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Abstract

The search for effective and safe drugs in pain-relief treatment represents a
great challenge for medicinal chemists. Lipid derived mediators, such as
endocannabinoids, may have different roles as agonists of cannabinoid
receptors, relieving pain, or as substrates of cyclooxygenase (COX),
generating the pro-inflammatory prostamides. Moreover, the tissue-protective
endocannabinoid anandamide is metabolised by fatty acid amide hydrolase
(FAAH). Therefore, a new challenging approach in pain-relief might be the
development of dual action FAAH/COX inhibitors.

The purpose of this thesis is to apply computational methods in drug
discovery to assist medicinal chemistry studies targeting the rational design of
novel FAAH/COX inhibitors, and to exploit structural studies relative to two
side projects on other biological targets.

The wider project of this thesis explores the mechanism of action and the
rational design of novel FAAH/COX dual inhibitors. The reversible mixed-
type inhibitors Flu-AM1 and Ibu-AMS5, derivatives of flurbiprofen and
ibuprofen, respectively, retain similar COX inhibitory properties and are more
potent FAAH inhibitors than the parent compounds. Applying a combination
of molecular docking, MD simulations and free energy evaluation of the
ligand-receptor complex, the binding mode of the enantiomer forms of Flu-
AML1 and Ibu-AM5 has been found in the substrate access channel of FAAH
and has been supported by studies of site-directed mutagenesis. The
substitution of the isobutyl group of Ibu-AM5 with 4-(2-
((trifluoromethyl)pyridin-4-yl)amino group led to the design of TPA5
derivative, which showed an inhibitory activity (ICsp = 0.59 uM) similar to
the lead compound (Ibu-AMS5, 1Cs = 0.52 uM). Kinetic studies of TPA5
revealed that it is a pure competitive inhibitor of rat FAAH and molecular
modeling studies supported a binding mode that overlap the anandamide
analog MAFP. Among TPAS derivatives, compound TPA27 exhibited a 10-
fold enhancement in the inhibitory profile against FAAH (ICso = 0.058 uM).
Thermodynamic Integration calculations performed to complete the
transformation of TPA5 in TPA27 yielded a free energy difference of 0.3
kcal/mol, which indicates a slight lower affinity of TPA27 with respect to
TPADB, in the competitive binding site. Kinetics studies showed that TPA27
could be considered the first non-competitive reversible FAAH inhibitor
reported so far, and that it more likely binds to an allosteric site.

Differences in the inhibitory potency against rat and mouse FAAH for all
compounds studied suggested different aminoacid composition of both
competitive and non-competitive binding sites. This information was used as
criteria of selection for a putative allosteric site found between the cytosolic
port and the interface of the FAAH monomers. Computational studies in the
allosteric site allowed the definition of the binding mode of Ibu-AM5 and
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TPA27. Nevertheless, a series of derivatives of 1bu-AM5 and Flu-AM1 were
designed in order to get more information on the structure-activity
relationships, leading to the identification of novel derivatives with improved
activity against FAAH (Ibu-AM56, 1Csp = 0.08 uM; Ibu-AM57, ICso = 0.1
MM; Flu-AM3, 1Cs = 0.02 uM).

Finally, the thesis also reports the results of two other projects: i) the design of
potential anticancer peptides that interfere in the formation of the tetrameric
complex hUbA1/UbcH10/Ub? key intermediate of the ubiquitination
cascade.; ii) structural studies on the hybridization of PNA of different length
with miR-509-3p, involved in regulating the expression of the CFTR gene, as
a way to validate a potential new strategy for the treatment of Cystic Fibrosis.
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RATIONAL DESIGN OF DUAL INHIBITORS OF
FAAH AND COX

1. Introduction

1.1 Connections between pain and inflammation

The current treatment for acute and chronic pain consists in the administration
of different classes of drugs acting through distinct molecular mechanisms
involved in pain generation, such as i) agonists of opioid receptors, ii)
gabapentinoids, which inhibit voltage-dependent calcium channels (VDCCs),
and iii) nonsteroidal anti-inflammatory drugs (NSAIDs), which are inhibitors
of Ciclooxygenase (COX), an enzyme involved in the generation and
propagation of inflammation. These drugs are subject to some limitations due
to common side effects that poses difficulties in the handling of the dose, and
to the possibility to induce addiction or dependence as in the opioids case.
Albeit in the last decades substantial advances in the pain-relief treatment
were made, the search for effective and safe drugs still represents a great
challenge for medicinal chemists., As an example, one can mention
inflammation bowel disease, where pain conditions arise from non-resolving
inflammation [1], which involves complex mechanisms and many different
actors. Among them, lipid-derived mediators, such as prostanoids, may
promote and maintain pain and inflammation. Other lipid derived mediators,
such as endocannabinoids, may have different roles as agonists of cannabiods
receptors, relieving pain, or as substrates of COX, generating the pro-
inflammatory prostamides. As suggested by numerous evidences, functional
and biochemical interactions support the existence of a cross-talk between
endocannabinoids and prostanoids signalling pathways [2]. Since the two
most studied endocannabinoids, 2-arachidonoylglycerol (2-AG) and N-
arachidonoylethanolamine (anandamide, AEA) present some redundancy in
the way they are metabolised, a new challenge might be the development of
multitarget drugs, inhibiting fatty acid amide hydrolase (FAAH) and
cyclooxygenase (COX) as molecular targets for pain-relief and anti-
inflammatory therapy.

1.2 Interacting pathways between endocannabinoids and prostanoids

2-AG and fatty acid ethanolamines (FAEs) such as AEA, N-
palmitoylethanolamine (PEA), and N-oleoylethanolamine (OEA) (Fig. 1), are
a family of signalling lipids involved in the regulation of a wide range of
physiological and pathological processes, including pain and inflammation.
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Figure 1: Chemical structure of the substrates of FAAH.

AEA modulates nociception and mediates the majority of its biological effects
acting as an endogenous agonist of G-protein coupled CB; and CB:
cannabinoid receptors [3]. During inflammation, activation of cannabinoid
receptors results in attenuation of neutrophil migration and immune-cell
recruitment, [4]. Moreover, AEA also targets the transient receptor potential
vanilloid type 1 (TRPV1) but the effects of this interaction remains unclear

[5].

