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INTRODUCTION

Proteins and small organic molecules may be engineered for applications in molecular and cellular
labeling, tracking, detection, drug delivery, medical imaging, and therapy for a personalized
treatment of diseases!™. In this study we investigated molecular interactions mediating the synthesis
of sex steroid hormones by Leydig cells through a recently developed FRET-labeled
protein/substrate construct* and BRET intracellular sensors®®. As many physiological processes,
steroidogenesis is regulated by cyclic nucleotides (c(NMPs) signaling systems and the control of
cNMPs in mammalian cells is partly tailored by phosphodiesterases (PDEs) which are the cyclic
nucleotide hydrolytic enzymes classified into 11 families’'". Depending on their spatiotemporal
distribution and active sites structure, many of the PDE’s activities are modulated in response to a
variety of signals including hormones, neurotransmitters, cytokines, light, and oxidative influence,
contributing to the specificity and magnitude of cAMP and cGMP availability to its effectors®!3,

Pathological conditions, such as erectile dysfunction and effect of lowering testosterone levels on

aging'* may be ameliorated by selective PDE inhibitors, To this respect we focused on the PDES



which specifically catalyzes the hydrolysis of cGMP to 5’-cGMP inactive '>~'7. PDE5’s inhibitors
succeed for therapy of erectile dysfunction, pulmonary hypertension, and cardiovascular

diseases'®!?

, where relaxation of smooth muscle is beneficial'?; the inhibition of PDES5 activity
impacts on steroidogenesis, since this enzyme acts as a modulator of intracellular cNMPs,
regulating the downstream signaling cascade linked to hormone synthesis. It has been demonstrated
that inhibition of PDE4, PDE8 and PDES enzymes significantly increases intracellular cNMPs
concentration and production of testosterone by Leydig cells in the male'>?%2!, Testosterone is a sex
steroid hormone produced by Leydig cell in the male. Steroidogenesis is stimulated by intracellular
cNMPs increase, mainly cAMP, and starts from cholesterol conversion to intermediary products,
such as pregnenolone and, subsequently, progesterone, culminating with the synthesis and release

of testosterone*>>

. Production of this steroid is endogenously stimulated by the luteinizing
hormone (LH), which, acting through its receptor (LHCGR), induces intracellular cAMP increase
and transcription of genes encoding steroidogenic enzymes 2. In male infertility treatment,
testosterone increase may be also stimulated by administration of exogenous choriogonadotropin
(hCG), the pregnancy hormone binding LHCGR?**. cAMP is known as the main activator of the
steroidogenic pathway, however, testosterone production may be increased upon use of cGMP-
specific PDES5 inhibitors occurring via a not completely clear molecular mechanism 2>2°,

In this study, FRET and BRET approaches are used to study the interaction of the PDES-specific
inhibitor (PDES5i) sildenafil with the human PDE5SA2 catalytic subunit; the aim is to evaluate its
activity in mediating cAMP/cGMP-dependent progesterone and testosterone synthesis (Figure 1) in

live MLTC-1 (steroidogenic) and HEK?293 cells.
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Figurel. In cell FRET/BRET monitoring approach of the Leydig cell steroidogenic pathway.
Intracellular cGMP and cAMP increase is stimulated by LH or hCG administration and results in
steroidogenic pathway activation and smooth muscle relaxation. cNMPs concentration is under the
control of PDEs and may be modulated by PDE inhibitors. FRET and BRET biosensors were used

for monitoring PD5i-PDE interaction, as well as cGMP and cAMP concentration in live cells.

Intracellular levels of the two cyclic second messengers were monitored by specific BRET
sensors™?’ introduced and functional in live MLTC-1 and HEK293 cells. The detection of PDES5i
was obtained through the FRET sensor (Figure 2)* expressing in vitro the catalytic domain of
hPDESA2 (PDESC) (identifier: O76074-2), tagged with a genetically encoded 6-amino-acid motif
CCPGCC (TC) at the C terminus to be conjugated with FIAsH-EDT>*'% and a pseudo-substrate
conjugated with rhodamine (cGMPS-rhodamine)*. This sensor was tested using sildenafil as a

competitor.
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Figure 2. PDESC-TC-FIAsH complex used for in cell FRET experiment. PDESC-TC-FIAsH

(Donor, D) and cGMPS-rhodamine (Acceptor, A) complexes are in the absence (panel -A) or in the
presence of PDES’s inhibitors (panel-B). A) PDES5SC (536-860)-encoding cDNA sequence was
cloned into pDNA3.1, resulting in the PDES catalytic domain (yellow colored) fused with the
teracysteine motif (light blue) able to conjugate the FIAsH compound (green highlighted) via As-S-
Cys bond. The cGMPS-rhodamine serves as a pseudosubstrate (red highlighted) and is represented
by the chemical formula. B) FRET signal decreases upon PDES5i competitive binding to the PDES

catalytic domain.

