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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 | was obtained by the
peroxides pathway and its spectral properties were characterized. Since the formation
of Compound | 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 |. The results strongly support that
Compound | 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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Chapter 1

General introduction



1.1 Cytochromes P450

Cytochrome P450 superfamily (P450s, or CYPs) consists in heme thiolate enzymes
widely distributed in the biosphere,* involved in many important biotransformations,
especially drug metabolism.?3 These enzymes were first isolated and identified in the
early 1950s.*> 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).>® 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.%’

Soret (B)

0.4+

0.3+

0.2 1

Absorbance

Q (a and B)

0.1+

0.0 . . — —
350 4(’)0 450 500 550 600 650
Wavelength (nm)

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

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.>!® The diversity of P450 catalytic reactions is
consistent with its presence in every major branch of the phylogenetic tree %! At
present, the number of P450 enzymes is estimated to be more than 300,000 and P450
from different sources are found continuously.!?

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:

RH + 0, + NAD(P)H —— ROH + H,0 + NAD(P)*

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



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.!®* 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.* 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 splitinto a (~
535 nm) and B (~ 570 nm) bands.”!® These special bands are produced by strong rt -
T * 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.'® However,
However, when the ligands are unnatural substrates or inhibitors, the maximum Soret
peak is different.’? In these cases, heme is six coordinated, and the maximum
absorption peak is at 422-426 nm.%°

o RH H0 R-H & R-H
$ - e ;
S\Cys %ys sKCys

R-OHﬁ l/oz
H,0 H,0,
R* Peroxide 0
i Shunt RH ¢
CFe™ CFe™
8 4

H+
ys Skl:ys

T Yy 're-

2

R-H T " R-H o. R-H 0
S\(:ys H,0 H* SK(:y's H* s\Cys
7,Cpdl 6,Cpd 0 5

Figure 2 PA50 catalytic cycle.?!

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.?>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.?* 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 | [7].2°732 In the first step
of protonation, if the proximal oxygen is protonated, it will lead to “uncoupling” and
produce hydrogen peroxide. The compound | 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 Il species [8].333* 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”.3>3¢ To this date, P450s have been be classified into ten categories
(Figure 3).38 Class | and class Il account for almost 90% of the known P450 enzymes.3°
The main focus of this work is on class Il system.

The class | P450s usually are present in bacteria or are bound to the mitochondrial
membrane of eukaryotes. This system consists of three proteins: FAD containing
reductase, Fe;S;-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.3>3%

The Class Il 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.3> From a single species point of view, the number of P450 in a eukaryote is far
more than that in a prokaryote.

The Class I system was found in 2002, which is very similar to the class | system.3’
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
CYP119.383% |n this system, P450s could not obtain reduction equivalents from
flavoprotein, but from putidaredoxin and putidaredoxin reductase.*°

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.*!

Class VI system is similar to class V system, in which cytochrome P450 and

4



flavodoxin form a fusion protein.*?

In class VIl system, the C-terminal of cytochrome P450 is fused with the reductase
domain, but this reductase is usually independent of the P450 system.*?

In class VIl system, P450s fuse with eukaryotic like flavin reductase via a
polypeptide chain, so they are catalytically self-sufficiency.**

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.*?

P450s from class X systems can catalyze substrate conversion using independent
intramolecular transfer systems, such as CYP74A, CYP74B/C and CYP74D.*6-48

Class/ Class/

Kingdom Schematic Organization of P450 classes - Schematic Organization of P450 classes
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Figure 3 Schematic representation of the ten cytochromes P450 systems.3¢



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.*® According to the substrates and
functions, they can be further classified, as shown in Table 1.4%°9 |t 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.>->3

Table 1 Classification of human P450s based on major substrate class.*>>°

Sterols Xenobiotics Fatty acids Eicosanoids Vitamins Unknown
1B1 1A1 2)2 4F2 2R1 2A7
7A1 1A2 2U1 4F3 24A1 251
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 471
17A1 2C18 20A1
19A1 2C19
21A2 2D6
27A1 2E1
39A1 2F1
46A1 3A4
51A1 3A5

3A7

3A43




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.®

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.>* It involves three cytochrome P450 enzymes, CYP11A1,
CYP17A1 and CYP19A1.

Cholesterol
CYPllAl

Pregnenolone 170H-Preg DHEA Androstenediol

CYP17A1 CYP17A1 /d;?:g 17B-HSD /@i@
3B- HSD 3p- HSD 36 HSD 3p- HSD

Progesterone 170H- Prog Androstenedlone 178-sp Testosterone

cyp17a1] cyp17a1] /Eﬁﬂ B /(j:?é
{ CYP21A { CYP21A CYP19A1 l CYPlgAl

Estrone Estradlol
Mineralocorticoids Glucocorticoids 17p-HSD
—_

Figure 4 The roles of human P450s in steroidogenesis.>

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).>>°6
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.”’ 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.>®

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.>®>® 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.®® 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 162 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.®®> 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.46°
We produced high yields of pure proteins through this method and obtained the
crystal structure of recombinant human aromatase.®*®° 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 a-helices (A-L) and
10 B-chains (1-10) (Figure 6).%3 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.®3%¢ The substrate-binding pocket of aromatase is much smaller, only
400 A3, while other P450 such as 3A4 and 2D6 are 530 A3. Besides, the entrance
diameter of the binding site is 3.24 A. 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.5”6® |In P450s, F and G helix can control the entry of substrate, which
determines the “open” or “closed” state of the enzyme.®°7°
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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. 3

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).”* 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.’%’?2 CPR has absorption peaks at 370 nm and 450 nm as all
flavin-containing proteins.
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Reductase Aromatase

Figure 8 Schematic diagram of CPR-aromatase complex model.”?

The interaction between CPR and aromatase is predicted to be mainly guided by
electrostatic interactions’#’>. 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 surface’®. 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.”>747677 This kind of charge interaction has been confirmed by
theoretical calculation and experiment.”®’® 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).7>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 P450.8%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 16a-hydroxytestosterone) to estrogen (estrone, 17B-estradiol and
17B,16a-estriol respectively) through a three-step sequential reaction, which
consumes three moles of oxygen and three moles of NADPH (Figure 9).°¢83
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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 [l], and then hydroxylates the same carbon to form 19-gem-diol
ASD [Il]. 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.®3

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;34-88 the
other is that compound | (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,?° C-C cleavage catalyzed by ferric peroxide species in CYP17A1,%%°!
and some reactions catalyzed by nitric oxide synthase®2. However, in recent studies,
the mechanism of compound | is supported by kinetic solvent isotope effect,
resonance Raman spectroscopy and 20 isotope labelling.?>-2> The essential difference
between these two hypotheses is whether it needs the proton transport network in
protein,?380.9697 hecause the theory of ferric peroxide is to extract hydrogen from the
substrate.%®

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 (CYP19A1l) 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 | (Cpd 1), 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 |
were identified. Moreover, it was possible to obtain the estrogen product from the
same reaction mixture, demonstrating the involvement of Cpd | 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 | 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 | was detected, indicating its involvement in the proton relay network. Cpd
| 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 H,0, was produced during the
catalytic process, indicating that T310 has an essential role in proton gating and Cpd 0
and Cpd | stabilization. The data presented provide a direct demonstration of Cpd |
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,'~3 thus having some important physiological
functions, such as steroids hormone biosynthesis, drug metabolism and xenobiotics
detoxification.*®

Among them, aromatase (CYP19A1) is a well-conserved among all vertebrates,’
where it is responsible for the transformation of androgens into estrogens, thus
playing a crucial role in regulating human sex steroids balance.®! This enzyme has
received considerable attention for a long time because it can be an effective target
for estrogen-dependent cancer therapy.'?™1> 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.'®'’ 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).181°
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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 3579) with the
predicted proton relay network. The helix | 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 | (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 O (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
| (Figure 1, 7).2° 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 | 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 | (Figure 1B, 7).2723 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 1.24-2¢
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It is known that the well-conserved acid-alcohol pair in cytochromes P450, located
on helix |, is involved in oxygen activation to produce Cpd 1.2%?7 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.?®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.333* 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 1.3> 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.3® 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.3”

More recently, the T252A mutant of the bacterial CYP199A4, showed a reduction
of the activity and coupling efficiency not as dramatic as in P450cam.3® 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 |
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.3>3 An enlargement of the oxygen-binding groove
is also present in the structure of P450cam T252A mutant compared to that of WT.3°
In CYP199A4 and P450 BM3, such structural changes on helix | that modify the oxygen
binding groove are not as large as in P450cam in the corresponding threonine
mutants.364% 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.3®

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.*™*3 Moreover, D309 is
connected through a water molecule to an arginine residue (R192) that forms a salt
bridge with E483 (Figure 1C).4*** Thus, D309 and R192, together with a water
molecule, are predicted to form the proton relay network.*4* Indeed, their mutation
in non-protonable residues resulted in a significant decrease in activity.3? 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 | 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 | 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,* P450cin?® and P450eryF?°,
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 | 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 bacteria?®>4’=>° and the mammalian rabbit P450 2B4.°! 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 uM of recombinant human aromatase
(Aro) with 200 uM 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 | 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 1.23
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Figure 2. Cpd | formation in Aro. (A) UV/Visible spectral changes in 0.8 s after mixing of 7 uM
aromatase (final concentration) with 200 uM 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 | 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 1,42 respectively, that can be
described by eq. 1:

k
Aromatase (ferric) + m-CPBA . Aromatase-Compound | 2, Aromatase (ferric) (eq. 1)

where k1 and k; 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 ki1 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) x 10> Ms?, The
decomposition of Cpd | followed a first-order kinetic process and was independent of
the concentration of m-CPBA.*® The k, can be obtained directly by exponential
equation fitting, which is 0.16 (+ 0.01) s™.

In order to confirm the capture of the reactive species Cpd | 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 1) 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 | 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 | formation and decay were previously found (Figure 3B).

In order to give further evidence for Cpd | 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
| previously observed, this result also supports Cpd | 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(lll)-O—0", on the acyl carbon to furnish a tetrahedral intermediate
which fragments, leading to acyl-carbon cleavage.>® However, activity assays in the
presence of 80, 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 | is the active iron species rather than
ferric peroxide.?4-%¢
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Figure 3 Cpd | formation in human aromatase in complex with 19-oxo ASD (A) Spectral changes
obtained after mixing Aro (7 uM final concentration) with m-CPBA (200 uM final concentration) in
10 s in 100 mM potassium phosphate buffer, 200 uM 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 10s.
(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 uM of Aro, 200 UM m-CPBA, 200 uM 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 | formation.

The role of the amino acids of the acid-alcohol pair (D309 and T310) and R192 in
Cpd | 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 |. 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
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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 uM 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 | (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 Argl92 with GIn significantly affects the formation of Cpd |,
consistent with the 88% reduced activity of this mutant compared to WT.3?

There are several possibilities to explain why Cpd | 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 | formation and Figure 5A shows the
spectral changes obtained by mixing the protein with m-CPBA at pH 7.5, 4 ¢C. The
spectral transitions observed are similar to those of the WT. Interestingly, the
formation and decomposition rates of Cpd | 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 x 10°> M-1s, which is 2.9 times higher than
that of the WT. (Figure 5C). However, the yield of Cpd | 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. >* Also the decomposition rate constant (kz)
increased in the mutant, which is 4.4 times higher than that of the WT (k, =0.71 £ 0.06
s1in T310A versus k = 0.16 + 0.01 s in the WT), indicating that the Cpd | is more
unstable.
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Figure 5. Cpd | formation in T310A. (A) UV/Visible spectral changes in 0.4 s after mixing T310A
(7 uM final concentration) with m-CPBA (200 uM 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 | 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 k; = 0.25 (+ 0.01) x 10° M%s™! for the WT (black) and k1 = 0.72 (+ 0.03) x 10° M~ s for
T310A (red).

The higher rates of formation of Cpd | 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 | at 380 nm at different pH. It should be taken into account that the
pH dependence of the formation of Cpd | 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 k; (that is not affected by the pKa of m-CPBA
as ki) against pH shows that the decomposition rate of Cpd | in T310A is higher than
that of the WT at any pH (Figure 6C), which means that the lifetime of T310A Cpd | is
shorter.

It is also interesting to note that the amount of Cpd | 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(lll)-OOH) intermediate (Cpd 0) promoting the second protonation
leading to Cpd I.3> Our data show faster formation and decay rates for Cpd | 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 | 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.

65 7.0 75 8.0 85
pH

Time, s

Figure 6. Effect of pH on Cpd | formation and decay. Kinetic traces at 380 nm of aromatase (A)
WT and (B) T310A at different pH. (C) Plot of the k, 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 uM
enzyme, 0.5 uM CPR, 20 uM 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 |, indicating that a
higher stability of Cpd | (obtained at pH 8.0-8.5) does not necessarily imply a higher
activity.

In T310A mutant, despite the faster rates of Cpd | 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 | 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-
oxo0ASD (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.3%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 | 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 H;0, 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 H,0, compared to WT, consistent with a slower electron-coupled proton transfer.>>
The residual activity and the H,0, 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 H;0; 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 1.3°
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Table 1. Rates of NADPH consumption, H,0; production and product formation for Aro and the

three mutants.

B3 — a8 o oS

Androstenedione (ASD) 19-OHASD 18-oxo ASD Estrone

NADPH H202 H202 19-OH 19-oxo  Estrone Coupling H202/

consum  (-SOD) (+SOD) ASD ASD NADPH
ption
rate (min™)  (mint)  (min™) (min™)  (min™?) (%) (%)
(min™?)
WT 34,65+ 2.20 ¢ 262+ 048+ 0.89% 231+ 26.5 6.3
0.52 0.16 0.07 0.01 0.02 0.03
D309N 18.63 3.76 £ 423 0.06 0.14 + 043+ 8.7 20.2
1.41 0.22 0.38 0.01 0.01 0.01
T310A 3297+ 1416+ 1577+ 0.64 0.27 £ 042+ 7.4 43.0
0.16 0.05 1.32 0.01 0.02 0.01
R192Q 20.36+ 4.05 + 4,99 + 0.07 = 0.23+ 0.75 13.7 19.9
2.21 0.15 0.32 0.01 0.02 0.01
0 o
19-oxo ASD Estrone
NADPH H202 H202 Estrone Coupling  H202/NA
(-SOD)  (+SOD) DPH
(min™)  (min™)  (min™) (min=?) (%) (%)
WT 25.07 £ 1.70 £ 239+ 13.07 52.1 6.8
1.78 0.27 0.42 0.12
D309N 18.37 + 2.26 3.11+ 0.36 2.0 12.3
2.50 0.06 0.20 0.01
T310A 2401 £ 4.23 + 542+ 3.58 + 14.9 17.6
2.43 0.26 0.18 0.04
R192Q 22.68t 252+ 4.13 + 1.06 + 4.7 111
2.23 0.15 0.52 0.09

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 | formed and
the NADPH consumption rate are comparable to those of the WT, whereas the
amount of H,O; is higher. However, the amount of products and H,0, formed do not
correlate to the level of NADPH consumed indicating that the uncoupling pathway
leading to water production from Cpd | 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 H,0, 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 | 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 .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 | 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.*>** The protonation-
deprotonation equilibrium in the aspartic acid residue is allowed by its unusual pKa*?
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 | could be captured for this mutant. However, a proton gating role for this
residue and a stabilization effect for Cpd | 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.>®>’ 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 Mt cm™.>® The CPR concentration was
determined by using the extinction coefficient at 456 nm (24,100 M* cm?).>®

2.4.3 Cpd | 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 uM) 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 °C 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 | and trigger the reaction,
a 1 ml solution of 100 mM potassium phosphate buffer, 10% glycerol containing 7 uM
aromatase and 200 uM 19-oxo-androstenedione (19-oxo-ASD) was incubated at 4 °C
and titrated with m-CPBA (total addition of 200 uM). The reaction was stopped by
heating at 90 2C 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 uM aromatase, 0.5 uM CPR, 20 uM 19-oxo0-ASD and 0.5 mM NADPH
at 30 eC for 20 min, and the final reaction volume was 0.5 ml. The reaction was
stopped by heating at 90 2C 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 2C. The reaction mixture contained 0.25 uM Aro, 0.25 uM
CPR, 100 uM substrate androstenedione (ASD) or 19-oxo-androstenedione (19-oxo
ASD), 150 uM NADPH, in a volume of 400 pl. 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
cm~tfor 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 uM 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 x 4.6 mm, 5 um, Agilent
Technologies, Santa Clara, CA, USA). A sample volume of 85 pl 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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1. Introduction

Human cytochromes P450 (P450) are membrane-bound proteins
present in most tissues of the human body [1]. They play essential
roles in the metabolism of steroid hormones, vitamins and fatty acids
and they also can oxidize xenobiotics such as carcinogens and drugs.
They are not self-sufficient enzymes and most of them share the reduc-
tion partner, cytochrome P450 reductase (CPR). Electrons from NADPH
are stepwise transferred from CPR to the P450 heme group and protein-
protein interaction has been demonstrated to be guided mainly by elec-
trostatic interactions with the positively charged heme-proximal side of
the P450 enzyme and the negatively charged residues on FMN-binding
domain of CPR [2-4] as well as by hydrophobic interactions [5]. CPR and
cytochromes P450 are anchored to the membrane through their hydro-
phobic N-terminal transmembrane helices. The anchoring of the pro-
teins in the lipid bilayer was shown to play an important role due to
the influence of both the lipid environment and the membrane-
anchor helices on electron transfer and P450 catalytic efficiency [6,7].
Solid-state NMR studies in membrane-mimicking environments such
as lipid nanodiscs have shown that protein-lipid interaction are crucial

* Corresponding authors at: Via Accademia Albertina 13, 10123 Torino, Italy.
E-mail addresses: giovannadinardo@unito it (G. Di Nardo), gianfranco gilardi@unito.it
(G. Gilardi).
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0141-8130/© 2020 Elsevier BV. All rights reserved.

for the stability, the dynamics and the interaction between human cyto-
chromes P450 and the redox partners CPR [8-12] and cytochrome bs
[13-15]. Moreover it was shown that CPR and cytochrome bs compete
for cytochromes P450 binding and that the presence of the substrate af-
fects the interplay between the three proteins promoting the binding of
cytochrome bs to the P450 enzyme [15].

