
VU Research Portal

Theoretical Investigation of the Hydroxylation Mechanism by Cytochromes P450

Groenhof, A.R.

2007

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Groenhof, A. R. (2007). Theoretical Investigation of the Hydroxylation Mechanism by Cytochromes P450. [PhD-
Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/c080815a-d27d-4d25-b7b8-f16f7ee89518


9 

 

 

1 General Introduction 
 

 

 



Chapter 1 

10 

1.1 General 

Cytochrome P450 has been a topic of intense study in biochemistry, 
pharmacology, toxicology, biophysics, and theoretical chemistry for more than 
three decades. Overwhelming interest in these enzymes began after the 
recognition that these biocatalysts are involved in drug metabolism. Nowadays, 
about 60 different human Cytochromes P450 are known and these account for 
the metabolism of about 90% of the currently marketed drugs.1,2 Because of this 
overwhelming importance a clear understanding of the mechanism of action of 
these enzymes would be advantageous. Yet, despite intense research, the 
complete description of the mechanism(s) of one of its most important reactions, 
the hydroxylation of hydrocarbons by using atmospheric oxygen, remains to be 
resolved. In the present chapter, a historical overview of the issues concerning 
molecular oxygen activation and the developments in mechanistic Cytochrome 
P450 chemistry are briefly described. This overview will be followed by the 
outline of the research described in this thesis. 

1.2 Historical Overview 

Oxygen is one of the most important molecules and is essential to combustion 
as well as respiration. In the 17th century advances were made in the study of 
respiration. The English natural philosopher John Mayow noted that both 
combustion and respiration require only a small proportion of the available air.3 
This proportion he called spiritus nitro-aerous, which is necessary for life and 
combustion. Almost a century later, the British chemist Joseph Priestley4 and the 
Swedish chemist Carl Wilhelm Scheele5 finally discovered oxygen almost 
independently. In 1774, Priestley found that by heating mercuric oxide the 
powder evaporated and turned into two gases. One of these gases was mercury 
vapor, which condensed into droplets of mercury when cooled. The other gas 
was invisible, but Priestley knew it existed because a candle burned furiously in 
this gas and a mouse could live longer in this gas than in a similar sealed 
volume of air.4 Scheele, on the other hand, discovered oxygen probably two 
year before Priestley. He produced this “new air” in several ways, but his book 
describing his findings was not published until 1777.5 After several years, the  
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French chemist Antoine Laurent Lavoisier named it “oxygen” from the Greek 
words meaning “acid-producing“, because he, incorrectly, thought that oxygen 
was a necessary component of all acids. The Italian physicist Amadeo Avogadro 
reported that oxygen is a diatomic molecule in 1811.6 However, his finding was 
not well accepted until the Italian chemist Stanislao Cannizaro showed the 
importance of Avogadro's principle in 1858, resolving the confusion with atomic 
and molecular weights.7 At that time, in the 1840s, the English chemist and 
physicist Michael Faraday discovered that liquid oxygen is attracted to a magnet. 
Almost one century later, in 1928, the American chemist and physicist Robert 
Sanderson Mulliken explained the reason for the magnetic properties of oxygen 
using molecular orbital (MO) theory,8 a method introduced by Mulliken and the 
German physicist Friedrich Hund.8,9 Mulliken has shown that molecular oxygen 
has two unpaired electrons in its lowest energy state. The unpaired electrons 
behave as little magnets and in a magnetic field their spins may be aligned with 
or against the magnetic field. This paramagnetic uncoupled electron pair 
oxygen is called triplet oxygen, because there are three possible arrangements 
of the electrons (Figure 1.1). A state of a molecule in which all electrons are 
paired is called a singlet and essentially all stable organic substances are 
singlets. The German-born Canadian physicist Gerhard Herzberg discovered 
such a higher energy singlet state of molecular oxygen by spectroscopy in 
1934.10 Customarily, a chemical reaction between the triplet ground state of 
oxygen and a singlet molecule is a spin-forbidden process and a considerable 
amount of energy is required for the spin inversion of molecular oxygen from its 
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Figure 1.1. Molecular orbital diagram of ground state dioxygen. 
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triplet to the singlet state that, subsequently, reacts with the organic molecule. 
Fortunately, this mechanism prevents the spontaneous oxidation of any (singlet) 
organic compound by (triplet) dioxygen at room temperature. Biological systems 
are able to overcome this high kinetic barrier by using transition metals like iron 
or copper as cofactors to carry out the enzymatic oxidation reaction. In the 
appropriate oxidation state, these transition metals are able to form dioxygen 
adducts that subsequently undergo reactions and this is frequently referred to as 
“oxygen activation”. In the biological systems the tetrapyrrolic iron-porphyrin 
complexes are often involved in these “oxygen activation” processes and its 
dioxygen fragment is the reactant of one of the most important types of catalytic 
reactions, namely oxidation. 