In this paper we investigated the effect of PDESi in modulating the LH/hCG-mediated signal
transduction pathway, as well as the synthesis of progesterone and testosterone by a FRET/BRET-

based method which allowed the multiple monitoring of biological interactors.

EXPERIMENTAL DETAILS

Plasmid vectors

Production of the PDES catalytic domain (residues 536-860) with a genetically encoded
tetracysteine tag, was obtained using the PDES5A2 cDNA sequence (UniProtKB - 076074
(PDESA_HUMAN)) as a template and the following primers: FW : N-term 5’-
ccaccatggcgggttctcatcatcatc-3’; RVwt:5’-ttagttccgettggectgge-3° and

RVTetrCys: -5’caggccaageggaacGGTGGCTGTTGCCCGGGCTGCTGTGGTGGTtaa-3’.  The
amplified fragments for WT and TC PDESC were first cloned into pTZ5ZR/T cloning vector and



then subcloned into the pPDNA3.1 vector (Invitrogen) by a Kpnl/BamHI double digestion. The right
clones were then confirmed by DNA sequencing. Plasmidic DNA was obtained by using

NucleoBond Xtra (Macherey-Nagel, Duren, Germany).

¢GMPS-rhodamine synthesis

2'-(6-Aminohexylcarbamoyl)guanosine-3',5'-cyclic monophosphorothioate (RP-2’-AHC-cGMP)
and the sulforhodamine B-X succinimidyl ester (Rhodamine Red-X™) were purchased from
BioLog (Hayward, CA, USA) and Thermo Fisher Scientific (Waltham, MA, USA) respectively.
The solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA). cGMPS-rhodamine was

synthesized and purified as described previously*.

Recombinant gonadotropins
Human recombinant LH (Luveris®) and hCG (Ovitrelle®) were provided by Merck KGaA
(Darmstadt, Germany).

Cell Culture and Transfection

Cell lines were cultured and handled as described previously?. Briefly, HEK293 cells were grown
in complete DMEM medium supplemented by 10% fetal bovine serum (FBS), 4.5 g/l glucose, 100
U/ml penicillin, 0.1 mg/ml streptomycin, and 1 mM glutamine (Invitrogen, Carlsbad, CA, USA).
mLTC-1 cells (ATCC CRL-2065, LCG Standards, Molsheim, France) were grown in complete
RPMI medium supplemented by 10% FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 1 mM
glutamine and 1 mM Hepes. Transient transfections were performed in 96-well plate using
Metafectene PRO (Biontex, Miinchen, Germany), following the manufacturer’s protocol. To this
purpose, 25 to 400 ng/well plasmid and 0.5 to 1.0 pl/well of Metafectene PRO were mixed in FBS-
free medium and incubated 20 min. A 50 pl plasmid-Metafectene PRO mix was added to each wells
containing 3x10* cells, in a total volume of 200 pl/well, and incubated 2 days before stimulation by

gonadotropins and PDES5i.

Western blot analysis

HEK293 cells were lysed by an ice-cold aqueous buffer consisting in 50 mM HEPES, 10 mM
MgClz, 100 mM NaCl, 10 mM B-glicerophosphate, 2 mM EGTA, 10% glycerol, 1% Triton-X-100,
1 mM phenylmethylsulfonyl fluoride, 10 pg/ml aprotinin, 10 pg/ml pepstatin, 10 pg/ml leupeptin,
0.1 mM sodium orthovanadate (all from Sigma-Aldrich). Lysates were purified by 10-min

centrifugation at 12000 x g. Protein concentrations were estimated by colorimetric assay



(#5000001; Bio-Rad Laboratories, Hercules, CA, USA) based on the Bradford’s protocol37, and
heated 5 min at 100°C in Laemmli buffer (Sigma-Aldrich) before electrophoresis. Proteins were
separated by 10% SDS-PAGE gels and transferred to polyvinylidene fluoride membranes
(Amersham Biosciences; GE Healthcare, Chicago, IL, USA) using blotting apparatus (Bio-Rad).
Membranes were incubated overnight at 4 °C with the rabbit anti-PDESA primary antibody (#sc-
32884, 1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA). After incubation with
the horseradish peroxidase-conjugated anti-rabbit secondary antibody ((#NA9340V; GE
Healthcare), signals were developed by the ECL reagent and detected by QuantityOne analysis

software using the VersaDoc system (Bio-Rad Laboratories).

