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ABSTRACT 
 

The current thesis reported a combined MD and QM/MM investigation for the C-H activation 

reactivity of wild-type and three reconstituted myoglobin. We have tried to unravel the 

reactivity of myoglobin reconstituted with Mn porphycene [rMb(MnPC)]. Along with it, we 

also explored why the reconstituted iron porphycene [rMb(FePC)] is not reactive. From the 

MD analysis, it was observed that the substrate ethyl-benzene is not stable in the active site of 

[rMb(FePC)], whereas it is sufficiently stable in the pocket of [rMb(MnPC)]. This may be 

linked with the reactivity of the [rMb(MnPC)]. Axial histidine ligand (HIS93) might also play 

an important role in the reactivity here, as in the case of [rMb(MnPC)], it goes far away from 

the central Mn porphycene. QM/MM investigations show that rMb(MnPc)'s active Mn(IV)=O 

species extract hydrogen atoms in a similar way to the CYP450's Cpd I species, and the triplet 

state is more favorable than the singlet state. 
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Chapter 1: Introduction 
 

Heme proteins are ubiquitous in countless biological processes e.g., oxygen transportation, 

hydroxylation, peroxide decomposition, electron transfer, oxidation, enzymatic catalysts, 

cellular signaling, etc1,2. These proteins rely on metal cofactors and versatile coordinating 

features for their unique catalytic activity, and the reactivity of these cofactors is also tightly 

regulated by the protein matrix3. Figure 1 depicts a few instances of reactions catalyzed by 

compound I of the heme protein. 

 

 

Figure 1: Few instances of the reactions catalyzed by compound I of the heme protein. 

 

Hemoproteins possess a heme group, i.e., an iron ion coupled with a porphyrin ring as a 

cofactor1. The porphyrin macrocycle is highly symmetrical with four pyrrole units connected 

by the methine bridges and exhibits a dianionic character. The central metal iron can exhibit 

variable oxidation states, thereby facilitating the protein's involvement in redox reactions. 

Among the numerous classes of heme proteins, our focus is mainly concentrated on myoglobin. 

Myoglobin’s primary function is in muscle cells, where it helps regulate the storage and flow 

of oxygen. The protein chain, also called as globin, shields the heme group from oxo-heme 

attack, preventing the formation of hematin and the irreversible auto- oxidation of heme. The 

hydrophobic active site of the protein is composed of a heme b (Fe- porphyrin) cofactor that 

is non-covalently bound to it. Here Fe is linked to a proximal histidine residue (HIS93), and 

oxy-myoglobin is stabilized by a hydrogen bonding interaction between O2 and a distal  
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histidine residue (HIS93), and oxy-myoglobin is stabilized by a hydrogen bonding interaction 

between O2 and a distal histidine residue (HIS64)4,5. Crystal structure of myoglobin is shown is 

Figure 2. 

 

 

Figure 2: Crystal structure of myoglobin and its action. 

 

However, unlike peroxidases and cytochrome P450s, myoglobin's active site is not ideal for 

activating small molecules such as H2O2 and O2 and catalyzing alkane hydroxylation via C-H 

bond activation, which may be due to the lack of substrate-binding site in myoglobin. The 

fundamental structural differences in their active sites are shown in Figure 31,6. 
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Figure 3: Difference between the active sites of various classes of heme proteins, revealing the 

different active amino-acid residues and their cofactors (a) cytochrome c peroxidase (b) 

myoglobin (c) nitric oxide synthase (d) cytochrome p450. 

It opened up the possibilities of enzyme engineering towards myoglobin for improving 

enzymatic functions for C-H activation and other reactions7,8. This will enhance understanding 

of the diverse interactions occurring within the active site's second coordination sphere and 

the enzyme complex catalytic mechanisms, as each ligand displays different redox properties. 

Heme b of myoglobin can easily be removed due to its weak non-covalent interaction with 

protein. The resultant apo-protein serves as a viable framework for the reaction scaffolding. 

Engineering of hemoproteins for the creation of new and useful proteins can be done in four 

main ways as shown in Figure 4. 

 

 

Figure 4: The molecular structure of heme b, along with three distinct heme modifications. 

