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Abstract

The cytochrome P450 aromatase is involved in the last step of sex hormones biosynthesis by
converting androgens into estrogens. The human enzyme is highly polymorphic and literature data
correlate aromatase single nucleotide polymorphisms to the onset of pathologies such as breast
cancer and neurodegenerative diseases. The aims of this study were 1) to study the influence of the
mutations R264C and R264H on the structure-function of the enzyme also upon phospohorylation
by selected kinases and ii) to compare the activity of the variants to that of aromatase wild type in
two different cell lines.

Far-UV circular dichroism spectroscopy, thermal denaturation experiments and CO-binding assay
showed that the two polymorphic variants are correctly folded. Steady-state kinetics experiments
showed that rArom R264C and R264H exhibit a 1.5 and 3.4 folds lower catalytic efficiency,
respectively, when compared to the wild type protein.

Since R264 is part of the consensus motif of PKA and PKG1, phosphorylation experiments were
performed to study the effect on aromatase function. Phosphorylation by PKA caused a decrease in
activity by 36.2%, 49.3% and 27.9% in the wild type, R264C and R264H proteins respectively.
Phosphorylation by PKG1 was also found to decrease the activity by 30.3%, 30.5% and 15.4% in
the wild type, R264C and R264H proteins respectively.

Experiments performed on the three full-length proteins expressed in human MCF-7 breast cancer
cells and rat ST14A neuronal cells showed that, depending on the cell line used, the activity of the
proteins is different, implicating different cellular mechanisms modulating aromatase activity.

This work demonstrate that R264 polymorphism causes an intrinsic alteration of aromatase activity
together with a different consensus for phosphorylation by different kinases, indicating that
estrogen production can be different when such mutations are present.

These findings are significant in understanding the onset and treatment of pathologies in which

aromatase has been shown to be involved.

Keywords: human aromatase, SNPs, phosphorylation, ST14A neuronal cells, MCF-7 breast cancer

cells



1. Introduction

Human aromatase (CYP19A1) is a membrane-bound class II cytochrome P450 that converts
androgens into estrogens [1-4]. Specifically, the enzyme is involved sex hormones biosynthesis
where it is responsible for the conversion of androstenedione, testosterone and 160-
hydroxytestosterone into estrone, estradiol and estriol, respectively, through the aromatization of
the A-ring of the steroid molecule with the subsequent release of the C19 as formic acid [1-3,5].
The enzyme is widely distributed within the human body, from ovaries to testis, brain, breast,
adipose tissue, prostate, liver and bones. It is the product of one gene as a unique isoform and its
wide distribution justifies its central role in different physiological processes [6]. Aromatase is not
only responsible for sexual development and reproduction, but it plays also a key role in the
maintenance of bone metabolism as well as in the neuroplasticity and neuroprotection of the brain
[6-8]. In estrogen-deficient animal models, with a heterozygous disruption of ovarian aromatase
gene, it was found that the decreased amount of estrogen levels was accompanied by an early
formation and accumulation of B-amyloid plaques [9]. Moreover, aromatase protein is implicated in
several pathologies, like breast cancer [6], polycystic ovary syndrome [10,11], endometrial cancer
[12] and neurodegenerative pathologies such as Alzheimer’s and Parkinson’s diseases [13,14]. Such
pathologies were proven to have a correlation with single nucleotide polymorphisms (SNPs) on the
aromatase gene [10,15,16].

Out of the 7,000 SNPs described for CYP19A41, about 300 are located on the coding sequence and
they are divided into frame shift, synonymous SNPs and missense substitutions. In 2001, through
the expectation/maximization algorithm it was shown that aromatase gene is in linkage
disequilibrium with Alzheimer’s disease [17]. In 2006, different CYP19A1 haplotypes were
correlated with an increased risk for Alzheimer’s disease: the study of eighteen SNPs both in the 5’
untranslated region and in the coding sequence of aromatase led to the hypothesis of an association
between the onset of this neurodegenerative pathology and the APOE4 genotype -carriers
(apolipoprotein E, allele 4) [18]. SNPs occurring on the aromatase gene, however, were correlated
also to other pathologies. One example is the case of the intron variant rs3764221 correlated to lung
atypical adenomatous hyperplasia (AAH) and bronchioloalveolar carcinoma (BAC) and altered
estrogens levels [19]. A case-control study showed that subjects carrying the intron variant
rs1902584, located near the 1.4 promoter region, exhibit an increased risk to develop colorectal
cancer [20]. Another case-control study conducted by using the luciferase reporter gene assay in
PC3 and DUI145 cancer cell lines showed that the intron variants rs2470152, rs10459592 and
154775936 carrying the T-A-G haplotypes influence prostate cancer risk and survival by modifying



the activity of the 1.6 and PII promoters with subsequent effects on the sex hormones [21].
Moreover, it was also shown that Chinese Han women carrying the rs700518 AA genotype SNP
involving Val80 are genetically susceptible to endometriosis-related infertility [22]. The same SNP
was also associated with bone density loss in concomitance with aromatase inhibitors
administration [23].

Out of the 300 SNPs located on the coding sequence of the CYP19A1 gene, the missense
substitutions involving arginine 264 were selected in this work for functional studies. The choice
was based on structural data showing that other aromatase polymorphisms, involving for instance
W39, D309, R192 or the residues located in the D-E loop, can be predicted to generate an unfolded
or inactive enzyme or a protein that does not correctly insert into the membrane [24,25]. Arginine
264, encoded by exon VII [26] and located on the G-helix [24,25], a region of cytochromes P450
characterised by high flexibility (Figure 1) [27] can be either found mutated into a histidine (SNP
identification: rs2304462) or a cysteine (SNP identification: rs700519). Up to now, no studies are
reported about the R264H polymorphism, while several and discordant are the literature data
concerning the R264C SNP that is very common in Asian population [28,29].

