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1. Fatty Acid Ethanolamides
Starting from the discovery of anandamide (arachidonoylethanolamide) in
19921 as prime ligand of Cannabinoid Receptors, the interest in this class of
molecules and lipidic signaling has grown fast. This led to the disclosure of
an entire family of bioactive molecules, ubiquitously produced and released
in the body of all mammals,2 each one with its peculiar cellular target and
effect on the body homeostasis.

Figure 1: A) Representation of the structures of the three most important FAEs B) the ideal
condensation between palmitic acid and ethanolamine to obtain PEA.

To the molecules included in this class of lipidic signals was given the name
of fatty acid ethanolamides (FAEs, also known as N-acylethanolamines,
NAEs):3 the name of the family is due to the common structure of these
compounds, that can be described as the product of a condensation
between a molecule of a fatty acid and a molecule of ethanolamine (2aminoethanol) by an amide bond. In Figure 1 are shown the chemical
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structures of the most known and abundant FAEs in human body, that are
the endocannabinoid Anandamide (arachidonoylethanolamide or AEA,
compound 1),1 the analgesic and anti-inflammatory Palmitoylethanolamide
(PEA, compound 2)4,5 and the feeding regulator Oleoylethanolamide (OEA,
compound 3).6,7,8 The FAEs family is part of a wider group of fatty acid
amides, in which the fatty acid moiety remains almost unaltered, while the
polar head is peculiar of each class: examples of these molecules are Nacyltaurines (NATs), where the fatty acid is condensed with a taurine (2aminoethansulfonic acid), involved in skin wound healing9 and glucose
homeostasis,10,11 and N-acylglycines, with the amino acid glycine that
replace the ethanolamine portion, involved in vasorelaxation12 and
modulation of electrical signals, acting on T-channel currents.13,14
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1.1.Anandamide
Anandamide was discovered and characterized by Mechoulam and coworkers from porcine brain in 1992,1 and today is the most known and the
most studied molecule from the FAEs family. The name “Anandamide”
comes from the Sanskrit word “Ananda” that literally means “internal bliss”,
to underline the inhibitory effects on pain processes4,15,16 due to the activity
of this substance. AEA is part of a group of polyunsaturated fatty acid
derivatives called “endocannabinoids”, named after their ability to bind and
to activate the same receptors activated by -9-Tetrahydrocannabinol
(THC)17, that is one of the most known bioactive compounds from Cannabis
sativa, along with Cannabidiol (CBD) (Figure 2).

Figure 2: The endocannabinoid AEA, and the active compounds of Cannabis s.

Cannabinoid receptor-1 (CB-1)18 and cannabinoid receptor-2 (CB-2)19 are
both pre-synaptic G protein-coupled receptors widely expressed in the
whole body. The activation of these receptors may result in different
biological effect, based on the tissue where the activation occurs. In
particular, CB-1 receptor is highly expressed in the brain and in the spinal
cord,18,20 and in a lower amount in peripheral tissues, such as the skeletal
muscle,21,22 the liver and the pancreatic islet.23 On the other hand CB-2
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receptor is mostly expressed in the immune system cells and lymphoid
organs19,23,24, and in a little amount in the central nervous system.25 AEA is a
partial agonist for both CB-1 and CB-226 and is mainly responsible for the
analgesic response mediated by the activation of CB-1 receptors expressed
in CNS areas involved in the transmission of pain stimuli. The activation of
pre-synaptic CB receptors by AEA results in the blockage of the pain stimuli
progression along the neuronal fiber.4 Other important effects concern
physiological processes like the regulation food intake, and the embryo
implantation in the womb at the beginning of pregnancy.27,28 In the central
nervous system, the inhibition of AEA signaling deactivation is related to an
increased and stable level of the endocannabinoid, with good results for the
treatment of neuropathic pain in a mouse model.29,30
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1.2.Palmitoylethanolamide
Palmitoylethanolamide (PEA) was identified for the first time as a lipid
extracted from various natural products (soybeans, peanuts and egg
yolk),31,32 and then found in mammalian tissues.33 Its activity in the reduction
of inflammation and allergic responses were clarified in preclinical tests in
animal

models

during

the

first

20

years

from

the

chemical

characterization.34,35,36 Few studies went beyond the animal models, proving
PEA antinflammatory efficacy in the treatment of the inflammatory
symptoms related to pulmonary infections in humans.37,38 Deeper studies in
the Nineties brought new information about PEA analgesic4,5 and
neuroprotective39 effects, followed by the discovery of the site of PEA
activity: even if structurally related to AEA, PEA is not active at all on CB
receptors, and for this reason it is not considered as part of the
endocannabinoid family.40 PEA exerts its effects through the activation of an
intracellular receptor known as peroxisome proliferator-activated receptor (PPAR-).41,42,43,44 The binding of PEA provokes the activation of PPAR-,
that recruits a cofactor known as PGC-1,45 and forms a heterodimer with
the retinoid receptor RXR.46 The active dimer recognizes the DNA promoter
sequence for anti-inflammatory cytokines, blocking the Nf-b mediated proinflammatory signaling pathway.47 In white blood cells, like macrophages
and monocytes, PEA is constantly released and hydrolyzed, in order to
maintain the required level for the activation of PPAR-.
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Figure 3: the hydrolysis of PEA. The reaction can be performed by two different enzyme:
Fatty Acid Amide Hydrolase (FAAH) or N-Acylethanolamine Acid Amidase (NAAA).

The physiological deactivation of PEA occurs when a pro-inflammatory signal
reaches the cell. The immediate response of the activated cell is to lower the
levels of PEA, following two synergistic steps: the inhibition of the
biosynthesis of PEA,48 together with the increase of the expression and the
activity of the enzyme responsible for PEA hydrolysis. In this way, the level
of PEA falls, leading to the inactivation of PPAR- and thus blocking the
release of anti-inflammatory cytokines. Furthermore palmitic acid, that is
the direct product of PEA hydrolysis (Figure 3), is able to bind to PGC1 coactivator, contributing to the inactivation of PPAR-, in a synergism
with PEA low levels.49 The main consequence of PPAR- inactivation is the
activation of the transcriptional factor known as Nf-b, which stimulates the
pro-inflammatory response promoting the synthesis of cytokines (IL-1, IL-6,
TNF-) and enzymes (like the inducible Nitric Oxide Synthase - iNOS), that
activate the immune response (Fig. 4).49
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Figure 4: In homeostatic conditions, PEA is released to activate PPAR- receptor. To start
of the inflammatory process, PEA is hydrolyzed to palmitic acid, that acts as an inhibitor of
PGC1- coactivator recruitment. As a consequence, PPAR- is not activated, and proinflammatory cytokines are released.
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1.3.Metabolism of FAEs
1.3.1. Biosynthesis of fatty acid ethanolamides
The most important biosynthetic pathway for the production of FAEs
consists of two steps catalyzed by two different enzymes that take place on
the cell membrane (Figure 5).

Figure 5: The most relevant biosynthetic pathway for PEA release. The Ca2+ sensitive PLA2
transfer a palmitoyl chain from a phosphatidylcholine to a free phosphatidylethanolamine.
The following NAPE-PLD mediated hydrolysis releases PEA.

The first step is the transfer of a fatty acid acyl chain from the sn-1 position
of a molecule of phosphatidylcholine to the free terminal amine of a
molecule of phosphatidylethanolamine. This reaction is catalyzed by a
calcium-dependent phospholipase A,50 known as PLA2G4E. The product of
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this reaction is a member of a family of phospholipids known as Nacylphosphatidylethanolamines (NAPEs), that are stored in the cell
membrane. The release of the FAEs is made either constitutively (as for PEA)
or on demand (in the case of AEA)51 by the activation of a NAPE-specific
hydrolytic enzyme called N-acylphosphatidylethanolamines-phospholipase
D (NAPE-PLD).52,53,48
The enzymes from the family of the phospholipases are classified by a letter that
identify their specific site of action (Figure 6):
•

Phospholipases A1: catalyzes the hydrolysis of the bond between the
glycerol residue and the fatty acid in position sn-1;

•

Phospholipases A2: catalyzes the release of the fatty acid in position sn-2
on glycerol;

•

Phospholipase C: hydrolyzes the phosphoester bond between the
phosphate and the glycerol residue;

•

Phospholipase D: attacks the glycerophospholipid on the distal
phosphoester bond, producing phosphatidic acid and, in the case of NAPEPLD, a molecule of FAE.

Figure 6: the phospholipase enzyme family sites of action.

Alternative NAPE-PLD-independent pathways for PEA biosynthesis had been
reported:54 these are multi-steps pathways that involve other enzymes from
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the Phospholipase family. Phospholipases A1 and A2, that remove the acyl
chains from the glycerol residue, or Phospholipase C, that breaks the bond
between the phosphate and the glycerol. Further reactions are required to
release the active PEA (Figure 7).

Figure 7: NAPE-PLD-independent pathways for PEA synthesis. From the NAPE molecules in
the center, the upper road shows the Phospholipase C – mediated synthesis; while the
lower is the phospholipase A pathway.

Given the important role that these molecules exert in the body, and the
wide range of effects related to the activation of their receptors, the
activation and the block of these signals must be precisely regulated. FAEs
are usually released by increasing the activity of NAPE-PLD, and on the other
hand, the quenching of these signals is obtained by reducing the activity of
pag. 16

this phospholipase, helped by the contemporary activation of two different
enzymes, that hydrolyze those signals: fatty acid amide hydrolase (FAAH)
and N-acylethanolamine acid amidase (NAAA).
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2. N-Acylethanolamine Acid Amidase
2.1.Structure and catalysis
N-acylethanolamine acid amidase (NAAA) is a hydrolytic enzyme member of
the N-terminal nucleophile (Ntn) enzyme superfamily. All the enzymes
belonging to this family are characterized by an N-terminal nucleophile (a
serine, a threonine or a cysteine), which is released upon an autocatalytic
activation, and which is responsible for the cleavage of an amidic bond.55,56
Among the enzymes from the Ntn family, only Acid Ceramidase (ASAH1)
shares significant sequence homology with NAAA (35% identity).57 As for the
other Ntn proteins, NAAA is synthesized as a single-chain inactive
proenzyme, that is activated in a second moment by self-cleavage of an
internal peptide bond, resulting in two subunits, usually called  and , that
remain physically attached; this process of activation involves the same
amino acid residue that is responsible for the catalysis in the mature
enzyme.55,56 In the specific case of NAAA, self-cleavage gives a heterodimer
in which a smaller α-subunit is strictly associated with a larger β-subunit that
starts with the nucleophilic residue, Cys126 for human NAAA, or Cys131 for
mouse and rat NAAA.58,59
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Figure 8: simplified mechanism for NAAA self-cleavage. The first step regards the attack of
the thiol on the carbonyl group, and further acyl substitution. The release of the amine
produces a thioester that is subsequently hydrolyzed to obtain the two subunits.

The cleavage is possible only in acidic environment, that is consistent with
its subcellular localization in the lysosomes and other acidic compartments
(not fully proven yet),60,61 where the pH is able to reach value around 4.5 –
5,62 a perfect value not only for the cleavage, but also for PEA hydrolysis.58
The process of activation starts with the attack of the side-chain thiol of
Cys126 to the carbonyl group, followed by the release of Phe125 free
carboxylate. After the synthesis, inactive NAAA is N-glycosylated at two
different sites on each subunit.58,59,63 These sites are highly preserved, and
the post-translational modifications are probably required to achieve the
right subcellular localization, where NAAA remains in its inactive form until
the activation is triggered. Inflammatory signals are probably involved in the
activation process, but this hypothesis remains to be tested. 64 Association
with the lipid bilayer was clarified by structural studies: NAAA is a soluble
protein that is characterized by two α-helix motives, rich of hydrophobic and
positive residues, that are probably involved in the binding to lysosomal
membrane phospholipids.59 It looks like that binding to the membrane is a
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key step for NAAA to expose the substrate binding site and to catalyze its
reaction at its optimal velocity, and this hypothesis is supported from
experimental data that show that in vitro NAAA activity is stimulated by the
presence of phospholipids in the test wells, like phosphatidylethanolamine
or sphingomyelin.65

Figure 9: X-ray structure of human NAAA. The two subunits are highlighted in two different
colors, yellow for the -subunit, green for the . PEA is colored in orange and is located at
the interface of the two subunits, close to the catalytic C126.

Recently, different X-ray structures of the enzyme have been disclosed,
providing important insights into the structure of NAAA binding site. In
particular, the X-ray of the rabbit form of NAAA in complex with a molecule
of myristate strongly suggests that the 16-carbon atoms acyl chain of PEA
may accommodate within the narrow lipophilic pocket that is formed at the
interface between the α- and β-subunits, while the hydroxyethyl moiety
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would be placed in a cavity open to the solvent, closer to the catalytic
residue. Considerations made from the enzyme structure, along with the
comparison with acid ceramidase, brought to hypothesize a catalysis
mechanism made by four steps:66

Figure 10: a close up of NAAA active site: the two subunits are colored in yellow ( ) and
green (), while the substrate PEA is orange. The interactions between the substrate and
the relevant residues in the active site are highlighted: while the sulfide of the Cys126 is
pointed at the amide carbon, the oxygen is stabilized in the oxyanion hole made by the side
chain of Asn287 and the backbone amide group of Glu195.

1. The free amine of Cys126 backbone gets the acidic proton from the
thiol of the same residue, generating a transient zwitterionic form,
that results in the activation of the reactive thiolate anion;

pag. 21

Scheme 1: the catalytic mechanism of NAAA starts with the proton exchange between the
thiol and the amine of the catalytic cysteine.

2. The thiolate attacks the carbonyl carbon of PEA and the resulting
tetrahedral adduct is stabilized in an oxyanion hole formed by the
backbone nitrogen of Glu195 and the amide on the side chain of
Asn287;

Scheme 2: the substrate takes place in the binding site, and the thiolate attacks the
carbonyl. The resulting tetrahedric anion is stabilized in the oxyanion hole, made by the
side chain amide of Asn287 and the backbone NH of Glu195.

3. The nitrogen of the ethanolamine moiety is protonated, and the
ethanolamine is forced to abandon the enzyme site. At this time the
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thiol is forming a thioester bond with palmitic acid, so the enzyme is
acylated;

Scheme 3: the thiolate attack is followed by a proton exchange between the ammonium
on cys126 and the ethanolamine moiety. The release of the ethanolamine yield the
acylenzyme.

