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Abstract 

 
 

Cytochrome P450 aromatase (CYP19A1) is a human steroidogenic cytochrome 

P450 responsible for the conversion of androgens into estrogens through the 

aromatization of the A-ring of the steroid molecule. Although aromatase has been 

studied for decades, many details about its catalytic mechanism are missing. Moreover, 

the enzyme is polymorphic, it is involved in different estrogen-dependent pathologies 

and it is a target for the so-called endocrine disrupting chemicals, a series of 

compounds that are toxic due to their interference with the hormonal system. 

The first part of the thesis is focused on the study of how oxygen is activated by 

human aromatase and on the role of the redox partner cytochrome P450 reductase 

(CPR). In particular, the oxoferryl reactive species Compound I was obtained by the 

peroxides pathway and its spectral properties were characterized. Since the formation 

of Compound I depends on the proton transport network, the role of key amino acids 

was studied. It was found that Asp-309, part of the conserved "acid-alcohol" pair (Asp-

309, Thr-310), plays a key role in proton transfer, whereas Thr-310 has a gating role by 

stabilizing both Compound 0 and Compound I. The results strongly support that 

Compound I is the reactive species responsible for C-C cleavage on the aromatization 

reaction. 

Since aromatase requires cytochrome P450 reductase (CPR) as a redox partner to 

provide electrons required for catalysis, its possible effector role was investigated. 

Recently, bacterial reductase has been found to affect the structure and function of 

P450cam. This thesis shows that the presence of CPR accelerated the substrate-

binding rate of aromatase. ITC experiments show that CPR binds the substrate-free 

form of aromatase with a lower dissociation constant compared to that of the 

substrate-bound form of the enzyme. These results reveal a new effector role of 

reductase. Such a role seems to have appeared during evolution. Indeed, sequence 

alignments and structural analysis showed that the surface of aromatase contacting 

CPR had been optimized in the process of evolution, which introduced new residues 

favouring the interaction with the redox partner. The sequence and structural 

comparison between 365 aromatase sequences from different species, mainly 

vertebrates, also showed the high level of conservation of residues involved in catalysis. 

In the second part of the thesis, the research was focused on the study of the 

molecular bases for the involvement of human aromatase in various pathologies. 

Firstly, the effect of two single nucleotide polymorphisms associated with an 

altered risk for estrogen-dependent pathologies was investigated. The two 

polymorphic variants (R264h and R264C) were studied by FTIR and fluorescence 



spectroscopy that showed that the two mutations affect the flexibility of the enzyme 

required to bind the substrate. 

Secondly, the possible effect of some pesticides on aromatase activity was studied. 

It is found that glyphosate inhibits aromatase activity in a non-competitive way. 

Computational simulations show the presence of a possible allosteric site for 

glyphosate binding that affects the enzyme activity. 

Taken together, the results presented in this thesis shed lights on new aspects of 

the catalytic mechanism of human aromatase, ranging from the role played by few key 

residues to the modulation of activity played by its redox partner CPR. Moreover, it 

was shown how single mutations and exogenous molecules could alter the enzyme 

functionality that is important to maintain the correct levels of estrogens and prevent 

estrogen-related pathologies. 
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General introduction 
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1.1 Cytochromes P450 

Cytochrome P450 superfamily (P450s, or CYPs) consists in heme thiolate enzymes 

widely distributed in the biosphere,1 involved in many important biotransformations, 

especially drug metabolism.2,3 These enzymes were first isolated and identified in the 

early 1950s.4,5 The name “P450” comes from the electronic absorption spectrum, 

which appears after the reduction of heme in the active site of the enzyme, followed 

by the binding of carbon monoxide (CO) (Figure 1).5,6 The absorption spectrum was 

unique compared with other cytochromes because its maximum absorption peak 

experienced a bathochromic shift (red-shift) from 420 nm to 450 nm, which did not 

appear in other heme proteins studied at that time.6,7  

 

Figure 1 CO-binding spectra of P450 enzyme. thin solid line, low-spin ferric resting sate; thick 

solid line, reduced CO-bound state.8 

Over the past several decades, P450 chemistry has gained a broad mechanistic 

understanding. P450 enzymes show a remarkable diversity of oxidation reactions by 

using the same active site geometry. In addition to hydroxylation or epoxidation of 

their substrates, they can also carry out heteroatom oxygenation, dealkylation, 

aromatization, and other reactions.9,10 The diversity of P450 catalytic reactions is 

consistent with its presence in every major branch of the phylogenetic tree.1,11 At 

present, the number of P450 enzymes is estimated to be more than 300,000 and P450 

from different sources are found continuously.12 

Although cytochrome P450 is responsible for a variety of different oxidation, the 

general catalytic reactions can be summarized as the following simplified reactions of 

methylene hydroxylation: 

 

, where RH and ROH represent the substrate and the hydroxylated product 

respectively.  

RH + O2 + NAD(P)H ROH + H2O + NAD(P)+
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1.1.1 Catalytic mechanism of P450s 

The typical P450 reaction cycle shown in Figure 2. It starts from the resting state 

of the enzyme, that is, the ferric low-spin state (S = 1/2) [1], which is caused by a 

coordinated water molecular as the sixth axial ligand.13 The water is a weak ligand. 

When the substrate is bound, the water is often perturbed and easily released. The 

detachment of the water molecule from the heme iron transforms the enzyme into 

five coordinated high-spin ferric (S= 5/2) state [2], which can be easily detected by 

many spectroscopic techniques.14–16 As shown in Figure 1, the absorption spectrum of 

cytochrome P450 has common spectral characteristics, which is composed of two 

major bands: Soret or B band (~ 400 nm) and Q band (~ 550 nm), usually split into α (~ 

535 nm) and  (~ 570 nm) bands.17,18 These special bands are produced by strong π - 

π * transitions affected by the heme state, such as the oxidation state of heme and the 

addition of coordination ligands in the axial position of heme. In general, the binding 

of substrates to enzymes replaces the water molecule, showing the maximum 

absorption peak (Soret band) shifts from 417-419 nm to 390-394 nm.18 However, 

However, when the ligands are unnatural substrates or inhibitors, the maximum Soret 

peak is different.19 In these cases, heme is six coordinated, and the maximum 

absorption peak is at 422-426 nm.20 

 

Figure 2 P450 catalytic cycle.21 

The substrate-binding causes a change of the state of the heme change from low 

to high spin, which effectively increases the complex’s redox potential and is easily 

reduced by NAD(P)H.22,23 Although the electrons ultimately come from NAD(P)H, they 

need to be delivered by the redox partner of P450 in most cases. After the first electron 

transfer, a change of oxidation state of the ion from ferric to ferrous state [3], and the 

iron is ready to binding with oxygen form the environment. When the molecular 

oxygen binds to the reduced iron, the oxy-ferrous complex [4] is produced.24 The oxy-
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ferrous complex receives another electron from the redox partner and is reduced to 

ferric peroxide [5]. Then, the ferric peroxide is protonated at the distal oxygen to form 

the ferric hydroperoxide complex, known as “compound 0” [6]. In the second 

protonation step, compound 0 receives another proton and cleaves the O-O bond to 

generate a high-valent iron-oxo species, termed as compound I [7].25–32 In the first step 

of protonation, if the proximal oxygen is protonated, it will lead to “uncoupling” and 

produce hydrogen peroxide. The compound I is a highly oxidizing species, which can 

directly extract electrons and protons from the C-H bond of the substrate, leading to 

the formation of a protonated compound II species [8].33,34 At the same time, the 

hydroxylation product is formed by the rapid recombination of OH and the substrate 

radical. The hydroxylation product leaves the active site, and a new water molecule 

binds in the vacant coordination site, regenerates a resting ferric enzyme. 

