Cannabis and Cannabinoid Research
Volume 4, Number 1, 2019

Mary Ann Liebert, Inc.

DOI: 10.1089/can.2018.0051

Role of Steroids on the Membrane Binding
Ability of Fatty Acid Amide Hydrolase

Annalaura Sabatucci,"* Monica Simonetti,'"* Daniel Tortolani,' Clotilde B. Angelucci,?
Enrico Dainese,'>* and Mauro Maccarrone>**

Abstract

Background: Fatty acid amide hydrolase (FAAH) is a membrane-bound homodimeric enzyme that gets in con-
tact with a lipophilic substrate in the lipid bilayer, and then cleaves it into water soluble products. FAAH plays a
critical role in modulating in vivo content and biological activity of endocannabinoids (eCBs), and its function is
affected by membrane lipids. Increasing evidence suggests that also steroids can modulate endocannabinoid
signaling, both in the central nervous system and at the periphery.

Methods: In this study, we interrogated the effect of six steroids with relevant biological activity (testosterone,
hydrocortisone, estradiol, pregnenolone, progesterone, and cortisone) on the membrane binding ability of rat
FAAH. The experimental data analysis obtained by Fluorescence Resonance Energy Transfer Spectroscopy was
paralleled by computational docking analysis.

Results: Our data revealed distinct effects of the different steroids on the interaction of rat FAAH with model
membranes. Among them, pregnenolone was found to be the most effective in raising rat FAAH affinity for
model membranes. A possible binding pocket for steroid molecules was identified by docking analysis in the
membrane-embedded region of the enzyme; such a pocket could account for the observed increase of the
membrane affinity in the presence of the tested molecules.

Conclusions: Overall, the results point to steroids as new regulators of FAAH interaction with membranes, which
may impact the biological activity of eCBs.

Keywords: docking; FAAH; FRET; membrane binding; pregnenolone; steroids

Introduction N-arachidonoylethanolamine (anandamide, AEA)

Endocannabinoids (eCBs) are bioactive lipids that are
mainly produced “on demand” (i.e., when and where
needed upon physiological and/or pathological stimuli)
from membrane lipid precursors, through multiple bio-
synthetic pathways. Many research efforts have shed
light on the impact of eCBs on human health and
disease, identifying an ensemble of proteins that bind,
synthesize, and degrade them, altogether forming the
endocannabinoid system (ECS).'"¢

and 2-arachidonoylglycerol (2-AG), the most studied
eCBs, show different affinities for type-1 (CB;) and
type-2 (CB,) cannabinoid receptors,” which are two
well-characterized 7-transmembrane helices G protein-
coupled receptors. Accumulated evidence suggests the
occurrence of other membrane proteins and receptors
that are targets for eCBs, among which are the transient
receptor potential vanilloid 1 ion channel® and the or-
phan receptor GPR55.” Metabolism of AEA and 2-AG
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occurs through distinct pathways that have been
described in detail.'® Overall, there is consensus that
the in vivo biological activity of eCBs is under a meta-
bolic control. In particular, fatty acid amide hydrolase
(FAAH), which breaks the amide bond of AEA (and
to a lesser extent the ester bond of 2-AG) to release ar-
achidonic acid, has been recognized as a key regulator
of endocannabinoid signaling in vivo.'' Indeed, FAAH
belongs to the large “amidase signature” (AS) family of
hydrolytic enzymes that contain a conserved stretch of
~ 130 residues known as the AS sequence. Much alike
the other members of the AS family, FAAH possesses a
unique highly conserved Ser-Ser-Lys catalytic triad
used for amide hydrolysis."*

The first obtained crystal structure of a recombinant
rat FAAH (rFAAH) showed a dimeric functional unit
that corresponds to the membrane-bound form."
The X-ray structure of rFAAH in complex with the
nonsteroidal anti-inflammatory drug (NSAID) carpro-
fen revealed that the latter inhibits enzyme activity by
binding to a region located at the entrance of the mem-
brane access (MA) port, thus preventing substrates to
reach the active site."*

Membrane lipids could also modulate structure, func-
tional activity, and subcellular localization of FAAH.
Indeed, the FAAH dimer is stabilized by the lipid bilayer
and shows a higher membrane-binding affinity and en-
zymatic activity within membranes containing both
cholesterol and the FAAH substrate, AEA."® In addition,
the colocalization of cholesterol, AEA, and FAAH in in-
tact cells supports a mechanism by which cholesterol
can increase substrate accessibility to the active site."”
Of note, FAAH interacts mainly with one leaflet of the
membrane bilayer with a region belonging to the MA
port,'* which appears the only access for AEA to the ac-
tive site. Such an access can be opened by cholesterol,
with subsequent increase of AEA accessibility."