In addition to electron transfer, different studies have shown that
the redox partners can play important roles in regulating the structure
and function of some bacterial P450 enzymes [16-20]. As a conse-
quence, the topic of the interaction between cytochromes P450 and its
redox partner is attracting more and more attention and an important
question is whether CPR plays a role in modulating the structure and
function of human P450s.

Here we investigate the role played by CPR in modulating the sub-
strate binding ability of human aromatase. This enzyme is involved in
the estrogens synthesis and it catalyzes the conversion of androgens
to estrogens via a three-step reaction [21-23]. Due to its important
role in breast cancer development and progression (24,25, the
structure-function relationship of aromatase has been widely studied
[26-32]. This enzyme is highly selective for the androgen substrates
with Ky, values reported in the low pM-nM range [30,33] and it also
shows a high coupling efficiency (87%) [34], when compared to other
human more promiscuous cytochromes P450, indicating an optimal in-
teraction with CPR.
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Many cytochromes P450 have been shown to adopt different confor-
mations ranging from the open form, typical of the ligand free-enzymes,
to the closed one that is adopted when a substrate or inhibitor is present
[35]. The crystal structure of aromatase is available only in complex with
the substrate androstenedione. The protein is in a closed conformation
and the substrate is perfectly accommodated in a relatively small active
site [26,28,36). This implies that aromatase needs to undergo structural
changes to make the active site accessible to the substrate [27,37,38]. In-
deed, FTIR and time-resolved fluorescence spectroscopy studies re-
vealed that in the absence of substrate, the flexibility of aromatase
increases with faster dynamics of helix Finvolved in the substrate access
channel [36,39]. Thus, it has been hypothesized that aromatase adopts
different conformations according to the presence and absence of the
substrate. In general, the study of how the conformational dynamics of
cytochromes P450 are associated with ligand binding events is another
important topic in the research field. Recently, it has been shown that
many human P450 enzymes use a conformational selection mechanism
rather than an induced fit one [40,41]. In the induced fit model, the sub-
strate (S) binds to the enzyme (E) and causes a conformational change
in the protein to give the optimal ligand-bound conformation, indicated
as ES*in Eq. (1) (Scheme 1A):
E+5SES 2 Es (1)

ke ko

In the conformational selection model, the substrate (S) binds one of
the possible conformations of the enzyme that is the one optimal for
substrate binding, indicated by E* in Eq. (2) (Scheme 1B):

k,
ESE +S2ES
K Ky

24

@)

In the present study, a combination of substrate titrations followed
spectrophotometrically, as well as pre-steady state kinetics of substrate

511

binding and isothermal titration calorimetry are used to gain informa-
tion on the effect of CPR on human aromatase (Aro) ability to bind the
substrate and on the thermodynamics of CPR-Aro complex formation.
The presence of CPR is found to increase the rates for substrate binding
and to increase the number of molecules that are in the optimal confor-
mation to bind the substrate. The results support that Aro binds the sub-
strate through a conformational selection mechanism with the CPR
having a higher affinity when the substrate is not present in the active
site of the protein.

2. Materials and methods
2.1. Chemicals

Allsolvents and reagents were of analytical grade and were obtained
from Sigma Aldrich.

2.2. Protein expression and purification

The recombinant form of human aromatase used in this work lacks
the N-terminal amino acid fragment anchoring the protein to the mem-
brane (residues 1-39) that was replaced by 10 residues
(MAKKTSSKGR). Moreover, a four-histidine tag was introduced at the
C-terminal [39). The recombinant protein was expressed and purified
as described previously [39]. Briefly, transformed Escherichia coli
DH5ax cells were grown at 37 °C in a Terrific Broth media until the cell
density ODggo reached 0.6. Protein expression was induced with 1 mM
isopropyl-{3-D-thiogalactopyranoside and carried out at 28 °C for 48 h.
The cells were then harvested and resuspended in 100 mM potassium
phosphate (KPi) pH 7.4, 20% glycerol, 1 mM (-mercaptoethanol, 0.1%
v/v Tween-20 buffer containing 1 mg/mL lysozyme, 1% v/v Tween-20
and protease inhibitor mixture. After stirring for 45 min, cells were
disrupted by sonication and ultra-centrifuged at 40,000 rpm for
25 min at 4 °C. The supernatant was first loaded onto a diethyl

A

C-e—& ™=

@

4

@

’

ey
— QEER

Scheme 1. Models for enzyme-substrate binding in human aromatase and role of cytochrome P450 reductase (CPR). (A) In the induced fit model, the substrate binds the enzyme and

induces a conformational rear that

the subst y

interaction. In a next step, CPR binds the enzyme-substrate complex and has no role in substrate

binding. (B) In the conformational selection model, the enzyme shifts between different conformational states. The binding of CPR favors the enzyme conformation that is optimal for

substrate binding that occurs in a next step.
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aminoethyl (DEAE) ion-exchange chromatography and then further pu-
rified by a Nickel-ion affinity chromatography. The target protein was
eluted with a linear gradient in which histidine ranging from 10 to
40 mM was added. The eluted fractions were pooled according to the
purity ratio (Asgonm/A41sam) and concentrated by Amicon centrifugal
filters (30 kDa MWCO membrane). Aro concentration was estimated
by CO-binding assay, using an extinction coefficient at 450 nm of
91,000 M~ cm™" [42].

Human CPR was expressed as a full-length protein in Escherichia coli
DH5a. The cells were resuspended in a 100 mM Tris-acetate buffer,
pH 7.6, 0.5 M sucrose and 1 mM EDTA buffer and lysed by adding
with 0.5 mg/mL lysozyme and 0.1 mM EDTA for 30 min at 4 °C. After
centrifugation at 4000 rpm for 20 min, the pellets were resuspended
in 100 mM KPi, pH 7.6, 6 mM magnesium acetate, 0.1 mM DTT, 20%
glycerol, 0.2 mM PMSF and 0.1 mM DNase I, and disrupted by sonica-
tion. The membrane-containing pellets were collected by 40 min centri-
fugation at 40,000 rpm, suspended in 20 mM KPi, pH 7.6, 20% glycerol,
0.1 mM EDTA, 0.2 mM PMSF, 0.2% sodium cholate and 0.2% Triton X-
100, and stirred gently for 2 h. This crude extract was then centrifugated
at 40,000 rpm for 1 h, and the supernatant was load onto a pre-
equilibrated affinity chromatography of 2',5'-ADP Sepharose 4B. After
different washing steps with the equilibration buffer, where first
250 mM Nadl and then 2 mM adenosine were added, the CPR was
eluted with a linear gradient in which NADP* increased from 0.1 to
1 mM. Fractions containing the full-length CPR, which were monitored
by SDS-PAGE analysis, were pooled and concentrated by Amicon cen-
trifugal filters (with 30 kDa MWCO membrane). The CPR concentrations
were measured using an extinction coefficient at 456 nm of
24100 M~ ' cm ™' [43].

2.3. UV-vis spectroscopy and substrate binding titrations

Spectral binding titrations were performed as described previously
[30]. In brief, 1 uM of aromatase in 100 mM KPi buffer pH 7.0, 20% glyc-
erol, 1 mM [3-mercaptoethanol were incubated with increasing
amounts of androstenedione ranging from 0.5 pM to 12 pM. Binding
assay was using an Agilent 8453 UV-vis spectrophotometer at 25 °C.
UV-visible spectra were recorded after each addition, and the absor-
bance differences at 394 nm and at 418 nm were plotted against the
added substrate concentrations. The data were fitted to the following
equation that allowed to calculate the dissociation constants Kp:

AAzgs418 = AA™ ™394 415 - [S]free/ (KD + [Sliree)

A
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002 - T
350 400 450 500

Wavelength/ nm

Fig. 1. Substrate binding monitored by stopped-flow analysis. (A) Difference spectra observed after mixing 1 uM Aro with 10 uM

where [Sliee iS [Slowal — [E - S]and [E - S] = AAzg4-415 [Elotat / AASES"

418

24. Stopped flow absorbance experiments

The pre-steady state kinetics of substrate binding to aromatase was
investigated using a Hi-Tech scientific SF-61 single mixing stopped-flow
instrument (TgK Scientific, UK).Ina typical experiment, one of the drive
syringes contained the purified aromatase (2 pM) in a 100 mM potas-
sium phosphate buffer pH 7.0 containing 10% glycerol, 1 mM -
mercaptoethanol. The second drive syringe contained different concen-
trations of the substrate androstenedione. For the experiments in the
presence of CPR, the purified protein (6 pM) was pre-incubated with
aromatase in the first drive syringe and then mixed with the substrate
androstenedione.

In all the experiments, the temperature was set at 25 °C and con-
trolled by a water bath. For each substrate concentration, 5 to 7 repli-
cates were conducted for each experiment. Each Kinetic trace was
derived from observing the changes at 394 nm as a function of time
and fitted to a single or double exponential function by Kinetic studio
V3 software (TgK Scientific, UK).

2.5. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were per-
formed at 25 °Cusing a MicroCal iTC200 instrument (Malvern Instru-
ments, Malvern, UK). Before the experiment, aromatase and CPR
were prepared by extensive buffer-exchange using Amicon centrifu-
gal filters (30 kDa MWCO) and concentrated with the same potas-
sium phosphate buffer (100 mM KPi, 10% glycerol, pH 7.0). For the
experiments in the presence of the substrate, aromatase (0.5 uM)
was incubated overnight at 4 °C with saturating amounts of the sub-
strate androstenedione (20 uM). The reaction cell was filled with
300 pL of 25 pM aromatase and the injection syringe was filled with
600 uM CPR. CPR was titrated into Aro in potassium phosphate buffer
(100 mM KPi, 10% glycerol, pH 7.0) up to a 1:5 (Aro:CPR) molar ratio.
The first injection was 0.1 uL with 0.2 s duration and omitted during
data analysis. The second injection was 3.5 pL with 7 s duration
followed by 9 injections of 4 pL with 8 s duration. Each titration ex-
periment involved a 90 s interval between injections. The reaction
cell was continuously stirred at 750 rpm speed. A reference power
of 7 was used for each experiment. The data were processed and an-
alyzed by using Origin® 7.0 software. Control experiments were

002
8 o014
8
g
‘é 000 |
g 001+

-0.02 T T

350 400 450 500

Wavelength/ nm

in the stopped-flow apparatus.

(B) Difference spectra observed after mixing 1 uM Aro and 3 uM CPR with 10 uM androstenedione. The traces shown were collected after 0,0.1,02,0.3,0.4 and 05 s from mixing.
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Fig. 2. Plot of the amount of spin shift as a function of the substrate concentration. Black
circles represent the amount of spin shift obtained from 1 uM Aro in the absence of CPR;
empty circles represent the amount of spin shift obtained from 1 uM Aro pre-mixed
with 3 uM CPR (Aro:CPR = 1:3).

carried out by titrating the ligand CPR into the cell containing only
the buffer under identical conditions. The heats of dilution were
subtracted from the observed titration data.

3. Results and discussion
3.1. Effect of CPR on substrate binding by aromatase

The effect of CPR on the affinity (Kp) of human aromatase toward its
substrate was first investigated by UV-vis spectroscopy. In general, the
binding of the substrate in the active site of cytochromes P450 is known
to alter the spin state of the heme iron, with a spectral transition that for
aromatase occurs from 418 to 394 nm [39). Here the substrate binding
curves values were obtained by monitoring the spin shift caused by
the addition of increasing concentrations of androstenedione to 1 pM
of Aro and data were fitted to one-site saturation binding curves, from
which an apparent Kp of 0.98 + 0.11 uM and 0.72 + 0.11 uM were
found in the absence and in the presence 3-fold excess of CPR, respec-
tively. These results are not significantly different and indicate that
CPR does not affect the binding affinity of Aro for the substrate
androstenedione.
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Pre-steady state kinetics of substrate binding were then investigated
by stopped-flow measurements in the absence and presence of CPR.
First, different concentrations of the substrate (0.25-30 pM) were
used with a fixed concentration of Aro (1 M) in the absence and pres-
ence of 3 uM of CPR. Fig. 1 shows the difference spectra obtained with
the typical low-to-high spin transition due to substrate binding. When
the percentage of spin shift obtained at different substrate concentra-
tions was measured, the data showed consistent lower values in the ab-
sence of CPR (Fig. 2). In particular, at the lowest substrate concentration
used (0.25-0.5 uM), the spin shift obtained in the absence of CPR was
40% lower than that obtained in its presence (Fig. 2). These data indicate
that CPR increases the population of Aro that binds the substrate, sug-
gesting a possible regulatory role on the conformation on the P450 en-
zyme, as previously reported for P450cam [20].

The kinetics of substrate binding were followed as the increase of the
signal at 394 nm in the first 3 s and the traces obtained were found to
better fit to a single exponential function from which the rate constants
were derived (Fig. 3). The plot of the rates as a function of substrate con-
centration shows a linear trend both in the absence and presence of CPR
(Fig. 4A). However, the substrate binding rates were increased by up to
30% when saturating amounts of the substrate were tested (Fig. 4A). A
linear regression was applied to calculate the apparent second-order
rate constants (k,, and k.g). In the absence of CPR, the obtained k,,
valuewas 5.1 x 10° M~ s~ and the k.s was 0.17 s~ (Table 1). How-
ever, both the apparent k,, and k. were increased when an excessive
CPR was added. The calculated kon and kogr were 7.0 x 10° M~ ' s ™"
and was 0.24 s~ ', respectively. Kp, values calculated from these kinetic
constants (Koq/koq) are in the same order of magnitude with the Kp
values measured by spectroscopic titrations (Table 1).

One of the interesting questions in the cytochrome P450 research
field is whether they bind their substrates /inhibitors through conforma-
tional selection modes or induced fit.

When an increasing hyperbolic dependence of the binding rates
(kops) as a function of substrate concentration is found, this is diag-
nostic of an induced fit mechanism [44]. On the other hand, a de-
creasing dependence in the binding rates (ko»s) as a function of
substrate concentration is diagnostic of conformational selection
[44,45). However, conformational selection can give rise to increas-
ing trends as well. In this case, a possible way to distinguish between
the two modes is to carry out two separate experiments. In a first ex-
periment, the concentration of the enzyme is fixed and the one of the
substrate is varied; in a second experiment, the concentration of the
substrate is fixed and the one of the enzyme is varied. When the plots
of the ks obtained in the two experiments are constructed, the same
trend should be found in the case of an induced fit mechanism
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Fig. 3. Kinetics of substrate binding to aromatase. (A) Kinetic traces (AA394) obtained after mixing different amounts of the substrate androstenedione (0.25,05, 1, 3,6, 10, 20,30uM) with
1M Aro. (B) Kinetic traces (AA394) obtained after mixing different amounts of the substrate (0.25, 0.5, 1, 3,6, 10, 20, 30 uM) with 1 uM Aro and 3 uM CPR (Aro:CPR = 1:3).All curves are

fitted to single exponential functions.

50



514

A
a5l 3
. :
L .
3 ]
¢
. t
o
'y .
o T T T T T T
5 10 15 20 25 20
[Androstenedione)/ pM

C. Zhang et al. / International Journal of Biological Macromolecules 164 (2020) 510-517

B
104 1
.
1
091 .
3 W
.
; ¢
osd T 1 .
[ 1
[ 1
0 2 H 6 8 10
[Aro) pm

Fig.4.Analysis of the substrate binding rates. (A) Plot of the binding rates as a function of substrate concentration with a fixed aromatase amount (1 uM ) in the absence (solid symbols) and
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Table 1
Binding rates and dissociation constants of aromatase for the substrate androstenedione.

Aro:CPR Kp* (M) ki(s™")  ken(M™'s™")  kon(s™')  Ko”(uM)
1:0 098 + 0.11 154+ 08 51+ 03x 10° 0.17 £ 006 033 £ 0.13
13 072 £ 011 202+ 09 7.0+ 02x 10° 024 + 005 034 + 0.06

# Kp values calculated from spectral equilibrium binding titrations.
b Kp values calculated from these kinetic constants (Kom/Kon).

whereas distinct kinetics are found in the case of the conformation
selection mode [44].

In the case of Aro, the plot of the rates as a function of androstenedi-
one concentration (Fig. 4A) shows a linear trend. This suggests a confor-
mational selection mode as an induced fit should have a hyperbolic
dependence [44]. To gain further information, a second set of experi-
ments was carried out keeping the substrate concentration fixed at
2 pM while varying the enzyme concentration. The plots obtained
(Fig. 4B) show a non-linear dependence. The two plots where either
the protein or the ligand are varied should be identical in the case of
aninduced fit mechanism [44], therefore it can be concluded that a con-
formational selection mode is taking place in substrate binding by
aromatase.

Taken together, the data show that the presence of CPR does not
cause any change in the substrate binding affinity of aromatase, but it
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increases the binding rate for the substrate as well as the fraction of
the enzyme that is able to bind the substrate through a conformational
selection mechanism. This is consistent with Eq. (2), Scheme 1B.

32. Isothermal titration calorimetry (ITC)

The thermodynamic characterization of a binding process is tradi-
tionally investigated by isothermal titration calorimetry (ITC). Therefore
the binding process of CPR to aromatase in the absence and presence of
the substrate androstenedione was followed by ITC. One important
issue about this experiment is the reduction state of CPR. Indeed, it is
known that the semiquinone state of CPR (CPR) has the highest affin-
ity for other human P450s as demonstrated for P450 2C9 [46]. Upon re-
duction, the fully oxidized CPR (CPR,) undergoes the conformational
changes required for the CPRy, to be able to dock the P450 proximal
side. This forms a complex where the FMN of the CPR,, and then
heme of the P450 are close enough to allow electron transfer [47,48].

For these reasons, the UV-vis spectra of the CPR and the Aro used in
the ITC experiments were collected to confirm the oxidation state of the
two proteins (Fig. 5). In particular, the spectrum of CPR in Fig. 5A shows
a band at 587 nm with a shoulder at 630 nm, typical of the its
semiquinone state (CPRy,). This confirms that CPR is purified in its
semiquinone state as previously reported [49,50]. Fig. 5B shows the
spectra recorded of Aro in the absence and presence of the substrate an-
drostenedione. The presence of bands at 418 and 394 nm indicate that
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Fig.5. UV-vis spectra of the protein samples used for ITC measurement. (A) Spectra of 10 uM CPR in potassium phosphate buffer (100 mM KPi, 10% glycerol, pH 7.0). (B) Aromatase spectra
in the substrate-free form (black line) and upon incubation with the substrate androstenedione (gray line).
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the protein undergoes the typical low-to-high spin state changes upon
substrate binding.

