
 
BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS 

FACULTY OF CHEMICAL TECHNOLOGY AND BIOTECHNOLOGY 

GEORGE A. OLAH DOCTORAL SCHOOL OF CHEMISTRY AND CHEMICAL 

TECHNOLOGY 

 

 

 
 

 

 

 

 

 

 

Computational Modeling of Catalytic Processes  

in P450 Enzymes 
 

 

 

 

 

 

Thesis Booklet 

 

 

 

 

 

 

 

 

Author: Balázs Krámos 

Supervisor: Dr. Julianna Oláh 

 

 

 

 

 

 

Department of Inorganic and Analytical Chemistry 

 

 

 
 

 

2015



1 

 

1. Introduction and background  

During my PhD I have investigated cytochrome P450 (CYPs, P450s) enzymes 

using computational methods. P450s form a large superfamily of enzymes, which are in 

the focus of intensive research due to their physiological role, variability and their 

importance in pharmaceutical industry utilizing their properties. My work is best 

classified as basic research which has the potential for filling serious gaps in knowledge 

with respect to the mechanism of P450-mediated biocatalysis. 

The P450 superfamily contains more than 21,000 members
1
 which have been 

identified in all domains of life. In the course of the Human Genome Project 57 genes 

have been identified that are responsible for coding various P450s.
2
 

P450s can be found in several types of tissues, particularly in the liver, due to 

their key role in the phase I metabolism of most foreign chemical substances 

(xenobiotics). In general P450s are monooxygenases, thus catalyzing the incorporation 

of an oxygen atom into the substrates according to the following equation: 

RH + O2 + NADPH + H
+
 → ROH + H2O + NADP

+
 

These enzymes are responsible for the metabolism of 75% of drugs, thus being 

highly important in pharmaceutical research. Furthermore several CYPs have a special 

function, for instance the reduction of nitric oxide or the biosynthesis of estrogens. 

There is an iron-porphyrin complex at the active site of P450s, whose structure is 

responsible for the multistate reactivity (MSR) of P450s. This implies that it can 

catalyze the chemical conversion both on doublet and quartet spin pathways containing 

various intermediates with radical or cationic electronic configurations. The different 

pathways may lead to various products. The nature of the enzyme, the substrate, and 

their relationship determines the most favorable pathway for a given chemical 

transformation.
3,4

 

In most cases the oxyferryl species, which is also called Compound I (Cpd I) 

reacts directly with the substrate. In some cases,
3,4

 other members of the catalytic cycle 

of CYPs (see Scheme 1),
3,4

 such as the ferrous superoxo complex, or Compound II (one 

electron reduced form of Cpd I) was reported in the literature as the effective reagents. 
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Scheme 1 Consensus catalytic cycle of P450 enzymes
3,4

 

1.1. Human aromatase (P450arom, CYP19A1) 

The human aromatase is a peculiar P450 enzyme, since it binds selectively 

androstenedione (androst-4-en-3,17-dione; ASD) or testosterone in contrast to other 

CYPs, which are able to react with several substrates. P450arom forms the aromatic 

structure in ring ‘A’ of its two steroid substrates yielding estrone or estradiol, 

respectively (Scheme 2). 

 

Scheme 2 Aromatization of androstenedione (ASD) in P450arom 

The red characters mean the enolized substrate (see below) 

The C19-methyl group of ASD is oxidized in the first and second catalytic cycles 
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according to the mechanism suggested by Groves and McClusky
5
 involving hydrogen 

radical abstraction and hydroxyl radical rebound, however, the mechanism of the third 

cycle is unclear. Although peroxohemiacetal formation (Scheme 3) seemed to be the 

most probable theory based on the studies published in the last thirty years, recent 

resonance Raman
6
 and KSIE

7
 measurements contradict it. 

 

Scheme 3 Proposed mechanism for the third catalytic cycle:  

deformylation via peroxohemiacetal formation 

The red characters in the Scheme 3 represent the enolized substrate. Enolization 

is essential for C-C fission. 

The aim of my work was to describe a mechanism for the third catalytic cycle. 