Functional interactions between eCBs and steroids
have emerged both centrally and peripherally.'® Ste-
roids and their secondary metabolites are a group of
cholesterol-derived lipophilic compounds that play im-
portant roles in the physiology of living organisms. Ster-
oidogenic enzymes are present in numerous tissues such
as adrenal gland, testis, ovary, brain, placenta, and adi-
pose tissue. They consist of diverse cytochrome P450
(CYP450) enzymes, hydroxysteroid dehydrogenases,
and steroid reductases,'” responsible for the biosynthe-
sis of glucocorticoids, mineralocorticoids, progestins,
androgens, and estrogens from cholesterol. De novo
synthesis of all steroid hormones starts with the conver-
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sion of cholesterol to pregnenolone by a cholesterol side
chain cleaving enzyme expressed only in steroido-
genic tissues.'® Subsequently, pregnenolone is converted
to progesterone by 3f-hydroxysteroid dehydrogenase,
one of several non-CYP450 enzymes involved in ste-
roidogenesis, which is found in both mitochondria
and smooth endoplasmic reticulum (ER). Available
data suggest that steroids can modulate the eCB tone,
through genomic or nongenomic regulation, and that
eCBs can complement the biological activity of ste-
roids.” In this context, an increasing debate concerns
the tissue- and species-specificity of the eCB-steroid in-
terface, and the possibility that eCBs can modulate ste-
roid metabolism. As an example, an important role for
eCBs has been suggested in the regulation of sex
hormone-dependent tumors and metastasis.*’

Moreover, the crosstalk between steroids and eCBs
might be a key to interpret molecular events responsi-
ble for reproductive function, and, in particular, its im-
mune regulation,”"** as well as for drug addiction and
alcohol dependence.'®

Against this background, in this study we sought to
ascertain whether steroid hormones can modulate the
membrane affinity of FAAH. To this aim, the possible
effect of six steroids with a relevant biological activity
was interrogated on the binding of rFAAH to model
membranes, by using fluorescence resonance energy
transfer (FRET) spectroscopy, and by in silico analysis.
In particular, we chose four steroids with a C21
pregnane skeleton (cortisone, progesterone, hydrocor-
tisone, and their precursor pregnenolone), one (testos-
terone) with an androstene skeleton (C19), and another
one (estradiol) with an estrane skeleton (C18). Docking
analysis showed a hydrophobic binding pocket of the
enzyme with different interactions for the investigated
steroids, which could account for their different contri-
butions to the enzyme binding affinity to membranes
obtained by FRET. Taken together, these results dem-
onstrate an unprecedented molecular interaction of
steroids with rFAAH, which appears able to modulate
the membrane binding properties of the enzyme.

Results

Determination of membrane binding properties

of rFAAH in the presence of steroids by FRET

The role of steroids in the membrane binding properties
of rFAAH was investigated by measuring FRET of recom-
binant rfFAAH with model membranes consisting of
large unilamellar vesicles (LUVs), made of the phospho-
lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
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FIG. 1. Chemical 3D structures of tested steroids added to POPC liposomes for FAAH-membrane interaction
determination by FRET: (A) pregnenolone (green), (B) progesterone (pink), (C) hydrocortisone (yellow),
(D) testosterone (cyan), (E) cortisone (red), and (F) estradiol (blu). 3D, three-dimensional; FAAH, fatty
acid amide hydrolase; FRET, fluorescence resonance energy transfer; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine.
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(POPC) and each of six different steroids: hydrocorti-
sone, progesterone, pregnenolone, testosterone, estradi-
ol, and cortisone (Fig. 1).

For each molecule, two different lipid/steroid molar
ratios were analyzed. At the lower molar ratio (300:1),
steroid concentration was 1 uM, that is, about the
same concentration as the protein. At the higher
lipid-steroid molar ratio (30,000:1), the steroid con-
centration was about 10 nM, that is, close to a physio-
logical value.

As a control, the half saturation binding concentra-
tion (L,/,) of rFAAH for pure POPC liposomes was

measured. The obtained value of L;,=60t4 uM was
in good accordance with a previously reported value
of 6710 uM."?