The particular involvement of iron porphyrin in the binding of atmospheric 
oxygen has been postulated by Wilhelm Küster in 1912 and affirmed in 1929 by 
the German organic chemist Hans Fischer who reported the first total synthesis 
of porphyrin.11,12  Almost ten years later, Pauling and Coryell showed that the 
oxygen molecule is not somehow dissolved in the hemoglobin protein but that it 
is covalently bound to the porphyrin iron atom. Magnetic susceptibility 
measurements have shown that the oxyhemoglobin has no unpaired electrons, 
whereas hemoglobin and oxygen have four and two unpaired electrons, 
respectively.13 Further insights into these essential processes and the structural 
details of the oxygen binding site increased after the first delineation of the 
three-dimensional structure of myoglobin by John Kendrew and coworkers in 
1960.14,15  

With respect to oxygen activation, revolutionary observations have been made 
by the research groups of Mason and Hayaishi in 1955 who reported the 
incorporation of isotopically labeled dioxygen into an organic substrate 
molecule during metabolism catalyzed by metal containing enzymes.16,17 The 
trivial name "mixed-function oxidases" was given to this class of enzymes, since 
both an oxidant (O2) and a reductant (NADP) is required in the catalytic 
reaction. Nowadays, these proteins are known as oxygenases, among which 
Cytochromes P450 are best known.1820 

The name P450 refers to the pigment (P) with a spectral absorbance maximum 
at 450 nm in the presence of a reducing agent and carbon monoxide that has 
been observed for the first time by Klingenberg and Garfinkel in 1958.21,22 Later, 
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these pigments were characterized by Sato and Omura as Cytochromes 
containing iron protoporphyrin IX (Figure 1.2) after comparison of the 
characteristic spectral changes in hemoglobin and the pigment on binding of 
carbon monoxide (450 nm) and isocyanides (420 nm).23,24 Thus, the name 
Cytochrome P450 (pigment absorbing at 450 nm) was used for the first time in 
1962. At that time, Estabrook, Cooper, and Rosenthal showed that this 
Cytochrome is the oxidizing catalyst in the C21 hydroxylation of steroids. Much 
more recently, it was recognized that the Cytochrome P450 enzymes are the key 
components involved in drug metabolism.2530 For example, liver microsomal 
Cytochromes P450 play an important role in the hydroxylation of endogenous 
and physiological substrates, foreign chemicals and a tremendous range of 
drugs.20,31 Over the years, the interest has grown in this class of enzymes and in 
the mechanism of their metabolic action. Among the many oxidations that are 
catalyzed by P450 enzymes most attention has focused on the hydroxylation of 
unactivated C–H bonds in hydrocarbons. A common catalytic reaction cycle for 
this hydrocarbon hydroxylation was first proposed in 1973 by Coon and 
coworkers32,33 and this still provides the core description of the generally 
accepted catalytic reaction cycle. Much insight into this cycle and the molecular 
structure of Cytochrome P450 came ten years later, in 1985, when the first 
crystal structure of a P450 enzyme, the soluble bacterial P450cam, was reported 
by Poulos, Kraut and co-workers.34 The triangular shaped protein consists of 
414 amino acid residues (~45 kDa) with the heme prosthetic group embedded 
in the hydrophobic active site pocket (Figure 1.2). The heme is connected to the 
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Figure 1.2. The structure of the iron protoporphyrin-IX complex (heme, left) and a 
schematic representation of the crystal structure of Cytochrome P450cam (right). 
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protein by coordination of the heme iron to the sulfur atom of a cysteine amino 
acid residue, which was confirmed spectroscopically.35 Because P450cam is 
soluble and easily purified in large quantities,36 much of the understanding on 
the P450 catalytic cycle is based on this bacterial protein, and most of the 
proposed intermediates of the catalytic cycle have been identified for this 
enzyme. Since most P450 enzymes are structurally related and share similar 
chemistry, it has been assumed that they also share a similar catalytic oxidation 
cycle of which a general description is shown in Figure 1.3. 