FRET plate reader data acquisition and analysis
3x10* cells/well HEK293 cells transiently expressing PDESC-TC were seeded in duplicate into
black-bottom 96-well plates (Greiner Bio-One GmbH, Kremsmiinster, Austria) two days before

experiments. Medium was replaced by 200 pl PBS enriched by 1 mM CaCl, and 1 mM MgCl,.

FIAsH was then added directly to wells and measurements performed after 30 min at 20°C. For
detection of PDESC-TC-FlAsH signals, samples were analyzed by the CLARIOstar plate reader
(BMG Labtech, Offenburg, Germany). The monochromator was set to the wavelength of 47310
nm for excitation and 528+14 nm for emission. cGMPS-rhodamine signals were analyzed at the
wavelengths of 473+10 and 605+10 nm (excitation and emission, respectively). FRET analysis was
performed at the wavelengths of 473/10 nm for excitation, and at 528+14 nm, the donor (D) and at
605+10 nm, the acceptor (A) emissions, respectively. Direct ratiometric measurements were
applied, using the A/D intensity ratio between cGMPS-rhodamine and PDESCTC-FIAsH. These
procedures were applied after evaluating that the donor:acceptor stoichiometry is 1:1 in
untransfected cells, after background signal subtraction. A background value of 3000 -4000 counts
per seconds for HEK293 and of 12000-13000 counts per seconds for MLTC-1 was registered, and
this was then subtracted each time. On the other hand the high-limit threshold at which the
instrument it’s able to read has been demonstrated to be 260000 counts per seconds. So we
discarded the measurements containing these values, considering as good sets of data the ones with
maximum intensities of 150000. Therefore we have adjusted the transfected amount of protein and

of probes in order of being in that range.

FIAsH staining and imaging
3x10* PDES5-TC-expressing HEK293 cells/well were plated in 24 multi-well plates. 48-h transfected
cells were labelled for 10 min at 37°C by 10 uM 1,2-ethanedithiol (EDT2) and 0.1 p M FlAsH



(Thermo Fisher Scientific), diluted in HBSS (Sigma-Aldrich). Samples were washed twice by 250
uM 1,2-ethanedithiol (EDT2) diluted in HBSS. Cells were fixed by 10-min treatment using 4%
paraformaldehyde, at room temperature (RT), then analyzed using an inverted TCS SP2 confocal
microscope (Leica, Wetzlar, Germany) interfaced with an Ar Laser (488 nm/20 mW) and equipped
with AOBS. Images were acquired at 63X magnification (HCX PL APO 63x/1.40 - oil - Lambda
blue correction) and processed by LCS Lite (Leica). Samples were labelled for 10 min at 37°C with
FIAsH-EDT> (0,5 uM) in HBSS and washed twice in 150 uM 1,2-ethanedithiol (EDT2) in HBSS.
Cells were fixed with 4% (w/v) paraformaldehyde for 15 min at RT and then imaged using an
inverted Leica TCS SP2 confocal microscope interfaced with an Ar Laser (488 nm/20 mW),
equipped with AOBS and operated at a magnification of 63x (HCX PL APO 63x/1.40 - oil -

Lambda blue correction).

Displacement experiments

Displacement experiments were performed using a fixed sildenafil concentration equimolar to the
c¢GMPS-rhodamine constant (9 uM-10 uM). The complex PDE5SC-TC-FIAsH/cGMPS-rhodamine
was analyzed by signal acquisition at wavelengths of 528+10 nm and 605+10 nm (emissions), and
at 473+10 nm (excitation), in the presence of 0.5 uM sildenafil. A/D ratio variations were
calculated, in the absence and in presence of sildenafil. Dose-response experiments were also
performed following a similar procedure and by treating cells with increasing concentrations of

sildenafil (0 pM-10 uM range).