4. A molecule of water enters the active site, leading to the hydrolysis
of the thioester and regenerating the initial state of the enzyme.

pag. 23

Scheme 4: the acylenzyme is hydrolized by the addition of a molecule of water, releasing
the free fatty acid and restoring the initial state of NAAA.
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2.2.FAAH and NAAA
Starting from 1995, when it was firstly characterized, the enzyme FAAH has
been intensively studied for its role in the control of the endocannabinoid
system by AEA hydrolysis.67,68,69 For this activity, FAAH is now under
investigation and evaluation for the therapy of social anxiety, post-traumatic
stress disorder (PTSD), and peripheral neuropathies. Despite they basically
perform the same hydrolytic reaction, FAAH and NAAA show differences in
many aspects of their structures and activities:

• FAAH is widely distributed in the whole body, especially in the brain,
where it reaches the highest concentrations, and in the liver. This
enzyme is a homodimer protein, strictly associated with the
membranes thanks to its transmembrane domains (1 -helix in each
subunit). Inside the cells, it is distributed on different subcellular
structures: it can be found on the membranes of the nucleus and on
the rough endoplasmic reticulum, where the physiologic pH of 7.4 is
close to the value found for the highest FAAH in-vitro activity
(between 8.5 and 10).70 The catalytic mechanism of this enzyme is
built on the activity of a serine-serine-lysine triad. The substratebinding site is wide and able to easily allocate arachidonic acid
derivatives, as well as other saturated and unsaturated substrates. In
facts, a wide range of molecules are hydrolyzed by FAAH: not only
AEA and other members of the endocannabinoid family, like 2Arachinodoylglycerol (2-AG), but also other FAEs, like OEA and PEA,
N-acyltaurines (with chains that may be even longer than the 20carbons tail of AEA) and N-acylglycines.71
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•

NAAA is almost exclusively expressed in immune cells such as
monocytes and tissue macrophages (especially in lungs and spleen).
It is a cysteine hydrolase localized in acidic vesicles, such as the
lysosomes, where the acidic environment provides the ideal
conditions required for the activation and catalytic activity of the
enzyme.58 NAAA is known to be a hydrolase specific for PEA and, with
a lower affinity, for OEA, while it doesn’t recognize AEA at all.61 No
other relevant classes of fatty acid amide derivatives were
investigated until today. Probably for the reason that NAAA is not
involved in the regulation of the endocannabinoid system, this
enzyme was not investigated as deep as its counterpart, but the
increasing importance of PEA in the control of inflammatory
processes and pain is bringing new interest on this enzyme.64

Family
Enzyme structure
pH optimum
cell localization

Reactivity with FAEs
Reactivity with other
substrates

FAAH

NAAA

The amidase signature
family
579 aminoacids, a
homodimer
8.5 – 10
Membranes of nucleus
and endoplasmic
reticulum
AEA > OEA > PEA

The choloylglycine
hydrolase family
359 aminoacids, a
heterodimer
4.5 – 5.0
Internal membrane of
lysosomes and
endosomes
PEA > OEA, no activity
on AEA

2-Arachidonoylglycerol,
N-acyltaurines and
N-acylglycines

No data

Table 1: a summary of the differencies between NAAA and FAAH.
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2.3.A novel target for inflammation and pain
Deficits in PEA disposability related to inflammatory diseases are supported
only for arthritis and ulcerative colitis, while information about other
pathologies remains insufficient. It is reported that topical administration of
the covalent inhibitor ARN077 (also reported as URB913, 6, Fig. 11) is able
to suppress inflammatory reactions on the skin provoked by exposure to
phorbol esters or UV-B radiation in rodent models; in particular, compound
6 reverses edema and redness, and reinstates the homeostatic levels of
circulating interleukin-4 (IL-4) and immunoglobulin-E (Ig-E). These effects
produced by NAAA inhibition are strictly correlated to PPAR-α activation due
to the restoration of normal PEA concentration in the tissues. These results
offer few expectations on the possibility of using NAAA inhibition in the
treatment of chronic inflammatory phenomena.

Figure 11: chemical structure of the lactone-based covalent NAAA-inhibitor ARN077.

The selectivity and the safety profile of ARN077 in preclinical and clinical
tests, its effects on mediators of the allergic response, like IL-4 and Ig-E, and
the efficacy showed by PEA as an adjuvant treatment for eczema, push the
evaluation of NAAA as a target for both topically or systemically active drugs
to treat disorders characterized by an allergic component.
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In addition to peripheral inflammation, new evidences brought the idea that
NAAA inhibition could be helpful in the improvement of neural inflammation
and chronic pain situations, as proven by the systemic administration of
noncovalent inhibitor ARN19702,72 able to mitigate the symptoms of
neuroinflammation in a mouse model of multiple sclerosis; Nevertheless,
ARN077 demonstrated analgesic activity in rodent models of inflammation
and nerve injury.
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3. NAAA Inhibition
3.1.First steps
Years before the disclosure of the X-ray crystallographic data of NAAA, early
investigation on NAAA-targeting compounds already produced remarkable
results. These studies either concerned chemical modulation of PEA
structure or made an attempt to selectively bind to the catalytic cysteine.
Systematic changes to the ethanolamine moiety of PEA allowed the
identification of N-pentadecylcyclohexanecarboxamide, which was initially
reported to inhibit rat NAAA with a median Inhibitory Concentration (IC50)
around 4.5 μM,73 but subsequent works proved that the responsible for the
inhibitory activity was pentadecylamine (Figure 12, compound 7, IC50 = 5.7
μM on rat NAAA), an intermediate in the synthesis of the previous
compound. This result was then confirmed by the discovery of another long
chain-amine inhibitor, with a comparable potency: tridecyl-2-aminoacetate
(8, IC50 = 11.8 μM).74

Figure 12: First steps in the discovery of NAAA inhibitors. Common feature of these
structures is the long chain that mimic PEA acyl chain.
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Later on, cyclopentylpalmitate (9, IC50 = 10 μM on human NAAA)75 and Npentadecyl-3-hydroxypropanamide (10, IC50 = 34 μM on human NAAA)
were reported to have inhibitory activity comparable to the previous
compounds.76 The main features of PEA were retained in all these
compounds (the polar head and the long carbon chain) in order to maintain
the ability of these molecules to compete with PEA for NAAA’s binding
hydrophobic pocket, but with low productive interactions with other
components of the substrate-binding site, that resulted in a low potency.
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3.2.Covalent Inhibitors

Figure 13: NAAA inhibitors derived from the -lactone 11: first information on the SAR
revealed the importance of the lactone moiety and the amide on the side chain for the
activity on the target. The geometry of the stereocenter plays a role to maintain the
activity: compound 14 is more active than its enantiomer 15.

Solorzano and collaborators, using a computational model of NAAA built on
the crystallographic structure of Conjugated Bile Acid Hydrolases (CBAH),77
another enzyme from Ntn family, identified the β-lactone 11 from a library
of cysteine-traps, discovering a compound with a good inhibitory potency on
rat NAAA (IC50 = 3 μM).78 The importance of the -lactone ring for the
inhibition was proven by the fact that the replacement of this group with an
hydrolyzed lactone moiety (12), or with a cyclobutanone (13) led to the
complete loss of activity (both IC50 > 100 M).79 Successive steps led to N[(3S)-2-oxo-3-oxetanyl]-3-phenylpropan-amide (S-OOPP, 14), that inhibits
rat NAAA with a sub-micromolar potency (IC50 = 420 nM);78 S-OOPP showed
a good selectivity for NAAA compared to related enzymes (functionally and
structurally related), while its enantiomer 15 resulted to be less active (IC50
= 6 M on rat NAAA). S-OOPP normalized PEA levels in macrophages
stimulated with bacterial endotoxin and its subdermal application prevented
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carrageenan-induced inflammatory response in mice: this response was
mimicked by the administration of exogenous PEA or PPAR- agonists, but
it was not observed in PPAR- KO mice.

Figure 14: two possible routes for NAAA inhibition due to a covalent engagement of the
catalytic cysteine by the inhibitor (S)-OOPP. Orange-stained is the irreversible thioether, in
green the reversible thioester. Experimental studies proved that the S-acylation is the right
inhibition mechanism.

Initial theories on the inhibition mechanism mediated by 14 concerned that
NAAA’s

catalytic

residue,

as

hypothesized

for

other

cysteine

hydrolases,80,81,82 could attack the lactone ring on two distinct electrophile
positions: the carbonyl carbon, resulting in a labile thioester, or the -carbon
of the ring, yielding a hydrolysis-resistant thioether (Figure 14). The answer
for which of these product was responsible for the inhibition came out from
mass spectrometry experiment,83 together with an assay consisting in a
dialysis of the enzyme-inhibitor complex, that resulted in a partial
reversibility of the complex, that brought the idea that NAAA inhibition by
-lactones was due to the cysteine acylation rather than alkylation.78 Driven
by these preliminary results, Solorzano and coworkers explored the
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Structure-Activity Relationships (SAR) towards the -lactone and the side
chain linked to the ring in -position. The importance of the amide on the
side chain was first rationalized by computational studies on NAAA
homology model built on CBAH, and successively confirmed by the low
potency for 3-(4-phenylbutyl)oxetan-2-one 16 (IC50 = 11 M on rat NAAA),79
that lacks of the amide group.

Figure 15: A) methylated derivatives of compound S-OOPP; the insertion of a methyl on the
-carbon of the cycle brought to less potent compounds, with an inverted stereoselectivity
(17 has a better activity than 18). B) Investigation of the effect of the side chain: 19 IC50 =
102 nM, 20 IC50 = 160 nM, 21 IC50 = 90 nM, 22 IC50 = 115 nM.

Successive studies on the crystallographic coordinates of NAAA suggested
that the importance of the amide moiety on the side chain was related to
the position assumed by the inhibitor in the active site of the enzyme, with
the carbonyl of the side chain in the oxyanion hole, making reliable
interaction to promote the inhibition.79
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The introduction of a second stereocenter on the -carbon of the lactone
ring brought new information partially explained by the computational
model; in particular, -lactones with a syn configuration of the two
substituents (Figure 15) resulted more stable, but poorly active (17, IC50 =
3.2 M on rat NAAA) or completely inactive (18, IC50 > 100 M).
Interestingly, the more active of the two enantiomers has a configuration of
the stereocenter on carbon- that is the opposite than the one on nonmethylated compounds, as seen for compounds 14 and 15.79

Figure 16: the effect of the orientation of the side chain: compounds 23 (IC50 = 50 M) and
24 (IC50 = 4.4 M) are way less potent than their relative isomers.

The influence of the lipophilic side-chain linked to the amide moiety had
been investigated too. Both the dimension and the flexibility were explored,
introducing longer chain, aromatic ring alone or coupled as a naphthyl
residue or as a biphenyl pattern. Great results were given from compound
with a certain rigidity and planarity (Figure 15, compounds 19 – 22). The
orientation of the side chain plays a significant role, as seen for isomers in
Figure 16: compound 20 (IC50 = 160 nM) and 21 (IC50 = 115 nM) are more
potent than their relative isomer 23 and 24 (IC50 = 50 M and 4.4 M,
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respectively), indicating that the geometry of the side chain plays a role in
the ligand recognition process.79
Investigation on the -lactone surroundings revealed that the replacement
of the amide group with a carbamate, together with the -methyl
substituent improves the stability of the ring, while retains the inhibitory
potency: one of these threonine-β-lactones, named ARN077 (6, IC50 = 50
nM on rat NAAA and 7 nM on human NAAA) showed a great inhibitory
potency, along with an improved chemical stability;84 successive steps led to
the biphenyl derivative 25 (IC50 = 7 nM on both rat and human enzymes)85
whose structure confirmed the target recognition is improved by the
presence of rigid lipophilic tails. A study for potential off-target of ARN077
was assessed, finding that this lactone is selective for NAAA, proven its safety
in preclinical studies.86,87,88

Figure 17: Chemical structure of ARN077 and compound 25.

Even if the modifications introduced by Duranti on the -lactone improved
the stability of the ring, the overall effect was not enough to allow a systemic
administration of these compounds, whose half-lives remain too short to
make this class of compounds interesting for clinical use: ARN077 half-life is
190 min in vitro at pH 5.0, but it is shorter than 10 min in rat plasma.84
To overcome the problem of the stability a new class of inhibitors was
developed replacing the lactone with a -lactam ring.89 This modification
pag. 35

improved the biological stability. On the other hand, similarly to what
observed for lactones, the methylation on carbon  produced an inversion
of the stereoselectivity for the side chain, from S- to R-, and the methyl,
along with the carbamate replacement results in compound with a long halflife and great potency. Noteworthy, compounds from these class, are active
by systemic administration. The most noticeable from this class is ARN726,
compound 26 (IC50 = 27 nM on human NAAA)90 that is able to inhibit NAAA
in peripheral tissues, although the penetration in the central nervous system
was limited,72 and the elimination in vivo was too fast, as seen from
pharmacokinetics studies. Compound 27 (IC50 = 85 nM on human NAAA)
came out from further SAR exploration on the side chain, with a lower
potency and an increased stability compared to ARN726.91

Figure 18: -lactam ARN726 and its derivatives.

The discovery of the -lactam class brought successive investigation
possibilities: a new class of N-substituted derivatives was studied, leading to
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the introduction of N-O-aryl and N-O-alkyl -lactams: compound 28 – 30
demonstrates nanomolar potency (IC50 = 6 nM, 17 nM and 31 nM for 28, 29
and 30 respectively) and good stability.92
Noteworthy, the introduction of the second stereocenter on N-O-Aryl
substituted -lactam brought to unexpected results: the favorite
stereoisomer is the one with the two substituents in anti (absolute
stereochemistry 2S,3S), and the stereocenter on C- is maintained, opposite
to all previous results, in which the active compounds present synstereochemistry.
Compounds from these new classes of -lactams brought new tools to the
investigation of NAAA; probes like ARN14686 (compound 31), carrying a
terminal alkyne, used as a reaction site to attach a fluorescent probe in the
biological medium (click chemistry reaction, Scheme 5),93 or compounds
directly linked to a fluorescent residue,92 were developed to study active
NAAA from cell lysates, live cell cultures, or even animals: potency and
selectivity of 31 make this compound useful for the quantification of NAAA
activity in animal models of inflammation.94
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Scheme 5: NAAA probe ARN14686 is used to quantify NAAA activity by fluorogenic assays.
It binds to the catalytic cysteine, then in a second step, the terminal alkyne is used to
attack a fluorescent probe. The intensity of the fluorescence is proportional to the amount
of active NAAA.

Other cysteine-trap moieties were investigated, producing a series of
compounds

bearing

an

isothiocyanate

warhead.

Starting

from

pentadecylisothiocyanate 32, that inhibits NAAA in a reversible way,
compound 33 (AM9053, IC50 = 30nM on human NAAA)95 was found to be
selective for NAAA, and active in a mouse model of colitis.96
The next step in the investigation of new warheads led to the discovery of
the latest class of inhibitors, that share the cyanamide warhead (known to
be thiol-binding moiety from a previous study on the reversible inhibition of
cathepsin K).97 Cyanamide-cysteine traps were found to be stable in plasma
(t1/2 > 2 h both in rat and human), but it is rapidly inactivated (t 1/2 = 5 – 15
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min) when incubated with microsomal enzymes preparations (t1/2 values
ranging from 5 to 15 min). Nanomolar inhibitor 34 is one of the most potent
NAAA inhibitors (IC50 = 3 nM):98 as for lactones and lactams, the result of
the cysteine reaction with cyanamides is an acylation of the enzyme (an
isothiourea is formed). To prevent the microsomal oxidation, the most
promising strategy involved the introduction of bulky substituent near the
cyanamide moiety; compound 35 showed an improved subnanomolar
potency, but no selectivity towards FAAH (IC50 = 0.3 nM on NAAA, 1nM on
FAAH). Selectivity was finally obtained by the introduction of a methoxy
substituent on the meta-position on the distal benzene ring, as in compound
36, that preserved the potency against NAAA (IC50 = 1.6 nM on human
NAAA), while resulted 100 times more selective.99

Figure 19: A) Isothiocyanate-based NAAA inhibitors. B) Cyanamide-based NAAA inhibitors.
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3.3.Non-covalent inhibitors
The second strategy to achieve NAAA inhibition regarded the identification
of structures able to make strong interactions with the active site of the
enzyme, without using covalent warhead to improve the time of contact
between the inhibitor and the enzyme. These molecules were initially
designed on the structure of the substrate, but remarkable results came out
from chemical screening.
Starting from the very first approach on NAAA inhibition (compound 6 and
7) the initial replacement of the polar head, and the followed improvement
of the tail, introducing rigid motives led to the discovery of compound 37,
active in model of lung inflammation,100 and 38 (IC50 = 267 nM on human
NAAA).101

Figure 20: initial steps in non-covalent NAAA inhibitors development.