We therefore proceeded to collect the ITC profiles resulting from the
titration of CPRy into the cell containing Aro in experiments carried out
both in the presence and absence of androstenedione (Fig. 6). The titra-
tion was carried out in a 100 mM KPi pH 7.0 buffer containing 10% glyc-
erol and the final CPR,:Aro molar ratio achieved was 5:1. In all cases the
ITC profiles show the presence of an exothermic followed by an endo-
thermic process. These profiles are not present in control experiments
where the CPR,, was titrated in a solution containing only buffer. More-
over, when the heat of the endothermic and the exothermic processes
are plotted as a function of the CPR.,: Aro molar ratio, a sigmoidal
trend typical of ligand binding is obtained with the endothermic process
contributing more to the overall process (data not shown). Thus, the
two processes can be assigned to the CPR,4-Aro complex formation.
The thermodynamic parameters were obtained by fitting the overall
data (Fig. 6) and they are reported in Table 2. In the absence of the sub-
strate, the interaction between Aro and CPRy, yielded a K;, value of
54 + 1.2 uM, while in the presence of the substrate the Kp was
242 + 6.9 puM. These results suggested that CPR;, binds to the
substrate-free Aro with a higher affinity compared to the substrate-
bound form. Interestingly, the enthalpy changes of the interaction be-
tween CPR, and Aro are also significantly altered by the presence of
the substrate. In fact, these are considerably higher than when the sub-
strate is not present, indicating that more interactions are forming and
breaking when substrate-free Aro complexes with CPR,. This finding

also suggests that more conformational changes are taking place in
CPR, and aromatase when the substrate is not present.

The overall AG resulted negative as well as —TAS indicating that the
binding is entropically driven. This finding suggests a large entropic
contribution that can be due to the release or replacement of ordered
water molecules from the protein surface and to the proteins' confor-
mational dynamics during complex formation [51]. The positive AH
values suggest that the binding of CPR,, to aromatase is composed of in-
tramolecular hydrogen bonding and non-covalent interaction following
conformational changes of CPRq. It has to be taken into account that ITC
experiments were carried out under a single buffer condition known to
maintain protein stability and solubility. Moreover, the proteins are not
in their physiological membrane environment that is known to affect
and limit their orientation promoting complex formation also through
the transmembrane helix [ 14]. However, the thermodynamic parame-
ters calculated by ITC are in line with those recently calculated by sur-
face plasmon resonance (SPR) for the interaction of CPR,, with many
human cytochromes P450, including aromatase [52]. Also in that case,
the process resulted entropically driven with a positive value of AH [52].

4. Conclusion

In conclusion, this study provides new insights on the interaction of
a human cytochrome P450 with the redox partner, indicating an effec-
tor role of CPR, as previously observed for bacterial cytochrome
P450cam [19,20].

Table 2

Ther ic parameters from ITC
Combinations Kp (uM) AH (kcal mol™') AG (kcal mol™") —~TAS (kcal mol™")
CPRyy/Aro — substrate 54 +£12 95+ 04 -72 + 16 -16.7 + 1.6
CPRsy/Aro + substrate 242 + 69 6.0 + 02 -63 + 14 -123 + 14
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Here we show not only that human Aro adopts the conformational
selection mode to bind the substrate, but also that CPR when bound to
substrate-free Aro triggers the conformational changes required for op-
timal substrate binding (Scheme 1B). These data are consistent with the
recent results coming from all-atom molecular dynamics simulations
showing that CPR binding alters the motions of human aromatase and
reshapes the substrate access channel [53].

The effector role of CPR can be crucial in the physiological environ-
ment since the reductase protein is in limited amounts compared to cy-
tochromes P450 [54] and would therefore promote catalysis when
already in the semi-reduced form and ready to bind the enzyme. It
would be interesting to expand this kind of studies to other human en-
zymes, such as the more promiscuous cytochromes P450 involved in
drug metabolism, to highlight possible preferences of CPR for the differ-
ent enzymes according to their physiological role in the organism.
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Abstract: Aromatase is the cytochrome P450 enzyme converting androgens into estrogen in the last
phase of steroidogenesis. As estrogens are crucial in reproductive biology, aromatase is found in
vertebrates and the invertebrates of the genus Branchiostoma, where it carries out the aromatization
reaction of the A-ring of androgens that produces estrogens. Here, we investigate the molecular
evolution of this unique and highly substrate-selective enzyme by means of structural, sequence
alignment, and homology modeling, shedding light on its key role in species conservation. The
alignments led to the identification of a core structure that, together with key and unique amino
acids located in the active site and the substrate recognition sites, has been well conserved during
evolution. Structural analysis shows what their roles are and the reason why they have been
preserved. Moreover, the residues involved in the interaction with the redox partner and some
phosphorylation sites appeared late during evolution. These data reveal how highly substrate-
selective cytochrome P450 has evolved, indicating that the driving forces for evolution have been the
optimization of the interaction with the redox partner and the introduction of phosphorylation sites
that give the possibility of modulating its activity in a rapid way.

Keywords: cytochrome P450; aromatase; estrogens; molecular evolution; structural alignment;
substrate recognition sites; conservation

1. Introduction

Aromatase is the enzyme that converts androgens into estrogens through a three-step
reaction that allows the aromatization of the A-ring of the steroid molecule [1,2]. The
enzyme belongs to the cytochrome P450 (P450s) superfamily that comprises thousands of
enzymes involved in the metabolism of endogenous and exogenous substrates [3-5]. The
origin of such a large number of enzymes is still controversial, even though the presence of a
common ancient precursor, CYP51 (lanosterol 14alpha-demethylase), for both prokaryotes
and eukaryotes has been hypothesized [6].

The P450 superfamily is composed of two groups of enzymes. Depending on their
substrate recognition abilities, one group comprises P450s that catalyze specific reactions
on specific endogenous substrates; a second group includes enzymes that have evolved
towards broad substrate selectivity, usually employed for xenobiotic metabolism, as in
the case of mammalian liver proteins. While for the second group, it can be hypothesized
that evolution has widened their substrate selectivity, for the first one, it is not clear how
molecular evolution has worked.

Aromatase belongs to the first group as it carries out the conversion of androgens into
estrogens across different classes of living organisms. From an evolutionary point of view,
its gene and activity have been found in invertebrates of the genus Branchiostoma, belonging
to cephalochordates [7]. Indeed, aromatase, together with other P450 enzymes involved in
steroidogenesis, have been found in the gonads of the invertebrate Branchiostoma belcheri,
which is considered to be evolutionarily closer to vertebrates than other invertebrates [8,9].
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https: / /www.mdpi.com /journal /ijms

56



Int. J. Mol. Sci. 2021, 22, 631

20f16

The enzyme is present in all vertebrates as the product of expression of a single gene,
with some exceptions represented by pigs and teleosts, where duplication events have pro-
duced three and two isoforms, respectively [10-13]. Furthermore, the protein is expressed
in different tissues in vertebrates, where it plays an essential role in reproductive biology
as estrogens are responsible for ovarian differentiation, development of the reproductive
system, sex differentiation, and reproduction [14]. Moreover, a critical role of estrogens
has also been demonstrated in brain, bone, skin, fat, and cardiovascular tissues [15-20]. In
humans, tissue-specific regulation of aromatase gene expression is allowed by the presence
of eleven promoters and alternative first exons [21]. However, a wide tissue distribution
of the aromatase protein and a complex regulatory region in its gene is already present in
fishes [22].

Vertebrates have been used as models to understand the roles of aromatase and es-
trogens in the different tissues where it is expressed. For example, in birds and mammals,
it has been demonstrated that in the brain, there is a rapid modulation of aromatase
activity through phosphorylation and that estrogens can be considered neurotransmit-
ters [23]. Moreover, estrogens are involved in different processes, such as neurogenesis,
neuroprotection, and cognition [22,24].

In reptiles and amphibians, temperature regulates aromatase expression and is re-
sponsible for temperature-dependent sex determination [25-27]. In some hermaphrodite
fishes, sex changes occur in response to environmental cues related to social interactions,
and aromatase is involved in the remodeling of the gonads during this process [28,29]. Due
to the phenotypic effects as a consequence of androgen/estrogen unbalance, amphibians
and fishes are widely used as model organisms to understand the possible effect of many
compounds that also target human aromatase [30,31], known as endocrine-disrupting
chemicals (EDCs) [32,33].

Among fishes, teleosts represent the only case where two isoforms are present (CYP19A1
and CYP19B1), and they are preferentially expressed in the gonads and brain, respectively.
Interestingly, these isoforms have also been reported to have different catalytic activity
in comparison to the human enzyme [34,35], indicating that functional differences can be
present. Thus, it is interesting to understand the phylogenetic origins of these differences.

In this work, comparative sequence and structural analysis are used to investigate if
and how the substrate-selective nature of aromatase has evolved, both in structural and
functional terms. Its highly substrate-selective nature, calibrated for catalysis on androgens,
makes it an optimal candidate for evolutionary studies, with the aim of (1) understanding
if and how molecular evolution has structurally optimized this enzyme in order to make it
more efficient and (2) determining what the conserved structural scaffold is and which are
the amino acids that are essential for its function. Moreover, by identifying the functional
amino acids that have not changed during evolution and excluding the ones shared with
the other P450s, it is possible to obtain the fingerprint sequences of this enzyme. Structural
analysis also allows us to identify a possible role for these residues and the rational basis
for conservation. The most different aromatase sequences were also subjected to homology
modeling to visualize where evolution has structurally modified the enzyme.

2. Results
2.1. Multiple Sequence Alignment
2.1.1. Structural Conservation

In order to identify the most conserved structural elements in aromatase, 365 se-
quences, ranging from invertebrates to mammals, were used for multiple sequence align-
ment. Out of the 365 sequences aligned, 66 were from mammals, 8 from birds, 12 from
reptiles, 18 from amphibians, 259 from fishes, and 2 from the invertebrates of the genus
Branchiostoma.

For all the analyses performed in this work, the residue numbers refer to the sequence
of human aromatase (CYP19A1, Uniprot ID P11511).
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When the positions of the most conserved regions were analysed in the crystal struc-
ture of the human enzyme, they resulted as part of helix A (65-78), the 3-sheet formed by
strands 31 (83-88) and (2 (93-97), helix E (187-205), part of helix F (221-224), the central
part of helix I (residues 302-318 in human aromatase), helix K (354-366), the K-33 loop
and the B3 strand (368-376), the 36 strand (393-396), and helix L and part of the L-K” loop
(427-448) (Figure 1). Helices C, D, F, and H carry conserved amino acids oriented toward
the core of the protein and nonconserved amino acids exposed to the solvent. Thus, the
conserved structural core in cytochrome P450 is formed by a four-helix bundle formed by
helices D, E, I, and L that is conserved among aromatase sequences; an exception is made
for the residues of helix D, exposed to the solvent (Figure 1) [36]. Helix G is not conserved,
whereas the F-G loop and the first part of helix F, known to be important for opening the
access channel in cytochrome P450, are conserved.

@ (b)

Figure 1. Crystal structure of human aromatase (PDB ID 4KQ8), colored according to the conservation. The violet areas
correspond to the more conserved regions, whereas the dark green ones correspond to the most variable. Heme is shown in
red and the substrate androstenedione in light brown. (a) Overall structure of human aromatase. (b) The core structure of
aromatase, carrying the most conserved regions. The residues important for substrate binding are also shown.

The key cysteine residue coordinating heme iron is obviously conserved in all the
sequences, and it is within a consensus sequence formed by FGFGPRX;CX;GK/R, where
Xy is variable (G, A, S, T, or N) whereas X; is A, V, L, or L. This consensus sequence is
also well-conserved in cytochrome P450 (FXXGX(H/R)XCXG), together with the meander
region, a loop preceding the cysteine residue [36], which is also well-conserved in most
aromatase sequences.

The three Arg residues involved in salt bridges with heme propionyl groups (R115,
R145, and R435 in human aromatase) are also present in all the sequences, together with
Trp141, and are involved in an H-bond with the heme propionyl group.

A highly conserved motif in cytochrome P450 is the EX;X;R motif located in helix K
and involved in salt bridge interactions that are important for its tertiary structure and the
correct incorporation of the heme cofactor [36]. This motif is conserved in all sequences; X1
is a serine residue, whereas X is L or M in most aromatase sequences.

2.1.2. Functional Conservation

The level of conservation of amino acids that are relevant for substrate binding and
catalysis was then verified in the multiple alignments. A highly conserved alcohol-acid
pair is present on helix I in cytochrome P450, and it is part of the proton relay network that
allows the formation of the reactive intermediate (Compound I) in the catalytic cycle. In
aromatase, the alcohol-acid pair is formed by an aspartic acid residue (D309 in human
aromatase) and a threonine residue (T310) that are conserved (exception is made for two
fish sequences), and they are preceded by a proline residue (P308) in all the sequences
analyzed. When compared to other P450s, this proline residue is unique to aromatase,
and it is responsible for the shift of the I-helix axis observed in the crystal structure of
the human enzyme [37]. Such a shift is important as it allows the 3-keto moiety of the
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substrate androstenedione to be accommodated near the fifth turn of the I-helix that is
formed by M303 and A307. These two residues are conserved, with some exceptions. The
methionine is substituted by an isoleucine in five fish sequences, one amphibian sequence,
and one mammal sequence; there is an alanine residue that is a glycine residue in 4.5%
of fish sequences and in two invertebrates. Moreover, the shift of the I-helix allows the
formation of a hydrogen bond between D309 and the 3-keto oxygen of the substrate. Such
an aspartic acid residue has never been changed into a glutamic acid during evolution due
to its important role in substrate binding and catalysis [38]. All these residues (303-310) are
located on helix I, and they are part of one of six substrate recognition sites (SRSs), namely,
SRS-4. The residues involved in androstenedione binding are highly conserved, with some
exceptions represented by few fish sequences (Table 1).

Table 1. Conservation of the residues involved in substrate binding and catalysis in human aromatase. The scores are

normalized so that the average score for all residues is zero and the standard deviation is one. The lowest score represents

the most conserved position in a protein. For reference, the lowest score associated with a fully conserved residue was

—1.103, whereas the highest score obtained for a nonconserved residue in human aromatase was +2.844.

Residue Location Conservation Score Notes

C437 K”-L helix loop —1.09

1305 I-helix —0.936 L/V only in invertebrate Branchiostoma
A306 I-helix —1.002 T in the mammal Capra hircus

D309 I-helix —1.058 Q in CYP19BI of the fish Halichoeres tenuispinis
T310 I-helix —-1.011 TLin the fish Maylandia zebra

F221 F-helix —0.805
W224 F-helix —0.8%

1133 B-C loop —1.038 M in pig aromatase isoform 3

F134 B-C loop —1.073

V370 K-helix—33 loop —1.001

L372 K-helix—33 loop —0.202 Phe in fishes

V373 K-helix—p3 loop 0583 S/ T in most fishezsg: ci‘rl\ d(f:j:}l:wAl of zebrafish
M374 B3 —1.031

L477 B8-p9 loop —1.011

s peker Abamreomen o hanmnli
E483 39-p10 loop —0.761 Conserved in the two isoforms of zebrafish and goldfish

Two other residues are important for aromatase function; they are predicted to be part
of the proton relay network that allows the formation of the reactive Compound I in the
typical P450 catalytic cycle: R192 and E483. These residues form a salt bridge in the same
position as the one found in the crystal structure of the bacterial cytochrome P450cam [39].
The residues R192 and E483 are highly conserved, starting from the sequences of aromatase
from invertebrates. The crystal structure of the bacterial camphor-hydroxylating P450cam
from Pseudomonas putida shows that this salt bridge is broken when the P450cam interacts
with the redox partner that stabilizes the open conformation of the enzyme, exerting an
effector role [39—41]. For human aromatase, the redox partner cytochrome P450 reductase
(CPR) has been shown to promote substrate binding, acting as an effector [42], and the
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presence of the R192-E483 salt bridge in the same structural position as P450cam suggests
that a similar effect can be exerted by its redox partner CPR.

2.1.3. Conservation of the Substrate Recognition Sites (SRSs)

Six regions have been identified to be important for substrate recognition and binding
in P450s: these are the so-called substrate recognition sites (SRSs). They are considered to
be the most variable regions among cytochrome P450 as their variation during evolution is
associated with new substrate selectivity. According to this idea, it is expected that the SRSs
of aromatase, a nonpromiscuous enzyme that is highly selective for androgen substrates,
have been highly conserved during evolution. Thus, the level of conservation of the six
SRSs was checked and is shown in Table S1. As it can be seen, SRS-4 is the most highly
conserved one (69.7% of the amino acids are conserved) as it carries amino acids crucial for
catalysis, whereas SRS-3 has been highly variable during aromatase evolution (15.4% of
conserved amino acids). In the other SRSs, about 40% of the amino acids are conserved.

As mentioned before, some residues in SRSs are shared in all P450s as they are essential
for their catalysis. For example, in SRS-4, the acid—alcohol pair is not unique for aromatase
as it is part of the proton relay network that allows the formation of reactive intermediates.
Thus, in order to identify the residues that are conserved and unique for aromatase in
the SRSs, multiple structural alignments of the 57 human P450s were performed using
the server PROMALS3D. For structural alignment, the server uses the crystal structures
available; their PDB IDs are used as input. When the structures are not available, the input
sequences are aligned after secondary structure prediction, and 3D structure constraints are
assigned based on homolog structures [43]. The multiple alignments obtained were then
evaluated by the ConSurf server to assign a conservation score for each amino acid position.

Table S2 shows the residues belonging to the six SRSs in aromatase and the corre-
sponding conservation score obtained from the alignment of the 363 sequences analyzed.
Moreover, it shows the conservation score for the same positions obtained from the align-
ment with all the other human P450s. This comparison was performed to identify the
residues conserved in the SRSs of all the human enzymes (shown in green in Table 52) and
the ones specific for aromatase (shown in red in Table S2).