Evaluation of cAMP and cGMP production by BRET

BRET methods for evaluation of cAMP and ¢cGMP recruitment were previously validated®-S,
Briefly, cAMP production was measured in live mLTCI cells transiently expressing the BRET-
based cAMP sensor CAMYEL %%%3_ This molecule is an inactive cytosolic mutant form of the
human exchange factor directly activated by cAMP 1 (EPACI) fused with the Renilla luciferase
(Rluc) and the green fluorescent protein (GFP). Upon stimulation by drug, cAMP binding to
EPACI results in conformational rearrangements of the sensor, leading to a dose-dependent
decrease of BRET signal occurring in the presence of coelenterazine H (Interchim, Montlugon,
France), as a Rluc substrate.

c¢GMP production was evaluated in mLTCI1 cells transiently expressing the GFP>-GAFa-Rluc
sensor (provided by Dr Visweswariah, Indian Institute of Science, Bangalore, India) . Intracellular

cGMP binds the specific GAF domain, resulting in GFP>-GAFa-Rluc conformational changes and,



accordingly, in BRET signal increase. The detection range of the cGMP BRET biosensor was
evaluated by dose-response experiments using 8-br-cGMP as a standard (Supplementary figure 1).

For both cAMP and cGMP assays, MLTC-1 cells were suspended in 40 pl/well of 1X PBS and
1 mM HEPES. Cells were incubated 20 min with increasing doses of sildenafil (1 pM-1 uM range),
then washed and stimulated 30 min at 37 °C with a fixed dose of hCG or LH (590 pM LH; 67 pM
hCG. These gonadotropin does consist in the 50% effective concentration (ECso) calculated
previously on cAMP production using different cell models, including the MLTC-1 cell line*®3°4°,

BRET measurements were performed upon addition of 10 pul/well of 5 uM Coelenterazine H, using

the CLARIOstar plate reader (BMG Labtech).

Evaluation of progesterone and testosterone synthesis

5%10* MLTC-1 cells/well were seeded in 24-well plates and serum starved 12 h before treatments.
Cells were treated 20 min by increasing concentration of sildenafil (1 pM-1 uM range), then
washed and incubated 8 or 24 h with 590 pM LH or 67 pM hCG. Reactions were blocked by
immediate freezing of the samples at -80°C, then total progesterone and testosterone was measured
in the supernatants by immunoassay using an ARCHITECT analyser (Abbot Diagnostics, Chicago,
IL, USA).

Statistical analyses.

Values were indicated as means+SEM and fitted using nonlinear regressions. Comparisons were
performed by Mann-Whitney's U-test- and two-way ANOVA, as appropriated, using the GraphPad
Prism software (San Diego, CA, USA). Differences were taken as significant for p<0.05.

RESULTS AND DISCUSSION

Protein conjugation in live cells

To carry out an in vitro FRET study on PDESC-TC-FlAsH/cGMPS-rhodamine complex, a
preliminary characterization of the single emission intensities of the donor ((D)-FlAsH) and the
acceptor ((A)-rhodamine) was performed**!. The kinetics of FlAsH binding to PDES5C-TC,
expressed both in HEK293 and in MLTC-1 Leydig tumor cell, was evaluated. The fluorescence
intensity of FIAsH alone was measured over one hour (Figure 3A), indicating basal, and
background emission. The signals were recorded using the excitation wavelength of 473 nm and

two emission filters: 528+10 nm; 605+10 nm which represented the experimental conditions for the



subsequent FRET measurements. Both FIAsH emissions at 528 nm reached a threshold after 30-40
min*? which was then used as incubation time in all measurements (Figure 3). The acceptor alone
displayed the expected zero emission at 528 nm and a minimal stable emission at 605 nm due to the
non-zero contribution of the direct excitation at the 473 nm wavelength (data not shown). Confocal
images confirmed that the tetracysteine tag, fused to the C-terminus of the catalytic domain of
PDES (PDESC-TC), led to free cytosolic distribution of the fluorescent protein upon FIAsH probe
binding (Figure 3B). Cells labeled with FIAsH were excited at 473 nm and emission was detected in
the 530-600 nm wavelength range (i.e., FIAsH fluorescence), while cells expressing the PDES
catalytic domain lacking the tetracysteine tag (PDE5SC WT) showed nonspecific, background

signals, likely due to other cysteine motifs of cellular origin (Figure 3B).
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Figure 3. Analysis of PDESC and FIAsH functioning. A) Time-course of FIAsH-EDT> (0,5 uM)
binding to PDESC-TC (Aexe= 473 nm, Aem= 528 nm) in HEK293 (grey line) and mLTC-1 (black

line) cell lines. In light grey is reported the PBS signal (control). B) Confocal images of HEK293
transfected using 50 ng of PDESC-TC and PDESC WT cDNA. Nuclei staining with DAPI (blue) is



shown. The white scale bar = 25 um. C) Western Blot analysis, using anti-PDES antibody, of
HEK?293 cells extracts transfected with an empty expression vector (line 1), p3xflag hPDE5SA2 (line
2) or pcDNA3 PDESC-TC (line 3). Asterisks indicates nonspecific band.