The screening of chemical libraries gave the possibility for the investigation
in new structures, like Diacerein 39 (anthraquinone derivative, IC50 = 700
nM),102 that inhibits NAAA via a non-competitive mechanism. Compound 39,
was also tested in vivo, proving its efficacy in the reduction of inflammatory
symptoms in rat model (inflammatory response stimulated by an injection
of carrageenan in a paw).
Benzothiazole-piperazine derivatives came out from a second screening,
with compound 40, whose scaffold was the starting point for a SAR study.
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ARN19702 (41, IC50 = 230 nM on human NAAA) was developed by the
replacement of the ortho-methyl group on the phenyl ring with an
ethylsulphonyl moiety, and by adding a methyl on the piperazine ring. The
structure of 41 make it selective towards a wide range of potential offtargets, stable against cytochrome P450 oxidation, and active by oral
administration. Noteworthy, this compound was found to be able to reach
the central nervous system in little amount (≈20% brain – blood ratio),
increasing levels of PEA and OEA in the brain. Pharmacologycal studies on
multiple sclerosis model showed an improvement in neurons inflammation
and motor dysfunction.

Figure 21: the structure of Diacerein 39 and compound 40 found to be active on NAAA by a
screening investigation. ARN19702 and ARN16186 are actually two of the most potent
non-covalent NAAA inhibitors.

A second hit, from the same screening that yielded the starting point for
ARN19702, was studied and modified, producing ARN16186 (42),
characterized by a 3,4-dimethylpyrazole head linked to a lipophilic tail
through an azabyciclo[2,2,2]octane moiety. Information gathered in a
published patent affirmed the potency of the inhibitor (IC50 = 23 nM on
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human NAAA), the reversible mechanism of action, and the activity in
vivo.103
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4. Synthesis of new potential NAAA inhibitors
4.1.Aim of the work
In the last decade, the interest and efforts put in the investigation of the
mechanism of NAAA have significantly grown, leading to the elucidation of
the biological role of the enzyme, and the development of many different
pharmacological tools to investigate the effects that NAAA activation can
cause to the body.
Experimental results suggest that NAAA plays an important role in the
development and sustainment of neuroinflammatory disease, like
Alzheimer’s disease and multiple sclerosis.104 Efforts made in the direction
of the discovery of novel classes of inhibitors led to high-potent compounds,
but almost none of them are able to pass the blood-brain barrier, and
compounds like ARN19702 can reach the brain but only in little amount.
Starting from these premises, the main objective of this part of the PhD
research work was the synthesis of novel NAAA inhibitors, aiming at the
identification of a molecule with an increased ability to penetrate the bloodbrain barrier and NAAA inhibitory efficacy. To this aim, a nitrile-based
cysteine trap group, which is characterized by a lower reactivity compared
to isothiocyanate and cyanamide, was selected as an ideal warhead able to
react with and covalently modify the catalytic cysteine. Taking advantage of
the available X-ray structures, that have disclosed the characteristics of the
enzyme biding site, different hydrophobic scaffolds, designed to mimic the
acyl chain of PEA or the scaffold of ARN19702 and other known inhibitors,
were linked to the nitrile reacting group, in order to increase the selectivity
towards NAAA.
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Figure 22: New compounds designed and synthesized for this project, as inhibitors for
NAAA.
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4.2.UPR1429 (43)
UPR1429 (compound 43) was patented by Makriyannis and coworkers in
2015 (WO2015/179190 A1), along with more than 200 compounds,
including compounds 34, 35 and 36, all studied as NAAA inhibitors, that were
classified based on their IC50. The structure of UPR1429 is made by the
combination of a biphenyl moiety, and a reactive cyanamide warhead, linked
one to the other with an ether group. Compound 43 was intended as a
benchmark to be compared with our new inhibitors to assess their ability to
give potent NAAA inhibition without a strongly reactive warhead. The 4steps synthetic pathway is described in the patent 98 and it was replicated
without any changes, as shown in Scheme 6:

Scheme 6: Total synthesis of UPR1429. Reagents and conditions: a) NaH, NaI, DMF, 0°C,
yield = 77% b) PdCl2(PPh3)2, K2CO3, 1,4-dioxane, reflux, yield = 68% c) TFA, DCM, 0°C,
Quantitative d) BrCN, Et3N, DCM, 0°C to rt, overnight, yield = 28%.
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4.3.UPR1411 (44)
A first attempt on targeting the catalytic cysteine of NAAA using a less
reactive warhead (to avoid unwanted off-target actions) was made with
compound 44, also referred to as UPR1411, where the carbonyl group of an
ideal substrate of NAAA is substituted with a nitrile moiety, while the acyl
portion is maintained. The synthetic pathway for this compound was made
up to 3 steps. The first part is the activation of decanoic acid (56) with PCl5,
and the fatty acyl chloride (not isolated) was then trapped by Nhydroxysuccinimide to give the OSU-ester 57. This compound is less reactive
then the related acyl chloride and it is able to distinguish between oxygennucleophiles (water and alcohols) and nitrogen-nucleophiles (amines), and
therefore to react only with amines. In the second step we used the Gabriel
synthesis of primary amines to obtain a protected 2-aminoacetonitrile (60),
by nucleophilic substitution of 2-chloroacetonitile 59 using Phthalimide
potassium salt (58). The in-situ hydrazinolysis of 60, followed by the addition
of compound 57 yielded UPR1411.

Scheme 7: Total synthesis of UPR1411. Reagents and conditions: a) PCl5, neat, reflux, 2h b)
N-hydroxysuccinimide, Pyridine, 0°C, 1h yield = 80% c) DMF, overnight, 0°C to rt, yield =
58% d) hydrazine monohydrate, ethanol, rt, overnight e) 57, ethanol, rt, overnight, yield =
42%.
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4.4.UPR1438 (45)
Compound UPR1438 came out from a virtual screening of NAAA-binding
compounds. The structure partially reminds of ARN19702, with the retaining
of the benzothiazole-piperazine pattern; it lacks the stereocenter on the
piperazine and the ethyl-sulfonyl group on the benzene ring. Moreover the
amide linking the phenyl ring and the piperazine was replaced by the
sulfonamide functionality. The synthetic pathway is convergent, starting
from m-bromoaniline 61 and 2-bromobenzothiazole 63 to prepare the
intermediate 62 and 65; m-bromoaniline is used to obtain a sulfonyl chloride
through the in-situ aryl diazonium salt preparation, followed by a
substitution with SO2 released from the hydrolysis of thionyl chloride, in
strong acidic environment and in presence of copper chloride (I) as catalyst.
Compound 65 was obtained using “Ullmann-like” coupling conditions:
nucleophilic substitution on an aromatic ring using copper iodide (I) for the
catalysis. UPR1438 was finally obtained by the reaction between the free
amine of the piperazine ring and the sulfonyl chloride 62 already prepared.

Scheme 8: Total synthesis of UPR1438. Reagents and conditions: a) NaNO2, HCl, H2O, 0°C
b) SOCl2,CuCl, H2O, 0°C, yield = 21% c) CuI, K2CO3, DMF, 80°C, yield = 61% d) Et3N,
Pyridine/THF, 0°C, yield = 26%.
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4.5.UPR1440 (46) and UPR1437 (47)
As shown in schemes 9 and 10, UPR1438 was used as a starting point for the
synthesis of two inhibitors carrying the nitrile warhead, differing the one
from the other, by the presence of a conjugated double bond between the
phenyl ring and the nitrile. The conversion of UPR1438 to UPR1440 was
performed with a Heck cross coupling. The product of the reaction was a
mixture of the two isomers E and Z; purification with column
chromatography provided a sufficient amount of pure UPR1441 (then
recrystallized), while the rest of the product eluted as mixture was used for
the synthesis of UPR1437 (the ratio E/Z for the coupling was not
determined).

Scheme 9: Total synthesis of UPR1441. Total yield for the mixture E+Z = 59 %. Yield for the
pure UPR1441 = 11%.
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Scheme 10: Total synthesis of UPR1437. Reagents and conditions. The target molecule
was obtained from the mixture of the two isomers 66 by the catalytic reduction of the
conjugated alkene

Mixture 66 was converted in the final product UPR1437 by the reduction of
the double bond catalyzed by Palladium diacetate on activated charcoal
(5%), using triethylsilane as a source of hydrogen.
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4.6.UPR1442 (48)
UPR1442 was a first attempt to investigate inhibitory activity changes due
to modifications in the lipophilic portion of the compound. The structure is
an alteration of compound UPR1438, in which the benzothiazole-piperazine
moiety is replaced by two chains, while the m-bromophenylsulfonyl moiety
remains unchanged. Noteworthy, the available X-ray structures of NAAA
show the presence of a side-pocket in the narrow hydrophobic channel that
accommodates the benzothiazole-piperazine scaffold of ARN19702. This
cavity, which is partially occupied by the methyl group on the piperazine ring
of the co-crystallized inhibitor, is lined by hydrophilic residues which form
polar interactions with molecules of water conserved in almost all the X-ray
structures. Rational for the design of this compound is to try to make polar
interactions in the hydrophilic pocket found in the X-ray structures. For this
reason, one of the chains of UPR1442 is functionalized with a primary amide,
while the other is completely lipophilic. The synthesis starts with the
reduction of 3-phenylpropanal, and the resulting alcohol (68) is converted
into the related tosil ester (69), that is then used to alkylate the piperidin-2one. Key step of this synthesis is the hydrolysis of the N-substituted lactam
70 to obtain compound 71: the hydrolysis performed with strong basic
conditions (NaOH concentrated, reflux) followed by a precipitation of the
product in acetone provided the -aminoacid, that was then sulfonylated
with compound 62 (prepared as shown in scheme 3). The conversion of 72
in UPR1442 was finally obtained by reaction with pivaloyl chloride to make
a mixed anhydride in situ, followed by the addition of ammonium chloride
in basic environment.
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Scheme 11: Total synthesis of UPR1442. Reagents and conditions: a) NaBH4, MeOH, 0°C
for 30 min, yield = 81% b) Tosyl chloride, Pyridine, rt for 15 min, yield = 76% c)
Valerolactam, NaH, NaI (cat.), DMF, 0°C to rt overnight, yield = 64% d) NaOH, H2O, rt
overnight, then 100°C for 48h e) Compound 62, Et3N, THF/MeOH, rt for 5h, yield = 34% f)
Pivaloyl chloride, Et3N, dry THF 0°C, 2h, then NH4Cl, overnight, yield = 14%.
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4.7.UPR1443 (49)
The idea behind UPR1443 was to take the scaffold of compound ARN19702
and to introduce two modifications: a warhead (the nitrile to targeting the
catalytic cysteine) and a secondary lipophilic substituent. The synthetic
pathway starts from 2-bromobenzo[d]thiazole (63) and ethyl isonipecotate
(ethyl piperidine-4-carboxylate, compound 73), that were coupled using the
same Ullmann’s conditions that were used for compound 65. Successive
steps included the reduction of the ethyl ester to the related alcohol 75 using
LiAlH4, and the subsequent conversion into the alkyl iodide 77. Compound
77 was then alkylated with ethyl phenylacetate (non-stereoselective
reaction), and the target molecule 49 was obtained by the coupling reaction
of carboxylic acid 79 and 2-aminoacetonitrile performed in presence of 2(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium

tetra-fluoroborate

(TBTU).

Scheme 12: Total synthesis of UPR1443. Reagents and conditions: a)CuI, K2CO3, DMF, 75°C
for 3.5 h, yield = 87 % b) LiAlH4, dry THF, 0°C for 15 min, yield = > 98 % c) Tosyl chloride,
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2,6-lutidine, DMAP, 40°C for 5 h, yield = 53 % d) NaI, Acetone, reflux for 6h, yield =79 % e)
Phenylacetic acid ethyl ester, LiHMDS, dry THF, -50°C, yield = 31 % f) KOH, THF/H2O, rt for
48 h, yield = 97 %, g) Aminoacetonitrile, TBTU,Et3N, DMF, 0°C to rt in 20 h, yield = 63 %.
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5. Beyond the inhibition: NAAA catalysis
mechanism
5.1.Aim of the project
X-ray coordinates for different orthologous NAAA (human, rat and rabbit)
were published only in 2018. Most of the efforts in the study of NAAA until
that day were aimed at the study of the biological role, especially through
the design and the use of inhibitors, while the only molecular
characterization was published by Ueda and coworkers.58 For this reason,
the catalytic mechanism of NAAA, and the substrates preferences were not
deeply studied.
In this part of this project on NAAA investigation, conduct in the department
of Anatomy and Neurobiology at the University of California, Irvine, I
developed synthetic procedures for the chemical synthesis of FAEs, and a
protocol for the investigation of NAAA substrate affinity. The objectives of
this part of the PhD research work were the investigation of the catalytic
mechanism of the enzyme and the comprehension of the molecular basis of
substrate recognition by NAAA. The experimental results of this project, also
supported by the results of molecular modelling studies, provide important
information that can be translated to the study of new inhibitors, in order to
achieve higher potency and selectivity.
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5.2.Synthetic Fatty Acid Ethanolamides
With the specific intent to systematically investigate the effect of
modifications to the acyl chain and to the ethanolamide portions of the
substrate on the substrate selectivity of NAAA, a library of Fatty Acid
Ethanolamides was prepared. Given the easy structure involved, the only
synthetic step regarded the condensation of the fatty acid and the
ethanolamine, to obtain the related amine.
For all the substrates synthesized in this work two possible protocols were
adopted:
•

Acyl substitution:
For fatty acids whose chlorides were commercially available, the
synthetic strategy involved the direct acyl substitution using
ethanolamine. This strategy provided compound with almost
quantitative yields in little amount of time, without any particular
care; due to the much higher nucleophilicity of the amine compared
to the hydroxyl group, no protection was needed for the -OH, and
no byproduct was detected in any product obtained with this
strategy.

Scheme 13: Nucleophile acyl substitution on fatty acid chlorides. The reaction allow to
obtain quantitative product, in one fast step.

•

Coupling reaction:
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The amide bond synthesis using coupling agents was the preferred
strategy when the related chloride was not commercially available.
This strategy, developed for peptide synthesis, allows to prepare
amides directly from fatty acids, through a mechanism in which the
fatty acid is activated in situ. Among the wide range of coupling
agents,

2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium

tetrafluoroborate (TBTU) was chosen, used together with 1hydroxybenzotriazole (HOBt). Yields obtained following this
procedure are lower than the ones from the previous strategy (5070%).

Scheme 14: synthetic approach with coupling agent TBTU (green label): the reaction is
made up by an initial activation of the fatty acid through the formation in situ of the
benzotriazolyl-activated ester, followed by the substitution with the desired amine.