OEA and PEA exhibit little activity at cannabinoid receptors, but may affect
nuclear peroxisome proliferator-activated receptor-a (PPARa) and, to a lesser
extent, GPR119 [6].

FAEs are produced from phospholipid precursors in membranes by very
different pathways on the basis of their physiological demand. Therefore, the
signalling activity of these substances is strictly dependent on the enzymes
responsible for their formation and degradation [7]. AEA is mainly
hydrolysed by FAAH into arachidonic acid (AA) and ethanolamine [8], while
2-AG is also FAAH substrate, but is mostly inactivated by monoacylglycerol
lipase (MAGL) [9] (Fig. 2).
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Fig. 2: Simplified scheme of the endocannabinoid and prostanoid signalling pathways with
some nodes of biological interactions (from ref. 1).

FAAH inhibition will lead to increased concentration of AEA, and therefore
the development of FAAH inhibitors has been examined in the search of
novel strategies to reduce neuropatic pain. This strategy was proven to be
effective in many animal modes, as exemplified in the work by Sharkey and
coworkers, who showed that the use of selective FAAH inhibitors reduced the
inflammatory symptoms in animal models of intestinal inflammation [10].

COX is membrane-bound enzyme that catalyses the cyclooxygenation of
arachidonic acid (AA) in a variety of pro-algesic and inflammatory
eicosanoids that includes prostaglandin E. (PGE:), prostacyclin (PGl.) and
thromboxane Az (TXA:) [11] (Fig. 2). These signalling molecules regulate
important physiological and pathological functions through the activation of
selective G-protein-coupled receptors, such as inflammation, mucosal
protection, cardiovascular homeostasis and cancer [12]. There are two COX
isoforms, COX-1 and COX-2, which share ~60% sequence identity. COX-1 is
expressed in most tissues and is considered to be a constitutive enzyme, while
COX-2 is normally expressed in brain, spinal cord and kidney and is
considered an inducible enzyme [13]. COX-2 expression increases in innate
immune response and other host defence mechanisms during tissue damage or
inflammation in response to cytokines, mitogens and growth factors [14].

In particular, COX-2 mediates the transformation of the endocannabinoids 2-
AG and AEA into prostaglandin-glycerol esters and prostaglandin-
ethanolamides (prostamides, PG-EAS), respectively [15]. These products are
pro-algesic agents and do not show interactions with prostanoid or
endocannabinoid receptors [16], but their mechanism of action is still under
investigation. Nevertheless, they represent a potential interplay between
endocannabinoid and prostanoid signalling networks. Therefore, COX-2
mediated transformations of AEA and 2-AG into pro-nociceptive and pro-
inflammatory substances have led to the hypothesis of the presence of
multiple functional connections between endocannabinoid and prostanoid
systems, which may offer new molecular targets in the development of
multitarget FAAH/COX inhibitors.



1.3 FAAH/COX dual inhibition efficacy in pain-relief treatments

Traditionally, NSAIDs are used in the treatment of mild to moderate pain and
in co-administration with opioids in the management of moderate to severe
pain [17]. The clinical effects of NSAIDs are based on the inhibition of the
two COX isoforms, COX-1 and COX-2, which catalyse the conversion of
membrane-derived AA into the prostaglandin endoperoxides PGG; and PGH;
[18]. One of the major problems associated with the use of NSAIDs is the
high incidence of gastrointestinal adverse effects, due to inhibition of the
production of gastro-protective prostaglandins, and possibly to topical effects
in the gastric epithelium [19]. Recently, the use of a highly selective FAAH
inhibitor was found to reduce by almost an order of magnitude the dose of
NSAID diclofenac required for analgesia in a model of visceral pain [20].
This study indicated that the analgesic actions of NSAIDs are enhanced in a
synergistic manner by drugs that inhibit FAAH. In fact, by increasing AEA
levels, FAAH inhibitors enhance the ability of this compound to control
emerging nociceptive signals [21], such as those mediated by prostanoids,
resulting in an overpotentiation of NSAID-mediated analgesia. Apart from the
increase in the analgesic action of the NSAIDs, FAAH inhibitors reduce the
frequency and severity of gastric side effects exerted by those compounds
[22]. However, the recent failure of a selective FAAH inhibitor in clinical trial
in patients with osteoarthritic pain [23] has demonstrated that the increased
levels in AEA are suboptimal due to COX-2 transformation of this substrate
to PG-EAs, owing to the pro-nociceptive effects of prostamide F2a [24].
Therefore, besides gastro-protective effects, combined FAAH and COX
inhibition may guarantee the therapeutic effectiveness through additive or
synergistic effects rather than the use of selective compounds for the
treatment of pain [25].
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Fig. 3. Targeting both FAAH and COX to treat pain and inflammation. In multiple
inflammatory condition the elevated expression of FAAH and COX-2 may exacerbate
inflammation by lowering levels of anti-inflammatory and tissue-protective anandamide
(AEA), while concurrently increasing levels of arachidonic acid (AA) and its prostanoid (PG)
metabolites.

The co-administration of drugs, either given separately or as a
multicomponent formulation, has the disadvantage that different rates and



processes in metabolism of the individual drugs can trigger a wide variation in
delivered dosages, which opens a potential risk for drug interactions and
thereby could affect the treatment outcome, showing unexpected side effects
[26]. An alternative approach, termed “designed multiple ligands”, concerns
the use of a single compound with efficacy towards both targets [27]. In this
approach, the pharmacokinetic properties of the formulations will be less
complex than in the multicomponent strategy, but a potential drawback is the
loss of flexibility in dosing. Therefore, dual inhibitors of FAAH and COX
may be a promising therapeutic strategy for providing superior efficacy and
greater safety than current non-narcotic analgesics [28].