FRET validation

Assessment of FRET couple efficiency from the donor FIAsH (D) to the acceptor rhodamine (A)
was performed in PDESC-TC-expressing HEK293 cells. Donor emission quenching upon initial
excitation and the concomitant increase in acceptor emission intensity were evaluated over 40 min
(Figure 4). To this purpose, 25 ng/well of PDESC-TC cDNA were used for cell transfection before
both FIAsH and cGMPS-rhodamine addition. FIAsH-EDT> or cGMPS-rhodamine alone were added
in control wells (Figure 4) and emissions were overall constant over time, thereby confirming the

occurrence of a stable FRET in live cells.
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Figure 4. Time-course analysis and validation of FRET from FIAsH-EDT> to cGMPS-rhodamine in
live, PDESC-TC-expressing HEK293 cells. Emission intensity of the acceptor (A) increases upon
spatial proximity between the cGMPS-rhodamine (A) and the donor FIAsH (D) bound to the PDES-
TC. Fluorescence intensity (average value; 24 replicates) of the acceptor alone (cGMPS-rhodamine,
red line; filter Aexc=473/10 nm; Aem=605/10 nm), donor alone (PDE5SC-TC-FlAsH, green line;
filter Aexc=473/10 nm; Aem=528/10 nm) FRET donor (black line; filter Aexc=473/10 nm;
Aem=528/10 nm) and FRET acceptor (violet line; filter Aexc=473/10 nm; Aem=605/10 nm). FIAsH
0,5 uM and cGMPS-rhodamine 9 uM.



Dose-dependent FRET measurements were performed to measure labeled PDES-TC and cGMP
binding affinity. To this purpose, both PDESC-TC-expressing HEK293 and MLTC-1 cells were
used, while cells transfected using the PDESC-WT expressing cDNA served as a negative control.
FRET was induced upon 30 min incubation by 0.5 uM FIAsH, excited by light at Aexc=473+10 nm,
then titrated using increasing amounts of cGMPS-rhodamine (0-18 uM range, figure 5A; 0-25 uM
range; figure 5B). Preferential excitation of FIAsH (Aexc = 473 nm), with maximum at 528 nm, (D)
triggered excitation energy-transfer to rhodamine leading to subsequent light emission at 605 nm
(A) wavelength indicating the formation of the PDESC-TC-FIAsH/cGMPS-rhodamine complex.
This molecular interaction was demonstrated by the increase of the A/D ratio occurring together
with the increase of the cGMPS-rhodamine concentration, following a Hill trend (Figure 5SA and
5B). In Figure 5A data are represented by a hyperbole consistent with 1: 1 enzyme-ligand binding,
while in Figure 5B the trend has a sigmoidal distribution. Since we know that both constructs have
the same stoichiometry, the sigmoidal shape of the curve obtained by data distribution from
MLTC-1 cells (Fig 5B) could be due to the presence of endogenous PDES5 “’competing to the
binding of the PDESC-TC to cGMPS-rhodamine and causing a delay, at first. The A/D values were
normalized subtracting the background signal of untransfected cells. While data distribution
obtained by TC-tagged protein-expressing cells yielded a binding curve, data from WT PDESC-
expressing cells resulted in Lambert-Beer trend together with cGMPS-rhodamine increase. Since
the donor:acceptor stoichiometry is 1:1, best fitting affinity constant values (Kq) of 5.6+3.2 uM and
13.710.8 uM were obtained from HEK293 and MLTC-1 cells, respectively. These K4 values are
similar to that of full-length PDESA and in agreement with what previously demonstrated using the
purified form of the same construct 48 The moderate affinities (K4=5,6 uM (HEK293); K4=13,7uM
(MLTC-1)) resulted in a dose—response relationship that matched physiological cGMP affinity for
PDESA (Fig 5 A,B). The use of the catalytic domain instead of the full-length protein avoided
stoichiometry-related problems since the catalytic unit binds only one substrate molecule.
Moreover, using FIAsH and a cGMP-conjugated pseudo-substrate avoided problems of unbalanced
expressions between donor and acceptor which hamper quantitative analyses of FRET changes.
However, the problem of the rhodamine direct excitation cannot be avoided, but it was confined
optimizing the experimental conditions. (Aexc=473 nm instead of 503nm; cleft width =10 nm instead
of 14 nm).