Thanks to these two different strategies, a small library of Fatty Acid
Ethanolamides was synthesized (including PEA, Figure 23). Saturated FAEs
(PEA derivatives) were synthesized in a length range from tridecanoylethanolamide 80 (13 carbon atoms) to stearoylethanolamide 84 (18 carbon
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atoms), while monounsaturated FAEs were prepared in a length range from
pentadecenoyl ethanolamide 85 (15 carbon atoms) to eicosenoyl
ethanolamide 89 (20 carbon atoms).

Figure 23: The library of FAEs synthesized to investigate the role of the acyl chain for the
recognition by NAAA: the saturated FAEs (PEA derivatives) on the left, and the
monounsaturated FAEs on the right.
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5.3.Substrates kinetic analysis – the length of the chain
The chosen approach for the study of NAAA activity was developed around
the quantification of the enzyme hydrolysis products, in order to build the
Michaelis-Menten isothermal curve for each substrate. All the substrates in
this study were incubated in a concentration range from 1 M to 200 M
with a lysosomal extract from Heck-293 cells overexpressing rat NAAA. Fatty
acid released by the enzyme were extracted from the buffer medium and
quantified in LC/MS spectrometry in the presence of a suitable internal
standard. Essential kinetic parameters, Michaelis Menten constant (Km) and
the maximum reaction rate (Vmax) were extrapolated from the MM curves,
and the term of comparison between the substrates was the calculated ratio
Vmax/Km.
The study of the hydrolysis kinetics mediated by NAAA was investigated
starting by saturated FAEs. As shown in Table 2, modifications of the length
of the acyl chain significantly affected the catalytic efficiency. Compounds
characterized by a shorter acyl chain than PEA (compounds 80, 81 and 82)
showed lower Vmax and higher Km, and an almost identical trend resulted
from the longer saturated FAEs (83 and 84). On the other hand, PEA resulted
to be the substrate with the best Vmax/Km ratio, around 5 times higher than
82 (15 carbons) and 83 (17 carbons), and more than 150 times compared to
81. For compounds 80 and 84, NAAA activity resulted to be too low to
quantify the product.
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Compound
80
81
82
PEA - 2
83
84
85
86
87
OEA - 3
88
89

Km (M)
—
72.86
25.46
19.81
6.54
—
54.29
72.81
128.18
167.28
160.95
231.70

Vmax (M/s)
—
1.20 x10-3
8.99 x10-4
3.43 x10-3
2.45 x10-4
—
6.39 x10-4
9.25 x10-4
7.57 x10-3
1.60 x10-3
6.90 x10-4
6.56 x10-5

Vmax/Km (s-1)
< 1.00 x10-6
1.65 x10-5
3.53 x10-5
1.73 x10-4
3.75 x10-5
< 1.00 x10-6
1.18 x10-5
1.27 x10-5
5.91 x10-5
9.55 x10-6
4.29 x10-6
< 1.00 x10-6

Table 2: Kinetic parameters for saturated and monounsaturated FAEs involved in this work

After the results obtained for saturated derivatives, we decided to move on
OEA derivatives, to evaluate the effect of an unsaturation in the fatty acid
chain on the recognition by the enzyme. OEA derives from oleic acid, a fatty
acid from the series of the -9 (a single unsaturation between carbon 9 and
carbon 10 in the chain). Because of only natural monounsaturated fatty acid
are available with the double bond in the same position, for the non natural
the choice was to use compound from the series of the -10 (to put the
double bond, located between carbon 10 and carbon 11, as close as possible
to the one in the natural fatty acids).
Kinetic parameters for this second series are less precise, because the MM
curves didn’t reach the plateau for the range of substrate concentration
used for the assay.
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Figure 24: Michaelis-Menten curves for A) PEA and shorter FAEs B) PEA and longer FAEs C)
Compound 59 and shorter FAEs D) Compound 59 and longer FAEs.

Nevertheless OEA, known to be a substrate not as good as PEA for NAAA,
showed a lower Vmax compared not only to PEA, but also to compound 87
((Z)-N-2-(hydroxyethyl)heptadec-10-enamide), that not only demonstrated
to be a better substrate than OEA, but it also showed better Vmax/Km ratio
than its saturated analogue 83. General Vmax/Km ratio is lower for this
second series compared to PEA derivatives, but the trend is more or less the
same, with 87 FAE as best substrate. Notably, the experimental results
obtained were in agreement with molecular modelling studies, performed
to evaluate the effect of the length of the acyl chain and the presence of an
unsaturation on the dynamic stability of the complexes between NAAA and
the FAEs considered in this study. More specifically, molecular dynamics
simulations revealed that while the interaction between the enzyme and the
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natural substrate PEA is characterized by a high stability, other
ethanolamides with a non-optimal acyl chain length form unstable
complexes with NAAA, impeding the maintenance of interactions that would
favor the catalytic process.

Figure 25: comparison of the Vmax/Km values for A) PEA and B) OEA derivatives.
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5.4.Substrates kinetic analysis - the hydroxyl group

Figure 26: PEA derivatives designed to investigate the role of the ethanolamine moiety: 90
and 91 were used to study the role of the hydroxyl group, while 92 and 93 showed the
stereoselectivity in NAAA active site.

To investigate the role of the hydroxyethyl moiety during the catalysis, 4
compounds were prepared from the structure of PEA, by introducing
modification on the polar head. For this reason N-methylpalmitamide (90)
and palmitamide (91) were prepared to understand in which way the
absence of the hydroxyl group could affect the catalysis, by comparison with
PEA. At the same time the two enantiomers (R)-N-2-hydroxypropylpalmitamide (92) and (S)-N-2-hydroxypropylpalmitamide (93) were
synthesized to investigate the ability of the enzyme to allocate bulkier
motives in proximity of the active site, and the possible stereoselectivity
between them.
Compound
90
91
92
93

Km (M)
18.08
18.29
19.32
32.34

Vmax (M/s)
8.54 x10-3
5.29 x10-3
4.69 x10-3
1.94 x10-2

Vmax/Km (s-1)
4.72 x10-4
2.89 x10-4
2.43 x10-4
5.99 x10-4

Table 3: Kinetic parameters for compounds 90–93
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Figure 27: Michaelis-Menten curves for compounds A) 90 (black triangles) and 91 (purple
squares) and B) 92 (orange squares) and 93 (red triangles).

The Michaelis Menten analysis shows that, compared to PEA, the catalytic
efficiency

is

higher

for

the

more

hydrophobic

substrate

N-

methylpalmitamide suggesting that the ethanolamine portion plays a minor
role during the catalytic process. As shown in figure 27A, while Km remains
in the same range, Vmax value is increased by the deletion of the alcoholic
group, reaching a value that is 2.5-fold higher for N-methylpalmitamide.
Importantly, these data have helped to elucidate the catalytic mechanism of
NAAA, and support the computational results that show that, similarly to
PEA, N-methylpalmitamide is efficiently hydrolyzed through a mechanism in
which the protonation of the leaving group represents the limiting step of
the process.66
The introduction of the methyl on the polar head provoked the same effect,
but in a different range of values. For the two enantiomers 92 and 93¸ the
Km resulted to be close to PEA’s, while Vmax increased from 1.5-fold (for
compound 92), to 6-fold (for compound 93). This suggests the idea that in
the surroundings of the active residue there is enough space to allocate a
branched residue, with a preferred configuration. It is not to exclude a
synergistic effect of the alkyl chain, that in the right configuration may be
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able to force the hydroxyl group in a preferred configuration that enhances
the catalysis ratio (Figure 27B).
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6. Development of a hybrid FAAH inhibitor-MT
agonist
A side project in which I was involved concerned the preparation of a hybrid
compound with a dual biological activity. Compounds 94 and 95 were
developed to act as agonist on the melatonin receptors, and as an inhibitor
on the enzyme FAAH.

6.1.Glaucoma
Glaucoma is a neuropathic disease of the eye, that displays with an increase
of the intraocular pressure, followed by a progressive degeneration of
retinal ganglion cells. These effects lead to visual field impairment and
blindness as a consequence of optic nerve damage.105 Glaucoma is usually
treated with a daily in-situ administration of multiple drugs, like βadrenergic antagonists, α2-agonists, prostaglandin analogues, carbonic
anhydrase inhibitors, and myotic agents acting on the parasympathetic
system.106 These drugs are usually co-administrated and, for this reason, are
available in the market as fixed-combination products. Drugs in fixed
combination are preferred to multiple administration of different products,
because of their easy way of use, enhancing the patients compliance. An
increased adherence to the treatment, as well as the improved satisfaction
of the patients, are of critical importance for the success of the therapy,
while the lack of continuity in the treatment (usually due to difficulties in
following a specific therapeutic plan involving different treatments) leads to
a lower treatment effectiveness, responsible for the progression of the
disease. Moreover, the simplification of the treatment reduces the exposure
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of the eye to irritating agents, and it also may result in a less expensive
treatment.107 On the other hand, the administration of a fixed-combination
of drugs is somehow disadvantageous for the patient, due to a less flexible
therapy, that cannot be personalized. Interactions between the different
drugs in the formulation are also possible, reducing the stability of the
formulation and, in the worst case, leading to unexpected adverse effects.
For these reasons, the development of a hybrid active compound, able to
interact with the different targets that take a part in the regulation of
intraocular pressure, would overcome the limitations of other approaches,
combining the improved compliance related to the administration of a single
formulation and the higher stability which may lack in medications
combining different ligands.

6.2.Melatonin and FAAH role in glaucoma
Melatonin (MLT) showed significant effects in lowering the intraocular
pressure.108,109 It is primarily produced by the pineal gland, reaching the
highest concentrations at night. Recognized effects are ascribed to
melatonin, like in the CNS, where it regulates the circadian rhythms and
neuroendocrine processes. In the periphery MLT is related to the regulation
of the immune system, glucose balance and cardiovascular homeostasis.
Targets of MLT activity in mammals are two G-protein coupled receptors
named MT1 and MT2.110,111 MLT is locally released in the eye and its
receptors are expressed in many areas in the eye, like in the retina, the ciliary
body, the cornea and in the sclera.112 Administration of MLT showed a
transient reduction of the intraocular pressure in both normotensive and
hypertensive rodents,113,114 monkeys115 and humans,108,116 exerting a
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synergistic effect with the adrenergic system, increasing the expression of
the α2 receptor, while reducing the expression of the β2 receptors, both
responsible for the control of the production and drainage of the aqueous
humor within the eye.117 MLT effects were also confirmed by the activity of
synthetic MLT receptor agents,109 such as agomelatine,118 5-MCA-NAT,114
and IIK7,115 that showed the same intraocular pressure lowering effects.
As for MLT administration, reduction of intraocular pressure was observed
in cannabis users, and after the administration of endogenous or exogenous
cannabinoids, such as AEA, D9-THC, or the synthetic CB agonist WIN552122.119,120 In fact, the enzyme and the receptors responsible for the synthesis,
the degradation and the activity of endocannabinoids are expressed in the
eye tissues.121 The effect exerted by topical AEA was counteracted by the
simultaneous administration of the CB1 receptor antagonist rimonabant,
supporting the idea that CB1 receptor is responsible for the intraocular
pressure reduction effect of AEA.122 However,

secondary cannabinoid

actions are mediated by the activation of the TRPV1 channel and the orphan
receptor GPR55 and by arachidonic acid derivatives.123 Experimental
findings suggest that the endocannabinoid system participates to the control
of intraocular pressure by modulating the production and the outflow of
aqueous humor. The serine-hydrolase enzyme FAAH, which is the main AEAdegrading enzyme,124,125 has been described as responsible for the
regulation of diurnal variation of IOP. FAAH is expressed with a circadian
rhythm, and it is also responsible for the regulation of the levels of Narachidonoyl glycine, that reduces the intraocular pressure through the
activation of the GPR18 receptor.126 Despite the relevance of FAAH, the

pag. 67

effects of FAAH inhibitors on intraocular pressure has never been
investigated.

6.3.Dual-activity compounds
The principal limitation of the mainstream treatments for glaucoma were
discussed in paragraph 6.1
In this study, we designed and prepared novel dual-acting compounds,
behaving both as MT receptor agonists and FAAH inhibitors. The design was
made by combining the pharmacophore elements required to activate MT
receptors, with those that are essential to achieve FAAH inhibition,
exploiting the structural elements of known compounds.
The 15 compounds127 designed and synthesized were then tested on human
MT1 and MT2 receptors to evaluate their binding affinity and intrinsic
activity, on rat FAAH for their inhibitory potency and in a rabbit model of
ocular hypertension to investigate their intraocular pressure lowering
potential.
The most potent derivatives from this study, compound 94 and 95, showed
a higher activity than the benchmark inhibitor dorzolamide (Figure 28). This
effect may be due either to the higher lipophilicity of the new derivatives, or
to the synergistic effect at the two targets. The combination of melatonin
and the FAAH inhibitor (URB597) gave the same effect at 60 min, showing
no additivity, but maintaining the effect for longer times (120 min). The most
active compounds at 120 min showed sub-nanomolar IC50 values on FAAH,
suggesting a greater importance of FAAH inhibition activity. In conclusion,
the combination of melatoninergic activity with potent FAAH inhibition
appeared to have a significant role to achieve persistent intraocular pressure
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lowering effect. These compounds are an attractive potential alternative to
the traditional therapeutic approach for the treatment of ocular
hypertension, offering a promising option for the treatment of glaucoma.
This combination may also represent a great choice, thinking about the
retinal-protective role described for endocannabinoids,128 and the
neuroprotective role ascribed to melatonin;109 the reduction of
neurodegeneration in the eye, may positively modulate pineal melatonin
production that could improve circadian rhythm related functions, thus
ameliorating conditions often present in glaucomatous patients such as
sleep disorders and depression.127

Figure 28: the structures of compound 94 and 95,the most potent from this study. The moieties
responsible for MT agonism are highlighted in purple, while the fragments that act as FAAH
inhibitors are coloured in red. On the right there are the structures of the benchmark compounds for
this study. The structures of melatonin and URB597 are clearly recognizable in compound 94 and 95.
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6.4.Total synthesis of compound 95
The synthetic approach for the preparation of compound 95 is a convergent
pathway that is based on the linkage of the biphenyl ring to the serotoninlike moiety through a hexyl chain.
The first step is the activation of the commercial available [1,1’-biphenyl]-3ol, using the 4-nitrophenyl chloroformate, in order to obtain the related
carbonate 97 (Scheme 15).