1.4 Structural characterization of Fatty Acid Amide Hydrolase

FAAH is an integral membrane enzyme that hydrolyses the endocannabinoid
AEA and related amidated signalling lipids. Being a member of the amidase
signature superfamily of serine hydrolases [29] FAAH serves its hydrolytic
function in alkaline conditions (optimum is pH 9.0), revealing a titrable group
with a pKa of ~7.9 (presumably Lys142). Mutation of Lys142 creates altered
pH rate profiles that are similar to those of histidine mutants in classical
Ser/His/Asp proteases. Unlike other amidases, FAAH is characterised by a
unique Ser/Ser/Lys catalytic triad [30], where Ser241 acts as nucleophile,
Ser217 stabilises the formed negative charge, and Lys142 acts as active base
for catalysis [31]. The three-dimensional (3D) structure of FAAH was firstly
solved by X-ray crystallography in complex with the covalent inhibitor
methyl arachidonyl fluorophosphonate (MAFP) bound to Ser241, thus
demonstrating that Ser241 is the nucleophilic residue [32]. Scheme 1 shows
the catalytic mechanism for the acylation step of amide hydrolysis, and Fig. 4
shows that Ser241 was covalently attached to the phosphonate inhibitor, while
the bridging Ser217 was hydrogen bonded to Lys142.
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Scheme 1: Proposed mechanism for the acylation step of amide hydrolysis catalysed by FAAH.
Lys142, initially in a deprotonated state (A), abstracts a proton from Ser217, which in turn
abstracts a proton from the Ser241 nucleophile (B). Attack of the nucleophile on the substrate
carbonyl is proposed to occur in a coupled manner with proton donation from Ser217 to the
nitrogen atom of the amide substrate (C). This latter step requires the coincidental donation of a
proton from Lys142 to Ser217, resulting in the formation of an acyl intermediate where both
Lys142 and Ser217 have returned to their initial protonation states (D). (from ref. 30)
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Fig. 4: The catalytic triad of FAAH, bearing the Ser241 bound to the inhibitor
metoxyarachidonoyl phosphonate (MAP). Distances among Ser241, Ser217 and Lys142 are
shown in A. (from ref. 30)

Endogenous FAAH substrates, such as AEA, serve regulatory functions in the
body and have been implicated in a variety of pathological conditions
including pain, inflammation, sleep disorders, anxiety, depression and
vascular hypertension, which explains the interest in the development of
FAAH inhibitors [33]. FAAH is a homodimer and, in each monomer, the core
structure adopts an o/p fold with a twisted 11-strand p-sheet in the centre and
24 a-helices surrounding the sheet (Fig. 5A). The catalytic triad is located in
the centre of the enzyme. Three principal channels spread out from the
catalytic core (Fig. 5B), known as i) the membrane access channel (MAC),
which points to the protein surface facing the membrane bilayer and is
considered the channel that gives access to the substrate; ii) the acyl-chain
binding pocket (ABP), which binds the substrate acyl chain during the
enzymatic reaction; and iii) the cytosolic port (CP), which connects the active
site to the cytosol, and therefore it may allow the entrance of water molecules
to the catalytic centre and bring out the ethanolamine produced in the
enzymatic hydrolysis. In the proximal portion of the active site, the MAC and
the ABP merge into a single section. Together, MAC and ABP form a wide
channel that is predominantly hydrophobic in nature on one side and
moderatately polar on the other side.

Cytoplasmic access B
channel

M. cP
Cytosol E
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Fig. 5: 3D structure and localization of FAAH (A, from ref. 30) and representation of the
principal structural features (B, from ref. 44). Principal channels are shown in surface, while
Phe432 and catalytic triad are shown in sticks.

1.5 FAAH inhibition and current state of the art

A variety of selective FAAH inhibitors have already been described and,
judging from the reported patents, the development of high-throughput
screening strategies for the enzyme [34], and the recent creation of a web
server for binding affinity prediction of ketoxazole derivatives against FAAH
[35], there is renewed interest in the development of FAAH inhibitors.

Different structural classes of FAAH inhibitors have been reported including
a-ketoheterocycles, carbamates, piperidine ureas, arylureas and others [36].
Several rat FAAH (rFAAH) or humanized rat FAAH (h/rFAAH) structures
have been stored in the PDB database. The first X-ray structure of rFAAH
was determined for the deleted transmembrane (ATM) enzyme in complex
with an AEA analogue, the irreversible inhibitor MAFP at 2.8 A resolution
(PDB code: 1MT5) [32]. Given the multiple membrane association
possibilities of FAAH [37], protein expression and purification have been
challenging for the human isoform (hFAAH), which shares ~82% sequence
identity with rFAAH. Therefore, due to the difficulties to solve the 3D human
structure, a h/rFAAH structure was solved at 2.5 A (PDB code: 2VYA) in
complex with the piperidine-based inhibitor PF-750. In this structure, six
amino acids of the active site were mutated into those of the hFAAH enzyme
(namely Leul92Phe, Phel94Tyr, Ala377Thr, Ser435Asn, lle491Val, and
Val495Met) [38]. The h/rFAAH structure showed similar structural features
as rFAAH. A remarkable difference was the orientation of Phe432 at the
interface between ABP and MAC pockets. The presence of different classes
of inhibitors induce a rotation by about 80° along the Ca-Cp axis of Phe432
(for instance, PF-750 in the h/rFAAH structure vs. MAFP in the rFAAH, Fig.
6A). Thus, the MAC pocket of h/rFAAH in presence of PF-750 was
remarkably larger than in rFAAH. A more pronounced reshaping of the
channels may be observed from the comparison of rFAAH bound to carprofen
(PDB code: 4D0O3 [39]) and MAFP, where the different orientation of Phe432
lead to a wider channel in the case of carprofen binding, as from the smaller
occupancy of the channel by carprofen (Fig. 6B). This led to the suggestion
that the flexibility of Phe432 sidechain might help the FAAH substrate to
switch into pre-active conformations for hydrolysis, located in either ABP or
MAC during catalysis. Following the first h/rFAAH structure, several
additional FAAH structures bound with different covalent inhibitors were
determined, confirming the structural flexibility of Phe432 [38, 40-44].
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Fig. 6. Superimposition of the crystal structures of the rat FAAH covalently bound to methyl
arachidonoyl fluorophosphonate (MAFP, 1MT5.pdb) with: A) h/rFAAH in complex with
piperazine-based inhibitor PF-750 (2VYA.pdb); B) rFAAH in complex with carprofen
(4D03.pdb). The covalently bound MAFP (tan), PF-750 and carprofen (green) inhibitors, as
well as the catalytic Ser241-Ser217-Lys142 residues (cyan) are shown in sticks. The two
structures share a similar active site with one remarkable difference at the interface between the
MAC and ABP channels, given by the rotation of the interface residue Phe432 (shown in
space-filling representation).