Moreover, these data demonstrate that such a construct may be successfully used for evaluating the

potency of PDES competitive inhibitors in live cells.
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Figure 5. Hill plots for PDE5SC-TC-FIAsH/cGMPS-rhodamine complex formation in live A)
HEK293 and B) MLTC-1 cells. The normalized FRET-A/D ratio represented the fraction of
occupied PDESC-TC-FIAsH (®) and PDESC lacking the TC tag (O) binding sites upon increasing
aliquots of cGMPS-rhodamine; means+standard error of mean (SEM); n=4. Data of TC-tagged
protein-expressing cells resulted in Kd values of 5.6+3.2 uM (HEK293 cells) and 13.7+0.8 uM
(MLTC-1 cells), calculated using the GraphPad Prism software (GraphPad Software Inc., San
Diego, CA), while no Kds can be calculated from data represented by Lambert-Beer trends obtained

by WT PDESC-expressing cells.

FRET switched off by PDESi

The live monitoring of cNMPs at the intracellular level may be a useful tool for understanding
PDES5i functioning and the regulation of multiple intracellular events, leading to relevant clinical
implications. In this paper, a new FRET tool based on a protein-conjugated/substrate-conjugated
construct was developed for real-time evaluation of the intracellular action of sildenafil. The study
showed that PDE5SC-TC-FlAsH and cGMP-rhodamine conjugates were ideally suited to act jointly
as a PDESi sensor, enabling detection of sildenafil in a reliable and rapid manner. Once established
the binding, the FRET displacement was investigated, treating the cells by pM-uM concentrations
of sildenafil, in the presence or in the absence of LH and hCG, as molecules used for infertility
treatment?**3. Efficiency of the PDESi sildenafil in replacing cGMPS-rhodamine to the PDESC-TC-
FIAsH was evaluated. Since sildenafil has higher binding affinity to PDES than cGMP, the FRET
measured as a A/D ratio (Figure 5) should decrease in the presence of increasing concentrations of

the competitor (pM-uM range) which replaces the PDE5-cGMP binding. Results obtained by the



analysis of the PDESC-TC-FIAsH/cGMPS-rhodamine complex (Figure 5) served to calculate
c¢GMPS-rhodamine concentrations, resulting in about 50-60% FRET efficiency, to be used as fixed
doses in displacement experiments (9.0 uM in HEK293 cells; 10 uM in MLTC-1 cells).

Results indicated decrease of FlAsH-to-rhodamine FRET efficiency (A/D ratio), demonstrating
displacement of cGMPS-rhodamine from the PDES5S-TC-FIAsH by sildenafil (Figure 6). Dose-
dependent measurements were conducted for both the PDESC-TC-expressing cell lines in the same
experimental conditions and PDESi inhibition constants (Ki) were calculated. Sildenafil K; values
were 3.610.3 nM (ICso= 2.3 nM) in live HEK293 cells (Figure 6A) and 10£1.0 nM (ICs50=3.9 nM)

1

in live MLTC-1 cells (Fig 6B), corroborating previous observations '* and validating the sensor.

The best-fitting curves were obtained using the following equation:

AFRET

1C50
[sildenafil]

FRET = FRET,;, +

1+ ( )Hill slope

where FRET win is the minimum value at which the A/D ratio tends upon competitor’s addition. The
Hill slope resulted to be lower than 1.0, indicative of negative cooperativity due to decreased cGMP
binding affinity possibly due to the binding of sildenafil to the PDES’s catalytic domain without

displacing completely the pseudo-substrate.
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Figure 6. Displacement of cGMP from PDES by sildenafil in live HEK293 and MLTC-1 cells. A
fixed dose of cGMPS-rhodamine, dependent on the cell model, was used and A/D ratios (FRET
changes) were graphically represented against sildenafil concentrations (pM-UM range). Data were
means+SEM. A) PDESC-TC-expressing HEK293 cells. 9 uM c¢GMPS-rhodamine was used and
plot lines were computed with the best-fitting value of Ki=3.6+£0.3 nM (n=5). B) PDE5C-TC-



expressing mLTCI1 steroidogenic cells, in the presence of 10 uM cGMPS-rhodamine. Plot lines are

computed with the best-fitting value of Ki=10+1.0 nM (n=6).