In SRS-1, helix C carries a Trp residue (W141 in aromatase) that is an aromatic amino
acid in all P450s, important for heme binding. In many of them, it is followed by a positively
charged residue (present in all CYP2, CYP3, and CYP26 members). R145 is conserved
in most P450s as it is involved in heme binding, and the last two residues are small
hydrophobics in many of them. K150/A151 are conserved and specific for aromatase. The
helix B region is highly variable in human P450s. In aromatase, M127 is conserved as it
delineates the active site cavity, whereas N135 is part of an H-bond network also involving
R435, important for heme binding. The role of N135 is important as it bridges G131 and
N137, keeping the B-C loop in a conformation that allows the highly conserved 1133 and
F134 to be part of the active site and to contact the substrate (Figure 2a).

SRS-2 is highly variable in P450s, and it carries conserved residues in aromatase. They
are located on helix F and on the F-G loop. They are important flexible elements in P450s,
including aromatase [44], as they are involved in the conformational changes that allow
ligand access to the active site [45]. Out of them, Tyr220 forms an important H-bond with
N295 that is part of SRS-4 and, with 1125, defines the substrate access channel (Figure 2b).

In SRS-3, the cluster of three basic residues is not specific for aromatase as it is present
in all CYP4F members, CYP46A1, and, within the same helix (helix G), CYP51. Interestingly,
a glutamic acid is present before the cluster in all CYP4F members. EK is also present
in some CYP26/27 members. Interesting, all these P450 families are involved in steroid,
leukotriene, and retinoic and fatty acid processing [46-50].

SRS-4 and SRS-5 are the most conserved in human P450s. However, there are residues
specific for aromatase, including 1305 and M374, that are involved in substrate binding. In
SRS5, the consensus sequence XEXXR is well conserved.
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(@) (b)

Figure 2. Role of the highly conserved residues in human aromatase (PDB ID 4KQ8). (a) Involvement of the highly
conserved N135 in bridging G131 and N137 via H-bonds (shown in orange), which is important to maintain the B-C loop
(blue) conformation and provide M127 and F134 to the active site of the protein. The H-bond network is shown in black. (b)
Involvement of the highly conserved Y220 in H-bonds that connect N295 and 1125. N295 is part of SRS-4, shown in orange,
Y220 is part of SRS-2, shown in yellow, and SRS-3 is shown in magenta.

SRS-6 carries two His residues that are conserved in aromatase sequences that are part
of a B-hairpin, whereas the other residues are not conserved.

2.1.4. Consensus Sequence for Post-Translational Modifications

Post-translational modifications on human aromatase have been reported to alter its
activity [51-54].

The region between amino acids 262 and 268 is a consensus sequence for different
kinases such as PKA (R-X;.5-S/T-X) and PKG ((R/K),_3-X-S/T-X). In human aromatase,
the sequence is KRRRIST, where a cluster of four basic residues gives a positively charged
patch on the surface that can attract opposite charges. However, only K and the first R
are highly conserved, whereas the S and T residues are not conserved in fishes and the
two invertebrate sequences (Figure 3). This means that the consensus sequence for PKA is
present starting from amphibians. On the other hand, the consensus for PKG that includes
two or three basic residues is present in only 15% of mammal aromatase sequences.

The other residue reported to be phosphorylated is S118, which is very well conserved,
together with an arginine residue presenting two amino acids before (R116). The only
exceptions are represented by six aromatase sequences from fishes and the two from
invertebrates where serine is substituted by N or D (Figure 3). Thus, this consensus
sequence for PKA is present starting from vertebrates.

The other important residue known to be phosphorylated is Y361. This residue is
present in most mammal sequences (83%) and appears in amphibians, where it is present
in 75% of the sequences. In mammals, where it is not present, it is substituted by N, as
in most fishes, where a tyrosine residue is found only in 2.8% of the sequences analyzed

(Figure 3).

2.1.5. Interaction with the Redox Partner

The interaction of P450s with their redox partner is crucial for their function and
catalytic efficiency. The docking site of cytochrome P450 reductase (CPR) and the P450
enzyme is the proximal side, and it is mainly triggered by electrostatic interactions between
the positively charged surface of P450s and the negatively charged surface of CPR [55-57].
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For aromatase, many basic residues have been identified and suggested to be involved in
the interaction with CPR by site-directed mutagenesis experiments [58] and computational
studies [59-61]. The conservation of these residues was checked in the multiple alignments,
and the results are shown in Table 2. The conservation score is included for each position,
together with the result of the visual analysis that allows us to identify the sequences where
the amino acids are not conserved.

Marmal Homo sapiens/1-503 =
Marmal Propithecus coquereli/1-503 -
Marmal Neomonachus schauinslandi/1-503 -
Mammal Loxodonta africana/1-503 -
Mammal Marmota monax/1-503 -
Mammal Otolemur garnettiif1-502 <
Manmal Lynx canadensis/1-503 -
Mammal Rattus norvegicus /1-502 -
Mammal Sus scrofa/1-518 -
Reptile Terrapene carolina triunguis/1-502 -
Bird Opisthocomus hoazin/1-499 -
Bird_Taeniopygia_guttata /1-498 -
Bird Dryobates pubescens/1-498 -
Reptile Alligator sinensis/1-496 -
Bird Struthio camelus australis/1-497 -
Mammal Fukomys damarensis/1-468 -
Bird Tyto alba/1-497 =
Bird Meleagris gallopavo/1-498 -
Bird Tinamus guttatus/1-497 -
Mammal Camelus ferus/1-439 -
Reptile Pelodiscus sinensis/1-499 -
Bird Egretta garzetta/1-491 -
Reptile Eublepharis macularius/1-497 -
Reptile Gopherus agassizii /1-496 -
Marmal Ornithorhynchus anatinus/1-468 =
Amphibian Cynops pyrrhogaster/1-497 -
Amphibian Xenopus tropicalis/1-496 -
Aophibian Andrias davidianus/1-498 -
Amphibian Xenopus laevis/1-495 -
Aaphibian Pleurodeles waltl/1-497 -
Aaphibian Rhinella marina/1-499 -
Reptile Pseudonaja textilis/1-456 -
Marmmal Capra hircus/1-480 -
Amphibian Glandirana rugosa/l-493 -
Fish Squalus acanthias/1-499 -
Mammal Pteropus alecto/1-402 -
Fish Callorhinchus milii/1-484 -
Fish Hypanus sabinus/1-497 =
FPish Acipenser baerii/1-493 -
Fish Lepisosteus oculatus/1-495 -
Reptile Anolis carolinensis/1-399 -
Fish Protopterus annectens /1-485 -
Fish Salmo trutta/1-488 -
Fish Salmo trutta/1-493 -
Fish Acanthogobius hasta/1-468 -
Fish Gadus morhua/1-477 =
Pish Thalassoma bifasciatum/1-475 -
Fish Gasterosteus aculeatus/1-d86 w
Fish Cynoglossus semilaevis/1-487 -
Fish Fundulus heteroclitus/1-481 -
Pish Salarias fasciatus/1-490 -
Fish Verasper moseri/1-483 -
Fish Periophthalmus magnuspinnatus/1-454 -
Fish Fundulus heteroclitus/1-485 =
Fish Clarias fuscus/1-469 -
Pish Sphaeramia orbicularis/1-500 -
Fish Gobiodon histrio/1-495 -
Fish Ictalurus punctatus/1-472 -
Fish Astatotilapia calliptera/1-395 -
Fish Rachycentron canadum/1-309 -
Fish Sinocyclocheilus grahami /1-329 -

B

Invertebrate Branchiostoma belcheri/1-475 - G
Invertebrate Branchiostoma_floridae /1-477 - --a D B iSi
conservation I L .‘
= 141+ 34

Figure 3. Multiple sequence alignments showing only representative aromatase sequences from the different classes of
vertebrates and the two invertebrates. The three regions shown are the ones carrying the phosphorylation sites: S118 is
indicated by the black arrow, and R116, which forms the consensus for PKA, is indicated by the red arrow. S267 is indicated
by the blue arrow, and the cluster KRRIST, present on human aromatase, is shown in the blue box. Y361 is indicated by the
orange arrow.
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Table 2. Conservation of the residues involved in the interaction with the redox partner in human aromatase. The scores are
normalized, so that the average score for all residues is zero and the standard deviation is one. The lowest score represents
the most conserved position in a protein. For reference, the lowest score associated with a fully conserved residue was
—1.103, whereas the highest score obtained for a nonconserved residue in human aromatase was +2.844.

Residue Conservation Score Notes
R in most fishes and Branchiostoma
K99 0.287 floridae, not conserved in 1 amphibian, 1 reptile, in 15% of fishes and
Branchiostoma belcheri (S)
K108 —0.024 Always substituted by R
R145 -0972 Well conserved
K352 1.293 Conserved only in mammals
K389 0767 Not conserved in invertebrates (P) and 70% of fishes (including
’ only isoform CYP19A1 in zebrafish)
K390 —0.231 KorR
Not conserved in two mammals, 20% of fishes (including CYP19B1
K420 0472 ) 3
of zebrafish) and E in invertebrates
R425 0881 Well conserved with some exceptions in fishes and the
invertebrates (T)
K440 —0.897 R in invertebrates
S153 -0.533 T in invertebrates and most fishes
Q351 0.799 Conserved in 90% of mammals
Y424 0.308 Conserved in mammals
yaa1 _0553 Conserved in mammals and amphibians, H in 97% of fishes and T

in invertebrates

Out of the nine basic residues that form the positively charged proximal site (Figure S1),
six are conserved as their mutation, when present, is conservative. The other three residues
appear during evolution at different times, as K352 is conserved in mammals and K389 and
K420 are well-conserved starting from amphibians. Concerning the four residues predicted
to form hydrogen bonds with CPR, two of them are conserved, and, interestingly, Q351
and Y424 are conserved only in mammals.

These data indicate that a patch of basic amino acids had already appeared in inver-
tebrates, and it has been highly conserved during evolution. However, other residues
were introduced later; these comprise the amino acids that reinforce the positively charged
proximal site as well as two residues that protrude from the proximal site of the enzyme
(Figure S1) to form H-bonds with the redox partner. These data suggest that the interaction
with the redox partner has been one of the driving forces for evolution in aromatase.

2.2. Homology Modeling of Evolutionarily Old Aromatase

Based on the sequence alignment, homology modeling was applied to two aromatase
sequences as it was found that they carry significant insertions, in addition to mutations, in
key positions.

The invertebrate aromatase sequence from Branchiostoma floridae was selected as it
shows an amino acid insertion, 40% of identity, and 60% of homology with the human one.
Thus, a homology model was built to study where the main differences between the two
aromatase enzymes are located.

A six-amino-acid insertion is present in the invertebrate sequence compared to all
the other sequences analyzed (between M276 and D277 in human aromatase), and the
model shows that such an insertion elongates the loop connecting helices H” and the H
loop (Figure 4). Moreover, the analysis of the location of the substitutions shows that they
are all on the protein surface and on structural elements such as helix G, which are the least
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conserved ones in aromatase. There are no mutations in the core structure of the protein
and the active site, indicating that the main structural scaffold of aromatase was already
present in this old protein. Moreover, many mutations are located in the SRSs, indicating
that these areas have evolved in vertebrates.

(b)

(d)

Figure 4. Homology models of evolutionarily old aromatase. (a) Homology model for aromatase from the invertebrate
Branchiostoma floridae (green) superimposed onto the crystal structure of human aromatase (blue). The nonconserved
regions are shown in orange, and the grey shadow shows the location of the insertion. (b) Zoomed-in view of the active
site showing the conserved (green) and nonconserved residues (dark green) involved in substrate binding and catalysis.
(c) Homology model for aromatase from the pufferfish Takifugu rubripes (magenta) superimposed to the crystal structure of
human aromatase (blue). The grey shadow shows the location of the long insertion (violet). (d) Zoomed-in view of the
active site showing the conserved (magenta) and nonconserved residues (dark purple) involved in substrate binding and
catalysis. Heme is shown in red and the substrate androstenedione in light brown.

The multiple sequence alignment also shows the presence of some important muta-
tions together with a long insertion in aromatase from some fish species, including the
one from pufferfish Takifugu rubripes. In this case, the fish sequence shares 52% of identity
and 70% of homology with the human one. A homology model was built in order to
predict the possible effect of the substitutions found in the active site. Figure 4 shows the
model carrying a long insertion between N421 and V422, which corresponds to the loop
connecting helix K” and helix L.

Since this long insertion is modeled as a long loop, secondary structure prediction
tools were used to verify a possible elongation of the K” helix. However, both PsiPred
and [-Tasser servers did not predict any secondary structure formation for the amino acids
present in that loop. Such a result justifies the absence of such a long and not-necessary
loop in the other aromatase sequences.
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Concerning the active site, while the substitution of L372 with a phenylalanine does
not seem to affect the polarity and dimensions of the catalytic pocket, the substitution of
V373 with the polar threonine residue, which in some species is a serine, can be predicted
to affect the polarity of the active site (Figure 4). As the substrate carries at least two
keto- (as in androstenedione) groups or one keto- group and one hydroxyl group (as in
testosterone), the presence of a serine/threonine residue can be predicted to possibly affect
the orientation and positioning of the substrate in the active site of the enzyme. Indeed, the
Thr /Ser residue could form a hydrogen bond with the substrate. Thus, this substitution
seems to be important to properly orient the substrate in the active site for efficient catalysis.

3. Discussion

Aromatase is a unique enzyme carrying out a three-step reaction on the androgen sub-
strate, with the third step leading to the aromatization of the A-ring of the steroid molecule.
This intriguing reaction has been the subject of many studies aimed at understanding
the mechanism of the third aromatization step [62,63]. Moreover, the crystal structure
of the human enzyme has indicated the amino acids within the protein matrix involved
in substrate binding and catalysis, and their role has been confirmed by site-directed
mutagenesis [64,65].

In this work, sequence and structural alignments were performed with aromatase
sequences available on databases. Unfortunately, the number of sequences for the different
classes of vertebrates is very different as most of the sequences are available from fishes
and mammals and, therefore, a bias is introduced in the conservation score. However, we
performed a qualitative analysis in order to see the effect of mutations in key positions
using the conservation score as an indicator for the level of conservation.

The multiple alignment shows that the enzyme structural scaffold and the key func-
tional residues have been highly conserved during evolution, with only few exceptions in
the aromatase sequences from fishes and invertebrates. Thus, the structural core elements
of the protein carrying the residues involved in substrate binding are evolutionarily old
and this is reasonable as they guarantee the specific function that aromatase has in species
conservation. On the other hand, while some SRSs have also been well-conserved during
evolution, SRS-3 has shown the lowest level of conservation (15% of the residues are highly
conserved). SRS-3 is located on helix G, a flexible element, which, together with helix F
and the F-G loop, is known to be involved in the opening and closure of the access channel
for the substrate. Interestingly, helix F and the F-G loop are much more conserved as they
belong to SRS-2, which shows 40% of the residues to be highly conserved. Out of the
conserved residues, we could identify the ones unique to aromatase, thanks to a structural
alignment with the other human P450 enzymes. The data show that some conserved and
unique amino acids, such as N135 and Y220, are involved in H-bond networks and have a
structural role that supports the positioning of the residues involved in substrate binding
in the active site.

A lower level of conservation is found in some of the amino acids that form the posi-
tively charged proximal side and in some other residues that are involved in the interaction
with the redox partner through the formation of H-bonds. This finding is very interesting
as CPR is shared between many P450 enzymes within the same organism. Moreover, we
have recently demonstrated that human CPR has an effector role as it facilitates substrate
binding by stabilizing the aromatase open conformation, which is optimal for substrate
access to the active site [42]. Thus, the data suggest that one of the driving forces for evo-
lution has been the optimization of the interface between aromatase and CPR in order to
make aromatase more competitive for the same shared redox partner. Such an optimization
involves the introduction of positively charged residues as well as amino acids that form
H-bonds and facilitate CPR binding, which, in turn, promotes catalysis.

The other interesting finding is the poor conservation of some residues known to be
involved in post-translational modifications. Phosphorylation is a rapid way to modulate
enzyme activity compared to regulation at the gene level. Aromatase activity is affected
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by phosphorylation, and some of the residues that can undergo this post-translational
modification have been identified [51-54]. Phosphorylation of 5118 has been reported
to decrease aromatase activity in human cell lines [54]. The residue S118 is highly con-
served in aromatase sequences from vertebrates, together with R115, which forms the
consensus sequence for PKA. This consensus is missing in invertebrates and in few fish
sequences (3%).

Another consensus sequence for PKA, as well as for PKG, involves 5267 and/or
Thr268. These residues are not present in fishes, whereas the consensus sequence for PKA
is present in amphibians. On the other hand, the consensus for PKG, which includes two
or three basic residues, has appeared late during evolution as it is present in only 15% of
the mammal aromatase sequences. Interestingly, this consensus sequence includes R264 in
human aromatase that is mutated into a Cys or His in some polymorphisms that are also
reported to alter aromatase activity when used in combination with polymorphic variants
of CPR [66]. Moreover, they have been associated with an increased risk for estrogen-
dependent pathologies such as breast cancer and polycystic ovary syndrome [67-70].

The other residue known to be phosphorylated is Y361, which appears in amphibians
but is not fully conserved even within mammals. Aromatase phosphorylation in this po-
sition has been associated with tumor progression in breast cancer cell lines [52]. Indeed,
short exposure to estradiol was found to increase aromatase activity through phosphoryla-
tion of a tyrosine residue (Y361) by c-Src kinase in estrogen-dependent MCF-7 breast cancer
epithelial cells. The authors hypothesized the presence of a positive nongenomic autocrine
loop between estradiol and aromatase in MCF-7 breast cancer cells [52]. Moreover, it was
also demonstrated that estradiol impairs the ability of the tyrosine phosphatase PTP1B to
dephosphorylate aromatase, resulting in increased aromatase activity and estrogen produc-
tion [71]. The multiple sequence alignment shows that the tyrosine residue in position 361,
located on helix K, which is one of the most conserved structural elements in aromatase,
appears in few fish species, but it is poorly conserved even among mammals, where it is
substituted by an asparagine residue, as in most fishes.