As shown in Figure 2, the presence of steroids in-
creased the binding of rFAAH to liposomes at both an-
alyzed lipid-steroid ratios. Statistical analysis of the
data confirmed the significance of the calculated
parameters (Table 1). In particular, testosterone and
cortisone seemed to be more effective at the higher
ratio, whereas hydrocortisone, estradiol, and pregnen-
olone appeared more effective in raising rFAAH mem-
brane affinity already at low concentrations.
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FIG. 2. Half saturation concentration values (L,,,) for the binding of purified rFAAH to POPC liposome
solutions containing steroid molecules at a phospholipid—steroid molar ratio of 30,000/1 (upper panel) and
300/1 (lower panel). Control values are referred to the binding of rFAAH to pure POPC membranes. Statistical
analysis is reported in Table 1. rFAAH, recombinant rat FAAH.
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Remarkably, pregnenolone was the most effective
enhancer of rFAAH membrane binding affinity, both
at low and high lipid-steroid molar ratios.

Docking analysis
FRET measurements showed that steroids can affect
the membrane affinity of FAAH, thus we perfor-

med a ligand-protein docking analysis in search for
possible binding pockets for these molecules in the
membrane-exposed region of rFAAH surface. The
analysis was performed on three different rFAAH crys-
tal structures: 3QK5.pdb, 4DO3.pdb, and 2VYA.pdb.

The first (3QK5.pdb) is the structure of rat ATM
FAAH at a resolution of 2.2A in the presence of a
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Table 1. Half Saturation Binding Lipid Concentration
for Recombinant Rat Fatty Acid Amide Hydrolase/POPC
Interaction in the Presence of Steroids

30,000/1 POPC-steroid 300/1 POPC-steroid

ratio ratio

L2 L2 vs. L1 Lij2 vs.

(uM) control (%) (uM) control (%)
Control 60x6 100.00 60x6 100.00
Pregnenolone 21+2 35.00%** 35+5 58.33***
Progesterone 52+4 86.67 53+7 88.33
Hydrocortisone 343 56.67*** 4913 81.67*
Testosterone 59+6 98.33 46+t4 76.67*
Cortisone 6116 101.67 46+4 76.67*
Estradiol 40+5 66.67* 617 101.67

***Denotes p value<0.001; *0.01 < p value <0.05.
POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.

noncovalent pyrrolopyridine inhibitor (3-{(3R)-1-[4-(1-
benzothiophen-2-yl)pyrimidin-2-yl]piperidin-3-yl}-2-
methyl-1H-pyrrolo[2,3-b]pyridin-1-yl)acetonitrile. This
aryl-pyrimidine makes van der Waals contacts with sev-
eral hydrophobic residues including F432, M436, 1433,
W531, T488, and 1491.>> The second (4DO3.pdb) is the
already mentioned X-ray structure of rFAAH in com-
plex with the NSAID carprofen at a resolution of
2.25A."* The third (2VYA.pdb) is the structure of an
rFAAH variant in the presence of the PF-450 inhibitor
bound in the active site at a resolution of 2.75A. In the
latter protein, by site-directed mutagenesis, the active
site is interconverted to the human one, while the
overall fold is essentially identical to the one of
rFAAH.**

As shown in Figure 3, our analysis revealed that in
the three crystal structures, steroids did not bind to
the same site as the inhibitors, rather they were more
likely found in a binding pocket located in the hydro-
phobic membrane-embedded region of the protein,
comprising the two helices named «-18 (S412-P424)
and «-19 (R428-5435). This region is just below the dy-
namic paddle formed by the residues Y432 and W531,
both essential for substrate speciﬁcity25 of rFAAH, and
is almost identical in the three crystal structures
(Fig. 3A). Interestingly, this seems the only region
of the protein that could account for a contribution
in membrane-protein interaction. The other poten-
tial binding pockets identified for steroids lie either
in the cytoplasm-exposed surface of the protein, far
from the membrane, or in the forbidden intersubunit
contact surface.

In particular, among the six steroids analyzed, preg-
nenolone, estradiol, and hydrocortisone showed ener-
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getically favored clusters for this pocket in the
structure 2VYA.pdb. In Figure 4, the best binding
modes (BMs) of these three molecules within the iden-
tified pocket are reported. Interestingly, the same three
steroids were the more effective in increasing en-
zyme binding affinity to LUV membranes at the lower
steroid-lipid molar ratio (Table 2; Fig. 4). Moreover,
the docking scores for these three steroids matched the
experimentally calculated binding affinities of rFAAH
to membranes, pregnenolone being the most favored
compound.