Scheme 15: Synthesis of compound 97

N-acetylserotonin is involved in a nucleophilic substitution with the alkyl
bromide 98, yielding the N-Boc derivative 99. The following modifications
are the insertion of a bromine on C2 of the indole ring (100) and the cleavage
of the protecting group in the terminal amine of the hexyl chain. The free
amine is not isolated, but used as crude compound in the final step. The
substitution of the 4-nitrophenol with the alkylamine yielded the carbamate
95 (Scheme 16).
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Scheme 16: Total synthesis of compound 95. Reagents and conditions: a) K2CO3, dry CH3CN, reflux
1h, then NaI (cat.), reflux 20 h, yield = 59% b) Trimethylphenylammonium tribromide, dry THF, rt for
30 min, yield = 59% c) Trimethylsilyl bromide, dry CH3CN, rt 1h d) Compound 97, Et3N, dry DCM, dry
DMF, 0°C to rt 3h, yield = 83%.

pag. 71

7. Conclusions
This work was developed around a comprehensive study of the enzyme Nacylethanolamine acid amidase, with the development of a new class of
potential covalent inhibitors, and the kinetic study of substrate selectivity.
The development of new inhibitors concerned the use of a not-yet tried
warhead, the nitrile moiety, in an attempt to covalently bind the catalytic
cysteine of this hydrolase. This project was also focused on the design and
synthesis of novel inhibitors combining the nitrile reactive group and
scaffolds modelled to fit the binding site of NAAA. To this aim, different
scaffolds modelled, exploiting not only the SAR of known inhibitors, but also
the information obtained from crystallographic studies. All the inhibitors
described in this project are now under in-vitro investigation (no results
available at the moment).
Besides the design and synthesis of novel potential NAAA inhibitors, a
systematic study to elucidate the enzyme substrate selectivity was
performed. A total of 16 fatty acid ethanolamides, differing for the chain
length, or carrying modifications on the ethanolamine moiety were
prepared. These molecules were tested with a fixed amount of rat NAAA,
building the relative Michaelis-Menten isothermal curve, and calculating the
enzyme fundamental parameters Km and Vmax. These two values were
used to rank the substrates, obtaining information about the structural
requirements to achieve a better interaction with NAAA. In particular, the
length of the substrates appears to be a fundamental parameter: small
changes in the chain length led to less recognized substrates, both for
saturated and monounsaturated FAEs.
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The introduction of a methyl on the ethanolamine moiety, yielded a NAAA
hydrolysis rate higher than PEA’s, showing a stereoselectivity for the (S)configuration (Vmax 6-times higher than PEA) over the (R)-enantiomer. In
the end, the deletion of the hydroxyl group of PEA led to an increase in NAAA
hydrolysis rate, suggesting that the hydroxyl group of the substrate plays a
minor role in the NAAA-catalyzed hydrolysis of PEA.
Not directly linked to NAAA investigation, a side project in which I was
involved regarded the designed and the synthesis of compounds with dual
activity on FAAH and MT receptors. The results of this study show a possible
clinical application of compounds involved in the inhibition of FAEs
catabolism.
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8. Experimental Section
8.1.General Information
All chemicals were used as received, without any further purification, unless
stated otherwise. Anhydrous reactions were performed under a steady
overpressure of argon or nitrogen delivered through a balloon; flasks for
anhydrous reaction were dehydrated in a vacuum oven. Solvents were
stored

and

purified

following

standard

procedures.

Thin-layer

chromatography (TLC) analysis was conducted on HPTLC aluminum sheets
silica gel 60, F254 (Sigma-Aldrich), or Kieselgel 60 F254 (DC-Alufolien,
Merck); compounds were visualized by dipping in a solution of panisaldehyde (2.5% v/v), prepared as follows: 3.7 mL of p-anisaldehyde were
added to 135 mL of absolute ethanol containing 5 mL of concentrated
sulfuric acid and 1.5 mL of glacial acetic acid. The staining solution was
stored in a jar covered with aluminum foil at 4ºC. 1H NMR spectra for
compounds prepared at Università di Parma were recorded on a Bruker
300MHz Avance, or a Bruker 400MHz Avance; 1H NMR spectra for
compounds prepared at University of California, Irvine were recorded on a
Bruker DRX400 (400 MHz). Chemical shifts (δ scale) are reported in parts per
million (ppm), referenced to tetramethylsilane (TMS, 0.00 ppm) or the
residual solvent signal. 1H NMR spectra are reported in the following order:
number of protons, multiplicity and approximate coupling constant (J value)
in Hertz (Hz), and a clear attribution of proton signals is provided. Signal
multiplicities were characterized as s (singlet), d (doublet), dd (doublet of
doublets), t (triplet), dt (doublet of triplets), q (quartet), quint (quintet) m
(multiplet), br (broad signal). Mass spectra were recorded on an Agilent 6410
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Triple Quad LC/MS system with an ESI interface. The purity of final
compounds prepared in Università di Parma was assessed on a TSQ
Quantum Access Max (Thermo Finnigan, USA) equipped with a triple
quadrupole; the purity of final compounds prepared in University of
California, Irvine was assessed by liquid chromatography/tandem mass
spectrometry (LC/MS-MS) using an Agilent 6410 Triple Quad system (Agilent
Technologies., Wilmington, DE). Prior to analyses, samples were prepared in
methanol at a final concentration of 5 µg/mL. Analytes were separated on
an Agilent Zorbax Eclipse XBD C18 column (2.1x50 mm, 1.8 μm particle size)
by gradient elution. The flow rate was 0.4 mL/min, and the injected volume
was 2.0 μL. Solvent A was water and solvent B was methanol, both
additioned of 0.25% v/v acetic acid and 5 mM ammonium acetate. Gradient
conditions A: t(0 min): 10% A: 90% B; t(2 min): 5% A: 95% B; t(3 min): 10% A:
90% B. Purity results are presented as tR (min) and relative chemical purity
(%). All tested compounds were >95% pure.
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8.2.Synthetic Procedures
tert-butyl 3-((4-bromobenzyl)oxy)azetidine-1-carboxylate (52)98

Procedure: to an ice cold (0°C) solution of tert-butyl 3-hydroxyazetidine-1carboxylate (300 mg, 3.46 mmol), bromobenzyl bromide (866 mg, 3.46
mmol) and a catalytic amount of NaI (26 mg, 0.17 mmol) in DMF, NaH (139
mg, 3.46 mmol) is added portion wise. The mixture is stirred overnight. The
mixture is then cooled again, and MeOH is added dropwise; after that the
solution is poured into an ammonium chloride solution and extracted with
ethyl ether, washed with water and brine, and dried over Na2SO4. The crude
is purified with column chromatography (PetEt : EtOAc = 4:1 v/v), to obtain
454 mg (77%) of the target compound.
1H-NMR (300 MHz, Chloroform-d):

7.46 (d, 2H, J = 7.9 Hz), 7.17 (d, 2H, J = 8.1

Hz), 4.37 (s, 2H), 4.28 (m, 1H), 4.05 (dd, 2H, J = 9.3, 6.4 Hz), 3.85 (dd, 2H, J =
9.4, 4.3 Hz), 1.43 (s, 9H).
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tert-butyl 3-([1,1'-biphenyl]-4-ylmethoxy)azetidine-1-carboxylate (54)98

Procedure: in a reaction flask equipped with a silicon septum and a balloon
full of argon, tert-butyl 3-((4-bromobenzyl)oxy)azetidine-1-carboxylate (454
mg, 1.33 mmol), phenylboronic acid pinacol ester (414 mg, 2.03 mmol) and
K2CO3 (712 mg, 5.31 mmol) are dissolved using a mixture of 1,4-dioxane and
water (4 : 1 v/v). Tetrakis(triphenylphosphino)palladium(0) (46 mg, 0.13
mmol) is added to the reaction vessel, and the mixture is refluxed. The
mixture is then diluted with ethyl acetate, washed with water and brine and
dried over Na2SO4. The crude product was purified with column
chromatography (PetEt : EtOAc = 4 : 1 v/v), to obtain 307 mg of pure
compound (68%).
1H-NMR

(400 MHz, Chloroform-d): 7.57 (m, 4H), 7.37 (m, 5H), 4.47 (s, 2H),

4.32 (m, 1H), 4.07 (dd, 2H, J = 9.7, 6.7 Hz), 3.88 (dd, 2H, J = 9.8, 4.3 Hz), 1.43
(s, 9H).
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3-([1,1'-biphenyl]-4-ylmethoxy)azetidine (55)98

Procedure: trifluoroacetic acid (1.03 g, 9.04 mmol) is added to a flask
containing ice-cold tert-butyl 3-([1,1'-biphenyl]-4-ylmethoxy)azetidine-1carboxylate (307 mg, 0.90 mmol) dissolved in DCM, and the reaction is
stirred at room temperature for 6 hours. The mixture was dried under
vacuum and rinsed with DCM several times to remove the excess of the TFA,
then the crude was purified on silica gel (DCM : EtOAc = 9 : 1, then 100%
MeOH saturated with NH3) to get 216 mg (>98%) of pure product.
1H-NMR

(300 MHz, Methanol-d4): 7.59 (m, 4H), 7.39 (m, 5H), 4.53 (s, 2H),

4.21 (m, 2H), 4.00 (m, 2H).
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3-([1,1'-biphenyl]-4-ylmethoxy)azetidine-1-carbonitrile (UPR1429 - 43)98

Procedure: 3-([1,1'-biphenyl]-4-ylmethoxy)azetidine (216 mg, 0.90 mmol) is
dissolved in DCM, the solution is cooled to 0°C and triethylamine (457 mg,
4.52 mmol) is added. The mixture is stirred for 30 minutes, then cyanogen
bromide (192 mg, 1.81 mmol) is added, and the reaction is stirred overnight.
The mixture is diluted with EtOAc, washed with saturated NaHCO3, water
and brine, and dried over Na2SO4. The crude product was purified with
column chromatography (PetEt : EtOAc = 3:1 v/v) and recrystallized from
heptane to obtain 68 mg of fine white crystals (28%). MS calc.: 264.13,
found: 265.09 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 7.59 (m, 4H), 7.45 (m, 2H), 7.37 (m, 3H),

4.49 (s, 2H), 4.42 (m, 1H), 4.24 (dd, 2H, J = 8.9, 7.8 Hz), 4.11 (dd, 2H, J = 8.9,
5.0 Hz)
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2,5-dioxopyrrolidin-1-yl decanoate (57)

Procedure: decanoic acid (1.213 g, 7.04 mmol) is put in a reaction flask with
phosphorous pentachloride (1.460 g, 4.04 mmol) and heated to 170°C for 2
hours. The mixture is dried and washed several times with toluene to
remove the POCl3 subproduct. The crude (decanoyl chloride) is dissolved in
anhydrous pyridine, and added dropwise to a solution of Nhydroxysuccinimide in dry pyridine cooled to 0°C. After 1 hour the reaction
is diluted with EtOAc, washed three times with HCl (1M) to remove the
pyridine, then saturated NaHCO3, water and brine, and dried over Na2SO4.
The crude product (1.511 g) is used in the next step without further
purification.
1H-NMR

(400 MHz, Chloroform-d): 2.67 (s, 4H), 2.45 (t, 2H, J = 7.4 Hz), 1.59

(quint, 2H, J = 7.4 Hz), 1.14 (m, 12H), 0.75 (t, 3H, J = 6.5 Hz)
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2-(1,3-dioxoisoindolin-2-yl)acetonitrile (60)

Procedure: phthalimide potassium salt (6.00 g, 32.40 mmol) is suspended in
DMF, cooled to 0°C and stirred. Chloroacetonitrile (3.30 g, 43.80 mmol) is
added dropwise to the reaction, that is stirred overnight. The reaction
mixture is poured into water, forming a white precipitate, that is collected
and washed with more water and diethyl ether. The crude product (3.61 g)
is used in the next step without any further purification.
1H-NMR

(400 MHz, Chloroform-d): 7.93 (m, 2H), 7.80 (m, 2H), 4.58 (s, 2H)
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N-(cyanomethyl)decanamide (UPR-1411 - 44)

Procedure: 2-(1,3-dioxoisoindolin-2-yl)acetonitrile (481 mg, 2.58 mmol) is
suspended in EtOH, and stirred. Hydrazine monohydrate is added to the
suspension, and the reaction is stirred overnight. The mixture is filtered to
remove

the

subproduct

phthalazine,

then

2,5-dioxopyrrolidin-1-yl

decanoate (200 mg, 0.83 mmol) is added to the solution and the mixture is
stirred overnight. The reaction is diluted with EtOAc, washed with HCl (1M),
then saturated NaHCO3, water and brine, and dried over Na2SO4. The crude
product was purified with column chromatography (gradient from PetEt :
EtOAc = 2:1 v/v to PetEt : EtOAc = 45:55 v/v) to obtain 63 mg of target
compound (yield = 42%). MS calc.: 210.17, found: 211.11 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 6.13 (s, 1H), 4.19 (d, 2H, J = 5.8 Hz), 2.25

(t, 2H, J = 7.5 Hz), 1.65 (quint, 2H, J = 7.5 Hz), 1.25 (m, 12H), 0.88 (t, 3H, J =
6.5 Hz)
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3-bromobenzenesulfonyl chloride (62)

Procedure: Thionyl chloride (9.34 g, 78.51 mmol) is dissolved dropwise in
ice-cold water (60 mL), and the mixture is stirred overnight. In a second
flask, 3-bromoaniline (3.00 g, 17.44 mol) is suspended in ice-cold
concentrated HCl (36%) and NaNO2 (1.81 g, 26.23 mmol) is added to the
mixture. CuCl (178 mg, 1.80 mmol) is added to the thionyl chloride, followed
by a dropwise addition of the aryldiazonium salt. The mixture is stirred for 2
more hours, than the product is extracted using Et 2O, washed with water
and brine, and dried over Na2SO4. The crude product is used in the next step
without purification.
1H-NMR

(400 MHz, Chloroform-d): 8.15 (s, 1H), 7.97 (d, 1H, J = 7.9 Hz), 7.86

(d, 1H, J = 8.0 Hz), 7.52 (t, 1H, J = 8.0 Hz).
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2-(piperazin-1-yl)benzo[d]thiazole (65)

Procedure: to a solution of piperazine (604 mg, 7.01 mmol) in DMF, 2bromobenzo[d]thiazole (1.00 g, 4.67 mmol), CuI (116 mg, 0.61 mmol) and
K2CO3 (1.94 g, 14.03 mmol) are added. The mixture is stirred for 2.5 hours at
80°C, than diluted with water and extracted with Et 2O. The organic phased
is washed with water and brine, and then dried over Na2SO4. The product is
purified by column chromatography (DCM : MeOH = 1 : 1 v/v + 1%
Triethylamine) to obtain 580 mg of target product (yield = 56%).
1H-NMR

(400 MHz, Methanol-d4): 7.64 (d, 1H, J = 7.8 Hz), 7.48 (d, 1H, J = 8.2

Hz), 7.28 (t, 1H, J = 7.5 Hz), 7.08 (t, 1H, J = 7.3 Hz), 3.60 (t, 4H, J = 5.4 Hz), 2.98
(t, 4H, J = 5.6 Hz).
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2-(4-((3-bromophenyl)sulfonyl)piperazin-1-yl)benzo[d]thiazole (UPR1438 45)

Procedure: 2-(piperazin-1-yl)benzo[d]thiazole (763 mg, 3.48 mmol) is
dissolved in an ice cold mixture of dry THF and dry pyridine, and
Triethylamine (402 mg, 3.98 mmol) is added to the mixture. 3bromobenzensulfonyl chloride (635 mg, 2.49 mmol) is dissolved in pyridine,
and the solution is added dropwise to the mixture. The reaction is stirred
overnight, then diluted with EtOAc, and washed with HCl (1M) several times
to remove the pyridine, then water and brine, and dried over Na 2SO4. The
crude product is purified by column chromatography (Pet. Et. : EtOAc = 7 : 3
v/v) and recrystallized from EtOH, to afford 490 mg (45%) of the target
compound. MS calc.: 436.99, found: 438.05 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 7.91 (t, 1H, J = 1.9 Hz), 7.73 (dt, 1H, J =