1.1.2 Classification of CYPs 

Cytochrome P450s are monooxygenases, that receive electrons from a redox 

partner to enable to catalyze various reactions. In order to make it easier to discuss 

the diversity of cytochrome P450, they are classified according to their electron donors 

or “redox partners”.35,36 To this date, P450s have been be classified into ten categories 

(Figure 3).36 Class I and class II account for almost 90% of the known P450 enzymes.35 

The main focus of this work is on class II system. 

The class I P450s usually are present in bacteria or are bound to the mitochondrial 

membrane of eukaryotes. This system consists of three proteins: FAD containing 

reductase, Fe2S2-containing redoxin and P450. During the catalytic reaction, FAD 

containing reductase binds to NADH, and the electrons of NADH are transferred from 

reductase to redoxin, and then to the P450 heme.35,36  

The Class II P450s mainly come from eukaryotes. They are usually bound to the 

endoplasmic reticulum and contain two proteins, cytochrome P450 and NADPH 

cytochrome P450 reductase (CPR). CPR includes both FAD and FMN groups. In this 

system, electrons form NAPDH are transferred from FAD to FMN and then to P450 in 

CPR.35 From a single species point of view, the number of P450 in a eukaryote is far 

more than that in a prokaryote.  

The Class III system was found in 2002, which is very similar to the class I system.37 

The difference is that in this system, the second mediator protein is considered to be 

a flavodoxin, so electrons are transferred through the redox centers FAD and FMN. 

Class IV P450 system is mainly composed of thermophilic P450, such as 

CYP119.38,39 In this system, P450s could not obtain reduction equivalents from 

flavoprotein, but from putidaredoxin and putidaredoxin reductase.40 

The Class V system consists of two independent proteins: a putative NAD(P)H-

dependent reductase and a cytochrome P450 ferredoxin fusion protein, which is 

different from the classical three-component system.41 

Class VI system is similar to class V system, in which cytochrome P450 and 
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flavodoxin form a fusion protein.42 

In class VII system, the C-terminal of cytochrome P450 is fused with the reductase 

domain, but this reductase is usually independent of the P450 system.43 

In class VIII system, P450s fuse with eukaryotic like flavin reductase via a 

polypeptide chain, so they are catalytically self-sufficiency.44  

The class IX system is a special P450 system that only contains nitric oxide 

reductase(P450nor). P450nor uses NADH to catalyze the conversion of two molecules 

of nitric oxide to nitrous oxide.45 

P450s from class X systems can catalyze substrate conversion using independent 

intramolecular transfer systems, such as CYP74A, CYP74B/C and CYP74D.46–48 

 

Figure 3 Schematic representation of the ten cytochromes P450 systems.36 
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1.1.3 Human cytochromes P450 

There are 18 cytochrome P450 families in mammals, and 41 protein coding 

subfamilies in the human genome encode 57 genes.49 According to the substrates and 

functions, they can be further classified, as shown in Table 1.49,50 It should also be 

noted that this grouping is relatively arbitrary, and it should be considered that some 

P450s can be placed under other categories. For example, human P450 3A4 can not 

only metabolize xenobiotics but also play a role in steroid metabolism.51–53  

Table 1 Classification of human P450s based on major substrate class.49,50  

Sterols Xenobiotics Fatty acids Eicosanoids Vitamins Unknown 

1B1 1A1 2J2 4F2 2R1 2A7 

7A1 1A2 2U1 4F3 24A1 2S1 

7B1 2A6 4A11 4F8 26A1 2W1 

8B1 2A13 4B1 5A1 26B1 4A22 

11A1 2B6 4F11 8A1 26C1 4F22 

11B1 2C8 4F12 

 

27B1 4X1 

11B2 2C9 4V2 

 

27C1 4Z1 

17A1 2C18 

   

20A1 

19A1 2C19 

    

21A2 2D6 

   

 

27A1 2E1 

   

 

39A1 2F1 

   

 

46A1 3A4 

    

51A1 3A5 

    

 

3A7 

    

 3A43     
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These enzymes have important biological functions in the human body, and are 

involved in catalyzing important physiological reactions, such as sterols and vitamins 

metabolism (Table 1). Like other genes and enzymes related to key functions of life, 

human P450s are associated with some diseases, and some diseases related to human 

p450 gene defects have been found in clinic.49  

Steroid hormones are essential for life and reproduction. P450s play indispensable 

roles in steroidogenesis. Figure 4 shows the P450s involved in steroid biosynthesis 

pathway and their functions.54 It involves three cytochrome P450 enzymes, CYP11A1, 

CYP17A1 and CYP19A1. 

 

Figure 4 The roles of human P450s in steroidogenesis.54  

 

1.2 Human aromatase 

This thesis focuses on CYP19A1, also known as aromatase, that one of the human 

steroidogenic P450s, important for estrogen biosynthesis (Figure 4 and Figure 5).55,56 

It is a membrane-bound heme protein anchored to endoplasmic reticulum through a 

N-terminal helix. Aromatase is distributed in many tissues and organs, such as gonad, 

brain, bone, breast, adipose tissue, skin, adrenal gland, liver, placenta and so on.57 Its 

expression and activity levels in these tissues and organs are different, and it also 

displays a gender specificity. 
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Figure 5 Aromatase catalyzed androgen substrates and corresponding estrogens.56 

Abnormal expression or activity change of aromatase normally leads to disease. 

Aromatase inactivation mutations can lead to pseudo-hermaphroditism in female 

newborns and high stature in males due to epiphyseal closure failure and bone under 

mineralization.58,59 Overactivation of aromatase leads to gynecomastia and infertility 

in males, and thelarche in females. Both sexes will experience adult height decline due 

to premature growth and early closure of epiphyseal plate.60 In fact, the diseases 

caused by aromatase gene mutation are rare, and its abnormal expression has a more 

serious impact on human health, which may cause estrogen dependent breast cancer 

in postmenopausal women. The abnormal level of estrogen in postmenopausal 

women’s breast is several times higher than that in premenopausal women, which can 

cause over activation of estrogen receptor (ER), and then lead to the growth and 

development of a tumor. 

There are usually two ways to treat estrogen receptor positive or ER+ breast 

cancer. One is to prevent estrogen from activating its receptors. Tamoxifen has been 

widely used as an ER antagonist in clinic, but it can cause endometrial cancer, 

thromboembolism and other side effects 61,62 Another treatment strategy is to use 

inhibitors to inhibit aromatase activity, such as anastrozole. Although they have fewer 

side effects than tamoxifen, they can still cause heart disease and osteoporosis. 

Further understanding of the molecular mechanism of aromatase will contribute to 

the development of more specific inhibitors. 

1.2.1 Protein structure 

Compared with the soluble P450 in bacteria, P450s in mammals are membrane-

associated. Generally, there is a 30-50 amino acid polypeptide chain at the N-terminal 

involved in membrane interaction. Aromatase consists of a heme group and a single 

peptide chain with 503 amino acid residues. Its N-terminal has a hydrophobic tail of 
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about 40 amino acids attached to the endoplasmic reticulum. In 2009, Ghosh and 

colleagues obtained the X-ray crystal structure of human placental aromatase in 

complex with androstenedione, which showed typical P450 folding.63 However, the 

purification of human placental aromatase is difficult and expensive. Our group has 

developed a powerful recombinant bacterial system, replacing the N-terminal amino 

acids with hydrophilic and positively charged amino acids to increase its solubility and 

stability; adding 4x His-tag to the C-terminal to purify it by affinity chromatography.64,65 

We produced high yields of pure proteins through this method and obtained the 

crystal structure of recombinant human aromatase.64,65 Its activity and crystal 

structure were found to be consistent with these of human placental aromatase. 

 

Figure 6 Crystal structure of human aromatase in complex with androstenedione. PDB ID: 

3S79. This picture was realized by using UCSF Chimera. 