The catalytic cycle starts at the resting state in which a water molecule is axially 
bound to the iron of the prosthetic heme active site (a). The cycle is initiated by 
substrate binding in the active site pocket accompanied by the displacement of 
the axial water molecule. Subsequently, the P450 redox partner, which may 
either be an iron-sulfur redoxin, a flavoprotein or Cytochrome b5, depending on 
the particular P450 enzyme, reduces the iron(III) heme to the iron(II) state (c). 
Oxygen binding leads to an iron(III)-superoxide species (d) after which a second 
electron is transferred from a redox partner to this oxy-species. Proton transfer to 
the outer oxygen atom affords an iron-hydroperoxo intermediate (f). A second 
protonation of the same oxygen atom has been assumed to take place, followed 
by heterolytic cleavage of the oxygen-oxygen bond releasing water and 
generating the proposed high-valent iron-oxo intermediate (g), called 
Compound I following the terminology commonly used after the discovery of 
analogous intermediate species in the reaction of peroxidase type of 
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Figure 1.3. General description of the catalytic cycle of Cytochromes P450. RH 
represents the substrate, ROH the product, and ▬Fe▬ the iron protoporphyrin 
IX. 
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enzymes.3740 The ultimate hydroxylation of a hydrocarbon has been assumed to 
proceed via a concerted “oxene” insertion into the C–H bond in the beginning 
of the 1970s.4143 This mechanism has been supplanted by a stepwise 
mechanism proposed by Groves et al. after refined investigations of this 
hydroxylation mechanism.4446 The two-step mechanism involves hydrogen 
abstraction from the substrate by the Compound I intermediate (g → h), 
followed by an oxygen rebound to the initially generated hydrocarbon radical 
(h → a).44,45 However, the iron-oxo intermediate in the catalytic cycle of 
Cytochromes P450 has not been truly characterized so far and its existence is 
based on UV-visible spectral similarities to an analogous intermediate that has 
been characterized in peroxidase enzymes.47,48,a Consequently, it was questioned 
whether this intermediate is the sole oxidant. It became clear that the 
hydrocarbon hydroxylation catalyzed by Cytochromes P450 implies a far more 
multifaceted mechanism and that it cannot be described by one single 
mechanism.45,46,4955 In 2000, the hydrogen abstraction and oxygen rebound 
mechanism by Compound I has been extended with the “two state reactivity” 
model by Shaik et al. based on a computational model survey.56-58 Compound I 
has two different electronic spin states that are close in energy and each spin 
state reacts differently with the hydrocarbon. Nonetheless, this two state reactivity 
model does not provide a rationale for all the experimental data available and, 
additionally, the involvement of two different oxidizing intermediates, including 
Compound 0 and I (f and g), has been proposed in pioneering studies by 
Newcomb, Hollenberg and Coon.59-63 These continual refinements in recent 
years has led to a more detailed picture of the mechanisms of action of the 
Cytochrome P450 enzymes, but the mechanism(s) by which this enzyme 
catalyzes the hydrocarbon hydroxylation has not yet been resolved satisfactorily. 

