aspartate 

residues via its positively charged tertiary amino group and was further stabilized by the 

hydrophobic interactions via its B ring with Phe311 in the site II of T6ODM and Phe127 in the 

site I of CODM, respectively. 
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3.1.4 The role of the C terminal lid during decarboxylation  

The C-terminal lid of T6ODM and CODM was suggested to play an important role in the 

substrate selectivity, 10 however, the exact role of the lid on the enzyme function is not known. 

In the MD simulated structure of Fe(III)-OO•- superoxide anion radical, the lid exhibited an 

partially open conformation. Thebaine is stabilized in the binding site by the favourable π-π 

stacking interactions via its ring B with Phe311 and Phe241 (Figure 4A). After the 

decarboxylation of 2OG and the release of CO2, Phe241 moved away from the catalytic site 

such that Thebaine only interacted with Phe311 with its ring B in the 5C Fe(IV)=O complex.  

The lid exhibited a closed conformation, resulting in a shrunken pocket (Figure 4B).   
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Figure 4. MD simulated structures of T6ODM (A) Fe(III)-OO•־, (B) 5C Fe (IV)=O, (C) 6C 

Fe(IV)=O demethylation, (D) superimposition of trigonal bipyramidal 5C Fe (IV)=O (grey 

ribbon with magenta C-terminal) with octahedral 6C Fe(IV)=O structures (green ribbon and 

orange C-terminal). THB is shown by stick representation in green.  

 

In the 6C iron oxo complex, Phe241 flipped back toward the catalytic site such that Thebaine 

was stabilized in the catalytic site by the favourable π-π interaction between its ring A and the 

aromatic residues Phe241 and Phe311 (Figure 4C). Arg219 flipped away from succinate, 

forming a water-mediated H bond with the C3 methoxy group of Thebaine. The flexibility of 

Arg219 during the decarboxylation allows for the approaching of a water molecule to form the 

favourable octahedral coordination as well as the release of CO2. Thus, the trigonal bipyramidal 

5C Fe=O complex tends to trap a water to form an octahedral 6C Fe=O. It is also worth noting 

that the C terminal exhibited an open configuration in the 6C Fe(IV)=O complex, in contrast 

to the closed lid in the 5C complex (Figure 4D).  

 

3.2 Decarboxylation  

3.2.1 Dioxygen activation The molecular oxygen activation by non-heme 2-OG have been 

reported 42 43 54 20 46 58. The Fe(IV)=O complex formed after the decarboxylation reaction can 

be in either an off-line on-line configuration, depending up the location of the substrate 51 54. 

The on-line configuration is generally preferred as it would allow the Fe(IV)=O motif to point 

towards the substrate facilitating the subsequent oxidation of the substrate via hydrogen atom 

abstraction (HAT). However, so far, neither the configuration of Fe(IV)=O intermediate of 

T6ODM nor the oxygen activation mechanism of the enzyme has been reported. 

The first step in the oxidation of Thebaine and Oripavine is the activation of triplet molecular 

oxygen by high spin ferrous iron in the active site of T6ODM and CODM (Scheme 3). After 
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the initial coupling of molecular oxygen to the Fe(II) centre, the iron in the Fe–O2 adduct may 

exist in spin multiplicities ranging from singlet, triplet, quintet and septet. In order to 

understand the oxygen activation by the Fe(II), QM/MM calculations were performed on S=0, 

S=1, S=2 and S=3 spin-state surfaces for the three representative structures obtained from the 

MD simulations of Fe(III) super-oxo complex. The quintet state was suggested to be most 

favourable in the context of 2OG dependent non-heme iron enzymes from previous 

experimental EPR Mössbauer spectroscopy studies  and the QM/MM studies 49 50 55 57 59 53 54 

56 20 , therefore, it was chosen as the reference to compute the relative energies of other spin 

states for T6ODM.  

 

Scheme 3: Dioxygen activation and decarboxylation catalyzed by T6ODM.  