The proposed mechanism had to be in accordance with the experimental findings, 

including the selective elimination of 1β- and 2β-hydrogens.
8,9

 I investigated the 

possibilities for enolization and study whether the oxyferryl complex (compound I) 

could catalyze the aromatization process, which was indeed very recently shown to be 

the active agent.
6,7

 

1.2. Nitric oxide reductase (P450nor, CYP55A1) 

Nitric oxide reductase (P450nor) is found in the fungus Fusarium oxysporum, 

which is a denitrificator. This microorganism uses nitrate respiration in anaerobic 

environments, i.e. it reduces nitrate ions to dinitrogen monoxide in a multistep process 

using several enzymes. Since dinitrogen monoxide is an effective greenhouse gas and it 

is generated in fertilized areas in considerable amounts, the interest in these 

microorganisms is increasing.
10

  

P450nor is notable from a physiological point of view as well. Its substrate, nitric 

oxide is used by the immune system to destroy pathogens during nitrosative stress. 

Histoplasma capsulatum, the pathogen of histoplasmosis, is able to avoid the attack of 

the immune system using an enzyme homologous to P450nor (61% sequence identity, 

79% similarity).
11

 

Another unusual feature of P450nor is that it is a compact P450, because it does 
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not require the cooperation of the P450 reductase co-enzyme, since it has its own 

NADH binding pocket. 

The process catalyzed by P450nor consists of three main steps: 

 Fe
(III)

P450nor + NO = (Fe
(III)

P450nor)NO (step 1) 

 (Fe
(III)

P450nor)NO + NADH = I + NAD
+ 

(step 2) 

 I + NO + H
+
 = Fe

(III)
P450nor + N2O + H2O (step 3) 

In agreement with the most probable theory, intermediate I (step 2) is formed by 

direct hydride transfer
12

 from the nitrozyl complex created in the first step, in which the 

pro-R hydrogen of the NADH co-factor transfers selectively.
13

 

If the transferable hydrogen passes to the oxygen atom of the nitric oxide 

coordinating to the iron, an N-ferryl intermediate (analogous to Cpd I) may be 

generated as was suggested by Harris
14

 (Scheme 4). If this intermediate could be 

formed in P450nor, new research directions may open. The investigation of the 

possibility of nitrogen insertion into C-H bonds to form amino groups, analogously to 

the monooxygenation reactions catalyzed by the oxyferryl species would be of value in 

organic chemical transformations. 

I studied the possibility of the formation of the Harris-type intermediate in this 

work using computational methods. 

 

Scheme 4 Direct hydride transfer and the formation of Harris-type (N-ferryl) 

intermediate in P450nor 

2. Computational details 

I carried out gas-phase DFT calculations and combined quantum mechanical and 

molecular mechanical (QM/MM) calculations taking into account the protein 

environment in order to answer the above mentioned questions. 

I explored the possible pathways for the chemical conversions using truncated 
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model systems in gas-phase calculations. The minima and the transition states between 

them were located on the potential energy surface without additional constrains. 

Therefore, the steric and electrostatic polarizing effects of the protein environment 

could be analyzed separately by the comparison of the results given by the two 

methods. 

The starting structures for the QM/MM calculation were derived from classical 

molecular dynamics simulations starting from adequate X-ray crystal structures (PDB 

ID: 3EQM (P450arom, resolution 2.90 Å); 1XQD (P450nor, resolution 1.80 Å) using the 

CHARMM27 force field. I used QM/MM adiabatic mapping to convert the QM/MM 

optimized reactant state to intermediates or product states using suitable reaction 

coordinates (atomic distances or their linear combination). The maxima of the obtained 

energy profiles were identified as transition states.  In all cases, in order to approximate 

the adequate sampling of enzyme conformations, several parallel adiabatic mapping 

calculations were used starting from different snapshots of the molecular dynamics 

trajectory.  

Based on state of the art benchmark calculations
15

 the B3LYP DFT functional 

was used in QM and QM/MM optimizations, but energy calculations were also carried 

out in the stationary points using other methods as well (M06, OLYP, TPSSh, 

ωB97X-D) in order to check the functional dependence of the calculated values. 

3. Results 

3.1. Alternative proton delivery pathway in human aromatase 

I showed that the protonation of the ferrous superoxo complex can occur in an 

energetically favorable process coupled to the enolization of the substrate in human 

aromatase. The most favorable arrangement is shown in Scheme 5. 