Human aromatase retains the characteristic P450 fold with 12 α-helices (A-L) and 

10 β-chains (1-10) (Figure 6).63 Compared with other P450s, it has some differences in 

structure. The most notable one is that the unique residue in aromatase is Pro-308, 

which can cause I-helix distortion and is considered to create space for the substrate 

in the active site.63,66 The substrate-binding pocket of aromatase is much smaller, only 

400 Å3, while other P450 such as 3A4 and 2D6 are 530 Å3. Besides, the entrance 

diameter of the binding site is 3.24 Å. It is postulated that it is difficult for a bulkier 

compound to enter the active site, which requires aromatase to undergo 

conformational changes to allow the compound to enter. Recent studies have 

confirmed that some conformational changes occur at the entrance of the substrate 

channel.67,68 In P450s, F and G helix can control the entry of substrate, which 

determines the “open” or “closed” state of the enzyme.69,70 
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Figure 7 Active site of human aromatase. The network of hydrogen bonds from Ser-478 to His-

480 to Arg-192 to Asp-309 has been proposed as crucial for catalysis as a proton donor network. 

Near the aromatase substrate channel entrance, there are two amino acids, Arg-

192 and Glu-483, which form a salt bridge and are thought to regulate the molecular 

passage through the active site (Figure 7). Apart from creating a salt bridge with Glu-

483, Arg-192 guanidine group is also connected with Asp-309 at the catalytic center 

by hydrogen bond via a water molecule. The side chain of Asp-309 forms a hydrogen 

bond with the 3-keto group of androstenedione. In addition, Arg-192 forms two weak 

hydrogen bonds with Ser-478 through two water molecules. Ser-478 and His-380 also 

interact through a hydrogen bond. The hydrogen bond network composed of these 

amino acids and water molecules and the salt bridge play a key role in catalysis and 

are considered a proton donor network to Arg-309 active site. 63 

1.2.2 Aromatase interaction with its reduction partner 

As mentioned before, cytochrome P450 catalyzed reactions require a reductase 

partner to provide electrons. In aromatase, two electrons transfer are provided by the 

same reductase, namely NADPH cytochrome P450 reductase (CPR).71 CPR is also a 

membrane protein, which is anchored to the out (cytoplasmic) side of the endoplasmic 

reticulum through its N-terminal. CPR consists of three domains: FMN domain, linker 

domain and FAD domain.71,72 CPR has absorption peaks at 370 nm and 450 nm as all 

flavin-containing proteins. 
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Figure 8 Schematic diagram of CPR-aromatase complex model.73 

The interaction between CPR and aromatase is predicted to be mainly guided by 

electrostatic interactions74,75. On CPR, the surface of the FMN domain is composed of 

many carboxylic acid groups, including aspartic acid and glutamic acid side chains, 

forming a negatively charged surface74. However, there are many basic positively 

charged residues on the near-surface of aromatase. Therefore, these residues on the 

surface of aromatase form ion pairs with acidic negatively charged residues present on 

the surface of CPR.73,74,76,77 This kind of charge interaction has been confirmed by 

theoretical calculation and experiment.78,79 The aromatase CPR complex model shows 

that Lys-108, which is located in B’ helix of aromatase, is inserted into the cleft 

between FMN and FAD domain and interacts with Glu-115/Asp-147 residues of CPR 

(Figure 8).73,74 During the synthesis of estrogen, NADPH binds to CPR, and the electrons 

from NADPH are transferred from FAD to FMN, and finally to the heme of aromatase 

(Figure 8). Recently, some studies on bacterial P450 have shown that reductase plays 

an essential role in the structure and function of P450.80–82 For human P450, whether 

CPR has a similar function is an important problem to be solved.  

1.2.3 Catalytic mechanism of aromatase reaction 

Aromatase can catalyze the conversion of androgen (androstenedione, 

testosterone and 16α-hydroxytestosterone) to estrogen (estrone, 17β-estradiol and 

17β,16α-estriol respectively) through a three-step sequential reaction, which 

consumes three moles of oxygen and three moles of NADPH (Figure 9).56,83 



12 

 

 

Figure 9 The three-step reactions performed by aromatase 

The catalytic action starts from the C19 hydroxylation of androstenedione (ASD) 

to obtain 19-OH ASD [I], and then hydroxylates the same carbon to form 19-gem-diol 

ASD [II]. The gem-diol intermediate is dehydrated to form 19-oxo ASD. In the third step, 

the C-C bond between C19 and C10 of 19-oxo ASD was broken, the C19 carboxyl group 

was separated as formic acid, and the A-ring of steroid molecule was aromatized.83 

There are two hypotheses about the last step of catalysis: one is that the ferric 

peroxide (5, Figure 2) acts as an active iron species to attack carbonyl group;84–88 the 

other is that compound I (7, Figure 2) is still the reactive intermediate. The third step 

catalytic reaction mechanism has been controversial for a long time because there is 

much conflicting evidence, such as deacetylation mimicked by a peroxo ferric 

porphyrin complex,89 C-C cleavage catalyzed by ferric peroxide species in CYP17A1,90,91 

and some reactions catalyzed by nitric oxide synthase92. However, in recent studies, 

the mechanism of compound I is supported by kinetic solvent isotope effect, 

resonance Raman spectroscopy and 18O isotope labelling.93–95 The essential difference 

between these two hypotheses is whether it needs the proton transport network in 

protein,23,80,96,97 because the theory of ferric peroxide is to extract hydrogen from the 

substrate.98 

In this thesis, the catalytic mechanism of recombinant aromatase was studied by 

various biochemical and biophysical techniques, including the catalytic active 

intermediate of aromatase, proton transfer network and the interaction between 

aromatase and reductase. In addition, the molecular basis of aromatase involved in 

various pathological processes was also studied.  
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2.1 Abstract  

Human aromatase (CYP19A1) is the cytochrome P450 that catalyzes the 

conversion of androgens into estrogens in a three steps reaction, which is essential to 

maintain the sex steroid hormones balance. Here we report the spectroscopic capture 

and characterization of its compound I (Cpd I), the main reactive species in 

cytochromes P450 responsible for the activation of C-H bonds. Aromatase and meta-

chloroperoxybenzoic acid (m-CPBA) were rapidly mixed using the stopped-flow 

technique and the typical spectroscopic transitions indicating the formation of Cpd I 

were identified. Moreover, it was possible to obtain the estrogen product from the 

same reaction mixture, demonstrating the involvement of Cpd I in the aromatization 

reaction. Site-directed mutagenesis was applied to target the acid-alcohol pair (D309 

and T310) and an arginine residue predicted to be part of the proton relay pathway 

(R192). The absence of Cpd I formation and the 88% loss of activity of the mutant 

D309N, together with the absence of pH dependence in the catalytic reaction, indicate 

that D309 is crucial for proton delivery. Since this residue is known to donate a proton 

to the substrate for aromatization, it has a double role in human aromatase. Also, the 

mutant R192Q showed a different pH dependence of its 82% reduced catalytic activity 

and no Cpd I was detected, indicating its involvement in the proton relay network. Cpd 

I was captured only for the T310A mutant that showed a 2.9- and 4.4-fold faster rate 

of formation and decay, respectively, when compared to the wide type enzyme. 

However, its activity was lower and a larger amount of H2O2 was produced during the 

catalytic process, indicating that T310 has an essential role in proton gating and Cpd 0 

and Cpd I stabilization. The data presented provide a direct demonstration of Cpd I 

involvement in androgen aromatization reaction and add new evidence on the role of 

threonine belonging to the conserved “acid-alcohol” pair in human aromatase.  