In 1994, a case-control study reported that the R264C mutation did not affect breast cancer or
fibroadenoma risk and in vitro experiments performed on breast cancer tissue showed that this
mutation did not alter aromatase activity [30]. Similarly, it was shown that aromatase R264C SNP
had no relationship with an increased breast cancer risk in Japanese women and did not affect the
enzyme activity upon measurement of the radioactive activity of tritiated water released by
transfected COS-7 cells [29]. In another study, the presence of this polymorphism was found to
correlate with a higher risk for breast cancer that can be synergically increased by alcohol
consumption [31]. In contrast, in 2005 it was assessed that the activity of aromatase transfected in
COS-1 cells was reduced when cysteine is present in position 264 [26]. It was reported that the
missense coding change R264C did not affect the concentration of serum estradiol in Australian
women [32], while in Chinese women a case-control study evidenced that this aromatase SNP had
no influence in endometrial cancer risk [12].

Here, the first aim of the this study is to compare the intrinsic properties (thermal stability and
catalytic activity) of the two polymorphic variants to those of the wild type protein as well as a
possible loss of consensus for phosphorylation by protein kinases A and G.

To this purpose, a recombinant and soluble form of human aromatase (rArom) [25,33-36], lacking
the N-terminal helix, was used for site-directed mutagenesis to generate the two polymorphic
variants rArom R264H and rArom R264C for functional studies on the purified enzymes.

The second aim of the study is to compare the activity of the variants to that of aromatase wild type



in two different cell lines. To this end, the full-length proteins were also expressed in two different
eukaryotic cellular models, rat ST14A neuronal cells and human MCF-7 breast cancer cells, and the

activity measured and compared.

2. Materials and Methods

2.1 Materials
All the chemicals were purchased from Sigma Aldrich and were analytical grade. Human

cytochrome P450 reductase (hCPR) was purchased from Life Technologies.

2.2 Generation of the human aromatase polymorphic variants by site-directed mutagenesis
The experiments here proposed were performed on a recombinant soluble form of human aromatase
(rArom) cloned in a pCW Orit+ vector carrying an IPTG-inducible Tac promoter, an ampicillin
resistance gene and rArom cDNA cloned between Ndel and HindlIII restriction sites at the five-
prime and three-prime ends, respectively. Experiments were also performed on the full-length
membrane-bound protein (Arom) cloned in a pCMV6-XL4 vector (Origene, Rockville, USA)
carrying an ampicillin resistance gene and Arom cDNA cloned between Notl restriction sites both
at the five-prime and three-prime ends. Empty pCMV6-XL4 vector (MOCK) was generated by selt-
circularisation after removing the gene cassette of full-length aromatase cDNA using a T4 DNA
ligase (Thermo Scientific) following manufacturer recommendations.

The polymorphic variants of human aromatase R264H and R264C were generated using the
QuikChange 1II site-directed mutagenesis kit (Agilent Technologies) using the following mutagenic
primers: CTGATAGCAGAAAAAAGACACAGGATTTCCACAGAAGAG  (forward) and
CTCTTCTGTGGAAATCCTGTGTCTTTTTTCTGCTATCAG (reverse) for the aromatase R264H
mutant and
CTGATAGCAGAAAAAAGATGCAGGATTTCCACAGAAGAG (forward) and
CTCTTCTGTGGAAATCCTGCATCTTTTTTCTGCTATCAG (reverse) for the aromatase R264C
mutant.

Plasmid DNA was sequenced by Eurofins MWG Operon (Ebersberg, Germany).

2.3 Recombinant protein expression, purification and characterization by UV-vis

spectroscopy.



The structurally and functionally well characterized recombinant form of human aromatase (rArom)
was expressed and purified as previously described [33-36]. Briefly, transformed E. coli DHS
chemically-competent cells selected by 100 pg/mL ampicillin were induced by 0.5 mM IPTG and
let grown 48 hours at 28°C in the presence of the heme precursor 6-aminolevulinic acid.

Cells were harvested and re-suspended in a 100 mM KPi pH 7.4, 20% glycerol, 0.1 % Tween-20
and 1 mM B-mercaptoethanol buffer supplemented with 1 mg/mL lysozyme, 1% Tween-20 and 1
mM PMSF (10 uM androstenedione was also added to co-purify the enzymes in the substrate-
bound form) at 4°C, disrupted by sonication and ultra-centrifuged for 25 minutes at 40,000 rpm and
4°C in a Beckman Coulter Ultra centrifuge. rArom was purified by loading the supernatant on a
diethylaminoethyl ion-exchange column (DEAE-Sepharose Fast-Flow, GE Healthcare) followed by
a Nickel-ion affinity column (Chelating-Sepharose Fast-Flow, GE Healthcare). The protein was
eluted applying a linear histidine gradient (1-40 mM) that was removed in Amicon Ultra 30,000
MWCO devices (Millipore).