 
(a) modifications of peripheral propionate side chains with different functional groups9, (b) 

substitution of the central metal atom of heme group with other metal atoms like Mn, Co, Ru, 

(c) the introduction of mutations to the amino acid residues within the active site, as well as 

(d) substitution of non-porphyrinoid cofactors for the native cofactor (see Figure 5). These 

cofactors include porphycene, corrole, phthalocyanine, tetradehydrocorrin and corrolazine10,11. 

A schematic image for these replacements has been presented in Figure 5. 
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Figure 5: A schematic diagram for preparing protein conjugates based on the heme group 

reconstitution. 

The heme group is easily removed from the native protein under acidic conditions, yielding 

the apoprotein, which is then reconstituted with the synthetic non-porphyrinoid cofactors. 

In recent years, Hayashi et al. conducted a study of the structural characteristics and chemical 

reactivity of various hemoproteins utilizing the methodology of enzyme engineering. They 

substituted the native protoporphyrin with porphycene in myoglobin and discovered that metal- 

porphycene myoglobin complexes can aid in dioxygen binding4. Porphycene was used to 

substitute porphyrin since it is an isomer of porphyrin with completely different structural and 

electrical features12. It has a linearized porphyrin ring system with two neighboring pyrrole 

units joined by two carbon-carbon bonds and two pyrrole-pyrrole linkages. This carbon-carbon 

bond changes the electrical distribution of the ring, increasing aromaticity and redox 

characteristics compared to typical porphyrins. Porphycene linearity enhances conjugation and 

pi-electron delocalization. 

Oohara and co-workers reported that on reconstitution of nMb porphyrin with manganese 

porphycene macrocycle, peroxidase activity of rMb(MnPc) increases towards hydroxylation of 

ethylbenzene(C-H bond) with a turnover frequency of 33 h-1 and the turnover number of 13. 

Fe porphycene, manganese porphyrin and iron porphyrin did not show the same reactivity as 

shown in Figure 6. 
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Figure 6: The time course plots of TON for the hydroxylation reaction of ethyl benzene with 

native and reconstituted myoglobin. The picture has been adopted from ref 4. 

Furthermore, it is observed that the manganese porphycene (MnPc) in the absence of a protein 

matrix does not display any apparent catalytic activity. This observation strongly suggests that 

the protein matrix plays a crucial role in regulating the hydroxylation reaction. The iron ion 

present in myoglobin exhibits a high degree of suitability in executing its oxidative chemistry. 

The replacement of iron with manganese, which lacks the ability to bind dioxygen in air, has 

led to the investigation of new forms of reactivity that are not observed in the natural form of 

myoglobin. For the oxygen molecule to bond effectively, unpaired electrons are needed, which 

manganese doesn't have in its ground state. Manganese porphycene of reconstituted protein 

rMb(MnPc) was characterized by UV−vis spectroscopy and electrospray ionization mass 

spectrometry. The high-resolution (2.2 Å) crystal structure of the rMb(MnIIIPc) was reported. 

It showed the coordination bond between HIS93 and Mn, which is 0.36 Å longer than that of 

the manganese porphyrin analogue. The distal HIS64 residue exists in two different 

conformations and stabilizes the oxo complex through hydrogen bonding interaction. This 

crystal structure predicts that MnPc will provide both six- and five-coordinated complexes in 

the heme       pocket. 

C-H bond hydroxylation experimental mechanistic studies: 

 
The investigation involved the utilization of logarithmic representation to analyze the rate 

constants related to the hydroxylation process of ethyl benzene, toluene, and cyclohexane, 

catalyzed by rMb. The plotted data was then correlated with bond dissociation energy,
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revealing a negative slope and linear relationship. The observed kinetic isotope effects suggested 

that the activation of C−H bonds serves as the rate-limiting step13 in the reaction. An active metal 

oxo species is formed, which is also known as compound-I. rMb(FePc) and rMb(MnPor) do not 

form compound I-like entities and hence cannot perform HAT(hydrogen atom abstraction) reactions. 

rMb(FePc) and rMb(MnPor) do not form compound I-like entities and hence cannot perform 

hydrogen  atom abstraction  (HAT) reaction. 

 

Experimentally, the oxidation state of Mn in rMb(MnPc) is suggested as +5 on the basis of the 

absence of typical porphycene pi-cation radical spectra. It also follows OH-rebound mechanism 

similar to cytochrome p450, as presented in following reaction14. 