For the QM/MM optimized Fe-O2 adduct in T6ODM, the singlet spin state is associated with 

a high energy ~ 12 kcal mol-1, whereas the energy difference among quintet, triplet and septet 

states was small (less than 6 kcal mol-1) (Table S2). Based on the order of the energy at different 

spin states (singlet > quintet > triplet > septet), the septet is the ground state and is consistent 

with the previous literature 58 54.  
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For all the spin-state surfaces, the dioxygen binds to the iron centre as an end-on fashion (Figure 

S14). The QM/MM calculations on the ethylene forming enzyme (another non-heme 2OG 

dependent dioxygenase) showed the side-on orientation of oxygen to the Iron atom albeit with 

a long Fe-Op bond distance 58. The Fe-Op distance in the septet spin state for the T6ODM is 

the largest among all the spin states with an average value of 2.28 Å. The spin distributions 

reveal that the iron is in a ferrous high-spin state (S=2), while the dioxygen retains its triplet 

character. The Fe-Op distance in the triplet spin state is 2.26 Å, indicating a weaker Fe oxygen 

bond; the spin population on the Fe and the oxygen are 3.72 and -1.86, indicating the high spin 

(S=2) Fe (II) antiferromagnetically coupled with the triplet dioxygen. For the quintet spin state, 

the shortened Fe-Op distance (2.01Å), increased Od-Op distance (1.26Å) and spin population 

(4.18, -0.66 for Fe and oxygen, respectively) indicate that the Fe is in ferric Fe(III) oxidation 

state and is coupled antiferromagnetically to the superoxide anion radical. These results in good 

accordance with the previous literature. 58 54 42 43 

3.2.2 Decarboxylation  

Dioxygen activation is followed by decarboxylation, which results in the formation of the 

Fe(IV)=O species, the principle oxidant of 2OG-dependent non-heme enzymes (Scheme 3). 

Previous experiments indicate that the Fe(IV)=O intermediate is only formed at the quintet spin 

state (S=2) by the dissociation of Op-Od of IM3 (other spin states give ferric oxyl species) 45 43 

57. In order to decide the preferred reaction pathway for T6ODM, the oxidative decarboxylation 

of the 2OG was studied on the singlet, triplet, quintet and septet potential energy surfaces using 

QM/MM calculations.  

3.2.2.1 Decarboxylation on quintet surface  

On the quintet spin state surface of T6ODM, the distal oxygen atom (Od) performs the 

nucleophilic attack on the electrophilic C2 carbon atom of the 2OG (Scheme 1), resulting in a 

bridged intermediate where the C1-C2 bond is broken and C2-Od bond is formed in a concerted 
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manner followed by the release of CO2. This process goes through 5TS2 with an activation 

energy barrier of 9.0 kcal mol-1 to give the 5IM3 intermediate (Figure 5). The additional replica 

runs also displays similar activation energy barriers (Table S3 and Figure S15). 5IM3 undergoes 

a homolytic cleavage of the Od-Op bond through an activation barrier of 5.1 kcal/mol and gives 

the pentacoordinate (5C) Fe(IV)=O intermediate 5IM4 at -48.0 kcal mol-1 (Figure 5). The 

trigonality descriptors were calculated for the 5C 5IM3 and 5IM4 using the formula introduced 

by Addison et al. 𝜏 = (𝛽 − 𝛼)/60 .60 Interestingly, 5IM3 displayed a distorted square 

pyramidal geometry with a τ value of 0.6, whereas the newly formed 5IM4 showed a standard 

trigonal bipyramidal geometry with a τ value of 1.0 (Figure S16). This is in good agreement 

with the spectroscopic and computational studies performed by Solomon’s group on Fe(IV)=O 

complex in taurine dioxygenase (TauD) 47. The bond length of Fe-Op is 1.62 Å. In the QM/MM 

optimized geometry of 5IM4, the non-heme iron is coordinated to Succinate, Asp240, His238, 

His295 and oxygen atom in a monodentate fashion, in good agreement with the previous 

spectroscopic studies on other 2OG dependent non-heme enzymes such as TauD-J 61  47 and 

halogenases. 62 

3.2.2.2 Decarboxylation on other spin multiplicity surfaces  

The oxidative decarboxylation the Fe–O2 adduct IM1 on triplet potential energy surface gives 

a superoxide bridged intermediate 3IM2, where Od forms a bond with the C2 of 2OG with an 

activation barrier of 14.5 kcal/mol (Table S4 and Figure S17). This is followed by breaking of 

C1-C2 bond of 2OG which proceeds through 3TS2 with an activation barrier of 5.3 kcal mol-1 

to form a Fe(II) peracid intermediate 3IM3. The dissociation of Od and Op bond of 3IM3 

generates an exothermic ferric oxyl species 3IM4 at -33.7 kcal mol-1 (Figure 5).  