CO-binding assay was performed in an Agilent 8453 UV-vis spectrophotometer (diode array).
rArom at the final concentration of 1 uM was placed in a quartz cuvette in a 100 mM KPi pH 7.4,
20% glycerol, 0.1% Tween-20 and 1 mM p-mercaptoethanol buffer, saturated with 15 uM
androstenedione, reduced by sodium dithionite until the o and B Soret bands joined and gently
bubbled with carbon monoxide. The P450 content was calculated using a molar extinction
coefficient (¢) at 450 nm of 91,000 M ecm™ [37].

The binding constant (Kp) for the polymorphic variants and the substrate androstenedione were
measured by Uv-vis spectroscopy. Substrate binding was monitored as a spectroscopic shift of the y
Soret peak from 418 nm to 394 nm in an Agilent 8453 UV-vis spectrophotometer (diode array) at
the controlled temperature of 25°C (Agilent 89090 A Peltier). The rArom R264C and R264H
variants (1.0 uM) were titrated with increasing concentrations of androstenedione (0.05 uM-15 puM)
in a 100 mM KPi pH 7.4 buffer containing 20% glycerol, 0.1% Tween-20 and 1 mM f-
mercaptoethanol. The dissociation constants Kp were calculated using the equation:

AA394-418 = AA max 394-418 « [S]free / (Kp + [S]free)

where [S]free is [S]total-[E-S] and [E-S] = AA394-418 [E]total / AAmax394-418.

2.4 Circular dichroism spectroscopy

The secondary structure of rArom WT and its two polymorphic variants was studied by circular
dichroism spectroscopy in the far-UV range (200-240 nm), the region of the spectrum where the
chromophores are the peptide bonds [38]. rArom was diluted to the final concentration of 2.5 uM in

a 100 mM KPi pH 7.4, 20% glycerol, 0.1% Tween-20 and 1 mM pB-mercaptoethanol buffer in a 0.1
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cm pathlength cell and analysed at 25°C using a Jasco-815 instrument (Jasco Instrument). CD
signals were converted into molar ellipticity according to the following equation: [08] = [(0 x
MRW)/(100 x 1 x C)], where 0 is the observed signal in degrees at a concentration C (in g/ml) using
a cell of pathlength | expressed in dm and MRW is the mean residue weight [39].

Circular dichroism spectroscopy was used to perform thermal denaturation experiments using 2.5
uM of rArom R264H and rArom R264C in their ligand-free and substrate-bound forms in a 100
mM KPi pH 7.4, 20 % glycerol, 0.1 % Tween-20 and 1 mM B-mercaptoethanol buffer in a Jasco-
815 instrument (Jasco Instrument) using a 0.1 cm pathlength cell and raising the temperature from
30°C to 76°C allowing the sample to equilibrate for 3 minutes at each temperature before recording
the spectrum in the far-UV range (200-240 nm).

The fraction of folded protein at 222 nm was plotted as a function of the temperature and data fitted
to a single step transition curve from which the melting temperature (Tm) was derived according to
the following equation: folded fraction = a/(1+exp(-T-Tm)/b), where a and b are fitting parameters.

Each curve is the mean of three experiments.

2.5 Activity assay and kinetic parameters determination by HPLC

The kinetic parameters were determined by incubating rArom WT and the two polymorphic
variants with different substrate concentrations followed by separation and quantification of the
aromatase reaction product by HPLC analysis.

Reactions were set up by mixing 250 nM rArom, 250 nM hCPR, increasing androstenedione
concentrations (0.5-20 uM) and 0.5 mM NADPH in a 100 mM KPi pH 7.0, 20% glycerol, 0.1%
Tween-20 and 1 mM B-mercaptoethanol buffer. Reactions were carried out for ten minutes at 30°C,
heat-inactivated for 10 minutes at 90°C and centrifuged for 5 minutes at 11,000g and room
temperature.

The supernatant was collected and injected into a 1200 series HPLC apparatus (Agilent
Technologies) using a ZORBAX Eclipse Plus C18 reverse phase column (Agilent Technologies).
Analytes were eluted applying an acetonitrile HPLC grade (Sigma Aldrich) linear gradient (5%-
100%) mixed to filtered and degased MilliQ water at the flow rate of 0.5 mL/min.

A diode array detector set at the wavelengths of 237 nm and 280 nm was used to detect the
substrate androstenedione and the product estrone, respectively.

Different estrone concentrations (0.2 uM-10 uM) were dissolved in a 100 mM KPi pH 7.0, 20%
glycerol, 0.1% Tween-20 and 1 mM B-mercaptoethanol buffer to be injected into the HPLC system

and build a calibration curve. The peaks were integrated and the corresponding areas plotted as a



function of the standard concentration resulting in a linear regression curve used for the

quantification of the aromatase reaction product.

2.6 In vitro phosphorylation of recombinant human aromatase

In silico studies performed on the amino acidic sequence of rArom using the GPS 2.0 software [40]
showed that six serine residues (S35, S36, S101, S102, S267 and S497) and four threonine residues
(T35, T162, T268 and T392) are predicted to be sites of phosphorylation. In particular, the peptide
comprised between R263 and K271 where R264 is located (-RRRISTEEK-) corresponds to the
consensus motif for many different kinases, including the AGC-kinases PKA (consensus motif: -R-
R-X-S/T-®-, where X is any amino acid and ® is a hydrophobic residue) [41] and PKGI1
(consensus motif: -X-R/K-R/K-X-S/T-X) [42]. In human aromatase sequence, ® corresponds to a
threonine (Thr268) and phosphorylation by PKA and PKGI1 is predicted on both Ser267 and
Thr268.