2.2 Introduction 

Cytochromes P450 (P450s or CYP) are heme-thiolate monooxygenases widely 

distributed in nature and catalyze various oxidation reactions, including hydroxylation, 

epoxidation and heteroatom oxidation,1–3 thus having some important physiological 

functions, such as steroids hormone biosynthesis, drug metabolism and xenobiotics 

detoxification.4–6  

Among them, aromatase (CYP19A1) is a well-conserved among all vertebrates,7 

where it is responsible for the transformation of androgens into estrogens, thus 

playing a crucial role in regulating human sex steroids balance.8–11 This enzyme has 

received considerable attention for a long time because it can be an effective target 

for estrogen-dependent cancer therapy.12–15 From the catalytic reaction perspective, 

aromatase is very intriguing as it is one of the few enzymes that can generate aromatic 

rings. The reaction requires three sequential steps where the 19-methyl group of the 

androgen is first hydroxylated at C19, then again hydroxylated to produce a 19-gem-

diol intermediate that spontaneously dehydrates to form an aldehyde.16,17 In the third 

step, oxidative cleavage occurs on the carbon bond between C19 and C10, which 

results in the release of C19 as formic acid, accompanied by the A ring aromatization 
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of the steroid (Figure 1A).18,19  

 

Figure 1. Reaction and catalytic mechanism of human aromatase. A) The three-step reaction 

catalyzed by aromatase allowing the conversion of androgens into estrogens. B) Catalytic cycle of 

cytochromes P450 and the uncoupling pathways. The peroxide shunt pathway can generate 

directly Cpd 0 and Cpd I.  C) Active site of human aromatase (blue, PDB ID 3S79) with the 

predicted proton relay network. The helix I is superimposed to the corresponding one in 

cytochrome P450cam (yellow, PDB ID 5CP4) to show the distortion in human aromatase due to 

the presence of Pro308. The Heme is shown in red and the substrate androstenedione in green. 

Dashed black lines represent the predicted proton relay network.  

A close look at the general P450 catalytic cycle shows that there are two 

protonation steps in the formation of Compound I (Cpd I) (Figure 1B): in the first, the 

peroxo ferric intermediate is protonated at the distal oxygen to form the hydroperoxo-

ferric complex, also known as Cpd 0 (Figure 1B, 6); in the second protonation step, the 

Cpd 0 receives another proton and the following cleavage of the O-O bond forms Cpd 

I (Figure 1, 7).20 After the first step of protonation, if the coordinated peroxide 

dissociates, it will lead to “uncoupling” and produce hydrogen peroxide (Figure 1B, 9). 

After the second protonation step, another uncoupling reaction can take place from 

Cpd I producing a water molecule (Figure 1B, 10).  

By analogy and comparison with other P450 catalyzed reactions, it is widely 

accepted that the first and second oxidation steps catalyzed by aromatase are classic 

hydroxylation mediated by the active iron species Cpd I (Figure 1B, 7).21–23 However, 

the presence of the intermediate involved in the third step has been controversial for 

many years and only recent experimental results suggested that the last step is still 

mediated by Cpd I.24–26  
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It is known that the well-conserved acid-alcohol pair in cytochromes P450, located 

on helix I, is involved in oxygen activation to produce Cpd I.20,27 In particular, the acidic 

residue is part of the proton relay network. Indeed, mutation of this residue in 

different cytochromes P450, including aromatase, led to a significant reduction of 

NAD(P)H oxidation rate and of enzyme activity that is almost completely lost in the 

bacterial cytochrome P450cam D251N mutant.28–32  

The role of threonine is more intriguing because its mutation into an alanine has 

a different effect on various P450 enzymes. In P450cam, the mutant shows a small 

reduction in NADH consumption but the enzyme becomes 95% uncoupled.33,34 The 

crystal structure of the mutant suggested a role of this residue as a hydrogen bond 

acceptor for Cpd 0 with a consequent stabilization of this intermediate that promotes 

the second proton transfer to form Cpd I.35 However, the mutation of the Thr 

belonging to the acid-alcohol pair in other P450 enzymes has shown that this residue 

is important but not essential for catalysis.36 Moreover, in cytochrome P450 BM3, the 

activity of the mutant T268A was shown to depend on the substrate used, and for 

some substrates, it was possible to obtain the same activity as the wild type protein.37 

More recently, the T252A mutant of the bacterial CYP199A4, showed a reduction 

of the activity and coupling efficiency not as dramatic as in P450cam.36 For P450cam, 

CYP199A4 and P450 BM3, the availability of the crystal structures of the wild-type 

proteins and their Thr mutants, have shown significant differences providing the 

structural basis for the different effect of Thr mutation. In P450cam, the crystal 

structure of wide type (WT) and T252A mutants in complex with dioxygen is also 

available and shows that, upon oxygen binding, there is a change in helix I 

conformation and a flip of the aspartic acid residue by 90  (D251) that allows access 

into the active site of two water molecules, that take part to a hydrogen bond network 

proposed to enable proton delivery.35,38 An enlargement of the oxygen-binding groove 

is also present in the structure of P450cam T252A mutant compared to that of WT.39 

In CYP199A4 and P450 BM3, such structural changes on helix I that modify the oxygen 

binding groove are not as large as in P450cam in the corresponding threonine 

mutants.36,40 In these enzymes, the most significant differences compared to P450cam 

were found to be a presence of a second Thr residue that contributes to the hydrogen 

bonding network and the lack of a salt bridge between the acidic residue of the acid-

alcohol pair and a positively charged one.36 

In aromatase, an overall different situation is present. The crystal structure in 

complex with the substrate showed that the aspartate belonging to the acid-alcohol 

pair (D309) is not involved in a salt bridge as in P450cam and it forms a hydrogen bond 

with the 3-keto group of the substrate androstenedione (ASD) that is predicted to 

accept the proton from D309 for substrate aromatization.41–43 Moreover, D309 is 

connected through a water molecule to an arginine residue (R192) that forms a salt 

bridge with E483 (Figure 1C).41,44 Thus, D309 and R192, together with a water 

molecule, are predicted to form the proton relay network.41,44 Indeed, their mutation 

in non-protonable residues resulted in a significant decrease in activity.32 Furthermore, 

instead of a second threonine after T310 belonging to the acid-alcohol pair as found 
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in CYP199A4 and P450 BM3, there is a methionine residue (valine in P450cam).  This 

leads to important questions are whether D309 in aromatase plays a double role 

(proton delivery for oxygen activation and proton delivery to the substrate) and 

whether the threonine residue is essential for catalysis and what is its role in 

aromatase.  

Here, we report the capture and characterization of Cpd I in human aromatase 

and we provide further evidence for its involvement in the last aromatization step of 

reaction. Moreover, we investigate by site directed mutagenesis the role and 

involvement of D309, T310 and R192 in Cpd I formation and catalysis. Since the acid-

alcohol pair is a well-conserved motif in cytochromes P450, with some exception 

represented for example by P450 acting as peroxygenases,45 P450cin28 and P450eryF46, 

the data obtained in aromatase show significant differences with the other bacterial 

cytochrome P450 enzymes characterized, providing new insights in P450 mechanism 

of oxygen activation.  

2.3 Results and discussion  

2.3.1 Compound I in aromatase: capture and characterization 

The principal reactive intermediate involved in catalysis in cytochromes P450 (Cpd 

I) has been spectroscopically captured and characterized in different P450 enzymes, 

mainly from bacteria23,47–50 and the mammalian rabbit P450 2B4.51 This has been 

achieved through the peroxide shunt obtained by mixing the enzyme with oxidizing 

agents such as meta-chloroperoxybenzoic acid (m-CPBA) and transiently detecting its 

absorbance spectrum by stopped-flow techniques. The same approach has been used 

in this work for human aromatase, and the results are shown in Figure 2A. This shows 

the spectral changes obtained upon mixing 7 μM of recombinant human aromatase 

(Aro) with 200 μM of m-CPBA in 0.8 s at 4 °C. A rapid decrease in the Soret region at 

418 nm and a concurrent increase of absorption at 380 nm was observed. Moreover, 

the two bands at 537 and 570 nm decreased and a band at 610 nm appeared. We did 

not detect the band at 690 nm previously observed with the lowest absorption in 

CYP119 due to the lower yield of Cpd I formation in Aro. However, the spectral changes 

observed and presence of five isosbestic points at 353, 399, 435, 523 and 582 nm 

indicate the presence of two species, the ferric enzyme and its Cpd I.23  
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Figure 2. Cpd I formation in Aro. (A) UV/Visible spectral changes in 0.8 s after mixing of 7 μM 

aromatase (final concentration) with 200 μM m-CPBA (final concentration) in 100 mM potassium 

phosphate buffer, 10 % glycerol, pH 7.5, at 4 °C. Inset: plot of observed rate constants (kobs) for 

Cpd I formation against various concentrations of m-CPBA at pH 7.5 and 4 °C. (B) Kinetic traces of 

reaction between aromatase and m-CPBA at 418 nm (black) and 380 nm (red) in 4.0 s. 