Taken together, the results of the conservation of the phosphorylation sites show that
evolution has introduced and is still introducing amino acids in key surface positions
that can be phosphorylated and consensus sequences in order to modulate aromatase
activity. Thus, the need for quickly and locally altering the estrogen concentration in
cells seems to be the other driving force for the evolution of this enzyme. This finding is
supported by the fact that a rapid regulation of aromatase activity is known to occur in
neurons [72,73] and teleost fishes express aromatase only in glial cells, indicating that the
ability to synthesize estrogens in neurons has been acquired during evolution [74,75]. In
the brain, the acquisition of phosphorylable sites may be explained by the need to modulate
estrogen production in higher vertebrate neurons, where rapid changes in estrogen levels,
as a consequence of aromatase phosphorylation, have been associated with important
physiological and behavioral responses [73].

It is interesting to note that if, on the one hand, the introduction of phosphorylation
sites can be evolutionarily beneficial, as in the case of brain aromatase, on the other hand,
phosphorylation of residues that increases aromatase activity can strengthen the negative
effects of estrogens, as in the case of breast cancer.

In conclusion, this study on aromatase shows that molecular evolution has worked
to maintain a high selectivity for a substrate-specific human cytochrome P450 such as
aromatase. However, based on the mutations introduced in key sites, it has been observed
that evolution has introduced residues that optimize the interaction with the redox part-
ner and phosphorylation sites that give the possibility of rapidly modulating its activity
through phosphorylation. It will be interesting to extend the study to other P450s that
are highly substrate-selective to understand how molecular evolution has worked for this
group of P450s.
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4. Materials and Methods
4.1. Multiple Sequence and Structural Alignments

A total of 365 aromatase sequences from vertebrates and the one available from the
cephalochordate Branchiostoma were retrieved from the Uniprot database [76] using the
ConfSurf server [77] in two different searches. The first one included up to 500 sequences
closest to the human aromatase sequence, with at least 40% of identity from the reference
database “Clean Uniprot”. The second search was performed by searching for up to 500
sequences that sample the list of homologs to the query that was the sequence of human
aromatase. In this case, the minimal percentage of identity was 40%. The sequence was
extrapolated from the crystal structure (PDB ID 3579) so that the server could automatically
calculate evolutionary conservation scores and map them on the aromatase structure [78].
These parameters were chosen on the basis that they allowed the retrieval of only aromatase
sequences that were manually verified.

Out of the 365 sequences aligned, 66 were from mammals, 8 from birds, 12 from
reptiles, 18 from amphibians, 259 from fishes, and 2 from the invertebrates of the genus
Branchiostoma.

The sequences were aligned through the HMMER algorithm [79] and visualized and
analyzed with Jalview software [80]. Position-specific conservation scores were computed
using the empirical Bayesian algorithm [81]. The scores were normalized so that the average
score for all residues was zero and the standard deviation was one. In aromatase, the lowest
score associated with a fully conserved residue was —1.103 (N135), whereas the highest
score obtained for a nonconserved residue was +2.844 (E181). The amino acid conservation
output, together with the structural conservation from ConSurf server, was checked by
visual inspection. Visual inspection is always needed to check correct alignment.

The substrate recognition sites (SRSs) in human aromatase were identified from a
structural alignment with the crystal structure of CYP2C8 (PDB ID 2NNJ) [82] performed
using the software UCSF Chimera [83]. Indeed, the SRSs were annotated [84] based on the
CYP2C family [85].

Structural alignments between aromatase and all the other human P450s were per-
formed using PROMALD3D, a multiple-structure-based alignment refined in combination
with sequence constraints [43]. The alignment took into account the crystal structures
available and the prediction of secondary structure elements for the unknown structures.
Once structurally aligned, the conservation score was assigned using the ConSurf server.

The structural analysis of the conserved amino acids was performed using UCSF
Chimera software that was also used for figure preparation [83].

4.2. Homology Modeling

Homology models were built using the software Modeller 9.25 [86], I-tasser [87],
and the crystal structure of human aromatase (PDB ID 3579, 3EQM) as a template. The
best model was selected according to the Z-DOPE score, with energy minimized using
Amberff14SB forcefield [88] and subjected to validation using Molprobity [89], ProSA [90],
and QMEAN [91].

The homology model of aromatase from Branchiostoma floridae was obtained from
Modeller with a Z-DOPE score of —1.0. The validation from the ProSA server showed
a Z-score of —9.44 that is within the values of known 3D structures of similar length.
The QMEN4 value was —2.89, and the Ramachandran plot showed that 94% were in the
favored regions.

The homology model of pufferfish was first obtained from Modeller (Z-DOPE score
—1.23). The long insertion was modeled as a long loop, as expected. Thus, a secondary
structure prediction was carried out using the PSIPred server [92] and I-Tasser [87]. The
validation from the ProSA server showed a Z-score of —7.86, which is within the values
of known 3D structures of similar length, whereas the QMEAN4 value was —3.05. The
Ramachandran plot showed that 94.57% of the residues were in the favored regions.
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Abstract

Human aromatase is a member of the cytochrome P450 superfamily, involved in steroid hormones biosynthesis. In
particular, it converts androgen into estrogens being therefore responsible for the correct sex steroids balance. Due
to its capacity in producing estrogens it has also been considered as a promising target for breast cancer therapy.
Two single-nucleotide polymorphisms (R264C and R264H) have been shown to alter aromatase activity and they
have been associated to an increased or decreased risk for estrogen-dependent pathologies. Here, the effect of
these mutations on the protein dynamics is investigated by UV/FTIR and time resolved fluorescence spectroscopy.
H/D exchange rates were measured by FTIR for the three proteins in the ligand-free, substrate- and inhibitor-bound
forms and the data indicate that the wild-type enzyme undergoes a conformational change leading to a more
compact tertiary structure upon substrate or inhibitor binding. Indeed, the H/D exchange rates are decreased when
a ligand is present. In the variants, the exchange rates in the ligand-free and —bound forms are similar, indicating
that a structural change is lacking, despite the single amino acid substitution is located in the peripheral shell of the
protein molecule. Moreover, the fluorescence lifetimes data show that the quenching effect on tryptophan-224
observed upon ligand binding in the wild-type, is absent in both variants. Since this residue is located in the
catalytic pocket, these findings suggest that substrate entrance and/or retention in the active site is partially
compromised in both mutants. A contact network analysis demonstrates that the protein structure is organized in
two main clusters, whose connectivity is altered by ligand binding, especially in correspondence of helix-G, where
the amino acid substitutions occur. Our findings demonstrate that SNPs resulting in mutations on aromatase
surface modify the protein flexibility that is required for substrate binding and catalysis. The cluster analysis provides
a rationale for such effect, suggesting helix G as a possible target for aromatase inhibition.
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Background

Structural flexibility is a crucial property of proteins,
since it allows the molecular rearrangements required
for most of their biological functions. Such rearrange-
ments include large conformational changes (ie. those
characterizing cargo and contractile proteins), long dis-
tance displacements (for instance, those occurring in
some integral membrane receptors), or even smaller,
local conformational changes (as those required for the
action of most enzymes). Flexibility allows substrates
binding, products release and it is needed to confer allo-
steric properties to enzymes that control and regulate
metabolic pathways and cells growth. Cytochromes P450
are a very good example of such enzymes as they are
heme-containing monooxygenases involved in key meta-
bolic pathways and xenobiotic detoxification. Moreover,
they are known to undergo conformational changes to
allow substrate access, catalysis and product release [1].
In particular, structural data demonstrate that some ele-
ments such as the F- and G- helices and the loop con-
necting them (F-G loop) are highly flexible and can open
and close channels connecting the surface of the protein
to the active site [2, 3].

Human cytochromes P450 are highly polymorphic and
some single nucleotide polymorphisms (SNPs) are
known to affect the enzyme activity by decreasing the
catalytic efficiency. Although the effect of many SNPs
can be rationalized by the location of the mutations in
the protein structure, for others it is very difficult to pre-
dict. This is the case of two SNPs present in human aro-
matase, a cytochrome P450 with a key role in
steroidogenesis as it catalyzes the conversion of andro-
gens into estrogens [4]. The correct activity of this pro-
tein is crucial, because alterations in the equilibrium
between androgens and estrogens, hypo- or hyper-
production of estrogens are associated to a series of dis-
orders that range from neurological diseases to breast
cancer [5]. We have previously characterized the com-
mon R264C (rs700519) and the rarer R264H
(rs2304462) polymorphic variants showing that the ac-
tivity of these variants is modified by an alteration of the
kinetic parameters [6, 7] and by a different phosphoryl-
ation propensity, as R264 is part of a consensus se-
quence for phosphorylation [6]. However, this residue
lies on the protein surface, being part of the G-helix and
it is therefore difficult to understand how its mutation
can impact the catalytic parameters only based on the
location.

We previously demonstrated that aromatase requires
dynamic flexibility to bind and process its substrates [8].
In this paper we have used a combination of experimen-
tal techniques (namely infrared and fluorescence spec-
troscopy) to evaluate the impact that a single point
mutation (R264C or R264H) on the external surface of
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human aromatase has on its tridimensional structure
and on its biological function. In parallel to such experi-
mental approach, a contact network analysis of the pro-
tein structure has been also performed. In the last
decade the application of this computational method-
ology to proteins has allowed to look at these complex
molecules from a new perspective, since such kind of al-
gorithms use a few descriptors to characterize the spatial
inter-connections among amino acids. In this way, clus-
ters of residues are localized within the protein tridi-
mensional structure and long-range interactions,
cooperative effects and segmental mobility can be pre-
dicted. The applications of this methodology span from
protein-protein interaction [9, 10] to allosteric regulation
of enzymes [11, 12], allowing, in very recent researches,
to speculate on possible binding sites for drugs against
degenerative diseases [13] or viruses [14]. We demon-
strate that the combination of this approach with experi-
mental data might suggest a molecular explanation to
the loss of biological activity observed in R264C and
R264H variants.

Results

H/D exchange followed by FTIR

Fourier transform infrared spectroscopy (FTIR) was ap-
plied to determine the kinetics of H/D exchange in Re-
combinant human aromatase (Aro) and its polymorphic
variants, to detect possible differences in the kinetics of
deuteration arising from protein conformational changes
induced by ligand binding. Figure 1 shows the FTIR
spectra recorded at the beginning and at the end of a
typical H/D exchange kinetic experiment, in the case of
substrate-free Aro.

The band between 1670 cm™ ' and 1620 cm™ ' has been
assigned to the amide I, whereas the band between 1470
cm™' and 1420 cm™ ' has been attributed to the amide
II. The H/D exchange was thus followed as the increase
of the absorbance of the amide II band at 1460 cm™"
(Fig. 1, inset), in a time range of 160 min.

The time dependence of the fraction of protons ex-
changed shows a dramatic increase in the first ten mi-
nutes, while a much slower kinetics takes place in the
next 2-3 h (Fig. 2). The data are, in fact, best fitted to a
double exponential curve (cfr. Methods), which yields
two distinct rate values (Table 1). The Aro wt sample is
characterized by the faster initial transition (k;=~ 0.4
m™ '), a process that is considerably slowed down by lig-
and binding (Fig. 1, panel A), the k; value being reduced
to one half both in the presence of the substrate and the
inhibitor molecules (Table 1). No significant differences
are instead observed in the long-term component (ks),
indicating that the slower part of the kinetic is independ-
ent of the binding process. In the H/D exchange kinet-
ics, unlike Aro wt, the presence of the substrate
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androstenedione and the inhibitor anastrozole on poly-
morphic variants is less relevant (Fig. 2b, c). In particu-
lar, the raw data are characterized by a slower increase
in the initial part of the process (t=0-20min, Fig. 2),
whose fit yields a lower rate constant (k;~0.2 min" L
Table 1), with respect to that of the wt protein. Again,
the introduction of androstenedione or anastrozole in
both mutants does not affect the second step of the kin-
etics (Fig. 2b, ¢) and, in fact, no significant changes are
observed in the second rate constant value (k;~0.016
min~ !, Table 1).

The presence of a complex kinetics (Table 1) indicates
a heterogeneity in the protons populations. Indeed, a bi-
phasic behaviour of the H/D exchange process in pro-
teins is generally explained in terms of two groups of
peptide hydrogens, one more accessible to the solvent
molecules (and thus subject to a higher exchanging rate)
and a second one located in more buried protein seg-
ments, less accessible to water [15-18]. Since the H/D
exchange process at the protein surface would be too
fast to be detected, the two rate constants must be
assigned to partially exposed (k) or buried (k) residues
protons. In such a context, a relevant meaning may be
attributed to the pre-exponential factors m; of the re-
spective fits, as they represent the initial fractions (i.e. at
time = 0) of each protons population. As shown in Table
1, the m; value of the wt protein is the highest (= 0.60)
in the absence of any ligand, and the lowest (= 0.20)
when one of the ligands is present, thus indicating that a
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large change, Am, =~ - 65%, occurs in the population of
the partially exposed protons upon binding.

On the contrary, the decrease observed in the case of
the two mutants results to be smaller (Am; =~ — 40% for
R264H and Am, = - 23% in the case of R264C), suggest-
ing less pronounced structural effects induced by ligand
binding.

Intrinsic fluorescence dynamics
Ligand-induced changes in the intrinsic fluorescence of
aromatase have been characterized through the phase-
shift and demodulation technique and the results of data
analysis are shown in Fig. 3. As previously observed [8],
the protein emission decay is quite heterogeneous, being
characterized by four distinct lifetime components, ran-
ging from tenths of nanoseconds to 6-9 ns. Such a com-
plexity is due to the presence of five tryptophan
residues, located in different environments of the protein
scaffolding. The main feature of the wt sample in the
presence of either substrate or inhibitor is a large de-
crease of the fractional contribution at ~ 5ns (Fig. 3a).
Such a considerable quenching effect has been attributed
by previous fluorescence measurements to the inter-
action between the substrate and a specific tryptophan
residue, namely W224, which is buried in the core of the
protein matrix [8].

As shown in Fig. 3b and ¢, no changes were instead
detected in the fractional contribution at 5ns of both
R264H and R264C upon ligands addition, indicating that
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parameters are reported in Table 1
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Table 1 Results of the double exponential fits performed on
the data reported in Fig. 2

sample m,” ky(m™") ka(m™7)
(min) (min™") (min™")
Aro wt 061 + 003 040 + 0.04 0014 + 0.002
Aro wt+sub 0.20 + 005 0.18 £ 0.05 0012 + 0.001
Aro wt+inib 0.19 +£ 003 023 £ 0.06 0012 + 0.001
R264H 0.59 + 003 0.22 + 005 0017 + 0.001
R264H + sub 039 +£ 003 0.19 £ 003 0017 + 0.002
R264H + inib 0.32 + 002 0.23 £ 0.04 0015 + 0.001
R264C 052 +£ 003 0.23 £ 0.05 0017 + 0.002
R264C+ sub 0.38 + 003 0.20 + 0.02 0020 + 0.001
R264C +inib 040 + 003 025+ 0.04 0013 + 0.002
Omy=1-m,

in the mutants the binding of either substrate or inhibi-
tor molecules does not produce significant effect in the
environment of W224, suggesting a different local con-
formation with respect to that of the wt cavity.

This hypothesis has been further tested by studying
the protein rotational dynamics. The presence of the
long lifetime component, in fact, allows to perform an-
isotropy measurements using the aromatase intrinsic
fluorescence. The corresponding phase shift and de-
modulation data are reported in Fig. 4, for Aro wt and
R264C or R264H mutants. The results demonstrate that
both mutated forms display slower rotational dynamics,
with respect to the wt protein, the data being shifted to-
ward a lower frequency range.

In fact, the phase and demodulation curves of each
aromatase type crosses each other at = 150, 63, and 93
MHz, respectively in the case wt, R264H and R264C, in-
dicating that R264H is the form characterized by the
slowest dynamics. Non-linear fitting of the phase shift
and demodulation points reported in Fig. 4 yielded the
results illustrated in Fig. 5. Each data set required two
rotational correlation times, ¢, and ¢». The first one,
1, ranges from 21 ns (wt) to 33ns (R264H) and it is
compatible with the rotational motion of whole protein,
as shown in the cartoon sketched in the left side of Fig.
5. Indeed, the predicted turning on a principal axis of a
spherical hydrated molecule with the same size of aro-
matase (= 58,000) would be ¢gpn =24 ns [19]. Longer
¢yvalues, such those characterizing R264C and R264H,
suggest a more swelled tridimensional form, since an ex-
panded tertiary structure would produce a slower
motion.

In the case of the wt sample, the entrance of the sub-
strate (or inhibitor) in the protein binding cavity pro-
duced a considerable decrease in the ¢;value (= —23%,
Fig. 5), thus implying a faster rotational dynamics. This
trend was also observed in the mutated forms but with
two important differences: i) the extent of the relative
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64H (panel b) and R264C (panel ¢) in the absence (dashed bars) and in

change in ¢, is less pronounced (= - 11% and - 15%, re-
spectively); ii) in both samples, the ¢; value remains
above 23 ns, independently of the ligand (substrate or in-
hibitor) used (Fig. 5).

The second rotational lifetime,,,is much shorter be-
ing on the order of ~ 400-500 ps, in the case of wt and
R264C aromatase and =~ 800 ps, as regards R264H (Fig.
5). Such values reflect a faster dynamics (with respect to
1), that can be ascribed to the average local motions of
tryptophan(s) environment. The presence of the ligands
in the binding pocket slows down such movements in

molecule being the most efficient, since ¢,isalmost dou-
bled in the holo-form (Fig. 5). On the contrary, the
addition of the substrate or the inhibitor does not pro-
duce significant changes in the local dynamics of R264H,
as shown by the similarity of ¢, the values.