 

            Mn(V)=O(Pc) + R−H → Mn(IV)-OH(Pc) + R· → Mn(III)Pc + R− OH                   (1)  

 

The present work focuses on theoretical studies explaining the higher oxidative reactivity of 

manganese porphycene reconstituted myoglobin compared to MnPor, FePor and FePc of myoglobin. 

A rigorous molecular dynamics simulation along with the multiscale QM/MM studies have been 

performed to investigate the ligand effect at the active site and dynamic behavior of myoglobin at 

the atomic level and to get insights into the energetics, activation barrier and pathways of the 

reaction.
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Chapter2: Literature review 
 

The experimental findings by Jonathan Rittle et al. confirmed the presence and catalytic 

proficiency of compound I, which is an active metal oxo species in cytochrome p45015. Based 

on the experimental observations, it has been determined that CYP119-I exhibits the ability to 

catalyze the oxidation of unreactive hydrocarbons. The CYP119 intermediate's Mössbauer 

characteristics and spectra matched those for CPO-I that have been previously reported. This 

resemblance made it easier to identify the CYP119 intermediate: The P450 Cpd I was best 

characterized as featuring an iron(IV)oxo moiety in dynamic equilibrium with a ligand- 

centered radical species. They reported KIEs ≥ 10 for p450 hydroxylation, which accorded 

with results from studies on intramolecular competition. The extent of this phenomenon 

suggested that CYP I extract hydrogen from a substrate. An iron(IV)hydroxide species is 

formed, which promptly interacts with the substrate to yield a hydroxylated product. Groves 

proposed this rebound mechanism. 

The introduction of a manganese ion in place of an iron ion of the heme moiety of myoglobin 

has yielded a protein exhibiting enhanced reactivity, as evidenced by its proficient capacity to 

catalyze C-H bond cleavage, as reported by Kari and co-workers16. The oxidation of Mn- 

myoglobin by meta chloro-perbenzoic acid resulted in the formation of a reaction intermediate 

that exhibited reactivity towards 1,4 cyclohexadiene. Using spectroscopy techniques, the 

intermediate was identified as a Manganese-oxo species. Groves and workers investigation 

compared the intermediate's EPR spectra to the fully described manganese- substituted 

horseradish peroxidase. These results demonstrate that this species in Mn- myoglobin oxidizes 

chemically inert C-H bonds. 

Yuan-Bo et al. created various mutants to study how Mn protoporphyrin IX activates H2O2 

in myoglobin17. They reported that H2O2 activation rates increased 5-fold and 10-fold in the 

F43H Mn(III)Mb mutant. First, it was noted that the dual distal histidine work together to 

activate H2O2 by Mn porphyrin within a protein scaffold. The reactivity to activate H2O2, 

therefore, changes significantly as a result of adjusting the distal histidine to bind and orient 

H2O2, as confirmed by their UV-vis spectra. 

The study conducted by Elnaz et al. looked into the examination of the influence exerted by 

different axial ligands on the catalytic function of Mn-Por18. Their findings indicate that the 

catalytic activity of manganese porphyrin depends upon the presence and nature of hydrogen 

bonding interactions between the ligand and the ring’s functional groups. Based on the
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theoretical findings, it is postulated that the presence of these ligands has the potential to 

modulate the S/Q and S/T energy gaps, thereby influencing the reactivity. The observed 

phenomenon of Mn-N bond shortening can be attributed to the occurrence of hydrogen bonding 

interactions between the carbon-hydrogen (C-H) groups of pyridines and the methoxy moiety 

of the phenyl ring. The robust sigma bonding interaction between manganese and Npy induces 

a reduction in the strength of the manganese-oxygen (Mn-O) bond, owing to the influence of 

the manganese-nitrogen axial Mn-N(axial) bond on the Mn-O bond. Thus, this interaction 

resulted in higher reactivity of Mn porphyrin. 