PES scans were also carried out for the septet and singlet surfaces. 7IM1 on the septet surface 

displayed lowest energy among all the spin state surfaces. The PES profile associated with the 

attack of the distal oxygen atom (Od) on the C2 carbon of 2OG showed continuously increased 
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energies for all the scans (Figure S18A). A bridged intermediate 7IM2 could not be located 

from the septet surface and no transition state structure corresponding to the formation of Od-

C2 bond and the breakage of C1-C2 bond was located despite many attempts. The breaking of 

Op-Od bond of 7IM3 via 7TS3 leads to the ferric (spin population of Fe is 4.14) oxyl species 

7IM4 at -32.8 kcal mol-1, where the Fe-Od bond length is 1.83 Å (Figure 5, S18B and Table 

S5).  

On the singlet surface, the reaction started with a high-energy 1IM1, which proceeds to 1IM2 

endothermically without distinguishable transition state (Figure 5 and S19A). The breaking of 

C1-C2 bond of 1IM2 gives a bridged intermediate 1IM3 at -7.9 kcal mol-1. The subsequent 

dissociation of Op and Od bond of 1IM3 yields the exothermic product 1IM4 at -21.6 kcal mol-

1, where Fe is in low spin state (spin density on Fe=-0.90) (Figure 5, S19B and Table S6). 

In summary, the oxidative decarboxylation reaction in T6ODM starts on the low-energy triplet 

spin state 3IM1, followed by the spin state crossing onto the quintet spin state, which results in 

the formation of more stable 5IM3 intermediate (the energy is 16.4 kcal/mol lower than 3IM3). 

Overall, the quintet state is the preferred surface for the decarboxylation. 
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Figure 5 The oxidative decarboxylation reaction of T6ODM. (A) The QM/MM reaction profile 

was computed using U-B3LYP functional with D3BJ dispersion correction and the def2-SVP 
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basis set for S=0, S=1, S=2 and S=3 spin states. The data denotes the relative energies with 

added ZPE (kcal/mol). The structures on the quintet surface are shown in 2D sketch. (B) The 

stationary point structures associated with the decarboxylation reaction for T6ODM at S=2. 

The key distances are shown (Å) along with the spin densities on iron and molecular oxygen 

and associated imaginary frequencies of transitions states.  

 

3.2.2.3 Spin dependent off-line to on-line Ferryl flip during decarboxylation  

The newly formed Fe(IV)=O complex after the decarboxylation can exhibit either an off-line 

or on-line configuration depending on the location of the substrate 51 54. The on-line 

configuration is preferred as it allows the Fe(IV)=O motif to point towards the substrate and 

therefore facilitates the oxidation of the substrate via HAT. 51 54 49 

In the active site of T6ODM, molecular oxygen is bound in a cis conformation to His295, aka 

an off-line configuration. Following the formation of Fe(IV)=O via the nucleophilic attack of 

the distal oxygen toward the C2 of 2OG and the homolytic cleavage of the Od-Op bond (Figure 

S1), the subsequent substrate oxidation requires the Fe(IV)=O group to adopt a trans 

conformation (on-line configuration) in relation to His295 in order to form the stable octahedral 

coordination of iron. The angle formed by the epsilon nitrogen atom of His295, Fe and Op atom 

(∠Nɛ-Fe-Op, A1) on the triplet and quintet potential energy surface was inspected. 

Interestingly, a rotation of oxygen from the cis to trans conformation in relation to His295 in 

T6ODM was observed (Figure 5B).  

The angle A1 in the intermediate 5IM1 was 88.9 ° at the start of the potential energy scan and 

increased to 125.36° in the formed bridged intermediate 5IM3 (Figure 5B, S20A). A1 in 5IM3 

in different QM/MM calculations starting from different MD replicas also showed a similar 

value (Figure S15B). The oxo group further rotated to the 146.03° during the homolytic 
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cleavage of the Od-Op on the quintet spin state as shown from the potential energy scan (Figure 

S20A).  