 

 

Scheme 5 Enzyme catalyzed enolization of ASD (alternative pathway for the 

protonation of the ferrous superoxo complex to yield Cpd 0) 
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The proposed mechanism is in accordance with the experimentally known 

selective elimination of the 2β-hydrogen.
2
 Furthermore, the calculated barriers for the 

protonation of the ferrous superoxo complex are somewhat higher (about 5-7 kcal/mol) 

than the corresponding values in camphor hydroxylase (P450cam) calculated by others 

(1.2-2.5 kcal/mol),
3,4

 which is consistent with the experimental findings suggesting the 

longer life time of the ferrous superoxo species in human aromatase than in other 

P450s. 

In general, the protonation of the ferrous superoxo complex occurs via a proton 

delivery pathway involving the side chains of conserved aspartate and threonine 

residues and a single water molecule between them. I proved in this work, that the 

energy barriers of the proton transfer are higher on the common Asp309-H2O-Thr310 

pathway by about 3-5 kcal/mol than in the alternative way (Scheme 5). This implies 

that if the substrate is in the oxo form, the alternative pathway is more favorable than 

the common pathway. Furthermore, the alternative pathway does not require the 

rotation of the Asp309 side chain compared to its position in the crystal structure 

(3EQM).  

The gas-phase calculations suggest that the nature of the group containing the C19 

atom has little effect on the barrier of the enolization, and so this conversion could 

occur in any of the three catalytic cycles. 

3.2. Formation of the aromatic structure by the oxyferryl complex (P450arom) 

The above mentioned results suggest that the catalytic cycle of P450arom could 

move on to the formation of Compound 0 and Compound I and peroxohemiacetal 

formation was not observed. Therefore, I have investigated the possibilities for 

completing the aromatization process via Compound I. In Scheme 6 the possible 

pathways of the last catalytic-cycle starting from the enolized 19-oxo-ASD ligand and 

the Cpd I state of the human aromatase are compared. 
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Scheme 6 Possible ways for C10-C19 bond fission in the third catalytic cycle from 

Scheme 2 

Both gas-phase and QM/MM calculations confirmed that the deformylation of the 

enolized 19-oxo-ASD ligand by Cpd I (or Cpd II) can happen in an energetically 

favorable process on pathways depicted in Scheme 6. Since all of these possibilities 

lead to estrone formation, similarly to the commonly accepted mechanism containing 

peroxohemiacetal (Scheme 3), the exclusive selectivity for the product of the P450arom 

can be explained. 

The main difference between the QM and QM/MM results was found in the 

electronic structure of the reactant state and the first intermediate formed in the course 

of 1β-hydrogen abstraction. According to the QM-calculations without explicit protein 

environment present 1β-hydrogen abstraction is catalyzed by Compound I leading to 

radical intermediates. The QM/MM calculations suggest that the reaction involves 

cationic intermediates, and the oxidant has a mixed Compound I and Compound II 

character. The relative position of the iron-porphyrin complex and the ligand plays the 

most important role in increasing the oxidant’s Compound II character in the reactant 

state which is further strengthened by the effect of the protein environment and the 

water molecule forming hydrogen bond with the Fe-O moiety. 

According to my calculations small amounts of carbon monoxide may be formed 

beside formic acid in P450arom, therefore, I suggest the experimental investigation of the 

possible CO formation.  
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Although, according to my results the slow rearrangement of 1β-hydroxi-19-oxo-

ASD (state 3 in Scheme 6) to estrone can be expected (QM/MM barrier is about 30 

kcal/mol), it has not yet been identified experimentally among the detectable products 

of human aromatase. A possible explanation can be that a non-enzymatic conversion 

may happen, similarly to the case of the 2β-hydroxy derivative. Therefore, I suggest the 

experimental investigation of the possible aromatization mechanism of 1β-hydroxi-19-

oxo-ASD. 

3.3. Rationalizing Harris-type N-ferryl intermediate (P450nor) 

My calculations in the presence or absence of the protein-environment effects 

suggest that the hydride transfer directed to the nitrogen of the nitric oxide is favored. 