 

Cpd I was found to form in 0.8 seconds and to decay in 4 seconds, as shown by the 

kinetic traces of the reaction between aromatase and m-CPBA at 380 and 418 nm 

(Figure 2B). A first exponential increase at 380 nm, followed by a linear decrease 

reflects the formation and decomposition of Cpd I,48,52 respectively, that can be 

described by eq. 1:  

 

                     (eq. 1) 

where k1 and k2 are formation and decomposition rate constants, respectively. The 

absorbance at 418 nm showed an opposite trend as a function of time. In order to 

estimate the observed rate constant (kobs), different amounts of m-CPBA were tested 

and different k1 values were obtained and plotted as a function of m-CPBA 

concentration (inset in Figure 2A). A linear trend was obtained and the slope of linear 

fitting provided a second-order rate constant of 0.25 (± 0.01) × 105 M-1s-1. The 

decomposition of Cpd I followed a first-order kinetic process and was independent of 

the concentration of m-CPBA.48 The k2 can be obtained directly by exponential 

equation fitting, which is 0.16 (± 0.01) s-1.  

In order to confirm the capture of the reactive species Cpd I in Aro, the same 

experiment was performed with the enzyme in the presence of the substrate. Since 

the last step of aromatase reaction has been the focus of many studies aimed at 

elucidating which reactive species (Cpd 0 versus Cpd I) is involved in this crucial 

aromatization reaction, we investigated this step using the intermediate 19-

oxoandrostenedione (19-oxo ASD) as substrate. Figure 3A shows the spectral 

transitions observed by mixing Aro in complex with 19-oxo ASD and m-CPBA in 5 

seconds. A red-shift was observed for the Soret peak, with a decrease of the band at 

394 nm, typical of the high spin state of Aro in complex with the substrate, and an 
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increase at 418 nm, typical of the low spin substrate-free Aro (inset Figure 3A). These 

data are interpreted with substrate turnover and release of the product. The spectrum 

did not shift completely here, which is consistent with an insufficient Cpd I amount for 

the total conversion of the substrate. Moreover, the kinetic traces at 418 nm and 394 

nm showed that the spectral changes occur within 4 seconds that is the timescale 

where Cpd I formation and decay were previously found (Figure 3B).   

In order to give further evidence for Cpd I formation and for its involvement in 

the aromatization reaction, different reactions were set up by adding the substrate 

19-oxo ASD after 1 second from the addition of m-CPBA. The reactions were then 

pooled together in order to check the presence of estrone that was detected by HPLC 

(Figure 3C). Although the production is very low consistently with the low yield of Cpd 

I previously observed, this result also supports Cpd I as the third step active species. 

The results add direct evidence that this intermediate mediates the aromatization 

process. Several studies suggested that the ferric-peroxyanion gives a  nucleophilic 

attack of the, Fe(III)–O–O−, on the acyl carbon to furnish a tetrahedral intermediate 

which fragments, leading to acyl–carbon cleavage.53 However, activity assays in the 

presence of 18O2 in combination with high resolution mass spectrometry, resonance 

Raman spectroscopy studies and the evaluation of solvent isotope effect in steady-

state turnover of aromatase, suggested that Cpd I is the active iron species rather than 

ferric peroxide.24–26 
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Figure 3 Cpd I formation in human aromatase in complex with 19-oxo ASD (A) Spectral changes 

obtained after mixing Aro (7 μM final concentration) with m-CPBA (200 μM final concentration) in 

10 s in 100 mM potassium phosphate buffer, 200 μM 19-oxo ASD, 10% glycerol, pH 7.5, at 4 °C. 

Inset: Difference spectrum obtained by subtracting the spectrum at 0 s from the spectrum at 10 s. 

(B) Kinetic traces at 394 nm (black) and 418 nm (red) extrapolated from panel A. (C) HPLC traces 

showed the m-CPBA-driven formation of estrone product. The analyses were performed at a flow 

rate of 0.5 mL/min of water/acetonitrile (50/50, v/v). The detection wavelength was 280 nm. The 

red line corresponds to the HPLC trace of estrone standard, the blue line is the chromatographic 

profile obtained from the reaction mixture, and the black line is the trace from the control. The 

reaction mixture contained 7 µM of Aro, 200 µM m-CPBA, 200 µM 19-oxo ASD in 100 mM 

potassium phosphate buffer (10% glycerol) at pH 7.5 and 4 °C. The control reaction contained heat-

inactivated Aro. 

2.3.2 Role of D309, T310 and R192 in Cpd I formation.  

The role of the amino acids of the acid-alcohol pair (D309 and T310) and R192 in 

Cpd I formation was investigated by site directed mutagenesis. To this end, the 
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mutants were expressed and purified in the absence of substrates or inhibitors. The 

UV-Vis spectrum of the D309N mutant in the resting state showed a maximum 

absorption peak at 423 nm and a small shoulder peak near 394 nm (Figure 4B), 

indicating that the mutant is partially in a high spin state even in the absence of any 

ligand. When it was mixed with m-CPBA, the absorption at 423 nm showed an increase 

followed by a full decrease within 4 s. The same phenomenon occurred at 540 and 

570 nm. However, the absorption at 394 nm decreased continuously, and the same 

behavior was observed near the peak at 640 nm. The intermediate formed by D309N 

is difficult to be considered as Cpd I. The mutant was then co-purified with the 

substrate ASD and showed the same maximum absorption at 394 nm as Aro in 

complex with the substrate. When D309N in complex with the substrate 

androstenedione was mixed with m-CPBA, no spin shift was observed, even if the 

peroxide concentration was increased or the reaction time was prolonged (Figure 4C). 

Such a shift from 394 nm to 418 nm was previously observed in the wide type protein, 

indicating the progress of the catalytic oxidation of the substrate (Figure 3A). These 

data are consistent with the activity reported for D309N mutant that is decreased by 

98% compared to WT.32  

 
Figure 4 m-CPBA reacted with wild type and mutants in the presence or absence of substrate. (A) 

Substrate-bound high-spin ferric WT. Scanning time, 4 s; (B) Substrate-free low-spin ferric D309N. 

Scanning time, 40 s (C) Substrate-bound high-spin ferric D309N. Scanning time, 400 s; (D) 

Substrate-free low-spin ferric R192Q. Scanning time, 40 s (E) Substrate-bound low-spin ferric 

R192Q. Scanning time, 800s. (F) Substrate-bound high-spin ferric T310A. Scanning time, 40 s. 

Reaction condition: enzyme was mixed 1:1 (v/v) with 25 eq mol of m-CPBA in 100 mM potassium 

phosphate buffer, 10% glycerol, pH 7.5, at 4 °C. In the presence of substrate: 100 μM of ASD was 

added into the buffer.  

 

The spectra of R192Q reacting with m-CPBA only decreased in the Soret region 

and did not show a characteristic spectrum similar to Cpd I (Figure 4C). In addition, no 
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red-shift was observed in the reaction with the substrate-bound R192Q (Figure 4D). 

The replacement of Arg192 with Gln significantly affects the formation of Cpd I, 

consistent with the 88% reduced activity of this mutant compared to WT.32  

There are several possibilities to explain why Cpd I was not detected in mutants 

D309N and R192Q. These two residues are located in the proton delivery network. 