Reconstituted myoglobin containing iron porphycene is more reactive towards styrene 

cyclopropanation than wild-type myoglobin, according to Oohara et al. They revealed that rMb 

accelerates the catalysis by a factor of 26 when compared to nMb10. Using stopped-flow 

techniques, they investigated the transient changes in the absorption spectrum profile of rMb 

and nMb in response to the EDA. The reaction of reconstituted myoglobin with EDA produced 

a new species, which was the reactive metallocarbene species. This was the first time an active 

metallocarbene species in a hemoprotein had been observed using spectroscopy. For native 

myoglobin, this metallocarbene species was reported as not active. Theoretically, rMb 

produced a lower kinetic barrier and fewer steps in intersystem crossing than nMb in the DFT 

calculations. This difference is most likely caused by porphycene's stronger ligand field effect, 

which stabilizes the triplet of the resting state when compared to porphyrin. 
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Chapter 3: Theoretical details 
 

3.1 : MD simulations 
 

Molecular dynamics simulations employ computational algorithms to numerically solve the 

equations of motion derived from Newton's laws of motion. These simulations enable the 

investigation of the intricate motion and behavior of atoms within a molecular assembly by 

determining the resultant force and subsequent acceleration experienced by each individual 

atom19. In a conventional MD simulation, atomic locations are updated in real-time using 

Newton's second law. 

F(o) = m(o) + a(o) 

 
Where Fo is the force acting on an object o and ao is the acceleration with object’s mass mo. 

 
The equations for potential energy used in Molecular Mechanics to determine energy and their 

parameters/constants are called Force Fields. Force field energy includes bonded terms (Bond, 

Angle, Torsion, Improper) for covalently bound atoms and nonbonded terms for van der Waals 

and long-range electrostatic interactions. 

E(TOTAL) = E(BONDED INTERACTIONS) + E(NONBONDED INTERCATIONS) 

 
An ensemble links the microscopic motions of particles to the system's macroscopic properties. 

All MD simulations in this study used the conventional ensemble (NVT) or the isothermal- 

isobaric ensemble (NPT). After specifying particle positions and velocities, Newton's equations 

must be numerically integrated. The velocity verlet method calculates locations and velocities 

simultaneously at each timestep. The selection of an appropriate timestep (∆t) for mathematical 

integration is of utmost importance in molecular dynamics simulations, as it influences the 

convergence of the computational calculations. Utilizing smaller timesteps in simulations 

enhances accuracy, although at the expense of the raised cost of computation. Increasing the 

timestep results in a greater exploration of the conformational space, yet it also introduces 

fluctuations in the simulation. 

There are three types of boundary conditions (BC) that may be set in MD simulations: (a) 

Periodic boundary conditions (b), reflecting wall conditions (c), and a vacuum state. The PBC 

is widely employed approach, where system is replicated infinitely in all directions, creating 

a periodic lattice that allows for the simulation of an infinite system. 
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The computational investigations were carried out employing the Amber software package. 

The Amber software suite encompasses Amber tools for the purpose of analysis and 

configuration of simulations. Nucleic acids and amino acid residues are included in a set of 

molecular mechanical force fields. In order to generate parameters for metal containing entities 

present in the proteins, one approach that makes use of bonded models is the metal center 

parameter builder (MCPB)20. 

The major coordination sphere of the metal-protein complex was the focus of the ab initio 

calculations, which were performed using the B3LYP/6-31G* basis set. The resulting force 

field parameters are more accurate approximations of the AMBER force field (AMBER 

ff14SB). Charges (qi) and bond (Kr) and angle (K) force constants are among the other found 

parameters. MCPB.py can represent over 80 M+ and offers compatibility with diverse AMBER 

force fields. For our work, this methodology was employed to parameterize the iron (Fe) within 

the heme moiety and manganese (Mn). 

3.2 : QM/MM Method 
 

In recent years, hybrid QM/MM techniques have emerged as an essential resource for 

understanding enzyme reactions21. On the one hand, the protein's surroundings are crucial to 

the reaction mechanism and must be addressed explicitly. Solvated proteins with thousands of 

atoms require classical force fields because QM methods cannot handle them. On the other 

hand, MM approaches are limited to describing the dynamics of proteins and will not work for 

chemical reactions. Therefore, the best way to explore enzymatic reactions is to use hybrid 

calculations, where the reactive centre is addressed using a QM method, and the protein and 

solvent molecules are treated with the MM method as depicted by Figure 7. 

Due to its advantageous cost/performance ratio, density functional theory (DFT) is the 

approach that is most frequently utilized in QM/MM computations. DFT offers an effective 

method for investigating the behavior of electrons within a system by analyzing their electron 

density distribution. Its fundamental principles revolve around the Hohenberg-Kohn 

theorems22, which define that electron density serves as the exclusive determinant of both the 

energy and ground-state electron density function of the entire system. B3LYP is one of the 

most often used exchange-correlation functionals because it typically produces satisfactory 

results for a variety of chemical systems. 
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Figure 7: QM/MM model of a protein showing different protein and solvent treated with MM 

method and active region treated by QM. 