ANS binding

8-Anilino-1-naphthalenesulfonic acid (ANS) is a hydro-
phobic probe, which increases its fluorescence intensity
upon binding to surface cavities and pockets of proteins
[20]. For such reason, it is particularly suitable to study

the case of the wt and the R264C samples, the substrate the conformational changes that modify the
s N
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Fig. 4 Phase shift (black symbols) and demodulation data (purple symbols) of wt-Aro (circles), R264H (squares) and R264C (triangles). The solid
lines comespond to the best fit obtained using two rotational correlation times
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21+2
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R264H
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Fig. 5 Long (¢,) and short (¢p,) fluorescence correlation lifetimes of apo-wt and apo-mutants (blue) aromatase. The values of @, and @, upon the
addition of substrate or inhibitor are reported in green and red, respectively. In the cartoons, a ribbon model of aromatase is reported in which
the positions of R264 and of the five tryptophans are highlighted in green and pink VDW spheres

compactness of a protein tridimensional structure, such
as those produced by temperature [21], pH [22], pres-
sure [23] and substrate binding [24]. In order to
characterize to what extent the presence of substrate (or
inhibitor) in the active site of aromatase alter the rough-
ness and accessibility of the protein surface, we added
increasing amounts of ANS to the ligand-containing
samples and compared the respective titration curves
and fit in Fig. 6. As shown also by the respective dissoci-
ation constants (reported in Table 2), the wt protein dis-
plays a lower affinity for ANS, its K4 value being 3 times
larger than that obtained in the case of R264H and 2
times with respect to R264C (Table 2). Interestingly, in
all samples the ANS binding process does not depend
on the ligand used, giving the same results for the sub-
strate and the inhibitor (Fig. 6 and Table 2).

Contact network analysis

A topological characterization of the aromatase structure
has been attempted using the available crystallographic
model of substrate-containing aromatase (PDB code
4kq8), and an in silico version of the ligand-free protein,
obtained through a molecular dynamics simulation [25].
A contact network approach consists of a coarse-
graining algorithm that reduces the amino acids of a
protein into “nodes” of a tridimensional grid, identifying
the position of each residue with that of its a-carbon.

Each couple of amino acids distance is than evaluated
and an (N x N) matrix built, consisting in “1” and “0” el-
ements, corresponding to interacting or non-interacting
elements of the network (according to a discriminating
distance, fixed a priori). Eventually, “modules” are identi-
fied within the protein structure, thanks to a clustering
procedure that groups nodes on the basis of the number
of their mutual interactions. In the case of aromatase,
such analysis allowed the identification of two distinct
regions of the protein, as shown in Fig. 7 left panel,
where each module of the crystal structure has been
highlighted with a different color, red and green,
respectively.

The clustering application does not result into an evi-
dent domain partition (such as regions with a prepon-
derant kind of secondary structure or areas
characterized by specific biological activity), nor the two
clusters part in two distinct sections of the sequence.
The spatial distribution of each one of the two clusters
is uniform and the border may be approximated by a
plane perpendicular to the heme group. As shown in
Fig. 7 rigth panel, such an abstract plane is placed just
below the channel used by the substrate to reach the
catalytic site [26] indicating that the boundary between
the two clusters is a critical region for the protein bio-
logical function. This feature can be more quantitatively
described  evaluating the so-called “participation
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Fig. 6 ANS-binding curves of wt-Aro (circles) and mutants R264H (squares) or R264C (triangles) in the presence of saturating concentration of
substrate (green) or inhibitor (red). The concentration of all the proteins is 64 puM. The solid lines correspond to the best fit obtained for each
sample by a chi-squared minimization procedure (see materials and methods)
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coefficient”, P, a parameter that reflects the tendency of
each node contained in one cluster to establish connec-
tions with nodes belonging to the other group [11]. Such
connectivity index ranges from 0 to 1 (Fig. 8a) and the
average protein value, <P>, calculated on the whole se-
quence, results to be <P > = 0.076 (Fig. 8b). Much higher
P values characterize, instead, the residues lying at the
clusters border, including those that form the central
section of helix G (dashed rectangle, Fig. 8b). The par-
ticipation coefficient has been also evaluated in the case
of the substrate-bound aromatase model, Py, and the
difference obtained between the holo- and apo-form,
AP = Py,— P, is represented in Fig. 8c.

While the majority of the protein residues is not af-
fected by the ligand binding process, the topological ana-
lysis suggest that a significant increase in the

Table 2 ANS-aromatase dissociation constants yielded by the
fits reported in Fig. 6

Sample Kgq (mM)
Aro wt +sub. 40+2
Aro wt+inh. 41£3
R264H + sub. 1M1
R264H +inh. 131
R264C + sub 1742
R264C +inh. 16+2

participation coefficient occurs in the case of those resi-
dues that form the binding channel (Fig. 8c). The central
section of helix G displays, instead, an opposite effect
characterized by the largest decrease in the P value, sug-
gesting that the presence of the ligand reduces the con-
nectivity role that that region has in the open, ligand-
free protein form.

Discussion

Polymorphism of human proteins is a well-known
phenomenon [27] that has recently raised a large interest
in the scientific community, due to the possibility that
cancer predictive studies (based on enzyme variants ana-
lyses) have in precision medicine [28]. The systematic
study of proteins’ variants databases through new algo-
rithms [29, 30] has considerably improved the accuracy
of cancer survival predictions [28, 31-33], giving insights
on drugs-induced damages [34] and allowing the identi-
fication of new, promising biomarkers [35]. In this
general framework, the structural and functional
characterization of aromatase polymorphisms is particu-
larly important, as this enzyme is considered as a poten-
tial target for breast cancer therapy [36].

The crystallographic structures of placental [37] and
recombinant [38] aromatase have demonstrated that the
protein has a compact, globular fold and that R264 is lo-
calized on the protein surface, far away from the
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Fig. 7 in the left side of the figure the two clusters (red and green) identified on the basis of the contact network analysis applied to the 4kg8
pdb file are reported (the heme group is also shown in blue). The G-helix has been highlighted by a red dot cloud. On the right side, the same
structure is reported together with residue R264 (blue, VOW) and those aminoacids (purple, VDOW) which form the access channel for the
substrate androstenedione (according to Sgrignani and Magistrato, 2012) and the heme group (in red). The black line in both pictures marks the
frontier of the two clusters

substrate binding site. Despite such a peripherical loca- The contact network analysis reported in the present
tion, the conversion of ARG to HIS or CYS is known to  study has identified two main clusters (Fig. 7), which are
influence the protein functional properties, reducing its ~ “communicating” through residues mainly dislocated
ability to bind the substrate and decreasing its catalytic ~ along the channel that allows the entrance of the sub-
efficiency [6]. Circular dichroism spectroscopy showed strate in the active site. Such topological analysis thus
that the two polymorphic variants retain the overall wt  suggests that large conformational changes characterize
secondary structure, but are characterized by a lower the substrate binding process of aromatase, involving
thermal stability suggesting that the mutation might long-range interactions between the two modules. Heli-
change the motility of the helix G to which R264 be- ces F and G are no exception: their central sections con-
longs [6]. Structural studies and molecular dynamics tain a relevant number of crucial nodes connecting the
simulations of bacterial P450 have revealed that such two clusters (Fig. 8a and b) and undergo the largest
alpha helix is involved, through the adjacent helix F, in  (negative) change in their participation coefficient, P, as
the opening of the channel which provides the access of the protein binds the substrate molecule (Fig. 8c). The
substrate to the active site [26, 39, 40]. kinetics of H/D exchange in Aro wt (Fig. 2a and Table

1) indicates that these conformational changes produce

B

08 * - 0.6
. 0.4
0.6 - . 0.2
¢ i 0.0

04
-0.2
02 : gl 2y F04
-0.6
0.0 B e -0.8

0 100 200 300 400

nodes
Fig. 8 in panel a the participation coefficient, P, of each amino acid of wt-Aro is shown, according to the colors code whose numerical value is
reported in the left scale. In panel b the distribution of the P values is presented as a function of the sequence position (X-axis) and of the
belonging to one of the two clusters (red or green) identified in Fig. 7. <P> is the protein average participation coefficient. The area of the
dashed rectangle corresponds to the G-helix residues. In panel ¢ the difference AP = P,,— P between the P values of the holo and apo forms is
reported. The green color has been attributed to those residues whose P value does not change (AP =0) upon ligand binding
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a large decrease in the fractionof the more exposed pro-
tons in the presence of both androstenedione and ana-
strozole. Trivial explanations (such as a screening effect
exerted by the ligands) seem to be excluded by fluores-
cence anisotropy measurements, that demonstrate how
in the ligand-bound form the protein assumes a more
compact tertiary structure through a conformational
change that confers the molecule a faster rotational dy-
namics (Fig. 5). The results obtained for the two poly-
morphic variants demonstrate that these samples
undergo much smaller changes in the H/D kinetics
(Table 1) and in the long rotational correlation time
(Fig. 5). More importantly, in the presence of both li-
gands, they retain a higher ANS binding capability, with
respect to that of Aro wt (Figure and Table 2), confirm-
ing that they lack that compactness which characterize
ligand-bound Aro wt. As a consequence, the correct en-
trance of the substrate (or inhibitor) molecule to the
protein active site is compromised, as demonstrated by
dynamic fluorescence measurements. Indeed, in a previ-
ous study [8], we have demonstrated that the lifetime
component at 4.5-5.0ns can be attributed to W224,
since it is not present in mutants such as W224F [8].
Since this tryptophan resides in the proximity of aroma-
tase binding site and it is dramatically quenched by the
entrance of androstenedione or anastrozole (Fig. 3a), it
can be used to monitor ligand-induced structural
changes in the specific region of the active site. The ab-
sence of any significant difference of this specific fluores-
cence lifetime component in the two polymorphic
variants (Fig. 3b,c) demonstrates that the local perturb-
ation introduced at the extremity of helix G upon the
substitution of R264 impairs the correct placement of
the ligand in the active site, thus providing a structural
rationale for the decreased activity of the mutants [6].

The normal mode analysis of aromatase [25] has dem-
onstrated that the protein displays a very rigid core (cor-
responding approximately to the heme group), which is
surrounded by concentric shells of progressively more
flexible regions. The helices F and G and their inter-
connecting loop are one of such external mobile struc-
tural areas [38]. Indeed, long-range effects connected to
the flexibility of helix G has been already reported in the
case of bacterial cytochromes P450 [41]. In particular, it
was demonstrated that the breaking of the salt bridge
which involves ASP 251 has crucial consequences on li-
gands recognition and binding.

According to the contact network analysis reported in
this study, the protein could be figured as a sort of sand-
wich, the central slice corresponding to the substrate
channel (Figs. 7 and 8). In this picture, the packing of
the sandwich would be controlled by the clamping
effected exerted by helices F and G, whose hinge mech-
anism resides in their highly inter-connected central
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elements (Fig. 8). The substitution of R264 with residues
characterized by a different geometry (HIS and CYS),
length and charge (CYS) must severely affect the salt
bridge interaction with ASP 251, altering the “pivot”
mechanism by which the flexible F-G group controls the
interconnection between the two clusters.

Conclusion

In conclusion, the data reported in this study demon-
strate by two independent spectroscopic techniques that
human aromatase assumes a more compact tridimen-
sional conformation upon ligand binding. On the con-
trary, mutants R264C and R264H (that impair the
correct binding of both substrate and inhibitor mole-
cules) undergo a less efficient packing process, suggest-
ing a minor flexibility of their mobile segments. A
rationale to such behavior could be envisaged thanks to
a contact network analysis of the protein structure,
which has revealed the connecting role of helices F and
G between the two clusters that form the substrate
channel to the active site. Thus, based on in vitro mea-
surements, such an explanation shed new light on mo-
lecular impact that the two polymorphisms have in
living beings.

Methods

Materials

Recombinant human aromatase was expressed in E. coli
and purified as previously described [7, 8]. Both wild-
type and mutants were purified with the same type of
buffer, i.e. 100 mM phosphate buffer pH 7.4 containing
20% glycerol, 1 mM B-mercaptoethanol, 0.1% Tween-20.

All chemicals used for protein purification were pur-
chased from Sigma-Aldrich (St. Louis, MO USA) and
were analytical grade.

Proteins (wt and mutants) concentration for all fluor-
escence experiments was about 6.5 uM, while if present,
androstenedione and anastrozole concentrations were
20 uM and 10 pM, respectively.

H/D exchange kinetics experiments by ATR-FTIR

Kinetics of H/D exchange was followed by FTIR as re-
ported by Di Nardo et al. [8]. Experiments were per-
formed at room temperature using infrared
spectrophotometer Bruker Model Tensor 27 (Bruker In-
struments, USA) coupled with an attenuated total re-
flectance (ATR) sampling tool (Harrick Scientific
Products, USA). The working parameters were set as fol-
lows: scan velocity 10 kHz; resolution 4 cm™ L spectra ac-
quisition frequency limits 4000 and 800 cm™'. Protein
sample was analysed by depositing a thin protein film
(30 uL, 50 uM) directly on ATR germanium crystal. In
particular, Aro was analysed in ligand free form and in
ligand bound form, obtained by incubating the enzyme

an
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with androstenedione as substrate or anastrozole as in-
hibitor. The correct binding of both substrate and in-
hibitor to the active site of Aro was examined by UV/vis
spectroscopy by monitoring a shift of the maximum ab-
sorbance from 418 nm to 394 nm for Androstenedione
and from 418 nm to 422 nm for anastrozole. During ac-
quisition, the spectrophotometer sample chamber was
continuously purged with D,O enriched nitrogen. Spec-
tra were collected at intervals of 1 min, for the first 10
min, and every 8 min for the following 160 min. For each
time point 60 scans were collected and averaged. Spectra
were collected at least in quadruplicate and averaged for
each time point, corrected by the contribution of control
sample, represented by protein storage buffer, and nor-
malized. The H/D exchange kinetics was studied by fol-
lowing the absorbance increase at about 1460cm™’,
corresponding to the shift of the Amide II band upon
deuteration. The relative absorbance values were plotted
as function of time, fitted to a double exponential func-
tion and the deuteration rates were calculated and com-
pared by ANOVA statistical analysis using SigmaPlot
software.

Fluorescence measurements
Fluorescence spectra were collected using a K2-ISS (ISS,
Inc.,Champaign, IL, USA) photon-counting fluorimeter
thermo-stated at 20 °C using an external bath circulator.
ANS binding was studied measuring the fluorescence
emission spectra from 450 to 550 nm of the probe using
an excitation wavelength of 350 nm. All spectra were
corrected by blank subtraction.
8-Anilino-1-naphthalenesulfonic acid (ANS) binding
curves were analyzed assuming a simple binding equilib-
rium, namely, ANS + P « ANS-P, and fitting the total
fluorescence, F, at increasing concentration of ANS,
[ANS], according to:

where P, is the total aromatase concentration and Ky
the dissociation constant of the process.

Lifetimes and dynamic fluorescence anisotropies
were performed using the phase shift and demodula-
tion technique on a KOALA-ISS fluorimeter. The
excitation source was a 300-nm laser diode, and the
emission was collected through a WG320-nm cutoff
filter to avoid scattering. Anisotropy decays were
collected through Glan-Thompson polarizers taking
into account the G-factor correction. All measure-
ments were repeated in triplicate to obtain a good
statistic, using a set of at least 30 frequencies. The
data have been analyzed with the software provided
by ISS.
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Contact network analysis
Protein contact networks (PCNs) rely on a minimalist
perspective on protein structures, seen as networks of
active contacts between residues (network nodes are the
protein residues, and the active contacts between pair of
residues are the network links). The definition of active
contacts is crucial in defining the properties emerging
from the network analysis. In this work, we define “ac-
tive contact” any contact corresponding to a distance be-
tween residues comprised between 4 and 8A. This
choice includes only significant noncovalent bonds, sens-
ible to the environmental cues. The distance between
residues is computed starting from the coordinates of
the residues’ a-carbons.

The mathematical description of PCNs is provided by
the adjacency matrix, defined as:

Once the network has been built up, it is possible to
derive several network descriptor. The most important
and simple is the node degree k;, defined as:

ki=3" Ay

Based on the node degree, we applied a spectral cluster-
ing algorithm to partition PCN into clusters. We applied
the method to the network Laplacian, defined as follows:

1 if4A <d;<8A

0 otherwise

L=D-A

A being the adjacency matrix and D the degree matrix,
i.e. a diagonal matrix whose diagonal is the degree vector.
The eigenvalue decomposition is applied to the laplacian
L: the eigenvector corresponding to the second minor of
eigenvalue v2 is of interest for the clustering partition.
Considering the partition in two clusters, for instance,
nodes are divided into the two clusters according to the
sign of the corresponding components of the vector v2.

The partition is binary and hierarchical; the number of
cluster (power of 2) is an input value.

In this work, we partitioned the structures into two
clusters, so we applied just once the spectral clustering
algorithm to the PCNs.

Once the network clustering has been applied, it is
possible to derive a clustering descriptor, the participa-
tion coefficient Pi, for the i-th residue (node) defined as:

o)

ki is the i node degree including only links with nodes
belonging to the same cluster s and k; the node i degree.

ki
k

i
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Thus, P addresses the role of nodes in signal transmis-

sion between different clusters (domains in PCNs).
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Abstract: The intensive use of pesticides has led to their increasing presence in water, soil,
and agricultural products. Mounting evidence indicates that some pesticides may be endocrine
disrupting chemicals (EDCs), being therefore harmful for the human health and the environment.
In this study, three pesticides, glyphosate, thiacloprid, and imidacloprid, were tested for their
ability to interfere with estrogen biosynthesis and/or signaling, to evaluate their potential action
as EDCs. Among the tested compounds, only glyphosate inhibited aromatase activity (up to 30%)
via a non-competitive inhibition or a mixed inhibition mechanism depending on the concentration
applied. Then, the ability of the three pesticides to induce an estrogenic activity was tested in
MELN cells. When compared to 17f3-estradiol, thiacloprid and imidacloprid induced an estrogenic
activity at the highest concentrations tested with a relative potency of 5.4 X 1071% and 3.7 x 1077,
respectively. Molecular dynamics and docking simulations predicted the potential binding sites and
the binding mode of the three pesticides on the structure of the two key targets, providing a rational
for their mechanism as EDCs. The results demonstrate that the three pesticides are potential EDCs as
glyphosate acts as an aromatase inhibitor, whereas imidacloprid and thiacloprid can interfere with
estrogen induced signaling.