The Ki values measured here perfectly matched the literature data'® (Figure 6 A and B). To the best

of our knowledge, these FRET data in these cell lines are unprecedented.

cAMP and cGMP level monitoring in live MLTC-1 steroidogenic cells
Targeting LHCGR expressed in the Leydig cells, LH regulates the synthesis of sex steroid

hormones in the male via cNMPs. Therefore, the evaluation of cNMPs levels after cell treatment by
LH/hCG allowed assessment of the relationship between sildenafil treatment and testosterone
production in vitro.

In Leydig cells, LH/hCG-dependent intracellular cNMPs increase, especially cAMP, is linked to the
activation of the steroidogenic cascade culminating with testosterone production. Since PDES-
cGMP specific inhibition (Figure 6) may induce both intracellular cGMP and cAMP accumulation
26 the impact of PDESi on both intracellular cGMP and cAMP levels was evaluated using BRET

5638 in the mouse Leydig MLTC-1 cell line. To better mimic the in vivo exposure of

techniques
Leydig cells to gonadotropins, MLTC-1 were treated by equipotent concentrations of gonadotropins
3 i.e. 590 pM LH and 67 pM hCG, to promote 3-h cNMPs production in the presence of sildenafil
(pM-uM range). Results were compared with those obtained from cells maintained in the absence

of gonadotropin (Figure 7).
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Figure 7: Intracellular ¢cGMP and cAMP increase in sildenafil-treated mLTC1 cells. 25x10*
cells/well were maintained 3 hours in the presence of pM-uM concentrations of the PDESi before
addition of 590 pM LH or 67 pM hCG. 3-h cGMP and cAMP production were evaluated by BRET.
Data are represented as mean+SEM. A) cGMP levels (n=6). B) cAMP levels (n=4). Differences



were considered significant for p<0.05 (Mann-Whitney’s U-test). Differences were considered
versus the control condition of the same gonadotropin treatment (*p<0.05, **p<0.001,

*#*%p<0.0001, respectively).

In MLTC-1 cells, both LH and hCG treatments induced both intracellular cGMP and cAMP
increase, not depending on the presence of sildenafil (two-way ANOVA; p<0.05; n=5-6). In the
absence of gonadotropins, cell treatment by PDESi increased intracellular cGMP, consistently with
the inhibition of PDE5-cGMP binding upon 1 uM sildenafil addition (Figure 6) and with published
data'®. Interestingly, while cAMP production is not sildenafil concentration-dependent, the cyclic
nucleotide significantly increased at the relatively very low LH/hCG concentration of 1 pM (1 pM;
two-way ANOVA; p<0.05; n=5-6) compared to what described previously in MLTC-1 cells*®. This
could be due to: 1) the presence of increased amounts of cGMP promotes the production of cAMP
i) sildenafil inhibits also a cAMP-specific PDE causing a further increase in the cNMP levels and
/or iii) both PDE2 and PDE3 are targeted by increasing amount of cGMP *, resulting in cAMP

increase detectable under gonadotropin treatment.

Evaluation of progesterone and testosterone synthesis

The role of cNMPs in inducing steroid production was determined as progesterone and testosterone
levels by immunoassay. Effects of PDES inhibition on steroidogenesis were evaluated. To this
purpose, 24-h production of testosterone and of its precursor progesterone was evaluated in cell
media of 590 pM LH- or 67 pM hCG-treated mLTCI1 cells, not depending on the presence of pM-
UM concentrations of sildenafil (Figure 8). No progesterone synthesis occurred in the absence of
LH/hCG compared to sildenafil-untreated cells (basal), even in the presence of the PDES5i (two-way
ANOVA and Bonferroni post-tests; p>0.05; n=5). Both gonadotropins induced the synthesis of
progesterone (Fig. 8A), as a precursor of testosterone (p<0.05; two-way ANOVA and Bonferroni
post-tests; n=5), progesterone levels did not increase upon addition of pM-uM doses of PDES5i
(p>0.05; two-way ANOVA and Bonferroni post-tests; n=5). Reflecting progesterone synthesis,
testosterone production is detectable only in gonadotropin-treated MLTC-1 cells (Figure 8B;
p<0.05; Mann-Whitney’s U-test; n=5), while cell treatment by PDES5i failed in inducing
steroidogenesis (p=0.05; two-way ANOVA and Bonferroni post-tests; n=5). Sildenafil significantly
increased hCG-, but not LH-dependent testosterone production in a dose-dependent manner