8.0, 1.3 Hz), 7.69 (dt, 1H, J = 7.8, 1.4 Hz), 7.59 (d, 1H, J = 7.9 Hz), 7.54 (d, 1H,
J = 8.1 Hz), 7.42 (t, 1H, J = 7.9 Hz), 7.29 (td, 1H, J = 7.4, 1.3 Hz), 7.09 (td, 1H,
J = 7.7, 1.2 Hz), 3.76 (t, 4H, J = 5.0 Hz), 3.19 (t, 4H, J = 5.2 Hz).
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(E)-3-(3-((4-(benzo[d]thiazol-2-yl)piperazin-1-yl)sulfonyl)phenyl)acrylonitrile (UPR1441 - 46)

Procedure:

UPR1438

(209

mg,

0.48

mmol)

is

dissolved

in

dimethylacetamide, followed by triethylamine (97 mg, 0.95 mmol),
triphenylphosphine (13 mg, 0.05 mmol) and bis(triphenylphosphine)palladium dichloride (17 mg, 0.02 mmol). The reaction is stirred at room
temperature for 10 minutes, then acrylonitrile (30 mg, 0.57 mmol) is added,
and the mixture is stirred at 120°C overnight. The mixture is then allowed to
cool down to room temperature, and water is added, resulting in a
precipitate. The precipitate is filtered, and the supernatant is extracted using
Et2O. The organic phase is washed with water and brine, dried over Na2SO4,
and united with the precipitate. The crude product is purified by column
chromatography (Pet. Et. : EtOAc = 1 : 1 v/v) to afford 21 mg of pure target
compound (E-isomer, yield = 11%) and 95 mg of E- and Z-isomer mixture
used for the next step (total conversion = 59%). MS calc.: 410.09, found:
411.12 m/z [M+H]+.
1H-NMR

(400 MHz, Dimethylsulfoxide-d6): 8.04–7.96 (m, 2H), 7.88–7.66 (m,

4H), 7.43 (d, 1H, J = 8.2 Hz), 7.26 (td, 1H, J = 7.1, 1.3 Hz), 7.07 (td, 1H, J = 7.6,
1.2 Hz), 6.67 (d, 1H, J = 16.8 Hz), 3.67 (t, 4H, J = 4.8 Hz), 3.10 (t, 4H, J = 5.0
Hz).
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3-(3-((4-(benzo[d]thiazol-2-yl)piperazin-1-yl)sulfonyl)phenyl)propanenitrile (UPR1437 - 47)

Procedure: Palladium diacetate (2 mg, 0.008 mmol) is dissolved in EtOH, and
activated charcoal (20 mg) is added, forming a dark suspension. The E+Z
mixture from UPR1440 synthesis (65 mg, 0.158 mmol) is dissolved in a
mixture of THF and EtOH, then the dark suspension of Pd/C is added to the
stirring solution. Triethylsilane (37 mg, 0.316 mmol) is added dropwise to
the mixture. After 2 hours the reaction mixture is filtered over celite, and the
resulting solution is dried under vacuum. The crude product is purified by
column chromatography (Pet. Et. : EtOAc = 1 : 1 v/v) to afford 25 mg of pure
target compound (yield = 38%), recrystallized from EtOH : H2O = 7 : 3 (v/v).
MS calc.: 412.10, found: 413.16 m/z [M+H]+.
1H-NMR

(400 MHz, Dimethylsulfoxide-d6): 7.80–7.57 (m, 5H), 7.44 (d, 1H, J

= 8.0 Hz), 7.27 (td, 1H, J = 7.3, 1.3 Hz), 7.07 (td, 1H, J = 7.7, 1.2 Hz), 3.66 (t,
4H, J = 5.0 Hz), 3.07 (t, 4H, J = 5.1 Hz), 3.01 (t, 2H, J = 7.1 Hz), 2.87 (t, 2H, J =
6.9 Hz).
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3-phenylpropan-1-ol (68)

Procedure: 3-phenylpropanal (4.00 g, 29.81 mmol) is dissolved in MeOH,
followed by the addition of NaBH4 (337 mg, 8.91 mmol) portion wise. The
reaction is stirred for 2 hours, then AcOH (400 L) is added to quench the
reaction. The mixture is diluted with EtOAc, washed with water and brine
and dried over Na2SO4. The crude is purified by column chromatography
(Pet. Et. : EtOAc = 8 : 2 v/v) to afford 3.40 g of pure target compound (yield
= 84%).
1H-NMR (400 MHz,

Chloroform-d): 7.38–7.17 (m, 5H), 3.67 (t, 2H, J = 6.4 Hz),

2.73 (t, 2H, J = 7.6 Hz), 2.37 (br, 1H), 1.91 (quint, 2H, J = 6.8 Hz).
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3-phenylpropyl 4-methylbenzenesulfonate (69)

Procedure: 3-phenylpropan-1-ol (3.40 g, 24.94 mmol) is dissolved in
pyridine, and tosil chloride (4.76 g, 24.94 mmol) is added to de mixture. The
reaction is stirred for 15 minutes, then diluted with Et 2O, and washed with
HCl (1M), then saturated NaHCO3, water and brine, and dried over Na2SO4.
The crude is purified by column chromatography (Pet. Et. : EtOAc = 9 : 1 v/v)
to afford 5.87 g of pure target compound (yield = 81%).
1H-NMR (400 MHz,

Chloroform-d): 7.80 (d, 2H, J = 8.3 Hz), 7.35 (d, 2H, J = 8.0

Hz), 7.25 (t, 2H, J = 7.5 Hz), 7.18 (t, 1H, J = 7.2 Hz), 7.07 (d, 2H, J = 6.7 Hz),
4.04 (t, 2H, J = 6.2 Hz), 2.65 (t, 2H, J = 7.4 Hz), 2.46 (s, 3H), 1.96 (quint, 2H, J
= 6.2 Hz).
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1-(3-phenylpropyl)piperidin-2-one (70)

Procedure: in an ice-cold flask under Argon atmosphere, -valerolactam
(1.62 g, 16.4 mmol) is dissolved in dry DMF, and under vigorous stirring NaH
(1.31 g, 32.7 mmol) is added portion wise. After 1 h, 3-phenylpropyl 4methylbenzenesulfonate (4.75 g, 16.4 mmol) is added to the reaction, that
is stirred overnight. A catalytic amount of NaI (123 mg, 0.82 mmol) is added
to the mixture and the reaction is stirred overnight. The reaction is quenched
by adding MeOH dropwise, followed by water and EtOAc. The organic phase
is washed with water several times, then brine and dried over Na2SO4. The
crude is purified by column chromatography (Gradient from Pet. Et. : EtOAc
1 : 1 v/v to 100% EtOAc) to afford 2.00 g of pure target compound (yield =
69%).
1H-NMR (300 MHz, Chloroform-d):

7.36–7.10 (m, 5H), 3.41 (t, 2H, J = 7.4 Hz),

3.28–3.16 (m, 2H), 2.36 (t, 2H, J = 7.7 Hz), 2.42–2.27 (m, 2H), 1.88 (quint, 2H,
J = 7.7 Hz), 1.80–1.65 (m, 4H).
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5-((3-phenylpropyl)amino)pentanoic acid (71)

Procedure: NaOH (11.04 g, 0.27 mol) is dissolved in H2O, then 1-(3phenylpropyl)piperidin-2-one (2.00 g, 9.20 mmol) is added to the basic
solution, and the mixture is stirred under reflux conditions overnight, then
the reaction is neutralized with HCl (36%) to quench the excess of NaOH.
Acetone is then added to the mixture, causing the formation of a white
precipitate, isolated by centrifugation. The crude product (3.13 g) is used in
the next step without purification.
1H-NMR

(300 MHz, Methanol-d4): 7.35–7.09 (m, 5H), 2.70–2.53 (m, 6H),

2.18 (t, 2H, J = 7.1 Hz), 1.83 (quint, 2H, J = 7.4 Hz), 1.68–1.45 (m, 4H).
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5-((3-bromo-N-(3-phenylpropyl)phenyl)sulfonamido)pentanoic acid (72)

Procedure: 5-((3-phenylpropyl)amino)pentanoic acid (500 mg, 1.943 mmol)
is dissolved in an ice-cold mixture of dry THF and pyridine, and Triethylamine
(594 mg, 3.886 mmol) is added to the mixture. 3-bromobenzensulfonyl
chloride (756 mg, 1.295 mmol) is dissolved in pyridine, and the solution is
added dropwise to the mixture. The reaction is stirred for 5 hours, then
diluted with ethyl acetate, and washed with HCl (1M) several times to
remove the pyridine, then water and brine, and dried over Na2SO4. The
crude product is purified by column chromatography (Pet. Et. : EtOAc = 7 : 3
v/v + 1% AcOH) to afford 230 mg of pure target compound (yield = 39%).
1H-NMR (300 MHz, Chloroform-d): 9.39 (br, 1H), 7.97–7.90 (m, 1H), 7.70 (dd,

H, J = 7.9, 1.8 Hz), 7.45–7.10 (m, 6H), 3.29–3.06 (m, 4H), 2.62 (t, 2H, J = 7.6
Hz), 2.38 (t, 2H, J = 6.7 Hz), 1.87 (quint, 2H, J = 7.6 Hz), 1.73–1.49 (m, 4H).
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5-((3-bromo-N-(3-phenylpropyl)phenyl)sulfonamido)pentanamide
(UPR1442 - 48)

Procedure: 5-((3-bromo-N-(3-phenylpropyl)phenyl)sulfonamido)pentanoic
acid (230mg, 0.506 mmol) is dissolved in dry THF, followed by triethylamine
(154 mg, 1.519 mmol). Pivaloyl chloride (73 mg, 0.607 mmol) is added to the
mixture, and the reaction is stirred for 2 hours. Solid ammonium chloride (54
mg, 1.012 mmol) is then added, and the reaction is stirred overnight. The
mixture is diluted with EtOAc, then washed with saturated NaHCO3, water
and brine, and dried over Na2SO4. The crude compound is purified by column
chromatography (Pet. Et. : EtOAc = 7 : 3 v/v + 1% AcOH) to afford 86 mg of
target compound (yield = 37%). MS calc.: 452.08, found: 453.11 m/z [M+H]+.
1H-NMR

(400 MHz, Methanol-d4): 7.89 (s, 1H), 7.77 (d, 1H, J = 8.0 Hz), 7.72

(d, 1H, J = 7.8 Hz), 7.47 (t, 1H, J = 8.0 Hz), 7.26 (t, 2H, J = 7.5 Hz) 7.20–7.10
(m, 3H), 3.14 (q, 4H, J = 7.7 Hz), 2.57 (t, 2H, J = 7.6 Hz), 2.20 (t, 2H, J = 6.6 Hz),
1.81 (quint, 2H, J = 7.7 Hz), 1.66–1.47 (m, 4H).
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Ethyl 1-(benzo[d]thiazol-2-yl)piperidine-4-carboxylate (74)

Procedure: to a solution of 2-bromobenzo[d]thiazole (2.00 g, 9.34 mmol)
and ethyl isonipecotate (1.47 g, 9.34 mmol) in DMF, K2CO3 (2.58 g, 18.68
mmol) and CuI (0.23 g, 1.22 mmol) are sequentially added, and the mixture
is stirred at 75°C for 3.5 hours. The reaction is diluted in Et 2O, and washed
with water and brine, then the organic phase is dried over Na2SO4. The crude
product is purified with flash chromatography (eluent mixture: Pet. Et. :
EtOAc = 8 : 2 v/v) to obtain 2.365 g of pure product (Yield = 87%).
1H-NMR

(400 MHz, Chloroform-d): 7.65–7.53 (m, 2H), 7.31 (ddd, 1H, J = 8.3,

7.3, 1.3 Hz,), 7.09 (td, 1H, J = 7.5, 1.2 Hz), 4.19 (q, 2H, J = 7.1 Hz), 4.15–4.07
(m, 2H), 3.32–3.22 (m, 2H), 2.13–2.02 (m, 2H), 1.88 (dtd, 2H, J = 13.6, 11.0,
4.2 Hz), 1.29 (t, 4H, J = 7.1 Hz).
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(1-(benzo[d]thiazol-2-yl)piperidin-4-yl) methanol (75)

Procedure: under nitrogen atmosphere, ethyl 1-(benzo[d]thiazol-2yl)piperidine-4-carboxylate (910 mg, 3.13 mmol) is dissolved in dry THF at 0
°C, then a solution of LiAlH4 in dry THF (3.15 mL, 3.13 mmol) is added
dropwise, and the mixture is stirred for 15 min. The reaction is quenched by
adding a solution of Rochelle’s salt, then the mixture is extracted with EtOAc.
The organic phase is washed with water and brine, then dried with Na 2SO4.
The crude was purified by column chromatography (eluent mixture: Pet. Et.
: EtOAc = 5 : 6 v/v) to obtain 855 mg of pure product (yield > 98%).
1H

NMR (400 MHz, Chloroform-d): 7.54 (dd, 2H, J = 15.2, 7.9 Hz), 7.26 (t, 1H,

J = 7.7 Hz), 7.04 (t, 1H, J = 7.6 Hz), 4.11 (dt, 2H, J = 13.5, 3.0 Hz), 3.46 (d, 2H,
J = 6.2 Hz), 3.06 (td, 2H, J = 12.7, 2.8 Hz), 3.01 (s, 1H), 1.81 (dd, 2H, J = 13.2,
3.3 Hz), 1.70 (ttt, 1H, J = 10.3, 6.5, 3.8 Hz), 1.34 (dd, 1H, J = 12.5, 4.4 Hz),
1.32–1.20 (m, 1H).
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(1-(benzo[d]thiazol-2-yl)piperidin-4-yl)methyl 4-methylbenzenesulfonate
(76)

Procedure: (1-(benzo[d]thiazol-2-yl)piperidin-4-yl)methanol (850 mg, 3.423
mmol) is dissolved in 2,6-lutidine, then DMAP (42 mg, 0.342 mmol) is added,
followed by tosyl chloride (718 mg, 3.765 mmol). The reaction is heated at
40°C for 5 hours, and then is quenched by adding a 2M solution of citric acid
and then extracted with EtOAc. The organic phase is washed with water and
brine, and then dried over Na2SO4. The crude was purified by column
chromatography (eluent mixture: Pet. Et. : EtOAc = 85 : 15 v/v) to obtain 734
mg of pure product (yield = 53%).
1H-NMR (300

MHz Chloroform-d): 7.85–7.76 (m, 2H), 7.57 (ddd, 2H, J = 17.2,

8.0, 1.2 Hz), 7.37 (d, 2H, J = 8.1 Hz), 7.35–7.03 (m, 2H), 4.16 (dt, 2H, J = 13.7,
2.7 Hz), 3.91 (d, 2H, J = 6.5 Hz), 3.10 (td, 2H, J = 12.9, 2.8 Hz), 2.47 (s, 3H),
1.87–1.78 (m, 2H), 2.10–1.91 (m, 1H), 1.45–1.23 (m, 3H).
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2-(4-(iodomethyl)piperidin-1-yl)benzo[d]thiazole (77)

Procedure: (1-(benzo[d]thiazol-2-yl)piperidin-4-yl)methyl4-methylbenzenesulfonate (730 mg, 1.813 mmol) is suspended in acetonitrile, and then NaI
(408 mg, 2.720 mmol) is added. The reaction is heated to the boiling point
and stirred for 6 hours. The mixture is diluted with EtOAc, and the organic
phase is washed with a saturated solution of sodium thiosulfate (Na2S2O3),
then water and brine, and the organic phase is dried over Na2SO4. The crude
was purified by column chromatography (eluent mixture: Pet. Et. : EtOAc =
95 : 5 v/v) to obtain 590 mg of pure product (yield = 75%).
1H-NMR