The mutation of these two sites interferes with the proton transfer pathway and make 

protons unable to be transferred. Another possible reason is that the mutations 

change the structure near the heme pocket, and changes the distribution of water 

molecules, which may reduce the availability of protons required for heterolysis and 

formation of Cpd I, limiting or preventing its formation in the mutants.  

The mutant T310A was then tested for Cpd I formation and Figure 5A shows the 

spectral changes obtained by mixing the protein with m-CPBA at pH 7.5, 4 ºC. The 

spectral transitions observed are similar to those of the WT. Interestingly, the 

formation and decomposition rates of Cpd I in T310A were faster than those of the 

WT. The absorbance at 380 nm increased more rapidly, reached the maximum in ~ 0.4 

s and then decreased (Figure 5B). By plotting the kobs versus m-CPBA concentration, 

the k1 of T310A was found to be 0.72 ± 0.03 × 105 M-1s-1, which is 2.9 times higher than 

that of the WT. (Figure 5C). However, the yield of Cpd I of T310A appears to be the 

same as the WT (Figure 5B). The increased reactivity to m-CPBA may be slightly 

affected by the increased hydrophobicity near the heme pocket, which makes the 

binding of m-CPBA more effective. 54 Also the decomposition rate constant (k2) 

increased in the mutant, which is 4.4 times higher than that of the WT (k2 = 0.71 ± 0.06 

s-1 in T310A versus k2 = 0.16 ± 0.01 s-1 in the WT), indicating that the Cpd I is more 

unstable.  
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Figure 5. Cpd I formation in T310A. (A) UV/Visible spectral changes in 0.4 s after mixing T310A 

(7 μM final concentration) with m-CPBA (200 μM final concentration) in 100 mM potassium 

phosphate buffer, 10 % glycerol, pH 7.5, at 4 °C. (B) Kinetic traces at 380 nm of the WT (black) and 

T310A (red) in 4.0 s. (C) Plots of observed rate constant (kobs) of Cpd I formation against various 

concentrations of m-CPBA at pH 7.5 and 4 °C. A linear fit was used to derive formation rate 

constants of k1 = 0.25 (± 0.01) × 105 M-1s-1 for the WT (black) and k1 = 0.72 (± 0.03) × 105 M−1 s−1 for 

T310A (red).  

The higher rates of formation of Cpd I in T310A compared to the WT were 

confirmed at different pH values. Figure 6A and Figure 6B show the time course of 

formation of Cpd I at 380 nm at different pH. It should be taken into account that the 

pH dependence of the formation of Cpd I is affected by the pKa of m-CPBA being 7.4.48 

However, the formation rate decreased significantly from pH 6.5 to pH 8.5 in both 

enzymes and the plot of the decay rate k2 (that is not affected by the pKa of m-CPBA 

as k1) against pH shows that the decomposition rate of Cpd I in T310A is higher than 

that of the WT at any pH (Figure 6C), which means that the lifetime of T310A Cpd I is 

shorter.  

It is also interesting to note that the amount of Cpd I was comparable between 

the WT and the T310A mutant, indicating that Thr310 is not directly involved in proton 
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relay. Instead, the data indicate T310 has a role in modulating the rate of formation 

and decay of Cpd I. It is known that the corresponding residue in cytochrome P450cam 

has a crucial role in dioxygen activation as it accepts a hydrogen bond from the 

hydroperoxy (Fe(III)-OOH) intermediate (Cpd 0) promoting the second protonation 

leading to Cpd I.35 Our data show faster formation and decay rates for Cpd I suggesting 

that Thr also has a gating role for the second proton transfer as well as a stabilizing 

role for Cpd I. The implications of these finding for catalysis were investigated. In 

particular, we aimed at investigating how the different Cpd I formation and decay 

rates observed for the two mutants at different pH relate to product formation. 

Moreover, we characterized more in deep the activity of Aro and the three mutants 

in terms of reaction intermediates and product formed and coupling efficiency.  

 

Figure 6. Effect of pH on Cpd I formation and decay. Kinetic traces at 380 nm of aromatase (A) 

WT and (B) T310A at different pH. (C) Plot of the k2 obtained for WT (black circles) and T310A (red 

circles) as a function of pH.  

 

2.3.3 Catalytic activity of Aro and mutants at different pH. 

In order to study only the effect of pH in a simplified one-step reaction, only the 

third aromatization step was considered and 19-oxoASD was used as the starting 

substrate for this set of experiments. 
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Figure 7. Effect of pH on catalytic activity of WT and its mutants. The activity as a function of 

time was measured for (A) WT, (B) T310A, (C) D309N and (D) R192Q. Reaction conditions: 0.5 μM 

enzyme, 0.5 μM CPR, 20 μM 19-oxo ASD, 0.5 mM NADPH in 100 mM potassium phosphate buffer, 

10% glycerol, at 30 °C. 

The estrone production was followed as a function of time and the results for the 

WT and the mutants are shown in Figure 7. As can be seen, the maximal activity in the 

WT is reached at pH 7.0-7.5 that is reasonable as it corresponds to the physiological 

pH (Figure 7A). It is interesting to note that the maximal activity was obtained at pH 

values that do not correspond to the lowest rate of decay of Cpd I, indicating that a 

higher stability of Cpd I (obtained at pH 8.0-8.5) does not necessarily imply a higher 

activity.  

In T310A mutant, despite the faster rates of Cpd I formation and decay, the activity 

is reduced by 60% when compared to the WT at every pH value. Thus, a higher 

formation rate does not necessarily imply a higher activity. The optimal catalytic 

activity is achieved with intermediate formation and decay rates. Taken together, the 

data suggest that T310 controls the timing for proton delivery having a proton-gating 

role. Moreover, it stabilizes Cpd I optimizing the catalytic activity of human aromatase. 

For what concern the pH dependence observed, the effect of pH on T310A was 

similar to that of the WT, with the maximal activity observed at pH 7.5 that is the 

physiological pH (Figure 7B). Moreover, the effect of pH on the catalytic reaction of 

T310A showed the same trend as that of the WT, suggesting that this residue is not 
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responsible for the pH dependence of the catalytic activity in human aromatase. Thus, 

we carried out the same set of experiments on the other two mutants that are 

predicted to be directly involved in the proton delivery network (Figure 7). In the 

mutant D309N, the mutation resulted in a dramatic loss of activity by 95% towards 19-

oxoASD (Figure 7C), consistent with the previous lack of detection of Cpd I. Moreover, 

the effect of pH on D309N was lost as the production rate of D309N was almost pH-

independent, consistent with our previous data reporting a pKa of 8.2 for D309 and a 

crucial role of this residue for catalysis.32,42  

The mutant R192Q showed a 83% loss of activity compared to the WT. However, 

a pH dependence of the catalytic activity is present in this mutant and the effect of pH 

is different compared to WT. Indeed, the maximal activity for this mutant is observed 

at pH 7.0 (Figure 7D). These data, together with the lack of Cpd I detection previously 

obtained for this mutant, are consistent with an important role of R192 in proton 

transfer. The residual activity observed in D309N and R192Q mutants together with 

the different pH dependence of R192Q mutant can be explained the presence of 

possible alternative but poorly efficient proton transfer networks in human aromatase.  

2.3.4 Catalytic rate and uncoupling in Aro WT and mutants. 

To better understand the role of the three amino acids in proton transfer and 

catalysis, NADPH consumption, products formation and H2O2 production were 

measured. Two sets of experiments were carried out, the first one using 

androstenedione as the starting substrate to follow the three steps of reaction (Table 

1), the second one using 19-oxoandrostenedione as the starting substrate to follow 

only the aromatization reaction (Table 1). In both cases, the mutants D309N and 

R192Q consumed a lower amount of NADPH and showed to produce a higher amount 

of H2O2 compared to WT, consistent with a slower electron-coupled proton transfer.55 

The residual activity and the H2O2 formed indicate that the mutants can still use 

alternative proton relay networks to deliver the first proton to produce Cpd 0. However, 

this reactive compound is poorly formed and active as oxidizing species in the three 

steps of reaction and it decays releasing hydrogen peroxide rather than forming the 

products increasing the uncoupling of the enzyme.  