Discussion

In this study, we show that all tested steroids seem to
increase the binding of rFAAH to model membranes,
but some of them (hydrocortisone and estradiol)
exert their effect at a lower lipid-steroid molar ratio,
whereas others (testosterone and cortisone) do so at a
higher ratio probably by modifying the physicochemi-
cal properties of the membrane.

Pregnenolone was the molecule that most signifi-
cantly raised rFAAH membrane affinity at both lipid-
steroid ratios. It should be noted that the calculated
membrane affinity value of rFAAH for pregnenolone-
containing membranes (L;,,=21%2uM) is almost as
high as the value previously calculated for model mem-
branes for which the enzyme has a very high affinity,
that is, LUVs containing cholesterol and the FAAH
substrate AEA (L,;,=15+7 uM) or ER membranes
(Li,=18%3 uM)."”

Of note, pregnenolone has been shown to modulate
eCB signalling also at the CB, receptor level. Indeed, it
acts as a negative modulator of CB; by binding to an
allosteric site.”®

Docking analysis of putative binding sites for ste-
roids on the surface of available crystal structures of
rFAAH revealed a possible binding pocket in the hy-
drophobic patch of the protein, embedded in the
lipid bilayer, that is suggestive of a direct protein—
steroid interaction at the membrane interface that
does not involve active site residues.

Thus, it can be speculated that steroids able to bind
to this region of rTFAAH can induce a protein confor-
mational change that improves membrane binding af-
finity. In addition, binding of steroids to this region of
rFAAH could also increase the hydrophobic surface
of the protein that is involved in the interaction
with LUVs.

An extension of this study by site-directed mutagen-
esis to further investigate the molecular details of
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FIG. 3. First row: Dimeric structural units of the rFAAH crystal structures 3QK5.pdb (green), 4DO3.pdb
(orange), and 2VYA.pdb (cyan). Evidenced in each structure the hydrophobic intramembrane patches as white
surfaces. Ball and stick are the cocrystallized inhibitor molecules, respectively, in 3QK5.pdb, (3-{(3R)-1-[4-(1-
benzothiophen-2-yl)pyrimidin-2-yllpiperidin-3-yl}-2-methyl-1H-pyrrolo[2,3-b]pyridin-1-yl)acetonitrile; in
4D03.pdb the NSAID caprofen and in 2VYA.pdb PF-450. From row 2 to 7, the BMs in the area near the
hydrophobic intramembrane patches of the three crystal structures are drawn for the investigated six steroids
(colors as in Fig. 1). BMs, binding modes.
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FIG. 4. (A) Pregnenolone (green), (B) estradiol
(blue), and (C) hydrocortisone (orange) best BMs
for rFAAH crystal structure 2VYA.pdb in the pocket
situated in the hydrophobic region by the two
helices 2-18 and «-19. Highlighted are the residues
involved in the binding. F432, crucial for substrate
access, is not directly involved in the binding.
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Table 2. Energetic Parameters for the Best Binding
Modes of Steroids in the Membrane-Exposed Pocket
of 2VYA.pdb Crystal Structure

Cluster AG (Kcal/mol) Fullfitness (Kcal/mol)

Pregnenolone 1 —6.75 —1855
Progesterone —
Hydrocortisone 14 —6.52 —1816
Testosterone —
Cortisone —
Estradiol 5 —6.47 —1859

steroid-FAAH interactions could help to identify the
residues directly implicated in the binding.

In conclusion, this study shows for the first time that
the interplay between eCBs and steroids could occur
not only at the level of genomic regulation of ECS ele-
ments or of eCB-binding receptors, but also through a
direct interaction of steroids with enzymes such as
FAAH. The impact on FAAH catalytic activity remains
to be ascertained in an independent study.

Materials and Methods

All reagents used in this work were of the highest ana-
lytical grade. [*H]-AEA used for activity assay was pur-
chased from Larodan Fine Chemicals AB (Malmo,
Sweden). The LiposoFast apparatus for liposome for-
mation was purchased from Avestin (Ottawa, Canada).
pTrcHisA-FAAH-ATM was kindly provided by Prof.
Benjamin F. Cravatt (Cellular Biology Department,
University of San Diego, La Jolla, California). All
other reagents were from Merck KGaA (Darmstad,
Germany).