(400 MHz, Chloroform-d): 7.59 (dd, 2H, J = 19.3, 8.0 Hz), 7.34–7.04 (m,

2H), 4.20 (dt, 2H, J = 13.6, 3.1 Hz), 3.20–3.09 (m, 4H), 2.05–1.95 (m, 2H), 1.78 (ttt,
1H, J = 10.6, 6.8, 3.7 Hz), 1.40 (qd, 2H, J = 12.4, 4.5 Hz).
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(±)-Ethyl-3-(1-(benzo[d]thiazol-2-yl)piperidin-4-yl)-2-phenylpropanoate
(78)

Procedure: under an Argon atmosphere, Phenylacetic acid ethyl ester (523
mg, 3.182 mmol) is dissolved in dry THF, cooled at -50°C, and then a solution
of LiHMDS (3.2 mL, 3.182 mmol) in dry THF is added dropwise. The mixture
is stirred for 30 minutes, then a solution of 2-(4-(iodomethyl)piperidin-1yl)benzo[d]thiazole (570 mg, 1.591 mmol) in dry THF is added to the mixture,
and the reaction is stirred overnight. The reaction is quenched by adding
acetic acid (190 L), diluted with EtOAc, and washed with water and brine,
then dried over Na2SO4. The crude was purified by column chromatography
(eluent mixture: Toluene : EtOAc = 9 : 1 v/v) to obtain 195 mg of pure product
(yield = 31%).
1H-NMR

(400 MHz, Chloroform-d): 7.57 (dd, 2H, J = 19.1, 7.9 Hz), 7.40–7.26

(m, 6H), 7.08 (q, 1H, J = 7.8 Hz), 4.15 (dtd, 4H, J = 21.6, 7.2, 4.1 Hz), 3.71 (t,
1H, J = 7.8 Hz), 3.20–3.01 (m, 2H), 2.16–1.97 (m, 1H), 1.90–1.74 (m, 3H),
1.58–1.40 (m, 1H), 1.44–1.16 (m, 5H).
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(±)-3-(1-(benzo[d]thiazol-2-yl)piperidin-4-yl)-2-phenylpropanoic acid (79)

Procedure: ethyl 3-(1-(benzo[d]thiazol-2-yl)piperidin-4-yl)-2-phenylpropanoate (195 mg, 0.495 mmol) is dissolved in an ice-cold mixture of H2O and
THF, then KOH (139 mg, 2.472 mmol) is added. The mixture is heated to 40°C
and stirred for 1 hour, then cooled to rt and stirred for 48 hours. The reaction
is quenched by adding acetic acid (140 L), then the mixture is diluted with
EtOAc, washed with water and brine, and the organic phase is dried over
Na2SO4. The crude was purified by column chromatography (eluent mixture:
Pet. Et. : EtOAc = 7 : 3 v/v + 0.5% AcOH) to obtain 177 mg of pure product
(yield = 97%).
1H-NMR

(300 MHz, Chloroform-d): 7.63–7.47 (m, 2H), 7.40–7.25 (m, 6H),

7.08 (td, 1H, J = 7.5, 1.2 Hz), 4.10 (dt, 2H, J = 13.6, 3.1 Hz), 3.74 (t, 1H, J = 7.8
Hz), 3.05 (td, 2H, J = 12.7, 2.8 Hz), 2.25–2.03 (m, 1H), 1.89–1.68 (m, 3H),
1.44–1.24 (m, 3H).
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(±)-3-(1-(benzo[d]thiazol-2-yl)piperidin-4-yl)-N-(cyanomethyl)-2-phenylpropanamide (UPR1443 - 49)

Procedure: to an ice-cold solution of 3-(1-(benzo[d]thiazol-2-yl)piperidin-4yl)-2-phenylpropanoic acid (30 mg, 0.082 mmol) in DMF, Et3N (38 mL, 0.270
mmol) and TBTU (29 mg, 0.90 mmol) are added sequentially. The mixture is
stirred for 30 minutes, then 2-aminoacetonitrile (25.3 mg, 0.164 mmol) is
added, and the reaction is let to reach rt. The mixture is stirred for 20 hours,
then the mixture is diluted with EtOAc, and the organic phase is washed with
water, A saturated solution of NaHCO3 and brine, and then dried over
Na2SO4. The crude was purified by column chromatography (eluent mixture:
Pet. Et. : iPrOH = 9 : 1 v/v) to obtain 21 mg of pure product (yield = 63%). MS
calc. = 404.17, found 405.07 [M+H]+; purity >99%.
1H-NMR

(300 MHz, Chloroform-d): 7.55 (ddd, 2H, J = 26.5, 8.0, 1.2 Hz), 7.38

(dddd, 3H, J = 11.0, 6.7, 4.5, 2.4 Hz), 7.33–7.23 (m, 4H), 7.07 (td, 1H, J = 7.5,
1.2 Hz), 6.16 (t, 1H, J = 5.9 Hz), 4.27–3.95 (m, 4H), 3.56 (dd, 1H, J = 8.5, 6.9
Hz), 3.09–2.95 (m, 2H), 2.78 (t, 1H, J = 7.2 Hz), 2.23–2.04 (m, 1H), 1.89–1.70
(m, 3H).
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Fatty Acid Ethanolamides
Procedure A: to a solution of ethanolamine (0.858 mmol) and triethylamine
(2.340 mmol) in DCM at 0°C, the desired fatty acid chloride (0.780 mmol) is
added dropwise, and a white precipitate is formed immediately. The
reaction is stirred for 30 minutes, then diluted with dichloromethane and
washed with HCl 1M, then a saturated solution of NaHCO3, and brine. The
organic phase is dried over MgSO4, and the crude product is recrystallized
from heptane to get the desired FAE (Purity > 95% assessed by LC/MS).

Procedure B: the desired fatty acid (0.585 mmol) is dissolved in
dichloromethane and triethylamine (1.755 mmol) in an ice-cold flask. HOBt
(0.644 mmol) and TBTU (0.644 mmol) are added sequentially, and the
mixture is stirred for 30 minutes, then ethanolamine (0.878 mmol) is added
dropwise, forming a white precipitate. The reaction is stirred for 2 more
hours then diluted with dichloromethane and washed with HCl 1M, then a
saturated solution of NaHCO3, and brine. The organic phase is dried over
MgSO4, and the crude product is recrystallized from heptane, or purified by
column chromatography (Chloroform : Methanol = 98:2 v/v) to get the
desired FAE (Purity > 95% assessed by LC/MS).
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N-(2-hydroxyethyl)tridecanamide (80)

Procedure: A, Quantitative. MS calc.: 257.24, found: 258.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 6.17 (br, 1H), 3.71 (t, 2H, J = 4.8 Hz), 3.40

(q, 2H, J = 5.5 Hz), 3.22 (br, 1H), 2.20 (t, 2H, J = 7.6 Hz), 1.63 (quint, 2H, J =
7.6 Hz), 1.38–1.14 (m, 18H), 0.88 (t, 3H, J = 7.0 Hz).
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N-(2-hydroxyethyl)tetradecanamide (81)

Procedure: A, yield = 98%. MS calc.: 271.25, found: 272.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 6.03 (br, 1H), 3.72 (t, 2H, J = 5.0 Hz), 3.41

(q, 2H, J = 5.4 Hz), 2.91 (br, 1H), 2.20 (t, 2H, J = 7.6 Hz), 1.64 (quint, 2H, J =
7.7 Hz), 1.39–1.13 (m, 20H), 0.88 (t, 3H, J = 7.1 Hz).
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N-(2-hydroxyethyl)pentadecanamide (82)

Procedure: A, yield = 95%. MS calc.: 285.27, found: 286.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 6.05 (br, 1H), 3.72 (t, 2H, J = 4.9 Hz), 3.42

(q, 2H, J = 5.3 Hz), 2.96 (t, 1H, J = 5.0 Hz), 2.20 (t, 2H, J = 7.4 Hz), 1.63 (quint,
2H, J = 7.5 Hz), 1.40–1.13 (m, 22H), 0.88 (t, 3H, J = 6.9 Hz).
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N-(2-hydroxyethyl)hexadecanamide (PEA - 2)

Procedure: B; purified by recrystallization from heptane (yield = 64%). MS
calc.: 299.28, found: 300.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 5.97 (br, 1H), 3.72 (t, 2H, J = 4.9 Hz), 3.42

(q, 2H, J = 5.4 Hz), 2.79 (br, 1H), 2.20 (t, 2H, J = 7.5 Hz), 1.63 (quint, 2H, J =
7.6 Hz), 1.40–1.15 (m, 24H), 0.88 (t, 3H, J = 7.0 Hz).
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N-(2-hydroxyethyl)heptadecanamide (83)

Procedure: A, yield = 92%. MS calc.: 313.30, found: 314.3 m/z [M+H]+.
1H-NMR (400

MHz, Chloroform-d): 5.96 (br, 1H), 3.72 (q, 2H, J = 4.8 Hz), 3.42

(q, 2H, J = 5.4 Hz), 2.75 (t, 1H, J = 5.1 Hz), 2.20 (t, 2H, J = 7.6 Hz), 1.63 (quint,
2H, J = 7.6 Hz), 1.40–1.11 (m, 26H), 0.88 (t, 3H, J = 7.0 Hz).
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N-(2-hydroxyethyl)octadecanamide (84)

Procedure: A, yield = 98%. MS calc.: 327.31, found: 328.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 5.89 (br, 1H), 3.80 - 3.65 (m, 2H), 3.43 (q,

2H, J = 5.4 Hz), 2.60 (br, 1H), 2.20 (t, 2H, J = 7.5 Hz), 1.63 (quint, 2H, J = 7.7
Hz), 1.40–1.12 (m, 28H), 0.88 (t, 3H, J = 5.9 Hz).
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(Z)-N-(2-hydroxyethyl)pentadec-10-enamide (85)

Procedure: B, purified by column chromatography (yield = 53%). MS calc.:
283.25, found: 284.3 m/z [M+H]+.
1H-NMR (400 MHz,

Chloroform-d): 5.93 (br, 1H), 5.40–5.28 (m, 2H), 3.72 (br,

2H), 3.42 (q, 2H, J = 5.4 Hz), 2.67 (br, 1H), 2.20 (t, 2H, J = 7.5 Hz), 2.08–1.88
(m, 4H), 1.63 (quint, 2H, J = 7.5 Hz), 1.40–1.19 (m, 14H), 0.89 (t, 3H, J = 7.0
Hz).
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(Z)-N-(2-hydroxyethyl)hexadec-9-enamide (86)

Procedure: B, purified by column chromatography (yield = 49%). MS calc.:
297.27, found: 298.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 6.01 (br, 1H), 5.40–5.28 (m, 2H), 3.72 (t,

2H, J = 4.9 Hz), 3.42 (q, 2H, J = 5.4 Hz), 2.89 (br, 1H), 2.20 (t, 2H, J = 7.6 Hz),
2.06–1.93 (m, 4H), 1.63 (quint, 2H, J = 7.4 Hz), 1.39–1.17 (m, 16H), 0.88 (t,
3H, J = 7.0 Hz).

pag. 109

(Z)-N-(2-hydroxyethyl)heptadec-10-enamide (87)

Procedure: B, purified by column chromatography (yield = 58%). MS calc.:
311.28, found: 312.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 6.01 (br, 1H), 5.40–5.28 (m, 2H), 3.72 (t,

2H, J = 4.9 Hz), 3.41 (q, 2H, J = 5.4 Hz), 2.89 (br, 1H), 2.20 (t, 2H, J = 7.5 Hz),
2.08–1.91 (m, 4H), 1.63 (quint, 2H, J = 7.5 Hz), 1.40–1.15 (m, 18H), 0.88 (t,
3H, J = 6.7 Hz).
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(Z)-N-(2-hydroxyethyl)octadec-9-enamide (OEA - 3)

Procedure: B, purified by column chromatography (yield = 61%). MS calc.:
325.30, found: 326.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 6.03 (br, 1H), 5.42–5.26 (m, 2H), 3.72 (t,

2H, J = 4.9 Hz), 3.41 (q, 2H, J = 5.4 Hz), 2.85 (br, 1H), 2.20 (t, 2H, J = 7.5 Hz),
2.09–1.90 (m, 4H), 1.63 (quint, 2H, J = 7.5 Hz), 1.48–1.06 (m, 20H), 0.88 (t,
3H, J = 7.0 Hz).
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(Z)-N-(2-hydroxyethyl)nonadec-10-enamide (88)

Procedure: B, purified by column chromatography (yield = 33%). MS calc.:
339.31, found: 340.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 5.89 (br, 1H), 5.40–5.28 (m, 2H), 3.72 (t,

2H, J = 4.7 Hz), 3.42 (q, 2H, J = 5.5 Hz), 2.60 (t, 1H, J = 4.9), 2.20 (t, 2H, J = 7.5
Hz), 2.08–1.91 (m, 4H), 1.63 (quint, 2H, J = 7.5 Hz), 1.40–1.20 (m, 22H), 0.88
(t, 3H, J = 7.0 Hz).
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(Z)-N-(2-hydroxyethyl)eicos-9-enamide (89)

Procedure: B, purified by column chromatography (yield = 41%). MS calc.:
353.33, found: 354.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 5.98 (br, 1H), 5.39–5.24 (m, 2H), 3.72 (t,

2H, J = 4.8 Hz), 3.42 (q, 2H, J = 5.4 Hz), 2.81 (br, 1H), 2.20 (t, 2H, J = 7.7 Hz),
2.06–1.91 (m, 4H), 1.63 (quint, 2H, J = 7.6 Hz), 1.38–1.18 (m, 24H), 0.88 (t,
3H, J = 7.1 Hz).
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N-methylpalmitamide (90)

Procedure: to a solution of palmitic acid (210 mg, 0.819 mmol) in cold
dichloromethane, triethylamine (249 mg, 2.457 mmol), HOBt (138 mg, 0.901
mmol) and TBTU (289 mg, 0.901 mmol) are added sequentially, and the
mixture is stirred for 30 minutes. Then methylamine hydrochloride (166 mg,
2.457 mmol) is added to the reaction, that is stirred for 2 more hours. The
mixture is then diluted with DCM and washed with HCl 1M, then saturated
NaHCO3, and brine. The organic phase is dried over MgSO4, and the crude
product is recrystallized from heptane to get 139 mg of target product (yield
= 63%). MS calc.: 269.27, found: 270.3 m/z [M+H]+.