Purified rArom was phosphorylated using the active subunit of PKA (PKAca, SignalChem) and the
active subunit of PKG1 (PRPKGI, SignalChem) following strictly manufacturer instructions with
one modification: labelled ATP was replaced by ATP (Sigma Aldrich). Kinases (23.2 nM PKA and
40 nM PKG1) diluted in the kinase dilution buffer (25 mM MOPS pH 7.2, 12.5 mM B-glycerol
phosphate, 25 mM MgCl,, 5 mM EGTA, 2 mM EDTA, 0.25 mM DTT, 5 % v/v glycerol. 50 ng/uL
bovine serum albumin (BSA) were also added for PKA) were mixed with 3.6 uM rArom, cold
distilled water and 50 uM ATP (10 uM c¢GMP was also added for PKG1). Reactions were carried
out for 15 minutes at 30°C.

Negative control reactions were set up as described above by replacing PKA or PKG1 with the
kinase dilution buffer. Positive control reactions were set up as it follows: PKA was selectively
inhibited by adding to the reaction mixture 10 uM of the selective and potent inhibitor H89 (N-[2-
(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide) [43] whereas PKG1 was selectively
inactivated by omitting the activator cGMP from the reaction mixture.

For the activity assay, one aliquot of rArom was diluted in a tube containing 250 nM CPR and 10
uM androstenedione to a final concentration of 250 nM. The reaction was started by the addition of
0.5 mM NADPH and carried out for 10 minutes at 30°C. The reaction was heat-inactivated and

injected into the HPLC for product quantification.

2.7 Western blot of phosphorylated rArom samples
Phosphorylated and non phosphorylated rArom samples (0.5 pg/sample) were denatured in boiling
Laemmli buffer, resolved in a 10% SDS-PAGE and transferred onto a 0.45 puM nitrocellulose



membrane (GE Healthcare). A mouse primary monoclonal IgM anti-phosphoserine antibody
(Catalogue number: sc-81514, batch number: L1511; Santa Cruz Biotechnology) and a mouse
primary monoclonal IgG anti-phosphothreonine antibody (Catalogue number: sc-81526, batch
number: J0510; Santa Cruz Biotechnology) were used diluted 1:200 in TBST 1X (150 mM NaCl,
10 mM Tris-HCI pH 7.4, 0.1% Tween-20) supplemented with 3 % w/v BSA. As secondary
antibodies, a goat anti-mouse [gM HRP-linked (Catalogue number: sc-2064, batch number: JO113;
Santa Cruz Biotechnology) and a goat anti-mouse IgG HRP-linked (Catalogue number: sc-2005,
batch number: G1213; Santa Cruz Biotechnology) were used diluted 1:4,000 in TBST 1X
supplemented with 1 % w/v BSA.

2.8 MCF-7 breast cancer cell culture, transient transfection and tritiated water release assay

Human MCF-7 breast cancer cells were used as the first eukaryotic cellular model to compare the
activity of Arom WT and its two polymorphic variants. Cells were obtained from American Type
Culture Collection and cultured in DMEM/F-12 medium supplemented with 5% newborn calf
serum, 2 mmol/liter L-glutamine, and 50 U/ml penicillin/streptomycin. MCF-7 cells (ATCC) were
limited to use within the first 10-15 passages from the original purchased vial. Cells were plated in
6-well plates and transiently transfected with 3 pg/well of empty or WT or R264C or R264H
vectors using the FuGENE 6 Transfection Reagent (Promega), as recommended by the
manufacturer. Aromatase activity was measured by tritiated water release assay, as previously
described [44,45]. Total proteins were extracted using a lysis buffer containing 50 mM HEPES pH
7.5, 150 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA, 10% glycerol, 1% Triton X-100, and protease
inhibitors (Sigma) and results obtained were expressed as picomoles per hour and normalized to mg

of total proteins (pmol/h/mg total proteins).

2.9 ST14A neuronal cell culture: transient transfection and estrone competitive ELISA

The eukaryotic neuronal cell model used to compare the activity of the full-length aromatase
polymorphic variants and the WT enzyme was the neural progenitor ST14A cell line, kindly
provided by Professor Elena Cattaneo and derived from rat primary cells dissociated from
embryonic day 14 striatal primordia as previously described [46]. 50,000 cells at passage number 8-
10 were plated in 12-well format plates and grown as monolayers in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 100 units/ml penicillin, 0.1 mg/ml streptomycin, 1 mM
sodium pyruvate, 2 mM L-glutamine, and 10% heat-inactivated fetal bovine serum (FBS;
Invitrogen), at the permissive temperature of 33°C in a 5% CO; atmosphere saturated with HO.

After 24 hours, cells were transiently transfected in Opti-MEM reduced serum medium (Gibco) by



mixing 1.25 pg of DNA and 1.25 pL Lipofectamine2000 (Invitrogen) according to manufacturer
recommendations.

Twenty-four hours post-transfection cells were stimulated in DMEM serum-free supplemented with
500 nM androstenedione for 2 hours at 33°C and 5% CO, atmosphere. After stimulation, 150 pL of
the medium were collected and centrifuged at 1,000g and 4°C for 10 minutes to remove cellular
debris without disrupting cells. 125 pL of the supernatant were collected and centrifuged for 10
minutes at 11,000g and room temperature to completely clarify the medium. The estrone containing
supernatant was collected and analysed by direct competitive ELISA estrone Kit (Diagnostic
Biochem Canada Inc.) following manufacturer instructions. Full-length aromatase activity was
expressed as pmol estrone/hour/mg total proteins.