Keywords: aromatase; estrogen receptor; endocrine disrupting chemical; pesticides; neonicotinoids;
estrogenic activity; gene reporter assay; MELN allosteric inhibition; molecular dynamics

1. Introduction

Under the modern lifestyle, humans are exposed to various chemicals such as pesticide residuals
in fruits and vegetables, antibiotics in meat and milk, preservatives in cosmetics and personal care
products [1,2]. These chemicals are usually in low doses and may not have a short term significant
impact on the human body, but they can cause long term damages to health [3]. The effects of low-dose
compounds on human health are mainly related to the endocrine system [4-6]. These compounds can
in fact mimic or influence the action of endogenous hormones through various mechanisms, being
therefore referred to as endocrine disrupting chemicals (EDCs) [7,8].

The modern industrial and agricultural system relies heavily on pesticides. The compelling need
of high food crop increasingly demands the use of chemicals. This results in the extensive applications
of millions of tons of pesticides every year [9,10]. Among the many pesticides available on the market,
glyphosate is one of the most widely used herbicides in the world. In plants, it affects the synthesis
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of essential aromatic amino acids by inhibiting the activity of 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS) in the shikimate pathway [11]. As a result, glyphosate is considered harmless to
mammals since they do not contain the EPSPS enzyme [12]. Conversely, neonicotinoids are currently
the most widely used agricultural insecticides [13]. These selective insecticides specifically bind to
the « -subunit of nicotinic acetylcholine receptors (nAChR), which is common in all insects [14,15].
Due to their difficulty to penetrate the blood-brain barrier, they should exert low toxicity in vertebrates.
However, different direct, indirect, and suspect toxic effects of these compounds on vertebrate wildlife
and human health have been reported [16-18]. Neonicotinoids were introduced in the market in
the 1990s, therefore their sales volume has enormously proliferated in recent decades, exceeding
25% of the market in 2010 [19]. Imidacloprid has become the world’s best-selling insecticide next
to glyphosate [20]. Although the European Union banned the outdoor application of imidacloprid,
clothianidin, and thiamethoxam in 2018 due to a high risk for bees that are responsible for pollinating
most crops worldwide [21], neonicotinoids remain the most extensively applied insecticides in the
world [22].

The intensive use of glyphosate-based herbicides and neonicotinoid insecticides has caused the
contamination of soil, water, air, and agricultural products [23-28]. The half-life of glyphosate in the
field is usually 47 days and it is primarily degraded into aminomethylphosphonic acid (AMPA) and
glyoxylic acid by soil microorganisms [29]. Neonicotinoids can exist for a long time in soil and water,
and their half-life being as long as three years [22]. Given these observations and the increased use of
pesticides, concerns are raising about their potential impact on human health and the environment.
In particular, mounting evidence discloses that exposure to pesticides can affect the endocrine system.
Toxicological and epidemiological studies indicate possible genotoxic and cytotoxic effects as well as
birth defects and neurotoxicity in different cell lines and animal models [18,30].

Aiming at establishing the interference of pollutants with human health, we monitored the effect
of glyphosate and two neonicotinoids on two critical targets of the endocrine system: Aromatase,
the enzyme responsible for estrogen biosynthesis, and estrogen receptor (ER) alpha, the main protein
promoting estrogen signaling.

Aromatase catalyzes the transformation of androgens to estrogens [31]. In vitro experiments
showed that glyphosate causes changes of aromatase mRNA levels and activity in placental JEG3 cells
and human HEK293 cells, thus interfering with steroid conversion to estradiol [32,33]. In addition,
the expression of androgen and ERx was inhibited in glyphosate treated HepG2 cells [34,35] where
also the transcription and activity of aromatase were altered [35]. Insecticides such as thiacloprid,
thiamethoxam, and imidacloprid affect aromatase expression and activity in a co-culture model of
fetoplacental steroidogenesis, increasing estrone and estradiol production, while estriol production is
decreased [36]. Thiacloprid, imidacloprid, and thiamethoxam have also been demonstrated to increase
aromatase expression and activity in H295R and Hs578t cells [37,38].

Here, a recombinant form of human aromatase is used to test the possible effect of the three
pesticides on estrogen biosynthesis, gaining new information at molecular level [39-41]. Moreover,
all-atom molecular dynamics simulations provided structural insights on the ability of these molecules
to target the aromatase enzyme.

At a cellular level, the estrogen-regulated signaling is mainly due to estrogen receptors (ERs).
The main ERs are the ERoc and ERf nuclear receptors and the G-protein-coupled estrogen receptor
1, which is a membrane receptor [42]. Estrogen receptor « (ERx) is a nuclear hormone receptor and
a ligand-regulated transcription factor, which mediates the activity of estrogens in vital processes
(i.e., reproduction, cardiovascular maintenance, bone density/remodeling). ERx is composed of five
functional domains, among which the ligand-binding domain, activated upon estrogen binding,
stimulates cell growth and proliferation. After the menopause, increased estrogen levels due to a
deregulated activity of aromatase bind as an agonist to ER«, exerting a pro-oncogenic effect by either
decreasing apoptosis or promoting cell proliferation [43]. Therefore, estrogen selective modulators
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have been developed and one of them, tamoxifen, is extensively used in adjuvant therapy of breast
cancer for its ability to act as an ERa antagonist.

Previous studies have investigated the ability of glyphosate to induce an estrogenic activity
mediated by ERs. The results of the study of Thongprakaisang et al., 2013 [44] demonstrated
that glyphosate induces an ER-mediated estrogenic activity, mediated by ER activation, similar to
17B-estradiol (E2) on T47D-KBluc cells. However, recently another study, using the same cells, showed
that this pesticide induces an estrogenic activity, mediated by ER activation, lower than E2 and that this
activation is probably induced by a ligand-independent mechanism [45]. Moreover, additional studies
on different transfected cells showed that glyphosate did not induce any ER-mediated estrogenic
activity and did not produce any anti-estrogenic effect when tested in combination with E2 [35,46].
Therefore, whether glyphosate can trigger an ER-mediated estrogenic activity remains controversial.
To our knowledge, only three studies have been performed on the estrogenic activity of imidacloprid
and thiacloprid. In particular, in the study of Mesnage et al., 2018 [47] the proliferative effect of both
pesticides was investigated on estrogen-sensitive cells, while Kojima et al., 2004 [46] and Westlund
and Yargeau, 2017 [48] assessed the ER-mediated estrogenic activity of imidacloprid and thiacloprid
on mammalian or yeast cells, respectively. The results of the three studies demonstrated that the two
pesticides induce no proliferative effect and no estrogenic activity was mediated by ERs, while an
anti-estrogenic activity was detected testing imidacloprid in combination with E2 on yeast cells.

In this work, in order to increase the knowledge on the estrogenic activity of glyphosate,
imidacloprid, and thiacloprid, the gene reporter assay on estrogen-sensitive human breast cancer
MCEF-7 cells transfected with the ERE-BGlob-Luc-SVNeo plasmid (MELN cells) is applied to test the
three pesticides for their possible ER-mediated estrogenic activity.

Possible additive and/or antagonist effects are also investigated. Moreover, docking simulations
provide atomic level insights on the potential binding mode of these molecules to the primary ligand
(estrogen) binding site as well as to a peripheral allosteric site which may be responsible for the
experimental observed additive effect of the pollutant with the endogenous ligand.

2. Materials and Methods

2.1. Materials

All reagents are analytically pure by purchase from Sigma-Aldrich (St. Louis, MO, USA). Stock
solutions of chemical compounds were prepared in absolute ethanol or dimethyl sulfoxide (DMSO). Before
each experiment, the test sample was diluted into a fresh buffer solution, and the final organic solvent
concentration was less than 0.1%. The recombinant human aromatase (Aro) and the human recombinant
cytochrome P450 reductase (hCPR) were expressed and purified as previously described [39,49].

2.2. ELISA Assay

An estrone direct competitive ELISA kit (BioVendor, Brno, Czech Republic) was used to evaluate
the effect of pesticides on aromatase activity. Different reaction mixtures were set up by mixing 5nM Aro,
5nM hCPR, 0.5 mM NADPH, 50 nM androstenedione, and three concentrations of pesticides (500, 1000,
and 1500 nM) in a 100 mM potassium buffer (KPi) containing 20% glycerol, 1 mM (-mercaptoethanol
at pH 7.0. Reactions were carried out for 10 min at 30 °C, heat-inactivated for 10 min at 90 °C,
and centrifuged for 10 min at 11,000 rpm. After centrifugation, the supernatant was diluted 1:8 in
the Calibrator A provided by the ELISA kit and the product estrone quantified performing ELISA
according to the manufacturer’s instructions. Reactions in the presence of anastrozole or without hCPR
were used as negative controls. The concentration of estrone was extrapolated from a calibration curve
with known concentrations of estrone.

For the experiment where the catalytic parameters were derived, four substrate concentrations
were applied in the reaction mixture (ranging from 25 to 250 nM) in the absence and presence of 1000
and 5000 nM of glyphosate.
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2.3. Computational Studies

In order to explain the molecular terms for the action of glyphosate on the aromatase enzyme
we docked it into the two possible allosteric sites previously identified [50]. Docking has been
performed with the GLIDE software, release 2020-1 (Schrédinger, LLC, New York, NY, USA) using the
single-precision protocol [51]. The two neonicotinoids, thiacloprid and imidacloprid, were instead
docked into the ER«s active site, using as a starting structure the crystal structure of 17-3-estradiol
(EST)-bound ER« dimer (PDB id: 1gku) [52]. In this structure, we have searched for putative allosteric
pockets using the SiteMap algorithm [53].

In order to account for its flexibility of the receptor and since is flexibility resulted to be of
paramount importance for the identification of novel allosteric inhibitors [54], we performed classical
Molecular Dynamics (MD) simulations on the complex with the aromatase enzyme. We employed
as a starting structure of our simulation the equilibrated enzyme model which was embedded in a
mimic of a membrane bilayer by using the CHARMMGUI webserver [55]. This consisted of POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and 6 wt% of cholesterol (CHL) in order to mimic the
endoplasmic reticulum membrane. Physiological protonation states were calculated with the webserver
H++ [56]. Asp309 was considered in its neutral form consistently with other literature studies [57].
The glyphosate molecule was considered in the most likely protonation state at physiological pH.
According to literature data, the first protonation of the molecule occurs on its phosphate group [58].

The Parm99SB AMBER force field (FF) [59,60] and lipid14 FF [61] were used for the protein and
the lipids, respectively.

The Shahrokh et al. parameters were used for the heme moiety and Cys437 [62]. Simulations were
done in the presence of the substrate androstenedione (ASD) in the active site and of glyphosate in the
allosteric pockets for which the general Amber FF (GAFF) was employed [63]. For the organic ligands
the electrostatic potential (ESP) charges [64] were calculated by performing geometry optimization of
the substrates at the Hartree-Fock level of theory using a 6-31G* basis set with the Gaussian 09 software
(Gaussian Inc., Wallingford, CT, USA) [65]. These were later transformed in RESP charges by using the
Antechamber tool [66].

The system was then explicitly solvated using the TIP3P water model, leading to a total of 131,454
atoms. Topology, built with AmberTools 18, was later converted in a GROMACS format using the
acpype algorithm [67]. MD simulations were performed with GROMACS 5.0.4 [68]. An integration
time step of 2 fs was used and all covalent bonds involving hydrogen atoms were constrained with the
LINCS algorithm. The Particle Mesh Ewald algorithm [69] was used in order to account for electrostatic
interactions. Simulations were done in the isothermal-isobaric NPT ensemble, at a temperature of 300 K,
using a velocity-rescaling thermostat [70]. Preliminary energy minimization was done with the steepest
descend algorithm.

An initial equilibration of the membrane was performed for 100 ns with the protein atoms
harmonically restrained with a force constant of 1000 k] mol™! nm~?, reaching a constant value (92 x
92 x 151 A3 ) of the simulation box size. Constraints were then slowly released, and the system was
thermalized to the target temperature of 300 K in about 10 ns. Then, the aromatase in complex with
glyphosate was relaxed by performing a 100 ns MD simulation rescaling the motion of the center of
mass of aromatase and the ligand, followed by an unbiased 100 ns MD simulation.

2.4. MELN cell Culture

MELN cells were provided by Dr. P. Balaguer (INSERM, Montpellier, France). They are
estrogen-sensitive human breast cancer cells (MCF-7) transfected with the ERE-BGlob-Luc-SVNeo
plasmid (ERE-BGlob-Luc-SVNeo) [71,72]. The integrated plasmid contains a luciferase reporter gene,
the estrogen-responsive elements (ERE) and an antibiotic resistance selection gene (SVNeo). MELN
cells were cultured at 37 °C and 5% CO; in Dulbecco’s Modified Eagle’s Medium Nutrient Mixture
F12-Ham (DMEM-F12), supplemented with phenol red, fetal bovine serum (FBS) (5% v/v), L-glutamine
(4 mM), penicillin-streptomycin (100 U/mL~-100 ug/mL), and G418 (1 mg/mL).
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2.5. MELN Gene Reporter Assay

The assay was carried out as described by Balaguer et al., 1999 [73] with slight modifications [74].
For three days the cells were adapted to a test medium: DMEM-F12 without phenol red
and supplemented with dextran-coated charcoal-treated FBS (5% v/v), rL-glutamine (4 mM),
and penicillin-streptomycin (100 U/mL-100 ug/mL). Then, the cells were seeded at a density of
40,000 cells/well, in 96-well plates (100 uL/well). After 24 h, the test medium of each well was replaced
with a test medium containing pesticides (100 uL/wells), and the cells were incubated for 16 h. After the
incubation, the luciferase activity was assessed adding 100 uL/well of the One Glo Reagent (One-Glo
Luciferase Assay System, Promega, Madison, USA), mixing (5 min) and measuring the luminescence
of each well by a luminometer (Infinite Reader M200 Pro, Tecan, Mannedorf, Switzerland).

The stock solutions of thiacloprid and imidacloprid were prepared in DMSO, while the stock
solution of glyphosate was prepared in a test medium. The stock solutions were stored at —20 °C
and, shortly before exposure, different concentrations of pesticides were prepared in a test medium
(glyphosate and imidacloprid: From 10~ to 10~ M; thiacloprid from 1078 to 5 x 10~ M, due to lower
solubility). The final DMSO concentration was less than 0.1%. Cells exposed to the test medium were
used as a negative control and five concentrations of E2 (from 1012 to 108 M) were tested to obtain a
standard positive curve of the reference compound (E2).

The estrogenic activity was calculated as the ratio of the activity induced by the treatment over
the activity induced by the positive control with 17-Bestradiol (E2). It was expressed in percentage
considering the relative luciferase activity of E2 (1078 M) as 100%. Sinceall experiments were performed
in quadruplicate (four wells for each experimental condition), the estrogenic activity was expressed
as the mean and standard deviation of four values. The estrogenic activity of pesticides was also
evaluated by the determination of the relative potency of each pesticide in comparison with the
reference compound (E2) and it was expressed as the E2 equivalency factor (EEF) [75]. The EEF was
calculated using the concentrations of E2 and pesticides at which 50% of biological effect is achieved
(EC50) through the formula: EEF = E2 EC50/pesticide EC50.

Three concentrations of pesticides (107, 2.5 x 1074, and 5 x 107* M) were also tested:
In combination with an ER-antagonist (tamoxifen 107 M), in order to confirm whether the observed
effects were due to the ER activation, and in combination with E2 (10‘10 M), in order to investigate the
interaction between pesticides and E2 in MELN cells. The estrogenic activity of these treatments was
expressed as relative luciferase activity and it was calculated as percentage of activity induced by the
treatment with respect to the activity induced by the E2 1071 M (relative luciferase activity of E2 10710
M =100%). The stock solutions of E2 and tamoxifen were prepared in ethanol and stored at —20 °C.

2.6. Data Analysis

Statistical analysis was performed using IBM SPSS Statistics 25.0 (IBM, Armonk, USA). The EC50
of E2 and pesticides was calculated by dose-response curves, which were estimated through a probit
regression between the relative luciferase activity and Log transformed-concentrations of E2 or pesticides.

Data collected with the MELN gene reporter assay were not normally distributed, so the non-parametric
Kruskal-Wallis test followed by the post-hoc Dunnett test was used to assess significant differences among
the different experimental conditions. The differences were considered significant with p-value < 0.05.

3. Results

3.1. Effect of Pesticides on Aromatase Activity

In order to study the effect of pesticide compounds on aromatase activity, a direct competitive
estrone ELISA was performed using the purified cytochrome P450 reductase (CPR), as an electron
donor from NADPH, and aromatase. The aromatase activity was evaluated by measuring the estrone
production in the absence and presence of three different concentrations of pesticides (0.5, 1, and 5 uM).
As a control, anastrozole, a known aromatase inhibitor, was applied at a concentration of 1000 nM
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and the residual aromatase activity detected was 0.7%. As can be seen in Table 1, glyphosate partially
reduced the aromatase activity at the concentrations tested. The enzyme activity decreased with the
increase of glyphosate concentration. When adding 5 uM of glyphosate, the residual aromatase activity
was 36%. Unlike glyphosate, imidacloprid and thiacloprid did not inhibit the enzyme activity (Table 1).

Table 1. Effect of pesticides on the aromatase activity.

Relative Activity (%)
500 nM 1000 nM 5000 nM

1 Glyphosate 76.6 +11.3" 745+76" 360+195"
Imidacloprid 100.1 + 8.8 92.9 +28.0 1205 +17.6
3 Thiacloprid 1009 +11.9  153.6+569 1469 +42.1

Statistical significance *: p-value < 0.05 versus positive control (C*).

Pesticide

N

3.2. Effect of Glyphosate Concentration on Aromatase Activity

The effect of glyphosate on aromatase activity was further studied by exploring the concentration
range of glyphosate applied from 50 to 1500 nM. Such concentrations of glyphosate were selected since
they resemble the ones detected in human urine samples [76]. The experiment was carried out by the
ELISA assay at the concentration of 50 and 400 nM androstenedione, respectively. The two different
concentrations were chosen on the basis of the kinetic parameters of aromatase: The first one (50 nM)
is close to the enzyme Ky and the second one (400 nM) is saturating the enzyme (see next paragraph).