The obtained energy barriers for the H=>O type conversion are significantly higher 

than H=>N type similarly to the gas-phase calculations (Figure 1). The most important 

difference between the results derived from the two methods is that the barrier of 

H=>N type hydride transfer is higher by 10 kcal/mol according to the QM/MM 

calculations than to the QM-only calculations, nonetheless this remains the favored 

process in the protein environment as well. 

 

Figure 1 a) QM and b) QM/MM energy barriers for the hydride transfer directed to the 

nitrogen and oxygen atom of the nitric oxide at the B3LYP/6-31G*(LANL2DZ)/cc-

pVTZ, and B3LYP/6-31G*(LANL2DZ)/6-311+G*//CHARMM27 level with dispersion 

correction 

The H=>O type conversion is not expected due to the calculated high energy 

barriers. The hydride of the NADH cofactor transfers to the nitrogen atom of the nitric 

oxide on the basis of my calculations. Therefore, the formation of the Harris-type N-

ferryl intermediate is not expected in the P450nor enzyme of the Fusarium oxysporum.  
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4. Thesis points 

I I suggested an alternative proton delivery pathway which is unique for P450arom 

based on both QM-only and QM/MM calculations. In this manner the enolization 

of the substrate and the protonation of the ferrous superoxo complex occur in a 

coupled process. I proved the dominance of this alternative mechanism compared 

to the Asp-H2O-Thr pathway, which is typical for other P450s. (publication IV) 

II I showed in QM-only calculations that the nature of the functional group at C10 

position has small effect for the barrier of the enolization, and so this conversion is 

possible in all of the three catalytic cycles, if the substrate is in the oxo form. 

(publication IV) 

III I proved with QM-only and QM/MM calculations that Cpd I (or Cpd II) can 

effectively catalyze the C10-C19 bond fission in the last step of the estrone 

biosynthesis. This agrees well with the newest experimental findings which 

support the essential role of Cpd I in the mechanism in contrast to 

peroxohemiacetal formation. (publication V) 

IV My investigations imply the plausibility of carbon monoxide and 1β-hydroxi-19-

oxo-ASD formation in human aromatase. I suggest experimental studies to 

investigate the carbon monoxide formation and the non-enzymatic conversion of 

1β-hydroxi-19-oxo-ASD. (publication V) 

V I showed that the hydride transfer in the P450nor enzyme of the Fusarium 

oxysporum is directed to the nitrogen atom of nitric oxide coordinating to the iron 

at all events, and so the formation of the Harris-type N-ferryl intermediate is not 

expected. (publication I and III) 

5. Applications 

The aim of my work was to contribute to our knowledge about the 

structure/function relationships in P450 metalloenzymes. Importantly, my calculations 

gave new insights into the reaction mechanisms of two P450s of human aromatase, that 

are in accordance with recent experimental findings.
6,7

 The experimental work and my 

computational results challenge a thirty years old theory (peroxohemiacetal formation). 

  



10 

 

6. Publications 

Publications in the topic of my thesis: 

I B. Krámos; D. K. Menyhárd; Oláh, J. Direct Hydride Shift Mechanism and 

Stereoselectivity of P450nor Confirmed by QM/MM Calculations. J. Phys. Chem. 

B 2012, 116, 872-885. IF (2012): 3.696, independent citations: 4 

II Oláh, J.; Krámos, B. Computational Enzymology. Application of Computational 

Models for Investigation of Enzymatic Function. Magy. Kém. L. 2012, 67, 264-

268. (in Hungarian) 

III Náray-Szabó, G.; Oláh, J.; Krámos, B. Quantum Mechanical Modeling: A Tool 

for Understanding of Enzyme Reactions. Biomolecules 2013, 3, 662-702. 

IV Krámos, B.; Oláh, J. Enolization as an Alternative Proton Delivery Pathway in 

Human Aromatase (P450 19A1). J. Phys. Chem. B 2014,118, 390-405. IF 

(2013): 3.607, independent citations: 1 

V Krámos, B.; Oláh, J. The Mechanism of Human Aromatase (CYP 19A1) 

Revisited: DFT and QM/MM Calculations Support a Compound I-Mediated 

Pathway for the Aromatization Process. Struct.. Chem. (accepted; DOI 

10.1007/s11224-014-0545-9) IF (2013): 1.900 

 

Other printed publications: 

VI Krámos, B.; Kovács, A. Metal–Ligand Interactions in Fe(II)-Dioxime 

Complexes. J. Mol. Struct. (Theochem) 2008, 867, 1-4. IF (2008): 1.167  

VII Krámos, B.; Nagy, G. N.; Oláh, J. Applications of Molecular Modelling Methods 

in the Investigation of Enzyme-Catalyzed Reactions. Proceedings of the PhD 

Conferences Organized by the Doctoral Schools of the BME, in the Framework of 

TÁMOP-4.2.2/B-10/1-2010-0009 2012, 81-88. 