In parallel the 12-well format plates were washed with Dulbecco’s Phosphate Buffered Saline

(DPBS), carefully dried and stored at -80°C until protein extraction and western blot analysis.

2.10 Protein extraction and western blot analysis

Total cellular proteins of ST14A neuronal cells were extracted 24 hours post-transfection using
RIPA buffer (0.5% sodium deoxycolate, 0.8% NaCl, 0.25% Tris-base, 0.06% EDTA, 0.1% SDS,
1% Triton X-100, 10% glycerol and 1X protease inhibitor cocktail (Roche) and quantified by
Lowry assay [47]. Proteins (10 pg/sample) were denatured in boiling Laemmli buffer, resolved in a
10% SDS-PAGE and transferred onto a 0.45 uM polyvinylidene difluoride (PVDF) membrane (GE
Healthcare). For immunoblotting a rabbit primary polyclonal anti-aromatase antibody kindly
provided by Dr Harada (Fujita Health University, Nagoya, Japan) and a rabbit primary polyclonal
anti-GAPDH antibody (Catalogue number: PA1-987; batch number: QE212271, Thermo Fisher)
were used diluted 1:1,000 in TBST 1X supplemented with 5% BSA; as secondary antibody a goat
anti-rabbit HRP-linked (Catalogue number: A16104; batch number: 46-183-082415; GE
Healthcare) was used diluted 1:10,000 in TBST 1X supplemented with 5% nonfat dry milk.

Total cellular proteins (40 pg/sample) extracted from MCF-7 breast cancer cells were denatured in
boiling Laemmli buffer, resolved in a 10% SDS-PAGE and transferred onto a 0.2 uM nitrocellulose
membrane (GE Healthcare). For immunoblotting a mouse monoclonal primary antibody anti-
aromatase (Catalogue number MCA20775, Clone H4; batch number: 240914; Serotec) and a rabbit
monoclonal primary antibody anti-GAPDH (catalogue number: sc-25788, FL-335, batch number:
10413, Santa Cruz Biotechnology) were used at 1:500 and 1:10,000 dilution, respectively, in TBST
1X supplemented with 5% BSA; as secondary antibodies, a goat anti-mouse and anti-rabbit HRP-
linked (Santa Cruz Biotechnology) were used at 1:2,000 and 1:7,000 dilution, respectively, in TBST

10



1X supplemented with 5% BSA. Immunoblots show a single representative of 3 indipendent

experiments.

3. Results

3.1 UV-vis spectroscopy, folding and thermal stability of rArom R264C and R264H variants.
The expression and purification of the rArom WT and the two polymorphic variants rArom R264C
and rArom R264H were achieved as reported for recombinant human aromatase (rArom) [33,34].
The UV-vis spectra of the three proteins used in this study in their substrate-free and substrate-
bound forms are shown in Figure 2. The purified ligand-free proteins show the typical low-spin
spectrum with the maximum Soret peak at 418 nm and a and § bands centred at 570 nm and 535
nm, respectively (Figures 2A, 2B and 2C). In the case of the enzymes co-purified with the substrate
androstenedione, the typical high spin spectrum was observed, exhibiting the maximum absorbance
peak at 394 nm and the o and 3 bands to 512 and 542 nm respectively, with a charge transfer band
at 645 nm typical of the iron in a high spin state (Figure 2A, 2B and 2C). Thus, the substrate
androstenedione induces the typical low-to-high spin transition of the heme iron. Moreover, the
CO-binding assay was performed and upon reduction with sodium dithionite and bubbling with
carbon monoxide, the difference spectra Fe(Il)-CO minus Fe(Il) of the aromatase samples showed
the typical peak at 450 nm (insets in Figure 2A, 2B and 2C).

Enzyme folding was then studied by circular dichroism spectroscopy. The secondary structure of
the three proteins both in the ligand-free and substrate-bound forms was compared and no major
differences were observed for both the polymorphic variants compared to rArom WT (Figure 2D),
indicating that the R-to-H/C substitutions do not alter the secondary structure composition of the
polymorphic enzymes also in the presence of the substrate androstenedione. Moreover, a molar
ellipticity of -18,000 degrees cm® dmol” at 222 nm is representative for an a-helices content of
52% [39], consistent with the value calculated from the crystal structure of rArom WT [25].

The thermal stability of the three enzymes was studied by thermal denaturation experiments
monitoring the loss of secondary structure by circular dichroism spectroscopy. The unfolding
process followed a typical cooperative single step sigmoidal curve in all cases (Figure S1). As
previously observed in other cytochromes P450 [48], the process was also found to be irreversible
suggesting protein aggregation during denaturation and loss of the heme cofactor. T, values (Table
1) are found to be within the range of those reported for other mammalian cytochromes P450 [49].
Ligand-free rArom R264C and R264H showed a melting temperature lowered by 3 and 5 °C

compared to rArom WT, respectively. The presence of androstenedione was found to stabilise the
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protein structure in all cases by increasing their thermal stability by 3-4 °C.
These results are in line with crystallographic data reporting that the presence of the substrate
stabilises the structure of cytochromes P450 by reducing the flexibility of key region involved in

substrate binding and recognition such as the F-G loop [50,51].

3.2 Binding constants and Kinetic parameters determination

Difference spectroscopy was used to determine the binding constant (Kp) of the two polymorphic
variants rArom R264H and rArom R264C for the substrate androstenedione. For both variants, the
resulting Kp values resulted 2-folds higher than the one calculated for rArom WT (Table 1)
indicating a loss in the binding ability for the substrate when the mutation is present.