As shown in Figure 1, the activity of Aro is inhibited by 30% when the glyphosate concentration
is 21000 nM. However, when the substrate concentration is 50 nM (black squares in Figure 1),
the maximal inhibitory effect is already achieved when the glyphosate concentration is 100 nM.
Therefore, the inhibitory effect of glyphosate strongly depends on the substrate concentration and it is
only partial, indicating that this compound can be considered as a weak inhibitor.
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Figure 1. Aromatase activity in the presence of different concentrations of glyphosate and 50 nM
(black squares) or 400 nM (red circles) of the substrate androstenedione. Statistical significance
*: p-value < 0.05 versus C*.
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3.3. Effect of Glyphosate on the Catalytic Parameters of Aro

Inorder to investigate the mechanism of aromatase inhibition by glyphosate, the kinetic parameters
of the enzyme were evaluated using the estrone ELISA assay in the absence and presence of two
different concentrations of the pesticide (1000 and 5000 nM). Different substrate concentrations were
applied and the product formation rate was plotted as a function of the substrate concentration
(Figure 2A). The plot showed hyperbolic trends and the catalytic parameters, shown in Table 2, were
obtained by fitting the experimental data to the Michaelis-Menten equation.

A B

0.018
0.016
0.014
0.012
0.010
0.008
0.006

0.004

nmol estrone/min/nmol aromatase

0.002

D

0.000 €
0 50 100 150 200 250 300 -0.02 0.00 0.02 0.04

[androstenedione] / nM 1/[8]

Figure 2. (A) Michaelis-Menten plots and (B) Lineweaver-Burk linearization for aromatase activity
in the absence (black circles) and presence of 1000 nM (red squares) and 5000 nM (blue triangles) of
glyphosate. In Panel (A), the data were fitted to the Michaelis-Menten equation using the Sigma Plot
software to obtain the kinetic parameters.

When glyphosate is not present, the resulting Ky and Vynay are 41.3 + 8.2nM and 0.018 + 0.001 min~*,
respectively. When 1000 nM of glyphosate was added, the Vimay value was significantly decreased whereas
the Kys value was not significantly affected. Interestingly, when the glyphosate concentration was increased
to 5000 nM, both Kys and Vinax were affected. Compared to the reaction without glyphosate, Ky; was
increased by 2.2 folds, while Vinax was decreased to 0.011 + 0.002 min~! (Table 2).

Table 2. Kinetic parameters obtained from the fitting of the data in Figure 2A to a Michaelis-Menten
curve. The kinetic parameters are calculated for aromatase activity in the absence and presence of 1000

and 5000 nM of glyphosate.
Glyphosate (nM) Ky (nM) Vmax (min~1)
0 413+82 0.018 + 0.001
1000 353+35 0.013 +0.001 *
5000 923+207"  0.011+0002"

Statistical significance*: p-value < 0.05 versus the values obtained in the absence of glyphosate.

The kinetic parameters show that the type of inhibition of aromatase by glyphosate depends
on the herbicide concentration applied. Indeed, when using 1000 nM of glyphosate, the Viax was
decreased while Ky did not change, indicating a non-competitive inhibition mechanism, meaning
that, at this concentration, glyphosate does not compete with the substrate and binds to a site
different from that where the substrate binds. When the concentration of glyphosate was increased
to 5000 nM, both Ky and Viax were affected, and the Lineweaver-Burk plot shows a trend typical
of a mixed inhibition mechanism (Figure 2B). Mixed inhibition is considered a more general case of
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non-competitive inhibition, in which the inhibitor exhibits unequal affinity for the free enzyme and for
the enzyme-substrate complex.

3.4. Molecular Dynamics Simulations on Aromatase

Grounding on recent evidence demonstrating the existence of allosteric binding sites [50] and their
possible exploitation for a non-competitive/mixed inhibition mechanism [54] we docked glyphosate
into the two allosteric cavities. Namely, we docked it to Site 1, which lies along the most relevant
access channel to the enzyme active site [77] and to Site 2, which instead lies at the interface with the
cytochrome P450 reductase (CPR), supplying the electrons necessary for catalysis (Figure 3) [78]. In the
docking pose in Site 1 and during MD simulations glyphosate engages a salt bridge interaction with its
phosphate group and Arg192, as well as the formation of a hydrogen (H)-bond between GIn218 and
the carboxylic group of the pesticide. Most importantly, the phosphate group of glyphosate makes up
to two simultaneous H-bonds with Asp309 (Figure 3), which normally is engaged in stabilizing the
binding of aromatase substrates.

Figure 3. Representative ~ structure of aromatase embedded in a POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) membrane, with phosphorous and oxygen atoms
shown as tan and red van der Waals (vdw) spheres, and cholesterol (yellow surface) membrane.

Sites 1 and 2 are shown as orange and purple transparent surfaces, respectively. The heme and
androstenedione (ASD) are displayed in a vdw representation. The protein is shown as green new
cartoons. The inset reports a close view of structure of aromatase in complex with glyphosate,
as obtained from the most representative cluster of the molecular dynamics simulation trajectory.
The heme moiety, ASD, and glyphosate are depicted in balls and sticks. The key catalytic residue
Asp309, lining the binding cavity, is shown in licorice and colored by the atom name.

Due to these interactions the molecule remains stably bound in the pocket for the whole MD
simulation, in line with its inhibitory activity in the uM range. Remarkably, it was recently suggested
that the binding of a small molecule in Site 1 triggered the displacement of the water molecule needed
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for the catalytic activity, which are normally H-bonding with the Asp309 and Argl192 residues, both
being critical residues for the catalytic activity [41,57], thus inhibiting estrogen biosynthesis. Conversely,
the docking pose obtained in Site 2, did not establish any relevant H-bond/salt bridge. As a result,
the glyphosate dissociated from the pocket within the first few ns of MD simulations.

3.5. Detection of Estrogenic Activity with the MELN Gene Reporter Assay

The MELN gene reporter assay was carried out to evaluate the estrogenic activity of glyphosate,
imidacloprid, and thiacloprid on MELN cells. In this study, different concentrations of each pesticide
were tested. Concentrations similar to the pesticide levels measured in human urine [76] were selected
as the lowest concentrations (10~ and 1077 M), while concentrations up to 1073 M were selected as
the highest concentrations, in order to assess the effect induced by each pesticide in a wide range
of concentrations.

Our results showed that glyphosate did not increase the relative luciferase activity with respect to
the negative control; therefore no estrogenic activity was detected testing this pesticide on MELN cells
(Figure 4). On the contrary, the highest concentrations of glyphosate induced a small decrease of the
relative luciferase activity, which may be due to a toxic effect of the pesticide on cells.

~
o
J

NWWhPA,oooo oD
O oo oW,
1 1

Relative luciferase activity
(% of C+)

N
o

Log [nM]

- ® -Glyphosate —a—Imidacloprid ----- Thiacloprid

Figure 4. Estrogenic activity of pesticides measured with the MELN gene reporter assay. Data are
expressed as means and standard deviations of the relative luciferase activity (% of C+, E2 1078 M).
The relative luciferase activity of the C+ is 100.0 + 5.9%, while the relative luciferase activity of the
negative control (test medium) is 30.5 + 1.1%.

The null estrogenic activity induced by glyphosate was confirmed also by the exposure of cells
to glyphosate in combination with tamoxifen (ER-antagonist) or with E2. Indeed, the wells treated
with glyphosate and tamoxifen showed a relative luciferase activity equal to the wells treated with
tamoxifen alone, and the wells treated with glyphosate and E2 showed a relative luciferase activity
equal to the wells treated with E2 alone (data not shown). These results suggest that glyphosate does
not interfere with the binding between ER and E2.

Regarding the neonicotinoid pesticides, in the present study, imidacloprid and thiacloprid
significantly increased the relative luciferase activity with respect to the negative control, starting from
63x10°M (Log[nM] = 4.79) and 107°M (Log[nM] = 3), respectively (Kruskal-Wallis test followed by
the post-hoc Dunnett test, p < 0.05). Since both the neonicotinoid pesticides induced a dose-dependent
increase of the relative luciferase activity, in particular from 107*M (Log[nM] = 5) to the highest tested
dose (Figure 4), a significant estrogenic activity of these two pesticides was detected on MELN cells.
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The estrogenic activity of imidacloprid and thiacloprid was also quantitatively evaluated by the
estimate of the concentrations of E2 and pesticides at which 50% of biological effect is achieved (EC50)
and the E2 equivalency factor (EEF). The EC50 of E2 and pesticides was calculated by dose-response
curves whereas the EEF was calculated through the formula: EEF = E2 EC50/pesticide EC50. The EC50
of imidacloprid and thiacloprid was 1.0 x 1072 M (IC 95% 1.7 x 1073-2.2 x 107! M) and 1.5 x 10> M
(IC 95% 2.5 x 107%-3.6 x 1072 M), respectively, while the EEF was 5.4 x 10710 (IC 95% 3.3 x 1079-2.5 x
10~") and 3.7 x 1077 (IC 95% 2.2 x 1078-1.5 x 10~10), respectively.

The exposure of cells to imidacloprid and thiacloprid in combination with tamoxifen confirmed
that the estrogenic activity of the two pesticides was induced by the activation of ER. Indeed, the wells
treated with the neonicotinoid pesticides and tamoxifen showed a relative luciferase activity that was
lower compared to the wells treated with these pesticides alone. Furthermore, the relative luciferase
activity of wells treated with the neonicotinoid pesticides and tamoxifen was similar to the relative
luciferase activity measured in the negative control (Figure 5A,C).

Finally, the exposure of cells to imidacloprid and thiacloprid in combination with E2 induced
an increase of the relative luciferase activity with respect to the E2 alone (Figure 5B,D). The increase
was slight for imidacloprid while it was stronger for thiacloprid, suggesting a possible additive effect
exerted by these pesticides in combination with E2.
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Figure 5. Estrogenic activity, measured with the MELN gene reporter assay, of imidacloprid (A,B) and
thiacloprid (C,D) in combination with E2 (10710 M) (B,D) or in combination with tamoxifen (10~ M)
(A,C). Data are expressed as the relative luciferase activity (% of E2 10710 M). C—: Negative control; E2:
E2 1071 M; T: Tamoxifen 1070 M. * p < 0.05 vs. C—; # p < 0.05 vs. E2; Kruskal-Wallis test followed by
the post-hoc Dunnett test.

3.6. Docking Calculation on ERax

In order to provide a rationale for the estrogenic activity exerted by the two neonicotinoids,
thiacloprid and imidacloprid, we have performed docking calculations on ERx. First, the two molecules
were docked into the ERas estrogen binding site, using the crystal structure of 17-p-estradiol bound to
the ERx dimer (PDBid: 1qku) [52]. Both neonicotinoids fit inside the estrogen binding pocket (Figure 6).
In particular, imidacloprid forms a H-bond with the backbone of Gly521, while in thiacloprid, the Cl
atom makes halogen bonds with the guanidinium group of Arg394 and the aromatic rings of Phe404
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and Trp393. Halogen bonds are attractive interactions between the electrophilic region associated with
the Cl halogen atom and the nucleophilic regions of the surrounding protein residues [79].

Next, in order to disclose if and how the two neonicotinoids exert an additive effect to estrogen
binding, by occupying an allosteric cavity, we looked for the presence of druggable allosteric pockets
in the protein. Interestingly, a high-ranking binding pocket was found in the proximity of the estrogen
binding site of one monomer of ERx (Figure 6). The docking calculation performed on this pocket,
strikingly revealed that imidacloprid can H-bond with Lys449 and Glu323. As well thiacloprid H-bonds
with Lys449 and Trp393.

Figure 6. Model of estrogen receptor « dimer (PDB ID 1gku [52]) in complex with the neonicotinoids,
imidacloprid and thiacloprid. The allosteric pocket is shown as a green transparent surface.
Imidacloprid, thiacloprid, and 17-B-estradiol are displayed in a van der Waals representation and
colored by the atom name. The protein is shown as violet new cartoons. The insets report a close view
of docking poses of imidacloprid and thiacloprid inside the estrogen binding site (red circles) and onto
the newly identified allosteric pocket (dark blue circles). The ligand and the residues establishing the
most important interactions are depicted in balls and sticks and licorice representations, respectively,
and colored by the atom name.

4. Discussion

In this study, the effect of three pesticides on two key targets of the endocrine system was
evaluated using a combination of experimental and in silico methods that allowed an investigation at
the molecular level.

The first target considered was aromatase, the key enzyme for estrogen production that resulted in
being partially inhibited by glyphosate. The increase obtained in the aromatase activity in the presence
of imidacloprid and thiacloprid, even if not statistically significant, can be interesting to be further
investigated. Indeed, these two compounds could directly act on aromatase as allosteric activators or
they could exert their action indirectly on CPR that has an essential role in catalysis and acts as an
effector on human aromatase conformation [80,81].
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Glyphosate is the most widely used active compound among herbicides and was already reported
to affect aromatase expression and activity in cells [33,35]. The impact for human health has already
been demonstrated: Indeed, an alteration in androgens/estrogens balance due to a lower aromatase
expression as a consequence of the glyphosate presence changed the sperm nuclear quality impacting
mammalian reproduction [82].

However, the direct interaction between glyphosate and the enzyme together with the inhibition
mechanism was not reported yet. In this study, the ELISA assay revealed that the inhibition of
aromatase by glyphosate is partial and weak and strongly depends on the substrate concentration.
Moreover, at the lower concentration of glyphosate tested (1 uM), the inhibition was found to be
non-competitive, while at the higher concentration used (5 uM), the inhibition turned into a mixed
inhibition mode. These data suggest that glyphosate binds to an allosteric site both when the enzyme
is free and in complex with the substrate. Classical MD simulations supply a structural model for
glyphosate binding to aromatase, explaining at the atomic-level that this pollutant may exert its
inhibitory activity at a low concentration by binding to the allosteric Site 1 previously identified by
Magistrato et al. [50] and demonstrated to bind small-molecules inhibitors [54]. When the concentration
increases, a mixed inhibition is observed again compatible with the presence of an allosteric site.
The binding of glyphosate probably becomes stronger or another allosteric site is occupied by the
inhibitor. However, MD simulations showed that glyphosate did not stably bind to the second allosteric
pocket (Site 2) identified in previous studies.

The second important target studied was the estrogen receptor that is responsible for estrogen
binding and signal transduction in cells. MCF-7 cells, stably transfected with an estrogen-regulated
luciferase gene (MELN cells), were used to assess the estrogenic activity of the pesticides. Glyphosate
induced no estrogenic activity on MELN cells, moreover glyphosate did not change the effectinduced by
tamoxifen or E2. These results are in accordance with the results of the studies of Kojima et al., 2004 [46]
and Gasnier et al., 2009 [35], who did not find any agonistic or antagonistic effect of glyphosate on
ER. On the contrary, our results are different than the results of Thongprakaisang et al., 2013 [44] and
Mesnage et al., 2017 [45] who found a significant increase of ER-induced estrogenic activity. A possible
explanation of this discrepancy could be that in our study the estrogenic activity was evaluated on
MELN cells while the other two studies applied T47D-KBluc cells, which might be more sensitive
to the glyphosate activity than MELN cells. Moreover, our results are consistent with the results of
the Endocrine Disruptor Screening Program (EDSP) conducted by the United States Environmental
Protection Agency (US EPA, 2015) which concluded that “there is no convincing evidence of a potential
interaction with the estrogen pathway for glyphosate”.

In the present study, both imidacloprid and thiacloprid induced a dose-response estrogenic
activity mediated by the ER activation, in particular starting from 107 M. A consistent result was
found in the study of Kojima et al., 2004 [46] in which no estrogenic activity was detected exposing
transfected-cells to imidacloprid at concentrations lower than 107> M; a contradicting result was found
by Westlund and Yargeau, 2017 [48], who did not find any estrogenic activity testing thiacloprid
at concentrations comparable to ours. The conflicting results of thiacloprid should be interpreted
considering the different cell models applied in our study with respect to the study of Westlund
and Yargeau, 2017 (i.e., the present study was performed on mammalian cells while the previous
one on yeast cells) [48]. Indeed, yeast cells are characterized by a different membrane permeability,
transport proteins, and signal transduction pathways with respect to mammalian cells which may
have influenced the results [42], as reported before also for other nuclear receptors [83].

The estrogenic activity of imidacloprid and thiacloprid was observed at concentrations higher
than the pesticide levels measured in human biological samples [76,84]. Although such high levels
of pesticides are not found in human biological samples, low doses of these pesticides should not
be considered harmless. Indeed, in biological fluids these pesticides may be present in combination
with other EDCs with a similar action mode and, thus, these pesticides together with other EDCs
might cause an overall estrogenic effect. Moreover, these high concentrations of pesticides are similar
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to levels in some environmental matrices, where they could cause adverse health effects on wildlife
animals. For example, in guttation water or morning dew of plants, imidacloprid was found to be
present at a concentration up to 346 mg/L [85].

Interestingly, the results of the present study showed that, when the ER-antagonist tamoxifen was
added to these pesticides, the estrogenic activity was still higher than the negative control. This result
can be explained by the competition between each pesticide and tamoxifen for ER binding. Moreover,
in the presence of high concentrations of imidacloprid and thiacloprid, an additive effect with E2 was
also observed. The docking calculation suggested that these two neonicotinoids may bind to both
the orthosteric and allosteric pockets of ERx, suggesting a putative mechanism to rationalize their
observed estrogenic activity.

5. Conclusions

In conclusion, this study provides further evidence about the action of some pesticides as endocrine
disrupting chemicals (EDCs) targeting important proteins of the endocrine system. In particular,
it shows that the inhibitory effects of the three compounds tested on aromatase are partial and their
estrogenic effects occur at relatively high concentrations. However, possible additive estrogenic
effects with the physiological hormone 17-festradiol are present. Furthermore, it has to be taken into
account that pesticides are usually introduced in the environment with their co-formulants that can
be also biologically active as EDCs. Previous studies already showed that aromatase is inhibited by
co-formulants of glyphosate-based herbicides [33,86]. Moreover, more studies are needed to investigate
a possible additive effect of different pesticides that can be contemporarily present in the environment.

Our study also provides an integrated approach based on different assays and computational
methods that allowed gaining new information about the possible interaction of pesticides and key
targets at a molecular level. Such information can be exploited to predict the possible impact of other
compounds on estrogen production and signaling in order to develop safer compounds for human
health and environment.
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General conclusions
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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 | 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 | 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 | 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 ERa. 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.
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