Van der Waals dispersive interactions are improperly described by DFT. As a result, empirical 

corrections that take dispersion into account have been developed (DFT-D technique). The 

additive approach and the subtractive approach are two common types of QM/MM techniques. 

The energy of the MM section of the system is calculated using the force field and added to 

the energy of the QM active area in the additive technique. 

E(total) = E QM(QM) + E MM(MM) + E QM-MM 

 
The energy of the whole system is calculated using the subtractive approach at the MM level. 

Then, the QM energy of the active region is added to the MM energy of the entire system. In 

order to avoid counting the same energy twice, the molecular mechanics energy of the active 

part is subtracted. 

E(total) = E(MM+total) + EQM(QM) – EMM(QM) 

 

The concept of electrostatic embedding, which considers how the atomic charges in the MM 

area polarize the QM region, is supported by both the techniques. The van der Waals 

interactions are often evaluated at the MM level. A Lennard-Jones potential is typically used 

to describe these interactions. The bond which is truncated at the (QM-MM) interface 

necessitates the application of a capping strategy. These include the boundary-atom, link- atom 

and localized-orbital methods. We have used link-atom method, which introduces a non-real 

atomic centre L (typically a hydrogen atom). It is attached to another MM region atom by a 

covalent bond and completely saturates its free valency. 
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Chapter4: Computational Methodology 
 

4.1 Setup of the system: 

The crystal structures of horse heart myoglobin reconstituted with manganese porphycene 

(PDB code 3WI8) and horse heart met manganese myoglobin (PDB code 2O58), with 

resolutions of 2.2 Å and 1.65 Å, respectively, were used to determine the initial structures of 

the enzymes rMb(MnPc) and rMb(MnPor). The crystal structure of native myoglobin 

nMb(FePor) was taken from PDB code IYMB, and for myoglobin containing iron 

porphycene Mb(FePc), it was 2D6C. The distal water that was present in the rMb(MnPc) at a 

distance of 2.790 above Mn was changed to an oxygen atom using the chemcraft software. 

Similarly, distal water that was present 2.521 m above Mn was modified into an oxygen atom 

in rMb(MnPor). Compound I, the oxo manganese complex, will be formed as a result of this. 

The ethylbenzene substrate was modelled into the active site of rMb(MnPc) using UCSF 

Chimera docking analysis. In this study, the active site of rMb(MnPc) was utilized to model 

the ethylbenzene substrate via UCSF Chimaera docking analysis. The best docking pose was 

subsequently selected for additional molecular dynamics (MD) simulations. Using the pdb2pqr 

programme, the pKa values of amino acid residues were obtained in order to determine the 

protonation status of the residues. PDB2PQR employs the PROPKA algorithm to determine 

the protonation states of ionizable residues. The forcefield parameterization of oxo 

manganese porphyrin and oxo manganese porphycene complexes was carried out utilizing the 

Metal Centre Parameter Builder (MCPB) tools. Force constants and RESP23 charges were 

calculated for the Mn=O complex, the axial histidine, and the substrate using Gaussian 16 at 

the level of B3LYP/6-31G*. 

The ethylbenzene parameters were determined using the GAFF, in the Antechamber module 

of Amber 20. The partial atomic charges for the substrate were obtained using the AM1-BCC 

charge technique. The protein surface was neutralized with the counter ions i.e cl- ion, to 

lower the total charge of the system. Each enzyme complex was solvated with TIP3P water 

molecule- filled rectangular box, with a protein system boundary of 10 Å from the box 

margins. All of the MD simulations for the complex used the Amber ff14SB force field. A 

similar system setup procedure was followed for the rMb(MnPor), nMb(FePor) and 

rMb(FePc). 