The first attempts to design FAAH inhibitors concerned the use of natural
substrates of FAAH as a template. This generated the AEA analogue MAFP
inhibitor and trifluoromethyl ketones. These series of FAAH inhibitors were
characterised by the formation of a covalent bond with the nucleophilic
Ser241, blocking the catalytic function as long as the inhibitor remained
irreversibly bound to the enzymatic pocket. However, these classes of
inhibitors were not selective, inhibiting other serine hydrolases. Later, several
reversible inhibitors were discovered, such as a-ketoesters, o-ketoamides, and
a-ketoheterocycles, including the highly selective OL135 [45]. Very recently,
a new series of a-ketoheterocycles compounds, derived from the inhibitor
OL135, have been described as irreversibly targeting a cysteine in the FAAH
catalytic site (Cys269), while also forming a reversible covalent bond with
Ser241 [46]. Another class of irreversible FAAH inhibitors was characterized
by a carbamic moiety functionalized with aryl or alkyl group at their O- and
N- termini [47, 48]. URB524 is the first potent compound identified in the
carbamate-based inhibitors series (ICso = 63 nM). Modifications in URB524
led to the more potent URB597 (ICsp = 4.6 nM) [49]. Recently, a brain
impenetrable member of this class of compounds was disclosed (namely
URB937, ICs = 26.8 nM), with substantial analgesic effects in animal models
[21]. Crystallographic and theoretical studies have shown that carbamate-



based inhibitors act via the formation of covalent bond with Ser241 [42, 50,
51]. Replacing the carbamic group by the urea functionality has led to the
discovery of a newer class of FAAH inhibitors [36]. This series of inhibitors
showed similar behaviour compared to carbamate-based inhibitors, forming a
covalent bond with Ser241. In particular, compounds bearing a cyclic
piperidine/piperazine urea scaffold, such as PF-750 (ICsp = 16.2 nM), PF-622
(ICso = 33.0 nM) and urea JNJ1661010 (ICso = 33 nM) [52], showed
improved selectivity in the inhibition of FAAH [53].

The profile of FAAH inhibitors seem appropriate for pain-relief, although a
lack of effect after repeated administration has been reported in a preclinical
model [54]. Even more striking is the failure of an irreversible inhibitor of the
FAAH, PF04457845, in clinical trials for the osteoarthritis [23]. A possible
explanation of this failure could be that although FAAH is blocked, the
substrate AEA is consumed by COX-2, undermining the analgesic effect [55].

1.6 NSAIDs derivatives as FAAH/COX dual inhibitors

Another approach to pain relief therapy consists of the inhibition of FAAH
and COX enzymes through a multitarget inhibitor. NSAIDs are known for
their anti-inflammatory and painkiller actions, inhibiting COX enzymes.
Furthermore, some NSAIDs (like ibuprofen, flurbiprofen, paracetamol and
carprofen) are able to weakly inhibit FAAH (i.e. ibuprofen ICs = 134 uM and
flurbiprofen I1Cso = 29 uM) [56, 57]. This finding provided a rationale for the
design of molecules that carry multitarget FAAH and COX inhibitory
activities. The development of single molecules with such a profile would
exploit several advantages over combination therapies, including a more
predictable pharmacokinetic profile and a decreased potential for drug-drug
interactions. As a proof of concept, the groups of Prof. V. Onnis (Universita
di Cagliari, Italy) and Prof. C. J. Fowler (Umea University, Sweden)
developed in 2003 a series of heteroaromatic ibuprofen anilides bearing
substituted pyridine or pyrimidine groups, which showed improved analgesic
activity and reduced gastrointestinal side effects relative to the parent acid
[26]. In this regard, the N-3-methyl-pyridin-2-yl amide of ibuprofen (lbu-
AMB5) was found to be the best analogue. This compound produced very low
ulcerogenic effects compared to its parent molecule, ibuprofen. In a
subsequent study, a series of other amide analogues derivative of ibuprofen
were generated. Ibu-AMS5 and Ibu-AM14 resulted to be the most potent
inhibitors of rFAAH relative to ibuprofen, showing 1Cs, values of 0.65 and
3.6 UM respectively [58]. Moreover, ibuprofen, lbu-AM5 and lbu-AM14
showed substrate-selective inhibition of COX-2, being poor inhibitors of the
cyclooxygenation of AA by COX-2 and producing incomplete inhibition of
this substrate. When AEA was used as substrate, these compounds were
relatively potent inhibitors of COX-2, with I1Cso values of ~6 (ibuprofen), ~19
(Ibu-AM5) and ~10 pM (lbu-AM14). Later, a small series of racemic
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flurbiprofen and naproxen amide derivatives, bearing the same substitutions
of Ibu-AM5, were also investigated [25]. Within this set, Flu-AM1 and Nap-
AML1 demonstrated increased inhibitory potency for rFAAH, relative to the
parent NSAIDs (flurbiprofen and Flu-AM1 FAAH ICs values of 29 and 0.44
MM respectively; naproxen and Nap-AM1 FAAH ICso values of > 100 and
0.74 uM respectively). Moreover, the ability for these compounds to inhibit
the cyclooxygenation of AA by COX-1 and COX-2 and the cyclooxygenation
of 2-AG by COX-2 was also tested. A similar pattern of COX-1 and COX-2
inhibition was observed between Flu-AM1 and parent compound, although in
general 2- 3-fold higher concentration were required to produce the same
effect as flurbiprofen (Flu-AM1: COX-1 AA ICs = 6.6 uM; COX-2 AA ICs
=42 pM; COX-2 2-AG ICso = 1.7 uM, respectively; flurbiprofen: COX-1 AA
ICs0 = 3.6 pM; COX-2 AA ICs = 103 uM; COX-2 2-AG ICs = 1.3 UM,
respectively). By contrast Nap-AM1 was a rather poor inhibitor of both COX
isoforms (COX-1 AA ICs = 56 uM; COX-2 AA ICso > 100 pM; COX-2 2-
AG ICso = 6.3 uM, respectively).