Similar A1 was observed on the triplet PES spin state surface which started at 91.2° for 3IM1 

and increased to 115.8° in the formed 3IM3 intermediate. However, compared to the quintet 

spin surface, the A1 angle at triplet showed little change, which remained at 115.8° during the 

formation of 3IM4. In addition, the overall rotation of the ferryl group at triplet state was 

smaller (changing from 91.2° in 3IM1 to 115.8° in 3IM4), indicating the rotation of the oxo 

group in T6ODM enzyme is spin dependent.  

3.3 Demethylation  

3.3.1 Hydrogen atom abstraction (HAT) 
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Scheme 4 Demethylation of Thebaine is catalyzed by the octahedral Fe(IV)=O oxidant via 

hydrogen abstraction and ·OH rebound. 

 

HAT for regioselective C6 O-demethylation by T6ODM 

The initial step for the demethylation of the substrate in non-heme 2OG dependent enzyme is 

hydrogen atom abstraction (HAT) from the methyl group of the substrate to the Fe(IV)=O 

(Scheme 4), which is a rate limiting step in the overall reaction in 2OG dependent non-heme 

enzymes 49   55 59 53 54 56 20. QM/MM calculations were performed for the 5C and 6C Fe(IV)=O 

complex of T6ODM on the singlet, triplet and quintet spin states.  

First, HAT was studied for the 5C Fe(IV)=O complex 5IM4. The ground state for the Fe(IV)=O 

complex is quintet (Figure S21 and Table S7). The 5IM4 abstracts the hydrogen atom from the 

C6 position of the substrate and goes through an activation barrier of 16.6 kcal mol-1 and results 

in the production of endothermic intermediate 5IM5 at 5.8 kcal/mol (Figure S21). The HAT 

activation barrier for the 1IM4 and 3IM4 were 26.3 and 24.2 kcal/mol, respectively (Figure 

S21A). Thus, in the 5C Fe(IV)=O complex, the HAT reaction proceeded via the quintet energy 

surface. 

In the 6C 5IM4 in T6ODM, the triplet and quintet were close in energy (Figure 6), however, 

the singlet state is obviously unstable with a higher energy. The HAT for the C6 methyl position 

of Thebaine in T6ODM goes through 5TS6 with an activation energy barrier of 19.0 kcal/mol 

and produces 5IM7 at 9.2 kcal/mol (Figure 6A). This is in good agreement with the 

experimental value of 20.21±0.2 kcal/mol (rate constant of 0.017 s-1) 3. Thus, for the 6C 

complex, HAT still proceeds preferably on the quintet surface (Figure 6, Table S8- S11). Single 

point calculations using larger basis set def2-TZVP were conducted. The energies are 

comparable with those calculated by def2-SVP (Table S3 and Table S9). 
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Figure 6 (A) The QM/MM profile of the demethylation reaction of T6ODM at S=0, 1 and 2. 

The data denotes the relative energies with ZPE added to electronic energy in kcal/mol and 

were obtained using U-B3LYP functional with D3BJ dispersion correction and the def2-SVP 

basis. (B) The stationary point structures associated with the demethylation reaction for 

T6ODM at S=2. The key distances (Å) are shown along with the associated imaginary 

frequencies of transitions states.  
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HAT occurred via π attack channel for HAT by T6ODM 

Two possible reaction channels were proposed for the HAT in non-heme enzymes by nuclear 

resonance vibrational spectroscopy and DFT calculations.  63 64 44 65 66 47 During HAT, the 

Fe=O becomes a Fe (III)-oxyl radical and an electron may be transferred from the σC-H orbital 

of the substrate to dσ* or the dπ* orbital of the Fe=O oxidant, i.e. the electron transfer during 

HAT may occur via the σ or π channel. However, the preference of the reaction channel is 

substrate-dependant. In the octahedral coordinated Fe=O in T6ODM (6C 5IM4), the C-H bond 

in the substrate is almost perpendicular to the Fe=O, excluding the possibility of σ attack and 

therefore follows the π attack reaction channel (Figure 7).  

 

 

Figure 7. Schematic MO diagram for hydrogen abstraction from the C-H bond  

based on the orbital analysis of the transition state on the quintet surface.  