4.2 MD simulations: 
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Both protein-substrate complexes were simulated using molecular dynamics (MD) using the 

pmemd.cuda of the Amber20 software and the Amber ff14SB force field. The system's 

geometries were minimized to eliminate the bad contacts and relax the system after proper 

parameterization and setup. The entire complex was minimized using the steepest descent 

algorithm of 5000 steps followed by 15000 steps of the conjugate gradient algorithm. On the 

solute molecules of the complexes, positional constraints with a weak force constant of 5 kcal 

mol-1 Å-2 were imposed. The entire system was subsequently heated under control from 0 to 

298.15 K for 50 ps at constant volume (NVT ensemble) using a Langevin thermostat and a 

canonical ensemble with a collision frequency of 1 ps-1. Because the water molecules added 

by the tleap tool were loose, a brief heating period was chosen to prevent the formation of 

vacuum bubbles. Since the barostat used to control pressure is unreliable at low temperatures, 

the isothermal-isobaric ensemble (NPT) was not used in this case. The solute molecules were 

constrained throughout the heating process by a harmonic potential of 5 kcal mol-1 2. The 

Langevin thermostat and Berendsen barostat were then used to complete two rounds of 

equilibration at the target temperatures and pressures of 300 K and 1.0 atm, respectively. The 

systems were kept running for 1 ns with a weak constraint of 1 kcal mol-2, a collision 

frequency of 2 ps, and a pressure relaxation time of 1 ps. The systems were then equilibrated 

for 5 ns under identical circumstances. The equilibration stage enables a more natural 

alignment of atoms and molecules with respect to one another. The treatment of the water 

molecules involved the SHAKE algorithm. After the system had equilibrated, a productive 

MD was performed for 50 ns with a timestep of 2 fs. The coordinates were saved for the 

complexes every 0.1 ps. The trajectories were analyzed using the most populated trajectories 

from the MD simulations. The root means square deviation (RMSD) and distances between 

residues were analyzed. The HIERAGGLO algorithm, which is implemented in CPPTRAJ, 

was then used to perform cluster analysis. 

4.3 QM/MM calculations: 
 

QM/MM calculation was performed for rMb(MnPc), which according to experimental 

evidence, showed a higher reactivity. From the clustering of MD trajectories, sample snapshots 

were taken from the structures with the highest population. Compared to randomly selecting 

photos, this selection is statistically more rigorous. The ChemShell24 software package was 

used to do the QM/MM calculations. Turbomole25 was utilized to simulate the quantum 

mechanical (QM) region. On the other hand, DL_POLY26 was employed to handle the 

molecular mechanics (MM) portion, employing the AMBER force field. The QM area 



14  

included the manganese-porphycene ring and the ethylbenzene substrate, whereas the active 

region comprised all of the water and protein residues that were 9 Å of the MnPc ring and the 

substrate. The electronic embedding approach was used to account for the polarizing impact 

of the protein's surroundings on the QM region. Hydrogen link atoms employing the charge- 

shift model was employed to cope with the QM/MM border. 

The QM calculations were performed using Unrestricted B3LYP functional. The UB3LYP 

functional has been observed to exhibit enhanced accuracy in comparison to a diverse range 

of other functionals when applied to an Mn-oxo system within the context of hydrogen 

abstraction reactions. To optimize the geometry and for the frequency calculations, we 

employed the def2-SVP basis set. Calculations of single-point energy were performed using 

the larger all-electron basis set, def2-TZVP. Two-step transition state optimizations were 

performed. First, a relaxed potential energy scan was performed along the reaction coordinate 

(distance between oxygen and hydrogen to be abstracted) with a step size of 0.5 Å from reactant 

to the intermediate. The local maximum energy point on the potential energy surface (PES) 

was subsequently subjected to unconstrained optimization utilizing the P-RFO optimizer 

within the HDLC code. Afterwards, all optimized geometries were subjected to frequency 

calculations. 

 

 

Figure 8: The computational methodology employed in this study is outlined in this flow chart, 

along with the software packages utilized. 
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Chapter5: Results and Discussion 
 

5.1: MD simulation results: 
 

An MD simulation was conducted to investigate the stability of substrate at the active binding 

site for reconstituted myoglobin, i.e., rMb(MnPc) and rMb(FePc). For the rMb(MnPc), it is 

seen that initially the ethyl benzene position fluctuates between 4 to 5.8 Å from manganese 

porphycene ring, but after 20 ns the substrate comes nearer to ring with a distance varying from 

3.3 to 4.3 Å and become stable. Clustering analysis also confirmed that H7 of ethyl benzene is 

indeed closer to the Mn=O moiety with most populated snapshot possesses only 2.4 Å 

distance between H7 and O=Mn. The cluster analysis and most probable structure have been 

presented in figure 9a and 9b respectively. 