Very recently, a different strategy for the design of dual FAAH/COX
inhibitors was proposed by the group of Piomelli and co-workers based on the
integration of the alkyl carbamic acid group of the URB597 in the
flurbiprofen structure. Among these derivatives, the compound ARN2508
showed submicromolar activity against rFAAH, ovine COX-1 and human
COX-2 [59]. However, this compound blocks irreversibly both FAAH and
COX enzymes.



2. Aims of the study

The main aim of the PhD project herein presented was the design of novel
dual inhibitors of FAAH and COX.

NSAIDs amide derivatives Flu-AM1 and Ibu-AM5 represented valuable leads
for the design of novel dual inhibitors, considering their pharmacological
profile and mechanism of action. Indeed, they showed an increased FAAH
activity and comparable COX inhibition with respect to parent NSAIDs.
Moreover, they are reversible inhibitors, showing a mixed type inhibition
kinetics.

Previous efforts aimed at improving the activity of ibuprofen amide
derivatives using classical medicinal chemistry approaches allowed to define
some structure-activity relationships, but failed to identify compounds with
improved potency toward FAAH [26]. Therefore, in collaboration with the
groups of Prof. V. Onnis and Prof. C. J. Fowler, we undertook a
multidisciplinary study of the mechanism of action of Flu-AM1 and Ibu-
AMS. In particular, we were interested in understanding the molecular basis
of the inhibition kinetics of these compounds. Indeed, different molecular
mechanisms may result in a mixed type inhibition. The experimental findings
that closely related ibuprofen amide derivatives might show different
inhibition Kinetics (Ibu-AM5 vs. Ibu-AM14) prompted us to investigate, with
an approach including computational methods, enzymology, chemical
synthesis and mutant expression, the hypothesis that the mixed inhibition
showed by Ibu-AMS5 and Flu-AM1 were due to the capability to interact with
two distinct binding site with different affinity.

In this context, computational methods offer unique opportunities to
investigate the mutual structural rearrangements induced by ligand binding in
the complex. We used an approach including a combination of molecular
docking, molecular dynamics (MD) simulations and free energy methods.
Hence, the study of the dynamical process of the formation of ligand-target
complex would provide a molecular rationale for the design of more potent
NSAIDs derivatives with FAAH/COX dual activity. Therefore, in order to
design more potent FAAH inhibitors we investigated the binding mode of
NSAIDs and related compounds, since little was known about the nature of
interactions of these compounds with FAAH, or to the role of chirality in
binding affinity. According with the inhibition Kinetics, we started our
analysis of the binding mode from the known competitive binding site, and
we explored FAAH structure to search for potential allosteric binding sites.

Eventually, since MD simulations render a series of structural ensembles,
clustered based on structural similarities, we also used methods for the
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evaluation of the free energy of the system in order to select the more
favourable binding mode.

Taken together these approaches will be used to analyse dynamical
conformations of the complex induced by the ligand with the goal of
discovering structural insight that might be useful to design novel
FAAH/COX inhibitors.



3. Experimental section

Direct interactions between compounds and FAAH were investigated
combining molecular docking studies with MD simulations. The simulations
were performed on the rFAAH with deprotonated Lys142, as proposed for the
catalytic mechanism [30]. A preliminary validation of the computational
protocol, was performed by reproducing the experimentally determined
binding mode of the pyrrolopyridine inhibitor found in the crystal structure
3QKS5, which showed reliability of the procedure not only to reproduce the
ligand binding, but also the position of key water molecules within the active
site.

3.1 Molecular docking

Rigid docking calculations were performed using the software Autodock 4.2
[60]. The 3D structures of compounds were generated with pymol. Docking
was performed on a single monomer of rat FAAH (PDB code 3QK5) [61],
after crystallized ligand removal. Rigid docking in the competitive binding
site was performed using a cubic docking box of 60° grid points, centred on
the position of the original ligand (3-{(3R)-1-[4-(1-benzothiophen-2-
yl)pyrimidin-2-yl]piperidin-3-yl}-2-methyl-1H-pyrrolo[2,3-b]pyridin-1-
ylacetonitrile. The grid for the rigid docking in the allosteric site was centred
on the basis of the result of cavity screening on mouse and rat FAAH in a
pocket between CP and the interface between FAAH monomers and the
maximum size of the axes were set to 54 grid points. The rotable bonds of the
compound were automatically detected by Autodock default parameters. For
each docking run, 100 iterations were performed using default parameters of
Lamarckian genetic algorithm (GALS). The results were clustered on the
basis of RMSD criterion (< 4 A). The representative poses of the best clusters,
according to Autodock 4.2 score, of each system were used for further
analysis.

3.2 Molecular Dynamics

MD simulations were performed to refine best docking results with Amber12
[62]. To this end, the representative poses of the best clusters retrieved from
docking calculations were loaded in the two monomers of the dimeric form of
rat FAAH (PDB code 3QK5), after removal of the pyrrolopyridine derivative
and water molecules.

Each complex was immersed in a pre-equilibrated octahedral box of TIP3P
water molecules, and the system was neutralized. The final systems contained
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about 80000 atoms. All simulations were performed with the Amber 99SBildn
force field [63] for the protein and the gaff force field [64] for the ligands. The
charge distribution of the inhibitors was refined using RESP charges [65]
fitted to the B3LYP/6-31G(d) electrostatic potential obtained with Gaussian09
[66]. For each complex the geometry was minimized using convergence
criterion for the energy gradient set to 0.01 kcal/mol-A? in three steps, which
involve: i) hydrogen atoms in the system (5000 steps of steepest descent and
10000 steps of conjugate gradient), ii) hydrogen atoms, water molecules and
counterions (2000 steps of steepest descent and 18000 steps of conjugate
gradient), iii) finally the whole system (2000 steps of steepest descent and
18000 steps of conjugate gradient). Thermalization of the system was
performed in four steps of 60 ps, increasing the temperature from 50 to 298 K.
Concomitantly, the atoms that define the protein backbone were restrained
during thermalization using a variable restraining force. Thus, a force constant
of 30 kcal/mol-A? was used in the first stage of the thermalization and was
subsequently decreased by increments of 5 kcal/mol-A? in the next stages.
Then, an additional step of 250 ps was performed in order to equilibrate the
system density at constant pressure (1 bar) and temperature (298 K). Finally,
an extended trajectory was run using a time step of 2 fs. SHAKE was used for
those bonds containing hydrogen atoms in conjunction with periodic
boundary conditions at constant pressure and temperature, particle mesh
Ewald for the treatment of long range electrostatic interactions, and a cutoff of
10 A for non-bonded interactions. The structural analysis was performed
using in-house software and standard codes of Amber 12.