On the other hand, the amount of NADPH consumed by WT and T310A mutant is 

similar, even if the T310A mutant has a lower activity. This is due to an increased 

amount of H2O2 produced by the mutant that is 7-folds higher than the WT when 

androstenedione is used as substrate. This result is in line with the corresponding 

mutants in other P450 enzymes and indicates a lack of stabilization of Cpd 0 by the 

threonine residue belonging to the acid-alcohol pair. In the absence of the Thr residue, 

Cpd 0 is not stabilized by hydrogen bond and it is more easily released as hydrogen 

peroxide rather than producing Cpd I.35 

 

 



36 

 

Table 1. Rates of NADPH consumption, H2O2 production and product formation for Aro and the 

three mutants. 

 

  
NADPH 

consum

ption 

rate 

(min–1) 

H2O2 

(-SOD) 

 

(min–1) 

H2O2 

(+SOD) 

 

(min–1) 

19-OH 

ASD 

 

(min–1) 

19-oxo 

ASD  

 

(min–1) 

Estrone 

 

 

(min–1) 

Coupling 

 

 

(%) 

H2O2/ 

NADPH  

 

(%) 

WT 34.65 ± 

0.52 

2.20 ± 

0.16 

2.62 ± 

0.07 

0.48 ± 

0.01 

0.89 ± 

0.02 

2.31 ± 

0.03 

26.5 6.3 

D309N 18.63 ± 

1.41 

3.76 ± 

0.22 

4.23 ± 

0.38 

0.06 ± 

0.01 

0.14 ± 

0.01 

0.43 ± 

0.01 

8.7 20.2 

T310A 32.97 ± 

0.16 

14.16 ± 

0.05 

15.77 ± 

1.32 

0.64 ± 

0.01 

0.27 ± 

0.02 

0.42 ± 

0.01 

7.4 43.0 

R192Q 20.36 ± 

2.21 

4.05 ± 

0.15  

4.99 ± 

0.32 

0.07 ± 

0.01 

0.23± 

0.02 

0.75 ± 

0.01 

13.7 19.9 

 

 

 NADPH 

 

(min–1) 

H2O2 

(-SOD) 

(min–1) 

H2O2 

(+SOD) 

(min–1) 

  Estrone 

 

(min–1) 

Coupling 

 

(%) 

H2O2/NA

DPH  

(%) 

WT 25.07 ± 

1.78 

1.70 ± 

0.27 

2.39 ± 

0.42 

  13.07 ± 

0.12 

52.1 6.8 

D309N 18.37 ± 

2.50 

2.26 ± 

0.06 

3.11 ± 

0.20 

  0.36 ± 

0.01 

2.0 12.3 

T310A 24.01 ± 

2.43 

4.23 ± 

0.26 

5.42 ± 

0.18 

  3.58 ± 

0.04 

14.9 17.6 

R192Q 22.68 ± 

2.23 

2.52 ± 

0.15 

4.13 ± 

0.52 

  1.06 ± 

0.09 

4.7 11.1 

 

The loss in activity of T310A mutant is not as drastic as in P450cam. Indeed, the 

mutant shows a 36% residual activity toward androstenedione and a 27.5% residual 

activity for the aromatization reaction. In this mutant, the amount of Cpd I formed and 

the NADPH consumption rate are comparable to those of the WT, whereas the 

amount of H2O2 is higher. However, the amount of products and H2O2 formed do not 

correlate to the level of NADPH consumed indicating that the uncoupling pathway 

leading to water production from Cpd I is active in the WT and even more so in the 

T310A mutant. To test this hypothesis, the activity of the enzymes was also measured 
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in the presence of superoxide dismutase (SOD) to check the presence of superoxide 

anion, but a significant increase in the level of H2O2 was observed. These results 

indicate again that Thr310 has a stabilizing role not only for Cpd 0 but also for Cpd I. 

Whether these findings are specific for aromatase is difficult to predict. Indeed, 

the crystal structure of the enzyme shows a unique proline residue (P308) just before 

the acidic-alcohol pair that kinks the helix I and allows the side chain of D309 to form 

a hydrogen bond with the substrate (Figure 1C). The oxygen-binding groove is 

different when compared to P450cam and the processing of the substrate through a 

three steps reaction most probably triggers some structural rearrangements involving 

the active site residues and water molecules. The other major difference is the 

involvement of the Asp residue in a hydrogen bond with the substrate that is essential 

for the correct positioning of the substrate in the active site that promotes the highly 

regioselective hydroxylation at C19. Computational studies have shown that the most 

energetically favored pathway for aromatase reaction involves substrate enolization 

as a consequence of proton donation from a water molecule through Asp309. A 

rotation of this residue induces a water mediated proton transfer leading to Cpd I.43 

Such a mechanism resembles in part what observed in P450cam, where a flip of the 

Asp residue allows the entry of water molecules and proton transfer. 

In conclusion, the Cpd I was captured in a human cytochrome P450 that acts as 

the key player for estrogen production. Moreover, its involvement in the third step of 

reaction was directly demonstrated. By means of site directed mutagenesis, the 

alcohol-acid pair in human aromatase was shown to play a similar role than the one 

reported for the bacterial cytochrome P450cam. The aspartic acid residue is involved 

in proton delivery and its absence almost completely blocks the activity of the enzyme. 

However, this residue has a double role in aromatase since it is responsible also for 

proton delivery to the substrate for aromatization.42,43 The protonation-

deprotonation equilibrium in the aspartic acid residue is allowed by its unusual pKa42 

that is the main responsible for the pH dependence of the catalytic activity in 

aromatase.  

The threonine residue was shown not to be directly involved in proton delivery 

ad Cpd I could be captured for this mutant. However, a proton gating role for this 

residue and a stabilization effect for Cpd I were shown to have a crucial role in catalysis. 

The data presented add new insights into the mechanism of dioxygen activation 

cytochrome P450.  
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2.4 Materials and methods 

2.4.1 Materials 

All chemicals were reagent grade and obtained from commercially available 

sources. Androstenedione, meta-chloroperbenzoic acid (m-CPBA), superoxide 

dismutase (SOD) and nicotinamide adenine dinucleotide phosphate (NADPH) were 

obtained from Sigma-Aldrich (Milan, Italy). 19-oxo androstenedione was purchased 

from Biozol (Eching, Germany). Amplex Red hydrogen peroxide/peroxidase assay kit 

was purchased from Invitrogen (Eugene, USA).  

2.4.2 Protein production and purification  

The recombinant form of human aromatase (Aro), the mutants (Aro-D309N, Aro-

T310A and Aro-R192Q), and cytochrome P450 reductase (CPR) were expressed and 

purified as previously described.56,57 The P450venzyme concentration was determined 

by an Agilent 8453 UV VIS spectrophotometer (Agilent Technologies, Santa Clara, CA, 

USA) by the reduced carbon monoxide complex in the difference spectrum, using an 

extinction coefficient at 450 nm of 91,000 M-1 cm-1.58 The CPR concentration was 

determined by using the extinction coefficient at 456 nm (24,100 M-1 cm-1).59 

2.4.3 Cpd I capture and characterization by stopped-flow kinetics 

The compound m-CPBA was purified by washing with 100 mM pH 7.5 potassium 

phosphate buffer for 3~5 times and stirring on ice for 1 hour. The stock solution of m-

CPBA was prepared in acetonitrile and diluted to the appropriate concentration with 

potassium phosphate (KPi) buffer. The oxidation of ferric aromatase and the mutants 

was carried out using a Hi-Tech scientific SF-61 single mixing stopped-flow instrument 

(TgK Scientific, UK). One of the drive syringes was filled with enzyme (14 μM) in a 100 

mM potassium phosphate buffer, 10% glycerol at the chosen pH. The second drive 

syringe was filled with the m-CPBA in the same buffer. All the experiments were carried 

out at 4 ºC using a circular water bath. The kinetic data were analyzed with Kinetic 

Studio software, version 5.1.06. (TgK Scientific, UK). 