1H-NMR

(400 MHz, Chloroform-d): 5.39 (br, 1H), (d, 3H, J = 4.8 Hz), 2.16 (t,

2H, J = 7.5 Hz), 1.62 (quint, 2H, J = 7.5 Hz), 1.38–1.15 (m, 24H), 0.88 (t, 3H, J
= 7.0 Hz).
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Palmitamide (91)

Procedure: to a solution of palmitic acid (198 mg, 0.781 mmol) in cold
dichloromethane, triethylamine (237 mg, 2.344 mmol), HOBt (132 mg, 0.859
mmol) and TBTU (276 mg, 0.859 mmol) are added sequentially, and the
mixture is stirred for 30 minutes. Then methylamine hydrochloride (125 mg,
2.344 mmol) is added to the reaction, that is stirred for 2 more hours. The
mixture is then diluted with DCM and washed with HCl 1M, then saturated
NaHCO3, and brine. The organic phase is dried over MgSO4, and the crude
product is recrystallized from heptane to get 133 mg of target product (yield
= 67%). MS calc.: 255.26, found: 256.3 m/z [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 5.35 (br, 2H), 2.22 (t, 2H, J = 7.5 Hz), 1.64

(quint, 2H, J = 7.5 Hz), 1.40–1.14 (m, 24H), 0.88 (t, 3H, J = 7.1 Hz).
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(R)-N-(1-hydroxypropan-2-yl)palmitamide (92)

Procedure: to a solution of palmitic acid (153 mg, 0.597 eq) in cold
dichloromethane, triethylamine (181 mg, 1.790 mmol), HOBt (100 mg, 0.656
mmol) and TBTU (210 mg, 0.656 mmol) are added sequentially, and the
mixture is stirred for 30 minutes. Then (R)-2-amino-1-propanol (67 mg, 0.895
mmol) is added to the reaction, that is stirred for 2 more hours. The mixture
is then diluted with DCM and washed with HCl 1M, then saturated NaHCO3,
and brine. The organic phase is dried over MgSO4, and the crude product is
recrystallized from heptane to get 106 mg of target product (yield = 57%).
MS calc.: 313.30, found: 314.3 m/z [M+H]+. [𝛼]20
𝐷 = +12.3.
1H-NMR

(400 MHz, Chloroform-d): 5.54 (br, 1H), 4.07 (qd, 1H, J = 6.6, 3.4

Hz), 3.67 (ddd, 1H, J = 11.0, 6.2, 3.5 Hz), 3.54 (ddd, 1H, J = 11.0, 6.2, 4.8 Hz),
2.75 (dd, 1H, J = 6.1, 4.8 Hz), 2.18 (t, 2H, J = 7.5 Hz), 1.63 (quint, 2H, J = 7.4
Hz), 1.38–1.20 (m, 24H), 1.17 (d, 3H, J = 6.8 Hz), 0.88 (t, 3H, J = 7.0 Hz).
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(S)-N-(1-hydroxypropan-2-yl)palmitamide (93)

Procedure: to a solution of palmitic acid (170 mg, 0.663 mmol) in cold
dichloromethane, triethylamine (201 mg, 1.989 mmol), HOBt (112 mg, 0.729
mmol) and TBTU (234 mg, 0.729 mmol) are added sequentially, and the
mixture is stirred for 30 minutes. Then (S)-2-amino-1-propanol (75 mg, 0.994
mmol) is added to the reaction, that is stirred for 2 more hours. The mixture
is then diluted with DCM and washed with HCl 1M, then saturated NaHCO3,
and brine. The organic phase is dried over MgSO4, and the crude product is
recrystallized from heptane to get 100 mg of target product (yield = 48%).
MS calc.: 313.30, found: 314.3 m/z [M+H]+. [𝛼]20
𝐷 = -12.3.
1H-NMR

(400 MHz, Chloroform-d): 5.53 (br, 1H), 4.07 (qd, 1H, J = 6.7, 3.5

Hz), 3.67 (ddd, 1H, J = 11.0, 6.2, 3.5 Hz), 3.54 (ddd, 1H, J = 11.0, 6.2, 4.7 Hz),
2.74 (dd, 1H J = 6.2, 4.8 Hz), 2.18 (t, 2H J = 7.6 Hz), 1.63 (quint, 2H, J = 7.4
Hz), 1.38–1.20 (m, 24H), 1.17 (d, 3H, J = 6.9 Hz), 0.88 (t, 3H, J = 7.0 Hz).
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[1,1’-Biphenyl]-3-yl-(4-nitrophenyl)carbonate (97)

Procedure: to a solution of the commercially available [1,1’-biphenyl]-3-ol
(0.14 g, 0.8 mmol) in dry CH3CN (2.5 mL), under a nitrogen atmosphere,
DIPEA (0.15 mL, 0.8 mmol) and a solution of 4-nitrophenyl chloroformate
(0.16 g, 0.8 mmol) in dry CH3CN (4 mL) were added dropwise, and the
resulting mixture was stirred at room temperature for 1 h. Upon completion,
the mixture was poured into water and extracted with EtOAc. The combined
organic phases were washed with brine, dried over Na2SO4, and the solvent
removed under reduced pressure to give a crude residue that was purified
by column chromatography (cyclohexane : EtOAc = 9:1 v/v), to afford 126
mg (yield = 47%) of a white solid product.
1H-NMR

(400 MHz, Chloroform-d): 7.28−7.29 (m, 1H), 7.37−7.67 (m, 8H),

7.51 (d, 2H, J = 9.0 Hz), 8.34 (d, 2H, J = 9.0 Hz).
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tert-Butyl-(6-{[3-(2-Acetamidoethyl)-1H-indol-5-yl]oxy}hexyl)-carbamate
(99)

Procedure: N-acetyl serotonin (0.10 g, 0.46 mmol) and K2CO3 (0.19 g, 1.4
mmol) were dissolved in dry CH3CN (3 mL) under a nitrogen atmosphere,
and the resulting mixture was heated and stirred under reflux for 1 h. Then
a solution of the commercially available N-Boc derivative 98 (0.13 g, 0.46
mmol) in dry CH3CN (2 mL) was added to the reaction, followed by a catalytic
amount of NaI, and the resulting mixture was refluxed for several 20 h. The
reaction was quenched by the addition of water, and the aqueous phase was
extracted using EtOAc. The organic phase was dried over Na2SO4 and
concentrated under vacuum to give a crude residue that was purified by
silica gel column chromatography (EtOAc as eluent), to obtain 113 mg (yield
= 59%) as an amorphous solid. MS calc.: 417.26, found: 418 m/z [M+H]+.
1H-NMR (400

MHz, Chloroform-d): 7.97 (br, 1H), 7.26 (d, 1H, J = 8.5 Hz), 7.03

−7.05 (m, 2H), 6.87 (dd, 1H, J = 8.5, 2.0 Hz), 5.75 (br, 1H), 4.55 (br, 1H), 4.00
(t, 2H, J = 6.5 Hz), 3.59−3.61 (m, 2H), 3.13−3.15 (m, 2H), 2.95 (t, 2H, J = 6.5
Hz), 1.96 (s, 3H), 1.78−1.85 (m, 4H), 1.48 (s, 9H), 1.38−1.56 (m, 4H).
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tert-Butyl-(6-{[3-(2-Acetamidoethyl)-2-bromo-1H-indol-5-yl]-oxy}hexyl)carbamate (100).

Procedure: to a solution of compound 99 (0.055 g, 0.132 mmol) in dry THF
(2.5 mL) under nitrogen atmosphere, trimethyl phenyl ammonium
tribromide (0.050 g, 0.132 mmol) was added, and the resulting mixture was
stirred at room temperature for 30 min. Upon completion, the solvent was
removed under vacuum, and the residue was dissolved in EtOAc. The organic
phase was washed with water and brine, and then dried over Na2SO4 and
concentrated under vacuum pressure to afford a crude residue successively
purified by column chromatography (EtOAc : cyclohexane = 6:4 v/v). To
obtain 39 mg (yield = 59%) as an oil. MS calc.: 495.17, found: 496 m/z [M+H]+.
1H-NMR (400

MHz, Chloroform-d): 8.71 (br, 1H). 7.19 (d, 1H, J = 8.5 Hz), 6.94

−6.96 (m, 1H), 6.81 (dd, 1H, J = 8.5, 2.0 Hz), 5.72 (br, 1H), 4.63 (br, 1H), 3.96
(t, 2H, J = 6.5 Hz), 3.51−3.54 (m, 2H), 3.11−3.15 (m, 2H), 2.90 (t, 2H, J = 6.5
Hz), 1.94 (s, 3H), 1.76−1.80 (m, 2H), 1.45 (s, 9H), 1.34−1.52 (m, 6H).
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[1,1’-Biphenil]-3-yl(6-((3-(2-aminoethyl)-2-bromo-1H-indol-5-yl)oxy)hexyl)-carbamate (95).

Procedure: trimethylsilyl bromide (48 L, 0.36 mmol) was added to a
solution of compound 100 (0.06 g, 0.12 mmol) in dry CH3CN (1.2 mL), under
a nitrogen atmosphere, and the resulting mixture was stirred at room
temperature for 1 h. MeOH was added at this point, and the resulting
mixture was concentrated under vacuum to obtain the related free amine,
used in the next step without further purification. The amine was then
dissolved in a mixture of dry DCM (2mL) and DMF (0.2 mL) and Et3N (0.075
mL, 0.53 mmol). The resulting mixture was added to an ice-cooled solution
of carbonate 97 (0.06 g, 0.17 mmol) in dry DCM (1 mL) under a nitrogen
atmosphere, and the resulting mixture was stirred for 3 h. Upon completion,
the reaction mixture was neutralized by the addition of a saturated solution
of NaHCO3 and the aqueous phase was extracted with DCM. The combined
organic phases were dried over Na2SO4 and concentrated under vacuum to
afford a crude residue that was purified by column chromatography
(cyclohexane : EtOAc = 7:3 v/v) to afford 59 mg (yield = 83%) of pure product
as an amorphous solid. MS calculated for C31H35N3O4Br 591.1811, found:
592.1844 [M+H]+.
1H-NMR

(400 MHz, Chloroform-d): 8.18 (br, 1H), 7.54−7.57 (m, 2H), 7.40−

7.43 (m, 4H), 7.37−7.39 (m, 2H), 7.13 (d, 1H, J = 8.5 Hz), 7.11−7.15 (m, 1H),
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6.97−6.99 (m, 1H), 6.83 (dd, 1H, J = 8.5, 2.0 Hz), 6.18 (br, 1H), 5.27 (br, 1H),
4.01 (t, 2H, J = 6.5 Hz), 3.48−3.52 (m, 2H), 3.30−3.31 (m, 2H), 2.89 (t, 2H, J =
6.5 Hz), 1.94 (s, 3H), 1.80−1.84 (m, 2H), 1.62−1.67 (m, 2H), 1.44−1.57 (m,
4H).
13C-NMR

(100 MHz, Chloroform-d): 171.0, 154.8, 153.8, 151.4, 142.6, 140.3,

131.3, 129.6, 128.7, 128.1, 127.6, 127.2, 124.0, 120.4, 120.4, 112.8, 111.9,
111.5, 108.9, 101.2, 68.7, 41.2, 39.6, 29.7, 29.2, 26.5, 25.8, 24.7, 22.9.
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8.3.Rat NAAA expression protocol
The encoding sequence of rat NAAA (BC105771) was amplified from the
cDNA clone 7930474 (Open Biosystems) using the primer pair: forward
primer 5’- CCCAAGCTTATGGGGACCCCAGCCATCCG (Hind-III restriction site is
highlighted in bold green); reverse primer sequence 5’-CCGCTCGAGTCAATGATGATGATGATGATGGCTTGGGTTTCTGATC (Xho-I restriction sites is in
bold) also includes a poly-Histidine tag (6x, underlined). The PCR product
was cloned into pCDNA 3.1 vector (Invitrogen) using Hind-III and Xho-I
restriction enzymes (New England Biolabs). HEK-293 cells (American Type
Culture Collection) were cultured at 37°C in an incubator (5% CO2) using
complete Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin and 1% L-glutamine, and
transfected with the rat NAAA(6xHis)-pCDNA3.1 construct using JetPEI
transfection reagent (Polyplus), following instructions provided by
manufacturer. Stably transfected cells were selected by addition of G418 (1
mg/mL) to the cell culture medium and cell clones were generated by
limiting dilution plating. Growing clones were analyzed for NAAA expression
by western blot (anti-hASAHL, R&D Systems).
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8.4.Lysosomal extract preparation
Cell pellets were resuspended in Tris-HCl buffer (50 mM), pH 7.4, containing
sucrose (0.32 M). Samples were sonicated with a Branson digital sonifier
102C, and centrifuged at 800G for 15 min at 4°C. The resulting supernatants
were taken and centrifuged at 12,000G for 30 min at 4°C. The pellets were
suspended in phosphate-buffered saline (PBS, pH 7.4) and subjected to two
freeze/thaw cycles at -80°C. The suspensions were centrifuged at 100,000G
for 1 hour at 4°C. Protein concentrations were quantified using BCA analysis,
and samples were stored at -80°C until use.
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8.5.NAAA activity assay
NAAA overexpression was confirmed by comparison with wild type HEK-293
cells lysosomal extraction. The appropriate incubation time was calculated
after a time course assay: 10 aliquots of PEA (1 mM) were incubated in 100
mM Sodium Phosphate Monobasic, 100 mM Sodium Citrate, 0.1% Triton-X
100, 3 mM DTT, pH 4.5 (NAAA assay buffer) with 4 µg of proteins from
lysosomal extract at 37°C. Every 10 min (from 0 min to 90 min) one aliquot
was quenched by addition of 0.6 mL of a cold mixture of methanol and
chloroform (1:1) containing Z-10-heptadecenoic acid as internal standard,
and the palmitic acid was quantified by LC/MS. Data were plotted as pmol
of palmitic acid as function of reaction time, resulting in a plot that was linear
from 0 to 40 minutes.
Substrates were incubated in 100 mM Sodium Phosphate Monobasic, 100
mM Sodium Citrate, 0.1% Triton-X 100, 3 mM DTT, pH 4.5 (NAAA assay
buffer) with 4 µg of proteins from lysosomal extract at 37°C for 30 min
(triplicate samples). Reactions were terminated by addition of 0.6 mL of a
cold mixture of methanol and chloroform (1:1) containing Z-10heptadecenoic acid (for saturated fatty acids, 12.5 ng/mL, Cayman Chemical,
Ann Arbor, MI) or heptadecanoic acid (for monounsaturated fatty acids, 12.5
ng/mL, Nu-Chek Prep, Elysian, MN) as an internal standard. Samples were
centrifuged at 3000 rpm for 15 min at 4°C, and the organic phases were
transferred into new vials, dried and redissolved in 0.3 mL of a mixture of
methanol and chloroform (9 : 1, v/v). Fatty acid quantifications were carried
out by LC/MS using an Agilent 6410 Triple Quad LC/MS system. Fatty acids
were eluted from a Zorbax Eclipse XBD-C18 column (2.1x50 mm, 1.8 µm pore
size, Agilent Technologies) at a flow rate of 0.4 mL/min for 6 min using a
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solvent mixture of water (A) and methanol (B), both containing 0.25% acetic
acid and 5 mM ammonium acetate (0 min-2 min 90% B, 2 min-3 min 95% B,
3 min-6 min 90% B). Column temperature was set at 40°C. Electrospray
ionization was in the negative mode and the capillary voltage was 4 kV. N2
was used as drying gas at a flow rate of 13 L/min and a temperature of 350°C.
The [M-H]- ion was monitored in the selected-ion monitoring (SIM) mode.
Calibration curves were generated using commercial heptadecenoic acid
(Cayman Chemical) and palmitic acid (Nu-Chek Prep). NAAA activity was
calculated as pmol of palmitic acid produced by 1 mg of NAAA in 1 min and
plotted as function of substrate concentration. Km and Vmax values were
calculated using the Michaelis-Menten function analysis on GraphPad Prism
version 8.4.2 (GraphPad Software Inc.).
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