A preliminary validation of the computational protocol was obtained by
predicting the experimentally determined binding mode of the pyrrolopyridine
derivative in the 3QKS5 crystal structure. The non-covalent ligand of the X-ray
structure was chosen as reference due to higher structural similarity toward
our compounds with respect to carprofen. It is worth noting that
computational procedure successfully reproduced the binding mode of the
pyrrolopyridine inhibitor, as well as the distribution of water molecules
around the ligand in the binding cavity.

3.3 Free energies calculations

Analysis of the MD trajectory was carried out by calculating MM/GBSA,
MM/PBSA and SIE on a 0.1 ns interval at the end of the trajectories.
QM/MM calculations were performed for a set of 50 snapshots taken on a 0.1
ns interval along the last 5 ns of the trajectories, averaging the electrostatic
and van der Waals components of the individual snapshots.

3.3.1 MM/PBSA method

The MM/PBSA method was used to calculate the free energies of molecules
in solution including those related to protein-ligand binding, which enables



analysis of the stabilities of different patterns of interactions in protein-ligand
complex formation [67]. We used open source AmberTools package
(MMPBSA.py) [68] to perform binding free energy calculations. The energy
constituents included molecular mechanics (MM), electrostatic contributions
to solvation (PB), and nonpolar contributions to solvation (SA). The binding
free energy for protein-ligand complexes was calculated based on the
following equation (1) [68]:

AGbinding = AGcompIex - AGprotein - AGIigand (1)

where AGeomplex represents the free energy of a ligand-protein complex, and
AGprotein and AGiigang are the free energies of protein and ligand, respectively.

The vacuum-potential energy, Emolecular—mechanics, includes the energies of both
bonded and non-bonded interactions and is calculated based on the molecular
mechanics force field parameters [69], as shown in eq. 2:

EMoIecuIar—Mechanicsz Ebonded + Enon—bonded (2)

where Ewmolecular-Mechanics Fepresents the gas-phase energy, Ebonded represents
bonding interactions consisting of the bond, angle, dihedral, and improper
interactions. Non-bonded interactions, Enon-bonded, include both electrostatic
and van der Waals interactions.

In the MM/PBSA approach, the solvation free energy was calculated using an
implicit-solvent model. The solvation free energy is given by the eq. 3:

AGsolvation = AGPolar + AGNon—PoIar (3)

where, AGpoar and AGnonpolar are the electrostatic and non-electrostatic
contributions to the solvation free energy, respectively. The electrostatic term,
AGeolar, is estimated by solving the Poisson—-Boltzmann (PB) equation. The
non-polar solvation energy, AGnon-polar IS Separated into attractive (dispersion)
and repulsive (cavity) interactions.

3.3.2 SIE method

Sietraj is an alternative to the MM/PBSA software provided by the AMBER
distribution. Solvated interaction energies (SIE) are calculated using
parameters that have been fitted to reproduce binding free energies of a data
set of 99 protein-ligand complexes [70]. Note that the underlying physics
behind the electrostatic components of SIE and MM/PBSA is the same.
Hence, all the caveats of implicit solvation apply. The main differences lie in
the choice of parameters, surface generation method [71] and Poisson solver
[72].

3.3.3 QM/MM calculations

The contribution due to the formation of the ligand-protein complex in the gas
phase was determined by QM/MM calculations. To this end, the ligand was
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treated at the QM level and all the residues located at less than 15 A of the
ligand were treated classically. Accordingly, the electrostatic term accounts
for the QM interaction (determined at the B3LYP/6-311+G(d,p) level) of the
ligand with the set of point charges of the residues included in the MM region.
The van der Waals term was determined using the 6-12 expression as
implemented in AMBER. The contribution due to the solvation of the
complexes (AGso) Was calculated by MM/GBSA and MM/PBSA methods.

3.3.4 Thermodynamic integration

The Al-mode binding of TPAS5 in monomer A of rFAAH was used as starting
structure for the free energy calculation using T1. The TI simulations of the
alchemical transformation from TPAS into TPA27 was separated into two
parts: ligand transformation within the protein active site (AGuound) and ligand
transformation in solvent (AGiee). The binding free energy difference between
these two similar ligands [AAGa—g)] can be calculated from eq. (4):

AAG(A—»B): AGbinds — AGbinda— AGhbound — AGtree (4)

We have performed one-step TI, since the van der Waals and electrostatic
transformation of the unique regions between ligands A and B both occur in
the same step. The simultaneous electrostatic and van der Waals
transformation events in the one-step Tl could result in high system
instabilities, which is overcome in this study by activating both Lennard-Jones
(eg. 5) and Coulomb Softcore potentials (eq. 6) simultaneously [73].

[ 1 1
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Softcore potential in van der Waals is activated to avoid any instability as
atoms appear and disappear, where A is a coupling parameter, ra IS the atomic
distance between two particles, ¢ is the Lennard-Jones potential well depth, o
is the distance where the two particles intermolecular potential is equal to
zero, and o is the Lennard-Jones Softcore potential energy function curvature
control parameter, which has previously been recommended to be o = 0.5
[73].
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Electrostatic transformation is mediated by softcore potential, where g, and qp
are electrostatic charges of transformed atoms in two ligands and [ is the
Coulomb Softcore potential energy function curvature control parameter,
which has previously been recommended to be p = 12 A? [73].

In the AGbpoung and AGree Steps, each step is divided into 9 windows with
different coupling parameters (A), where A = 0 is the initial state and A = 1 iS



the final state. The energy in each step (AG) can be calculated using eq. (7)
where the bracket represents the average of the potential energy of the studied
system [o(A)] for the given A value, which is calculated using the trapezoid
integration method. The A values in this study are taken from the Table 21.1 in
the Amber reference manual [74].