Protein purification

rFAAH lacking a transmembrane domain (ATM) was
purified from Escherichia coli BL21 (DE3) pLysS com-
petent cells (Merck) as already described,”” using the
pTrcHisAFAAH-ATM plasmid as reported®® and clon-
ing for a His-tag enzyme lacking the N-terminal 29 res-
idues sequence.

Before FRET measurements, enzymatic activity of
rFAAH was assayed by measuring release of [*H]-
ethanolamine from [°H]-AEA (60 Ci/mM) using liquid
scintillation counting.*

FRET measurements

The general protocol and FRET method for the inves-
tigation of the interaction of FAAH with model mem-
branes can be found in Ref.*
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In brief, synthetic POPC membranes at a lipid con-
centration of 2 mM in 50 mM Tris-HCIl buffer, pH 7.5,
were prepared in the absence and in the presence of
the 1,2 dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(1-pyrenesulfonyl) (PyPE) fluorophore in a lipid-
fluorophore molar ratio 200/1. POPC LUVs homogeneous
in size with an average diameter of 100 nm were obtained
by the extrusion method, using the LiposoFast™ extruder.
Subsequently, steroids were added to liposome solutions at
two different POPC-steroid molar ratios (30,000/1 and
300/1), and were incubated for at least 30 min at room
temperature. Then, protein solutions dissolved in the
same buffer were incubated with LUV before FRET mea-
surement, as previously described.”

FRET measurements were performed in a LS50b
spectrofluorimeter (Perkin Elmer Inc., Waltham, MA),
using as energy donors the protein tryptophan residues
and as acceptors the PyPE fluorophore embedded in
the LUVs. Binding isotherms were built and the mem-
brane affinity of rTFAAH for LUV in all the considered
experimental conditions was determined through non-
linear regression analysis of the fluorescence emission
intensity as a function of lipid concentration [L], by de-
termining the [L];,, value, that is, the concentration of
lipid vesicles at half saturation of binding isotherm.>"

FRET data points were collected in a POPC concen-
tration range from 0 to 306 uM. Protein concentrations
in Tris-HCl 50 mM bufter pH 7.5 ranged from 0.2 to
1.3 uM (see Ref.>).

The results presented for FRET analysis are means £
standard deviation for at least three independent deter-
minations. Statistical data analysis was performed with
Prism 5 (GraphPad Software, Inc., La Jolla, CA), using
the nonparametric one-way analysis of variance and
the Bonferroni post-test.

Docking analysis

The docking analysis was performed with the online web
service Swissdock based on the EADock DSS (Dihedral
Space Sampling) docking algorithm,** according to
which the prediction of the possible BMs of a small mol-
ecule with a target protein is based on the CHARMM™
set of force fields. BMs for ligands in cavities representing
potential binding pockets of the protein are clustered and
ranked according to the binding energy (AG) and the
fullfitness value, an energetic parameter minimizing the
target-ligand complex stability. The three-dimensional
(3D) coordinates of pregnenolone were retrieved
from the ZINC database.”* The coordinates for the tar-
get protein correspond to the monomeric structural
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unit of rat FAAH ATM 4DO3.pdb,"* 3QK5.pdb** and
2VYA.pdb.**

Visualization and analysis of the docking results and
related data were performed by means of UCSF Chi-
mera.”® Protein 3D structure visualization and hydro-
phobic patches identification were performed with
SPDBViewer.”®

The 3D structures of the steroid molecules used in this
study were retrieved from the Pubchem database.””
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Abbreviations Used

2-AG = 2-arachidonoylglycerol
3D = three-dimensional
AEA = anandamide (N-arachidonoylethanolamine)
AS = amidase signature
BMs = binding modes
CB; = type-1 cannabinoid receptor
CB, = type-2 cannabinoid receptor
CYP450 = cytochrome P450
DSS = Dihedral Space Sampling
eCBs = endocannabinoids
ECS = endocannabinoid system
ER = endoplasmic reticulum
FAAH = fatty acid amide hydrolase
FRET = fluorescence resonance energy transfer
LUVs =large unilamellar vesicles
MA = membrane access
NSAID = nonsteroidal anti-inflammatory drug
POPC = 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
PyPE = 1,2 dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(1-pyrenesulfonyl)
rFAAH = recombinant rat FAAH