VIII Nagy, G. N.; Marton, L.; Krámos, B.; Oláh, J.; Révész, Á.; Vékey, K.; Delsuc, 

F.; Hunyadi-Gulyás, É.; Medzihradszky, K. F.; Lavigne, M.; Vial, H.; Cerdan, R.; 

Vértessy, B. G. Evolutionary and Mechanistic Insights Into Substrate and Product 

Accommodation of CTP: Phosphocholine Cytidylyltransferase from Plasmodium 

Falciparum. FEBS J. 2013, 280, 3132-3148. IF (2013): 4.25 

Posters: 

IX B. Krámos; D. K. Menyhárd; Oláh, J. Investigation of Direct Hydride Shift 

Mechanism in the P450nor Enzyme. IX Oláh György Doktori Iskola PhD. 

Konferencia; Budapest, 2011. 02. 03. (in Hungarian) 

X B. Krámos; D. K. Menyhárd; Oláh, J. QM/MM Investigation of Direct Hydride 

Transfer in the P450nor Enzyme. Quantum Bioinorganic Chemistry Conference; 

Český Krumlov, 2011. 06. 25-28. 



11 

 

XI B. Krámos; D. K. Menyhárd; Oláh, J. QM/MM Investigation of Direct Hydride 

Transfer in the P450nor Enzyme. 4th European Conference on Chemistry for Life 

Sciences; Budapest, 2011. 08. 31-09. 03. 

XII B. Krámos; Oláh, J. Cytochrome P450 Enzyme-Dependent Biosynthesis and 

Metabolism of Estrogens. X Girona Seminar; Girona, 2012. 07. 2-5. 

XIII B. Krámos; Oláh, J. QM and QM/MM Calculations Reveal the Mechanism of 

Final Step of the Aromatization Reaction Catalyzed by Human Aromatase. 9th 

European Conference of Computational Chemistry; Sopron, 2013. 09. 1-5. 

Lectures: 

XIV B. Krámos; Kovács, A. Metal–Ligand Interactions in Fe(II)-Dioxime 

Complexes. 12. Material Structure Research Conference; Mátrafüred, 2009. 05. 

13-14. (in Hungarian) 

XV B. Krámos; D. K. Menyhárd; Oláh, J. Investigation of Direct Hydride Shift 

Mechanism in the P450nor Enzyme. Common Meeting of the Inorganic and 

Metallo-Organic Working Committee and the Material and Molecular Structure 

Working Committee; Demjén, 2012. 03. 24-26. (in Hungarian) 

XVI Krámos, B.; Nagy, G. N.; Oláh, J. Applications of Molecular Modelling Methods 

in the Investigation of Enzyme-catalyzed Reactions. Scientific Workshop 

organized by the George Oláh PhD School in the framework of the prooject 

TÁMOP-4.2.2/B-10/1-2010-0009; Budapest, 2012. 05. 17. 

XVII B. Krámos; Oláh, J. Investigation of Enolization in the Human Aromatase. 

KeMoMo-QSAR 2012 Szimpózium; Szeged, 2012. 09. 20-21. (in Hungarian) 

XVIII B. Krámos; Oláh, J. Investigation of the Enolization Step in the Biosynthesis of 

Estrogens. Common Meeting of the Inorganic and Metallo-Organic Working 

Committee and the Material and Molecular Structure Working Committee; 

Szedres, 2012.10. 12-14. (in Hungarian) 

XIX B. Krámos; Oláh, J. Investigation of the Mysterious C-C Fission Step in the 

Catalytic Cycle of the Human Aromatase. KeMoMo-QSAR 2013 Symposium; 

Szeged, 2013. 04. 29-30. (in Hungarian) 

XX B. Krámos; Oláh, J. Multi-State Reactivity in the Human Aromatase Enzyme. 