The kinetic parameters for the three proteins were also calculated. The plots of estrone formation
rate as a function of substrate concentration are reported in Figure S2, where a hyperbolic trend
consistent with a Michaelis-Menten behaviour was observed for all the three recombinant enzymes.
The calculated kinetic parameters are reported in Table 1. When compared to rArom WT, the
polymorphic variant rArom R264H exhibited a 2.5 folds higher Ky and a 1.4 folds lower ke, value.
On the contrary, rArom R264C shows a 1.6 fold higher Ky constant and a k., similar to rArom. As
a consequence, rArom R264H shows a 3.4 folds lower catalytic efficiency whereas rArom R264C
exhibits a ke,/Kwm ratio decreased by a factor of 1.5. Thus, despite the polymorphism involving
R264 is localised on the surface of the protein, the Arg-to-His/Cys substitutions are found to have

an influence on key functional parameters of human aromatase.

3.3 Effect of in vitro phosphorylation on rArom activity

Since PKA and PKG1 are predicted to phosphorylate aromatase on Ser267 and Thr268, the purified
recombinant proteins were phosphorylated by these two selected kinases and the activity was
measured before and after phosphorylation.

The results of western blot analysis using anti-phosphoserine and anti-phosphothreonine antibodies
(Figure 3A) shows that the three proteins are phosphorylated in serine and threonine upon treatment
with both PKA and PKG, confirming the in silico predictions.

The results of the activity assays of the phosphorylated and non-phosphorylated proteins are shown
in Figure 3B. Upon phosphorylation with PKA, the activity of rArom decreased in all cases, but to a
different extent: rArom R264C lost 49.3% of its original activity, while the activity of rArom and
rArom R264H was found to be affected by 36.2% and 27.9%, respectively (Figure 3B; Table 2).

When the same experiment was performed in the presence of H89, a synthetic and specific inhibitor
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of PKA, the activity of rArom resulted to be restored confirming that the decrease previously
observed was due to PKA-dependent phosphorylation (Figure 3B; Table 2).

Similar results were obtained upon phosphorylation of rArom using the catalytic subunit of PKG1
where the activity of aromatase decreased in all cases, but to a generally minor extent when
compared to PKA. The variant rArom R264H lost 15.4% of its original activity upon
phosphorylation, while rArom WT and rArom R264C lost 30.5% and 30.3% of their original
activity, respectively (Figure 3A; Table 2). When the same experiment was performed in the
absence of cGMP, required for PKGI activation [52], no variations in rArom activity were
observed, implicating that also PKG1 modulates enzyme activity through a phosphorylation-
dependent inhibition (Figure 3A; Table 2).

These data indicate that human aromatase and the polymorphic variants are inhibited by
phosphorylation by PKA and PKG and that the substitution of R264C/H affects the phosphorylation

rate depending on the kinase considered.

3.4 Full-length aromatase (Arom) activity in ST14A neuronal cells and MCF-7 breast cancer
cells

The effects of phosphorylation found in the activity of the recombinant purified enzymes where
then investigated in the full-length human enzyme, wild type and polymorphic variants, in two
different eukaryotic cellular models.

Human MCF-7 breast cancer cells were chosen due to the central role of aromatase in catalysing
local estrogen production, that is an important mechanism of autocrine and paracrine growth
stimulation in hormone-dependent breast cancers. The neuronal progenitor of rat striatum ST14A
cells, indeed, was chosen since the enzyme is known to be expressed in several regions of the
cerebral cortex where estrogens act as neuroprotective in case of stroke and brain injury and
participate in neuroplasticity [8].

For in cell activity assays, human WT or variant full length aromatase cDNAs were transiently
transfected in both eukaryotic cellular models, where the presence of the enzymes was verified by
immunoblotting using GAPDH as housekeeping protein (Figures 4B and 4D). After 2 hours of
stimulation with labelled androstenedione as substrate, aromatase activity was measured by tritiated
water release method. The specific activity of both polymorphic variants in human MCF-7 breast
cancer cells was found to be significantly different with respect to the WT (Figure 4A). Arom
R264H exhibited a 1.6 fold higher activity, while Arom R264C showed a 1.6 fold lower activity. In
contrast, upon two hours treatment with androstenedione, the specific activity of the three enzymes

did not show any significant difference in ST14A neuronal cells (Figure 4C). It is important to
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underline that, although the house keeping protein GAPDH showed the same expression levels in
all transfected samples, Arom R264H showed expression levels comparable to Arom WT, while
Arom R264C resulted to be less expressed in both cell lines (Figure 4B and D). Such differences
could suggest a lower stability or a faster degradation rate for the aromatase R264C variant in our

cellular models.

4. Discussion

The study of the effect of polymorphisms on key enzymes of the endocrine and neuroendocrine
systems such as on the aromatase, can be crucial to understand the relationship between SNPs and
increased/decreased risk for pathologies. Although the effect of some SNPs on the coding sequence
can be predicted by analysis of the crystal structure combined with functional studies, the
alterations produced by non-active site and surface mutations such as R264C/H in human aromatase
is not obvious. For this reason, the availability of recombinant and purified proteins is a powerful
tool to compare kinetic parameters and to perform assays where proteins potentially altering
aromatase activity can be selectively used.

In this work, polymorphisms involving arginine 264, located on the G-helix [24,25], a region of
cytochromes P450 characterised by high flexibility [27], were studied.