2.4.4 Activity assay enzyme reaction 

For the experiment where m-CPBA was used to form Cpd I and trigger the reaction, 

a 1 ml solution of 100 mM potassium phosphate buffer, 10% glycerol containing 7 μM 

aromatase and 200 μM 19-oxo-androstenedione (19-oxo-ASD) was incubated at 4 °C 

and titrated with m-CPBA (total addition of 200 μM). The reaction was stopped by 

heating at 90 ºC for 10 min. After centrifugation at 11,000 g for 15 minutes, the 

supernatant was used for HPLC analysis. In the control experiment, the enzyme was 

inactivated by heat shock, and then incubated with m-CPBA.  

For the experiment where Aro activity was studied at different pH values, all the 

reaction mixtures were set up in 100 mM potassium phosphate buffer (at a chosen 

pH) containing 0.5 μM aromatase, 0.5 μM CPR, 20 μM 19-oxo-ASD and 0.5 mM NADPH 

at 30 ºC for 20 min, and the final reaction volume was 0.5 ml. The reaction was 

stopped by heating at 90 ºC for 10 min. After centrifugation, the supernatant was 
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further analyzed by HPLC. 

2.4.5 NADPH consumption and hydrogen peroxide formation studies 

NADPH consumption was measured by an Agilent 8453 UV-vis 

spectrophotometer at 30 ºC. The reaction mixture contained 0.25 μM Aro, 0.25 μM 

CPR, 100 μM substrate androstenedione (ASD) or 19-oxo-androstenedione (19-oxo 

ASD), 150 μM NADPH, in a volume of 400 μl. After adding NADPH, the absorbance of 

the reaction solution at 340 nm was recorded every 20 s for 10 min. The NADPH 

consumed was calculated by using an extinction coefficient at 340 nm of 6,220 M−1 

cm−1 for NADPH. The products were quantified by HPLC analysis. The concentration of 

hydrogen peroxide generated during NADPH consumption was determined by Amplex 

Red hydrogen peroxide/peroxidase assay kit according to the manufacturer’s 

instructions. The superoxide radical was determined by adding 2 μM SOD under the 

same conditions. 

2.4.6 HPLC analysis 

The HPLC analysis was performed on an Agilent 1200 series HPLC system (Agilent 

Technologies, Santa Clara, CA, USA) equipped with a diode array detector (DAD) and 

a reverse-phase column (Zorbax Eclipse plus C18, 250 × 4.6 mm, 5 μm, Agilent 

Technologies, Santa Clara, CA, USA). A sample volume of 85 μl was injected into the 

HPLC system for each analysis. When 19-oxo ASD was used as the substrate, the 

mobile phase was water: acetonitrile (50: 50, V/V), the flow rate was 0.5 ml/min, and 

the wavelength set at 280 nm to detect estrone. When ASD was used as substrate, the 

reaction solution was analysed by the following program, using water and acetonitrile 

as mobile phase: 0-3 min, 5% acetonitrile; 3-18 min, linear gradient from 5% to 50% 

acetonitrile; 18-23 min, linear gradient to 100% acetonitrile; 23-32 min, isocratic at 

100% acetonitrile. The flow rate was 0.5 ml/min. In this case, ASD, 19-OH ASD and 19-

oxo ASD were detected at 237 nm, and estrone was detected at 280 nm. 
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Aromatase is an important cytochrome P450 enzyme involved in human hormone 

biosynthesis and androgen/estrogen balance. Not only it catalyzes traditional 

hydroxylation reactions, but it also mediates the scission of the carbon-carbon bond 

to construct an aromatic ring. The mechanism of its catalytic reaction is still elusive 

and has not been fully explained.  

The reactive oxoferryl species has not been captured and characterized yet in a 

human cytochrome P450. Chapter 2 of this thesis deals with the capture and 

characterization of aromatase compound I in the stopped-flow spectrometer using 

the “peroxide shunt pathway”. Using this strategy, the product estrone was obtained 

by using 19-oxo ASD as the substrate, which supports the theory that compound I is 

the active species in the aromatization reaction. The function of some important 

amino acids in proton transfer was also investigated. The conserved “acid-alcohol” 

pair in P450s was proven to be crucial for protonation. The active site residue Asp-309 

releases protons through a protonation-deprotonation equilibrium. The effect of Thr-

310 mutation was not as obvious as that in P450cam. The T310A mutant can still form 

compound I and retain some catalytic activity. Threonine is thought to form a hydrogen 

bond with compound 0 to stabilize and promote the formation of compound I. But in 

the results presented in this thesis, it also shows to affect the stability of compound I. 

Another important amino acid Arg-192, located in the proton transfer network, its 

mutation results in the decrease of proton transfer efficiency. An alternative and less 

efficient proton transfer path is also proposed. 

Aromatase mediated reactions require the redox partner CPR to provide electrons. 

Whether CPR has other roles besides an electron donor has always been a 

controversial topic. To answer this question, the possible functions of CPR was 

investigated in Chapter 3. In kinetic studies of substrate binding, aromatase was found 

to follow the conformational selection mechanism. Interestingly, this mechanism 

enhanced by CPR’s presence, and the substrate binding rate of aromatase increased. 

In the ITC experiment, CPR was found to prefer to bind to substrate-free aromatase, 

and the change of enthalpy was relatively higher than that of substrate-bound 

aromatase. The data suggest that the binding of CPR changed the aromatase motions, 

promoting aromatase conformation optimal for substrate binding, and thus 

accelerated the substrate-binding rate. 

The formation of CPR-aromatase catalytic complex is predicted to be through 

electrostatic interaction. In Chapter 4, these amino acids in contact with CPR were 

found to be non-conserved through sequence alignment and structural analysis of 

aromatase from different vertebrate species and invertebrates. In the course of 

evolution, positive amino acids and residues forming hydrogen bonds with reductase 

were introduced on aromatase surface forming the interface with CPR. In mammals, 

CPR serves not only aromatase but also other P450s. However, the number of CPR in 

vivo is limited. The continuous optimization of aromatase contact interface in the 

evolution process could have made it more competitive. In this chapter, it is also 

concluded that the high substrate specificity of aromatase is due to the conserved 

sequences of its active center and substrate recognition sites. 
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Chapter 5 provides evidence that aromatase has a more compact three-

dimensional structure after binding with the ligand through FTIR and fluorescence 

experiments. However, the two SNPs (R264C and R264H) didn’t show the same 

behavior. The data suggested that the substitution of Arg-264 changes the flexibility of 

G-helix and affects its interaction with F-helix. It leads to the incorrect incorporation 

of the substrate that it is not retained in the active site as in the WT enzyme. 

Due to the role of aromatase in human health, in Chapter 6, the effects of 

pesticides on aromatase and estrogen receptor were studied by using two key targets 

of the endocrine system. Glyphosate can inhibit aromatase activity by binding different 

allosteric sites on aromatase, which shows non-competitive inhibition or mixed 

inhibition mechanism. Both imidacloprid and thiacloprid can activate the estrogen 

receptor in MELN cells. Docking experiments show the presence of allosteric sites in 

both aromatase and ERα. These three pesticides are potential endocrine disruptors 

and harmful to human health.  

In conclusion, the data presented in this thesis add new information about the 

catalytic mechanism of human aromatase and highlights the role of three residues in 

oxygen activation and reactive species stabilization. Moreover, the results show how 

SNPs or exogenous molecules can affect the functionality of this important enzyme 

that is crucial to maintain the correct hormonal levels and prevent estrogen-related 

pathologies. 

 