One of the most intriguing aspects in P450 chemistry is the “activation” of 
molecular oxygen that actually involves the splitting of the oxygen-oxygen bond. 
The fundamental desire to understand the details of this biological oxygen 
activation and subsequent oxygen transfer to the substrate challenged many 
researchers and a clear understanding of this chemistry is also pivotal to the 
development of new selective catalysts that are beginning to be of considerable 
economic value. 

 
a The active sites of peroxidase enzymes have a histidine axial heme ligand instead of the 

cysteinate in CYP450 and catalyze different types of reactions. 
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1.3 Scope and Outline of this Thesis 

The catalytic reaction cycle of Cytochromes P450, which is described in more 
detail in Chapter 2, has been topic of intense and stimulating discussions. Most 
experimental observations do not provide direct evidence supportive for a 
particular mechanism, but indirectly impart on some of the characteristics of the 
mechanism. Theory has been added to the discussion showing the viability of 
the generally accepted hydrogen abstraction and oxygen rebound mechanism 
by Compound I. At the beginning of the research described in this thesis, only 
the hydrogen abstraction and oxygen rebound mechanism by Compound I was 
described. At that time, the two state reactivity model was used to explain the 
inconsistent experimental observations. The involvement of different oxidants has 
also been proposed, but received relatively little attention probably because of 
the limited mechanistic details. Nonetheless, the mechanistic description was not 
complete. It seemed to us that it would be desirable to have a detailed 
description of the oxidative mechanism(s) that could rationalize the diverse 
experimental observations. This challenged us to pursue an in-depth mechanistic 
understanding of the hydrocarbon hydroxylation catalyzed by Cytochromes P450 
by using computational techniques, which is the primary aim of the 
investigations described in this thesis. Working toward this objective, three 
challenging aspects are addressed: (a) calibrating the computational techniques 
that are best suited for these studies, (b) providing a clear understanding of the 
properties of the porphyrin core of Cytochromes’ P450 active site, and (c) 
describing in detail the oxygen activation and hydrocarbon hydroxylation by the 
protein catalytic center. The studies to accomplish these objectives, which are 
part of the interdisciplinary research programme “Chemistry of Complex 
Molecules” of the Division of Chemistry at the Vrije Universiteit Amsterdam, are 
addressed in the following chapters as outlined below. 

Analysis by theoretical treatments is an accurate approach to study the 
mechanistic details of those reactions that are too fast to be observed 
experimentally such as the catalytic oxidation mechanism by the Cytochromes 
P450. However, the activation energies of the multiple pathways have been 
shown to be very close in energy and, therefore, differences in the methods and 
model systems leave uncertainties in the quantitative conclusions. Chapter 3 
describes the use of density functional theory in treating transition metal 
containing enzymes like the Cytochromes P450 and the calibration of both the 
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hybrid and ‘pure’ DFT potentials against experimental data. The best performing 
potential is successfully used to predict the electronic ground state of non-
coordinated iron porphyrin complexes, which is the topic of Chapter 4 and 5. 
The theoretical treatment of the various species in the ‘known’ part of catalytic 
cycle is briefly described in Chapter 6, followed by a general description of the 
mechanisms by which the Cytochrome P450 enzymes ‘activate’ molecular 
oxygen and transfer a single oxygen atom into the C–H bond of a hydrocarbon 
in Chapters 7 and 8. These studies provide the basis for the mechanistic insights 
into the chemistry of Cytochromes P450 in general. Finally, in Chapter 9 the 
chemistry of Cytochromes P450 is compared to non-enzymatic oxidations by 
peroxy acids, which share the cleavage of a hydroperoxy bond and the transfer 
of an oxygen atom to the substrate. Chapter 10 gives a summary, draws 
conclusions and discusses future perspectives in the field of theoretical research 
on the mechanistic issues of Cytochromes P450. 
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