Despite both the mutations occurring on R264 are classified as aromatase single nucleotide
polymorphisms [18], no literature data are so far available regarding the R264H substitution. On the
contrary, several and discordant are the literature reports about the R264C polymorphism
[12,26,28,30,32].

The two polymorphic variants displayed similar secondary structure content but a lower thermal
stability compared to rArom WT. A lower thermal stability is usually associated to a higher
flexibility that may result in a loss of affinity for substrates and reduced catalytic rate. As a matter
of the fact, the Kp values for the polymorphic variants are 2-folds higher compared to rArom WT
and the catalytic efficiency resulted lowered by 1.5 and 3.4 for R264C and R264H, respectively.
Molecular dynamics simulations on human aromatase have previously shown that helix G, where
Arg264 is located, is flexible and it is part of the substrate access channel [53-55]. Moreover, in
other cytochromes P450, x-ray crystallography has shown that surface mutations can influence not
only the flexibility of structural elements important for substrate access but they can also exert
structural long-range effect influencing active site residues important for substrate recognition [56].
Moreover, since R264 is part of a consensus sequence for phosphorylation by different kinases, it is
predictable that the mutations affect such a consensus. Phosphorylation experiments showed that

upon treatment with PKA and PKG1, the activity of rArom R264H is the least affected in terms of
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estrone production (Figure 6; Table 3), suggesting a partial loss of consensus for PK recognition.
The different loss of activity upon phosphorylation by PKA and PKG can be explained by the
different consensus score obtained from in silico predictions on both Ser267 and Thr268. Thus, the
binding constant as well as phosphorylation rates can be different according to the kinase/residue
involved.

rArom WT and rArom R264C, indeed, were found both to be more affected upon this post-
translational modification. These data are in line with previous findings reported for homogenates
of quail brain full-length aromatase, where a rapid down-regulation of aromatase activity (47% of
activity lost) was observed within minutes upon stimulation with the specific kinase activators ATP,
Mg”" and Ca®’, necessary to activate PKA. Moreover, the same experiments performed in the
presence of H89 resulted in the total recovery of aromatase activity [57-59] as in the case of the
experiments performed on rArom and the two variants.

Human aromatase phosphorylation by PKA is known to occur on different serine and threonine
residues and the enzyme activity is the result of the overall phosphorylation status of the protein on
multiple sites [60]. Post-translational regulation of aromatase by phosphorylation processes was
also reported in breast cancer [61]. For instance, 17-f estradiol exposure promotes aromatase
phosphorylation at Tyr361 in breast cancer cells, enhancing enzyme activity with subsequent
carcinogenic cell proliferation [62]. Recently it was also reported that aromatase in JEG3 cells is
rapidly inactivated and subsequently degraded upon calcineurin-dependent phosphorylation
promoted by calcium calmodulin kinase II [63].

The activity of the three proteins was also studied in their full-length upon transient transfection in
two eukaryotic cellular models: human MCF-7 breast cancer cells and rat ST14A neuronal cells. In
the MCF-7 cells, Arom R264H showed the same expression levels as Arom WT but it exhibited
also significantly higher activity, in line with the results obtained using the purified proteins, where
this variant is the least inhibited upon phosphorylation. The variant Arom R264C was found to be
significantly less active with a concomitant lower expression level (Figures 6A and 6B). Since the
mutation is in the coding sequence and the promoter region is unaltered, this result suggests that this
variant is less stable in the cell and faster degraded. Since it is known that phosphorylation triggers
ubiquitination in human cytochromes P450 [64] and the variant R264C is the most affected in terms
of activity by phosphorylation by PKA, it may be hypothesised that the cysteine mutation increases
the consensus for selected kinases that decrease the half life of this protein in cells. A similar result
was also observed in ST14A cells, where the Arom R264C amount is lower compared to wild type
and R264H (Figure 4D). Interestingly, in these cells no significant differences were found when

comparing the activity of the three full-length aromatase proteins (Figure 4C). Thus, depending on
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the eukaryotic cellular model under investigation, human aromatase polymorphic variants exhibits
different behaviours compared to WT, probably related to post-translational modifications and/or
different protein stability.

However, it has to be taken into account that Arg264 is part of the consensus sequence for many
different Ser/Thr kinases. As a future perspective, all these proteins can be screened on the purified
enzyme to understand which ones act on aromatase. These data can be then complemented with
experiments where cells are treated with selective kinases activators/inhibitors in order to draw a
more complete picture about post-translational modifications affecting aromatase activity in
specific cell lines.

In conclusion, the results here presented show that biochemical methodologies and cell biology
techniques allow to combine intrinsic structural and functional properties of human aromatase with
cellular regulatory mechanisms. All these factors can have different synergic or antagonist effects
on the enzyme and its polymorphic variants that may affect local estrogens concentrations that are

crucial for the development of many diseases.
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Figures legends

Figure 1. Arg264 is located in helix G, an element with high B-factor. Crystal structure of
recombinant human aromatase (rArom; PDB ID: 4KQ8) coloured according to the B-factor: a low
B-factor (< 54 A%) is shown in blue; a high B-factor (> 131 A%) is shown in red. Side chain of

arginine 264 is also shown in the green circle.