47. Complex Chemistry Colloquium; Siófok, 2014. 05. 28-30. (in Hungarian) 

  



12 

 

7. References 

                                                 
1
 Nelson, D. R The Cytochrome P450 Homepage. Human Genomics 2009, 4, 59-65. 

http://drnelson.uthsc.edu/CytochromeP450.html 
2
 de Montellano, P. R. O. Cytochrome P450: Structure, Mechanism, and 

Biochemistry, 3. Ed., Kluwer Academic/Plenum Publishers, New York, 2005; 

chapter 10, 377-530, Guengerich, F. P. Human Cytochrome P450 Enzymes. 
3
 Shaik, S.; Kumar, D.; de Visser, S. P.; Altun, A.; Thiel, W. Theoretical Perspective 

on the Structure and Mechanism of Cytochrome P450 Enzymes. Chem. Rev. 2005, 

105, 2279-2328. 
4
 Shaik, S.; Cohen, S.; Wang, Y.; Chen, H.; Kumar, D.; Thiel, W. P450 Enzymes: 

Their Structure, Reactivity, and Selectivity - Modeled by QM/MM Calculations. 

Chem. Rev. 2010, 110, 949–1017. 
5
 Groves, J. T.; McClusky, G. A. Aliphatic Hydroxylation via Oxygen Rebound. 

Oxygen Transfer Catalyzed by Iron. J. Am. Chem. Soc. 1976, 98, 859-861. 
6
 Mak, P. J.; Luthra, A.; Sligar, S. G.; Kincaid, J. R. Resonance Raman Spectroscopy 

of the Oxygenated Intermediates of Human CYP19A1 Implicates a Compound I 

Intermediate in the Final Lyase Step. J. Am. Chem. Soc. 2014, 136, 4825−4828. 
7
 Khatri, Y.; Luthra, A.; Duggal, R.; Sligar, S. G. Kinetic Solvent Isotope Effect in 

Steady-State Turnover by CYP19A1 Suggests Involvement of Compound 1 for both 

Hydroxylation and Aromatization Steps. FEBS Lett. 2014, 588, 3117-3122. 
8
 Fishman, J.; Guzik, H.; Dixon, D. Stereochemistry of Estrogen Biosynthesis. 

Biochemistry 1969, 8, 4304-4309. 
9
  Brodie, H. J.; Kripalani, K. J.; Possanza, G. Mechanism of Estrogen Biosynthesis. 

VI. The Stereochemistry of Hydrogen Elimination at C-2 During Aromatization. J. 

Am. Chem. Soc. 1969, 91, 1241-1242.  
10

 Richardson, D.; Felgate, H.; Watmough, N.; Thomson, A.; Baggs, E. Mitigating 

Release of the Potent Greenhouse Gas N2O from the Nitrogen Cycle – Could 

Enzymic Regulation Hold the Key? Trends Biotechnol. 2009, 27, 388-397.   
11

 Chao, L. Y.; Rine, J.; Marletta, M. A. Spectroscopic and Kinetic Studies of Nor1, a 

Cytochrome P450 Nitric Oxide Reductase from the Fungal Pathogen Histoplasma 

Capsulatum. Arch. Biochem. Biophys. 2008, 480,132–137. 
12

 Averill, B. A. Dissimilatory Nitrite and Nitric Oxide Reductases. Chem. Rev. 1996, 

96, 2951-2964. 
13

 Daiber, A.; Nauser, T.; Takayac, N.; Kudoc, T.; Webera, P.; Hultschiga, C.; Shound, 

H.; Ullricha, V. Isotope Effects and Intermediates in the Reduction of NO by 

P450NOR. J. Inorg. Biochem. 2002, 88, 343-352.  
14

 Harris, D. L. Cytochrome P450nor: A Nitric Oxide Reductase—Structure, Spectra, 

and Mechanism. Int. J. Quant. Chem. 2002, 88, 183-200. 
15

 Altun, A.; Kumar, D.; Neese, F.; Thiel, W. Multireference Ab Initio Quantum 

Mechanics/Molecular Mechanics Study on Intermediates in the Catalytic Cycle of 

Cytochrome P450cam. J. Phys. Chem. A 2008, 112, 12904–12910. 