Each window was subjected to a 1000-step steepest descent minimization to
remove bad initial contacts and a 50 ps NPT heating run in which the system
temperature was raised to 298 K with a target pressure of 1 bar. Equilibration
was followed by a 5 ns NPT simulation for data collection. Therefore, Tl
simulation required at least 90 ns MD simulation, since it include 2
transformations of 9 windows. Therefore, TI calculations are a very expensive
computational method.

The following equation (7) was used to derive the MD simulation settings for
each window.

L avia
46 = L (ﬁ o4 @)

3.4 Homology building

The amino acid sequence of mouse FAAH was retrieved from the Universal
Protein Resource database (http://www.uniprot.org accession 1D 008914).
The 3D structure of the target protein was modelled using SWISSMODEL
[75]. The X-ray determined structure of rat FAAH 3QK5 was used as
template (covered sequence 100%; sequence identity of 91.7 %).
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4. Inhibition of FAAH by the enantiomers of Flu-AM1 and
Ibu-AM5

4.1 Introduction

Ibu-AM5 and Flu-AM1 are valuable leads for the design of novel dual
inhibitors of FAAH and COX enzymes, due to their pharmacological profile.
Both compounds, that are profens derivatives, retain a chiral centre as the
parent compounds, but it is not known how this affects their ability to inhibit
FAAH. Previously reported studies [56, 76-78]. Demonstrated pronounced
enantioselectivity towards inhibition of FAAH of some classes of inhibitors.
In consequence, we have faced the study of the interaction between the
enantiomers of Ibu-AMS5, Flu-AM1 and FAAH through a multidisciplinary
approach including biochemical, molecular biological and molecular
modelling methodologies.

The results of this study have been already published in a peer-reviewed
journal article [79] and is the result of an international collaboration including
pharmacology and enzymology experiments (J. Karlsson, M. Svensson and C.
J. Fowler of University of Umea, Sweden,), chemical synthesis (A. Deplano,
C. Congiu and V. Onnis of University of Cagliari, Italy), mutant protein
expression(G. Smaldone and E. Pedone of CNR, Naples, Italy) and
computational methods (C. M. Morgillo, F. J. Luque, E. Novellino and B.
Catalanotti of University of Naples Federico 11, Italy).

4.2 Pharmacological studies

The interaction of the enantiomers of Flu-AM1 and Ibu-AM5 with rFAAH
have been extensively investigated by the group of Prof. Fowler in order to
determine the main features that characterise the binding mode and to explain
the importance of the chiral centre in ligand binding. As showed in Fig. 7, the
experiments of FAAH inhibition in rat brain proved the relevance of the chiral
centre, since lbufenac-AM1, which lacks the methyl group on the C-2 carbon
atom and hence the chiral centre of Ibu-AMb5, was a weak inhibitor of rat
brain FAAH (ICs = 68 pM).
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Fig. 7: Inhibition of FAAH by the enantiomers of Ibu-AM5 and Flu-AM1 and by Ibufenac-
AML1. Structures of the compounds are shown in panels A-C: A, Flu-AM1; B, Ibu-AM5; C,
Ibufenac-AM1. The asterisks show the chiral centres. In panels D-F, the inhibition of 0.5 uM
[BH]AEA hydrolysis in rat brain homogenates by the compounds is shown. Data are means +
SEM (when not enclosed by the symbols), N = 3 for the enantiomers of D, Flu-AM1, E, Ibu-
AMS5 and F, racemic lbu-AM5 and Ibufenac-AM1.

Inhibition experiments evidenced different behaviour between enantiomers of
Flu-AM1 and Ibu-AM5. (R)-Flu-AM1 was marginally more potent FAAH
inhibitor than the corresponding (S)-enantiomer (ICso values of 0.74 and 0.99
MM, respectively). In contrast, the (R)-enantiomer of lbu-AM5 was 10-fold
less potent than the (S)-enantiomer (ICso values of 5.7 and 0.59 uM,
respectively). In order to investigate the diversity in the behaviour of the
enantiomers of Flu-AM1 and Ibu-AMS5, molecular modelling was undertaken
using both docking and MD simulations.

4.3 Validation of the computational protocol

We have performed a preliminary validation of the whole computational
protocol, including rigid docking and 50 ns MD simulations by reproducing
the experimentally determined binding mode of the pyrrolopyridine derivative
in the crystal structure 3QK5. Among the experimental determined structures
of the rFAAH inhibitors only carprofen and pyrrolopyridine derivative were
reported on the PDB server. We have chosen pyrrolopyridine derivative as a
validation system because of the structural similarity with Flu-AM1 and Ibu-
AMS5, while carprofen was less suitable due to the smaller size (18 heavy
atoms vs. 25 of Flu-AML1 or 22 of Ibu-AM5), and especially to the negative
charge, while our compounds are neutral.

The docking was performed without water, albeit water is likely involved in
the binding of the pyrrolopyridine derivative. In the validation study, we
found that the protocol used was able not only to reproduce the ligand
binding, but also the water position within the active site (Fig. 8).



Fig. 8: Comparison of the position of the pyrrolopyridine inhibitor and water molecules in the
crystal structure 3QKS5 (green), in the docking result (yellow), in the best cluster obtained after
50 ns in the monomer A (cyan) and in the best cluster obtained after 50 ns MD in the monomer
B (pink). Superimposition was mad on protein backbone.

4.4 Molecular docking of the enantiomers of Flu-AM1 and 1bu-AM5

The binding mode of the enantiomeric forms of Flu-AM1 and Ibu-AM5 to
rFAAH enzyme was studied combining docking studies and MD simulations.
Docking was performed with the software Autodock 4.2 [60], which was
successful in predicting the binding mode of non-covalent ligands (see
experimental section 83.1). The ligand poses were ranked considering the
cluster population and the binding energy. The results showed that the ligand
bind to a region formed by the ABP channel and the MAC, filling the cavity
experimentally found for other non-covalent ligands [39, 61]. Two binding
modes that differ in the orientation of the amide moiety were found (Fig. 9).
Thus, the amide moiety points towards either the catalytic triad (A-mode) or
the membrane interacting helices a18-a19 (B-mode). The B-mode was found
to be the most populated cluster for the two enantiomers, but the scores of A-
and B-modes were highly similar, thus preventing a firm distinction between
the ligand orientations (Table 1).
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Fig. 9: Molecular docking of (S)-Ibu-AMS5 and (R)-FIu-AM1 in the competitive site of FAAH.
Structures of the compounds are shown in relation to their localization in the channels of
FAAH: A, A-mode of (S)-Ibu-AMS5; B, B-mode of (S)-lbu-AM5; C, A-mode of (R)-Flu-AM1,;
D, B-mode of (R)-Flu-AM1.