Figure 2. The purified polymorphic variants show spectroscopic properties similar to purified
rArom WT. Visible spectra showing 0.8 uM ligand-free (black trace) and 0.8 uM androstenedione-
bound (grey trace) rArom WT (A), 0.8 uM ligand-free (black trace) and 0.8 uM androstenedione-
bound (grey trace) rArom R264H (B) and 0.8 uM ligand-free (black trace) and 0.8 uM
androstenedione-bound (grey trace) rArom R264C (C). Insets: Fe(Il)-CO minus Fe(Il) difference
spectrum obtained upon CO-binding assay performed on 1 uM freshly purified rArom. D) Far-UV
circular dichroism spectra acquired on 2.5 uM ligand-free rArom WT (solid line), 2.5 uM ligand-
free rArom R264H (long dashed line) and 2.5 uM ligand-free rArom R264C (dotted line).

Figure 3. PKA and PKG phosphorylate aromatase and the polymorphic variants at a different level.
A) Western blot analysis performed on 0.5 pg rArom WT (lanes 1), 0.5 pg rArom R264H (lanes 2)
and 0.5 pg rArom R264C (lanes 3) after in vitro phosphorylation. Lanes 4: negative control. Left
top panel shows immunoblot performed on rArom treated with PKA using a mouse primary
antibody to a-phosphoserine residues. Right top panel shows immunoblot performed on rArom
treated with PKA using a mouse primary antibody to a-phosphothreonine residues. Left bottom
panel shows immunoblot performed on rArom treated with PKG1 using a mouse primary antibody
to a-phosphoserine residues. Right bottom top panel shows immunoblot performed on rArom
treated with PKG1 using a mouse primary antibody to a-phosphothreonine residues.

B) Effect on the activity of rArom WT (white bars), rArom R264H (light grey bars) and rArom
R264C (dark grey bars) in the presence of 40 ng of PKA, in the presence of 40 ng PKA and 10 uM
H89, in the presence of 100 ng PKGI and in the presence of 100 ng PKG1 and in the absence of
cGMP. Basal activity of the three enzymes is also shown (control). Data points are the average of
four independent experiments and error bars represent the standard deviation. * P-value < 0.05 by
one-way ANOVA and ** P-value < 0.001 by one-way ANOVA refer to samples treated with
kinases rArom compared to controls. * P-value < 0.05 by one-way ANOVA and * P-value < 0.001
by one-way ANOVA refer to the polymorphic variants treated with kinases compared to rArom WT

treated with kinases.
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Figure 4. The polymorphic variants R264C and R264H have a different expression and activity
compared to aromatase wild type according to the cell line used. A) Specific activity of aromatase
in human MCF-7 breast cancer cells transiently transfected with empty vector (MOCK), full-length
aromatase WT, full-length aromatase R264H or full-length aromatase R264C. Data points are the
average of three independent measurements and error bars represent the standard deviation. * P-
value < 0.05 by one-way ANOVA. ** P-value < 0.005 by one-way ANOVA. B) Western blot
analysis performed on 40 pg total cellular proteins extracted from human MCF-7 breast cancer cells
transiently transfected with empty vector (MOCK, lane 1), or human MCF-7 cells transiently
transfected with full-length aromatase WT (lane 2), full-length aromatase R624H (lane 3) and full-
length aromatase R264C (lane 4). GAPDH was used as a control of equal loading or transfer. C)
Specific activity of aromatase in MOCK ST14A neuronal cells or cells transiently transfected with
full-length aromatase WT, full-length aromatase R264H and full-length aromatase R264C. Data
points are the average of four independent measurements and error bars represent the standard
deviation. D) Western blot analysis performed on 15 pg total cellular proteins extracted from
MOCK ST14A cells (lane 1), full-length aromatase WT- (lane 2), full-length aromatase R624H-
(lane 3) and full-length aromatase R264C- (lane 4) transfected cells. GAPDH was used as as a

control of equal loading or transfer.
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Tables

Table 1. Melting temperatures (T,,) and kinetic parameters (Ky and k., ) calculated for rArom WT,
rArom R264H and rArom R264C.

Th Catalytic
rArom Kp Kum Keat
O . efficiency
variant (uM) (uM) (min™)
Androstenedio (Keat/ K)
Ligand-free
ne-bound
52.9+0.3 55.7+0.3 1.2+0.1
WT 0.46 = 0.06 1.9+0.1 4.1
[33] [33] [33]
R264H 48.0 £ 0.3 ** 52.5 0.2 ** 2.3 +0.1%* 1.14 = 0.10** 1.4 +0.1** 1.2
R264C 49.8 £ 0.2%* 53.0 = 0.3** 2.3 +0.1%* 0.74 + 0.07 * 2.1x0.1 2.8

Table 2. rArom WT, R264H and R264C residual activity (%) upon phosphorylation and treatment

with kinases inhibitors.

rArom activity
(%)
rArom + 40 ng PKA + 100 ng PKG1
Controls + 40 ng PKA + 100 ng PKG1
variant +10 nM H89 -cGMP
WT 100 3.5 | 63.8+2.1%* 89.9 +2.1 69.7 = 7.7 * 98.6 2.0
R264H 100 = 2.1 72.1 = 4.3 ** 954 +43 84.6 + 4.7 * 97.1 2.1
R264C 100 £2.0 | 50.7 = 2.0 *** 923 2.1 69.5 5.5 * 95.8 3.9

P-value < 0.05 by one-way ANOVA and ** P-value < 0.001 by one-way ANOVA refer to samples treated with kinases
rArom compared to controls. * P-value < 0.05 by one-way ANOVA and * P-value < 0.001 by one-way ANOVA refer

to the polymorphic variants treated with kinases compared to rArom WT treated with kinases.
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