(p<0.05; two-way ANOVA and Bonferroni post-tests; n=5). Therefore inhibition of the NO-cGMP



signaling pathway does not increase the progesterone levels, but favors the production of

testosterone starting from progesterone conversion (two-way ANOVA; p<0.05; n=3).
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Figure 8. Measurement of LH/hCG-induced progesterone (A) and testosterone (B) production, in
sildenafil-treated MLTC-1 cells. Samples were treated by 590 pM LH or 67 pM hCG, in the
presence or in the absence of pM-uM concentrations of sildenafil. Reactions were blocked by
freezing cells 24-h at -80°C, total progesterone and testosterone levels were measured by
immunometric assay. Data are represented as means+SEM. Differences were considered as
significant for p<0.05 (n=5). *=significantly different versus control of same treatment using two-
way ANOVA and Bonferroni post-tests; §=significantly different versus control/no gonadotropin
condition using Mann-Whitney’s U-test.

Our results confirmed that the interaction between the catalytic subunit of the PDES enzyme and
cGMP was inhibited by sildenafil. These data reflected the PDESi dose-dependence of cGMP
accumulation in the mouse Leydig cell line (Figure 7). Interestingly, no cAMP accumulation was
detected by the selective PDES inhibition per se, contrary to what previously demonstrated in
isolated segments of human corpus cavernosum and cardiac muscle*, suggesting that PDES5i action
may be cell-specific. In MLTC-1 cells, both cGMP and cAMP increased under LH/hCG treatment.
However, since no progesterone and testosterone production occurred in the absence of the
hormones, in spite of high cGMP levels (Figure 7A), these data confirmed that gonadotropins are
required to mediate Leydig cell steroidogenesis via cAMP. Indeed, genetic mutations depleting LH
functions impair testosterone production and are causative of male infertility *°. However, cGMP
may act as a modulator of the cAMP-dependent steroidogenic pathway, in LH/hCG-treated MLTC-
1 cells, we found that progesterone levels are higher in the absence of sildenafil, likely as an effect
of its conversion to testosterone (Figure 8). In this case, testosterone synthesis may be enhanced by
selective PDES inhibition. In fact, previous findings demonstrated that the nitric oxide-cGMP

signaling pathway and androgen production are connected in vivo *>*'.



Finally, it is worthy of note that the sildenafil dose-dependent increase of testosterone synthesis
occurred in hCG-, but not in LH-treated cells (Figure 8B). Although hCG is the pregnancy hormone
exclusive of female primates, it binds the mouse LH receptor and is used for male infertility
treatment®*. Since hCG is known to have higher steroidogenic potential than LH 2**4°_ the impact
of these two hormones on testosterone production may be different, at least in the presence of
sildenafil. Recent studies focused on long- and short-term inhibition by sildenafil in vivo,
demonstrated increase of circulating levels of testosterone due to coordinative stimulatory effect of

cAMP and cGMP action 220213050 thys confirming the reliability of our new approach.

CONCLUSION

The FRET-based sensor described here proved to be a valuable tool for detecting binding of small
molecules to the catalytic pocket of PDE5SA. The approach is based on competitive displacement
experiments. The observables are the emission intensities of an electronic excitation energy pair,
namely FIAsH (donor) that binds tetracysteine tagged proteins and rhodamine (acceptor) covalently
bound to a non-reactive substrate analogue of this enzyme, cGMPS. FRET experiments proved, for
the first time, the binding of the catalytic domain of PDESA to a cGMPS-rhodamine conjugate in
two different cellular environments (HEK293 and MLTC-1). The monitoring of cAMP and cGMP
by BRET allowed exploitation of PDESi effects on steroidogenesis, evaluating both NO-cGMP-
mediated and cAMP-mediated pathways. Results indicated that sildenafil enhanced the
gonadotropin-induced progesterone-to-testosterone conversion in a cAMP-independent manner,
thus confirming previous in vivo findings not completely supported by in vitro data. The
demonstration of sildenafil dose-dependence of intracellular cGMP accumulation confirmed the
PDESi efficacy in steroidogenic cells. This combined FRET/BRET approach used for live
monitoring of cNMPs-mediated processes may be applied to compare the activity of several PDES
inhibitors. Moreover, this method may be used to evaluate the effects of PDESi on other

intracellular pathways regulating endothelial functions, such as intracellular calcium ions increase
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