 

Figure 9: Graph showing the mobility of EB substrate in the active binding site of rMb(MnPc) 

and rMb(FePc) during the MD simulation. Active site of most populated structures shows key 

residues interacting with substrate of HIS93 making h-bond with Mn=O moiety of 

rMb(MnPc). Whereas the substrate was not stable in rMb(FePc), as shown by the RMSD graph 

and distance fluctuation graph of H7 and O. 
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This proves that rMb(MnPc) have proper binding site, where substrate is stable and closer to 

the active CpdI during the entire md simulation of 50 ns. HIS, VAL, LEU interacts with the 

substrate and HIS64 is seen stabilising the Mn=O moiety by making hydrogen bond with it. 

We have done similar investigation for rMb(FePc) where it was found that the substrate goes 

far away from the protein’s active site as shown by the most populated snapshot of the entire 

trajectory as shown in figure 9d and 9e, respectively. We have also analysed the RMSD to 

check the stability of the complexes during MD simulation and presented in the figure 9c and 

9f for rMb(MnPc) and rMb(FePc), respectively. From the RMSD plot it is clear that EB is quite 

stable in the pocket of rMb(MnPc) (RMSD is within ~1.5 Å) but it is not so stable in 

rMb(FePc) (RMSD fluctuates within ~1.5 to 3.2 Å). This proves the experimental 

observation that rMb(FePc) does not show any reactivity with the ethyl benzene due to its 

non-suitable active binding site. 

It was also experimentally observed that free MnPc is also not reactive towards C-H 

activation4. So, to prove the role of protein matrix we have extended our MD for all four 

types of reconstituted and wild-type myoglobin as shown in figure 6. 

 
Figure 10: The variation of metal ion and HIS93 distances vs frames for the (A) rMb(MnPc), 

(B) nMb(FePor), (C) rMb(FePc) and (D) rMb(MnPor). 
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We have found that the higher reactivity of rMb(MnPc) can be attributed due to the axial ligand 

effect of HIS93, which was found to be far away from Mn=O during the entire simulation. 

Distance between HIS93 and Mn largely varies between 3.5 to 6.5 Å. In comparison the axial 

HIS93 is observed to be intact in case of other three counter-part i.e., nMb(FePor), rMb(FePc) 

and rMb(MnPor), where distance remains between 3-4 Å as depicted in Figure 10. This can 

be further confirmed by analyzing the most populated conformations, showing the distance 

between metal ion and HIS93 as presented in Figure 11. 

 

Figure 11: Snapshots from the most populated complexes, showing the distance between the 

Mn/Fe central metal ion with HIS93 in all the four cases. 

5.2: QM/MM calculation results: 
 

We then proceed to check the electronic structure and the reactivity of rMb(MnPc) towards 

C-H activation using hybrid quantum mechanics/molecular mechanics calculations. The 

QM/MM calculations were initiated by optimizing the most probable snapshot obtained from 

the molecular dynamics (MD) simulation. The energy scan was then conducted to investigate 

the abstraction of the benzylic hydrogen. 
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In contrast to the experimental reports we have found the Mn(IV)(Pc·+) state instead of Mn(V) 

state. This Mn(IV) state resembles with the Fe(IV) state of CpdI of cytochrome p450 which 

undergoes HAT reaction as shown below in Figure 12. 

 

Figure 12: Schematic representation of hydrogen atom abstraction by Oxo-Mn(Pc)(Pro ) 

complex. 

Mn(IV)=O(Pc·+) + R−H → Mn(III)-OH(Pc·+) + R· (2) 

 
A possible pathway for this reaction is shown in Figure 12. In the initial step, the MnIV(Pc·+) 

species undergoes a C(sp3)–H abstraction reaction with ethyl benzene, resulting in the 

formation of the intermediate referred to as Cpd II. Simultaneously, a radical substrate is 

generated. 

The complex under consideration, i.e. [Mn(IV)=O(Pc·+)]1- can exist in two distinct electronic 

states, the low-spin singlet state as well as the high-spin triplet state. The energy profile diagram 

depicting both the spin states and relevant geometries is illustrated in Figure 13. 