 

HAT for regioselective C3 O-demethylation by CODM 
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The HAT from the C3 methyl group of Thebaine in CODM was also studied using QM/MM 

calculations. This reaction went through the 5TS5 with an energy barrier of activation barrier 

of 22.4 kcal/mol, yielding an endothermic 5IM6 at 9 kcal/mol (Figure S22). This is in good 

agreement with the experimental value of 20.5±0.2 kcal/mol (the rate constant of 0.0099 s-1) 3.  

MM optimized geometry of 
5
TS5 (transition state on the quintet surface).  

 

3.3.2 Hydroxyl rebound  

Hydrogen abstraction is followed by the hydroxyl rebound where the OH group is transferred 

from the non-heme centre to the methylene radical. The rebound step was studied at both S=0, 

1 and 2 spin state for T6ODM. This step went through an activation energy barrier of 4.1 kcal 

mol-1 at S=2, giving the 5IM7 at -42.0 kcal/mol. The rebound step at S=0 and S=1 went an 

activation barrier of 5.7 and 8.5 kcal mol-1, yielding 1IM7 and 3IM7 at -23.3 and -24.1 kcal 

mol-1, respectively (Figure 5A).  Although the energies of IM5 at S=1 and S=2 spin states are 

close, the reaction proceeds via the quintet surface due to the much lower energy of the formed 

5IM7 after the hydroxyl rebound compared to 3IM7.  

 

3.4 Effect of including Arg219 in QM region 

Because of the conformational flexibility of Arg219 and its important role in stabilizing the 

substrate, the effect of Arg219 in the decarboxylation reaction was studied with the inclusion 

of Arg219 in the QM/MM. No significant effect was observed on geometry nor the activation 

barrier of the nucleophilic attack (Figure S15 and Table S3).  

The effect of Arg219 in HAT was also studied. While it was included in the QM region, the 

HAT went through an activation energy barrier of 20.0 kcal/mol, yielding IM6-Arg219 at 10.0 

kcal/mol (Figure S23, Table S12), similar to the barrier for the QM region without Arg219. 
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Therefore, including Arg219 in the QM region showed the negligible effect on the reaction 

barrier for both decarboxylation and HAT.  

 

CONCLUSIONS 

The origin of the regioselective O-demethylation of Thebaine for the biosynthesis of morphine 

by T6ODM and CODM enzyme was investigated in this study. We found that Thebaine binds 

preferably in the binding pocket I of CODM for the C3 O-demethylation selectivity whereas it 

binds preferably at the binding pocket II of T6ODM for the C6 O-demethylation selectivity. 

The two binding sites I and II are characteristic of two Aspartate residues Asp144 and Asp313, 

respectively.  

We studied the detailed reactions profiles of the oxygen activation, decarboxylation and 

demethylation on four different spin state surfaces and found the quintet spin state is the 

preferred spin state among all the spin states. A spin state cross-over was observed on the triplet 

and quintet surfaces during the formation of the superoxide bridged intermediate.  

The binding of the molecular oxygen to the non-heme iron is followed by the Fe(IV)=O bond 

flip, yielding an octahedral intermediate. During the decarboxylation reaction process, the C 

terminal lid in the enzyme changes from the closed conformation in the 5C coordinate 

Fe(IV)=O complex to an active open conformation in 6C coordinate complex, where the sixth 

coordination site is saturated by a water molecule.  

The flexible Arg219 residue adopts different conformations during the decarboxylation, which 

enables the release of CO2 and approaching of a structural water to form the stable octahedral 

coordinate Fe(IV)=O complex. Both Phe311 and Phe241 help to stabilize the substrate in the 

binding pocket for the subsequent demethylation. The barriers associated with the hydrogen 

abstraction, the rate limiting step of the demethylation process, are in good accordance with 

the experimental data for both T6ODM and CODM.  
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The study would provide useful guidance for engineering 2OG-dependent non-heme enzymes 

with controlled regioselectivity toward non-native substrates in the morphine biosynthesis and 

also may shed light on exploitation of the novel abiological chemical transformation by 

modifying the coordination environment of the dioxygenases. 
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Thebaine preferably binds in the two distinct binding sites of T6ODM and CODM for 

regioselective demethylation. 

 

 

 

 

 

 

 

 