In the reactant’s optimized geometry of the triplet state, the distance between the Mn(IV)=O 

oxo and hydrogen to be abstracted was 2.46 Å . The angle (Mn-O-H) exhibited a value of 

122.7°, consistent with prior investigations proposing the ideal angle for the abstraction of a 

hydrogen atom during aliphatic or aromatic hydroxylation to be within the range of 110-

130°.This range facilitates favorable orbital overlap. The hydrogen abstraction process of the 

ethyl-benzene C−H bond is facilitated by the transition state 3TSH, which exhibits a barrier 

energy of 12.7 kcal mol-1 and 11.4 kcal mol-1 at the (def2-SVP + ZPE) and (def2-TZVP 

+ZPE) levels, respectively. 
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Figure 13: Potential energy profiles of HAT by reconstituted myoglobin with manganese 

porphycene calculated by hybrid QM/MM level of theory. The QM/MM energy values are 

given in QM(def2-svp/def2-tzvp) format. 
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Figure 14: Optimized geometries of the species involved in HAT reaction for both singlet and 

triplet states calculated using the QM/MM method. Bond lengths are in Ångstroms and dihedral 

angle (D) is in degrees. 

In the optimized transition state (TS), it was observed that the Mn=O bond experienced an 

increase in length, transitioning from 1.62 Å in the reactant to 1.67 Å in the transition state as 

shown in Figure 14. The interatomic separation between the carbon atom and the hydrogen 

atom that will be abstracted has been extended from 1.10 Å to 1.27 Å, and to the oxygen atom 

bonded to manganese (Mn=O) has been reduced from 2.46 Å to 1.39 Å. Furthermore, the 

proton abstraction potential energy surface (PES) scan involving the CpdI complex and 

ethylbenzene is visually depicted in Figure 15. It is evident from the plot that this process 

involves a high energy cost of 26.7 kcal mol-1. The Mn(III)OH(Pc·+) intermediate thus 

formed was found to be with endothermicity of 1.5 kcal mol-1, which was lowered to 0.3 kcal 

mol-1 using a higher basis set. 

 
 

 
Figure 15: The scanned energy profile for the formation of Mn(III)OH(Pc·+) from CpdI . 

 
The singlet state, 1TSH shows very high energy barriers of 20.9 kcal mol-1 for the hydrogen 

atom abstraction. The intermediate formation is more endothermic with 8.1 kcal mol-1 energy 

barrier and less thermodynamically favorable. 

The spin natural orbitals (SNO) calculations for 3CpdI and 3TSH are shown in Figure 16. An 

electron initially present in the σ CH bond orbital of ethyl benzene shifts to the unoccupied 

π*MnO orbital. σ CH is converted to a singly occupied orbital. The observed 1e gain 

exhibited by the MnO can be attributed to the inherent oxidative characteristics of the 

hydrogen abstraction phenomenon. This can be understood as a proton-coupled electron 

transfer mechanism, wherein the abstracted hydrogen atom transfers its electron to the Mn 

while simultaneously forming a bond with an available lone pair on the oxygen atom. 
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Figure 16: Spin natural orbitals for the active CpdI and its TSH. The properties of the complex  

in its triplet ground state were calculated from its electronic structure. 

CpdI shows two unpaired identical spin electrons, while TS shows three identical spin electrons 

and one down spin electron, which is localized on the substrate, as shown in Figure 16. 
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Chapter 6: Conclusions 
 

Here, we have presented a multiscale computational investigation for the C-H activation 

reactivity of various myoglobin reconstituted with manganese porphycene, manganese 

porphyrin and iron porphycene. It was observed that only the reconstituted myoglobin with 

manganese porphycene i.e., rMb(MnPc) has enhanced reactivity towards ethyl benzene 

hydroxylation. In this investigation, we have explored the reason behind this typical reactivity 

pattern using MD and QM/MM techniques. The present study highlighted that rMb(MnPc) has 

a proper binding site, as the substrate was shown to be stabilized within the ring pocket 

during the entire simulation. In contrast, we have found that the substrate is unstable and 

going far away from the active site in the case of rMb(FePc). Further, the effect of axial 

histidine may also have a role in the reactivity. The Mn=O moiety within the reactive 

rMb(MnPc) system exhibited a lack of coordination with the HIS93 throughout the MD 

simulation, proving that the absence of an axial ligand effect can be responsible for its higher 

reactivity. Our QM/MM analysis shows that modified myoglobin follows a P450-like H atom 

abstraction process, where Cpd I abstracts the hydrogen from ethyl benzene to form the reactive 

intermediate Mn(III)- OH(PC). There are two closely lying singlet and triplet spin states, 

from which triplet state is most reactive as found from the potential energy surface. 
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