Compound Docking
Mode P[‘j/op]“ AD score?
(R)-FluAMS A 11 -9.02
B 47 -9.22
(S)-FluAM1 A 11 -9.22
B 43 -9.21
(S)-Ibu-AMS5 A 9 - 8.59
B 70 - 845
(R)-1bu-AMS5 A 14 -8.45
B 57 -8.46

Table 1: Docking results of the enantiomers of Ibu-AM5 and Flu-AM1 predicted by the
software Autodock 4.2. @ Predicted binding energy of the best pose in the relative cluster
family.

4.5 Molecular dynamics studies of the enantiomers of Flu-AM1 and
Ibu-AM5

To further check structural integrity of two binding modes, the best poses of
each docking cluster were submitted to 50 ns MD simulation. Two
independent MD simulations were run on the FAAH dimer, thus enabling
loading the same docking pose in each monomer, affording four complexes
for each enantiomeric species.

As a general trend, the simulations starting from the B-mode remained stable
along the whole trajectory, whilst the ligand showed significant
rearrangements when the simulation started from the A-mode. The simulation
started from the B-mode of (R)-Flu-AM1 remained stable along the whole
trajectory, as noted in the lack of significant alterations in the positional root-
mean square-deviation (RMSD) for the ligand after an initial stabilization
(Fig. 10). In contrast, simulations started from the A-mode showed a
continuous rearrangement and larger fluctuations were observed for the ligand
(Fig. 10A).
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Fig. 10: Time evolution (ns) of the RMSD (A) of the (R)- and (S)-Flu-AM1 enantiomers in the
MD run starting from A-mode best poses (left), and MD run starting from B-mode best poses

(right).

The B-mode binding led to a consistent pattern of interactions in the binding
pocket, whereas the A-mode exhibited less consensus in the interactions
between ligand and protein. As an additional test, an independent MD
simulation was run for (R)-FIu-AM1 bound to FAAH dimer starting from the
B-mode binding, and the results confirmed the structural integrity of the
ligand arrangement. Indeed, three out of the four complexes converged to a
common binding mode, which is characterized by the presence of a hydrogen
bond between the hydroxyl group of Thr488 and the carbonyl unit of the (R)-
enantiomer, as noted in the similar arrangement obtained upon
superimposition of representative snapshots of MD (Fig. 11). Based on these
results we have chosen B-mode binding as putative binding for further
analysis.

K142

al9

Fig. 11: Superposition of representative snapshots taken from the two MD runs of (R)-Flu-AM1
bound to monomer A (protein in marron, ligand in orange and pink) and monomer B (dark
cyan).

The ligand (R)-FIu-AM1 is closely packed in the binding site (Fig. 12A),
forming interactions that are preserved along most of the trajectory. The
biphenyl moiety fills a hydrophobic cavity, with the distal ring pointing to the
centre of the anionic hole and forming van der Waals contacts with
hydrophobic residues lining the ABP channel: 11e491 (at 4.0 A), Phe381 (at
4.1 A) and Leu380 (at 4.0 A) 11e238 (at 3.8 A). The fluorinated ring shows
contacts with the methyl group of Thr488 (at 4.1 A) and with Phe194 (at 3.7
A). The fluorine atom shows a constant distance from aromatic hydrogen of
the Phe381 (average 3.3 A). No specific interactions of the methyl group on
the chiral centre were observed. On the other side, transient hydrogen bonds
were observed between the pyridine nitrogen and the backbone of Asp403, or,
alternatively Gly485 (through a water molecule), and between the amide NH



unit and the backbone of Leu401. Van der Waals contacts are observed with
side chains of Met436 and 1le407. The structural integrity of this binding
mode was maintained upon extension of the trajectory up to 100 ns.
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Fig. 12: Representation of (R)-Flu-AM1 (A) and (S)-FIu-AM1 (B) in the competitive binding
site of the dimeric FAAH as obtained from MD simulations.

The MD trajectories run for (S)-FIu-AML1 led to similar poses in the two
monomers of FAAH (Fig. 12B). The results showed that the amide bond
establishes stable hydrogen bonds between the amide NH unit and the
backbone of Gly485, and between the amide carbonyl with the Thr488
sidechain. Moreover, the terminal phenyl ring formed van der Waals contacts
with Leu192, Val495 and 11e491 (at 3.9-4.3 A), and the fluorinated ring was
close to Phe381, Leu401, Phe432 and the methyl ring of Thr488. The methyl
grOLg) on the chiral carbon pointed towards Leu404 (at 3.9 A) and Leu401 (at
45A).

Comparison of (R)- and (S)-Flu-AM1 binding modes is shown in Fig. 12,
which highlights how the enantiomers were bound in slightly different
arrangements in the same site located between ABP and MAC channels.
Nevertheless, the enantiomers showed a very similar pattern of interactions: i)
the aromatic rings formed a number of van der Waals contacts mainly
involving aliphatic side chains, ii) the fluorine atom weakly interacted with
Phe381, and iii) the amidopyridine moiety established hydrogen-bonds with
Gly485 and Thr488.

MD simulations of (S)-lIbu-AM5 B-mode converged to similar binding modes
in the two monomers of FAAH, while no convergence was observed for the
A-mode. Extension of the MD to 100 ns confirmed the stability of the B-
mode, which remained stable for the last 70 ns of the simulation. (S)-lIbu-AM5
binds the bottom of the ABP channel and the MAC (Fig. 13A) with the
pyridine nitrogen fitting the position of the carprofen carboxylic group (PDB
code 4D0O3). The pyridine ring is firmly packed in a hydrophobic residues at
the gorge of the MAC, interacting with Trp531 (at 3.6 A), Leu429 (at 3.9 A),
and 11e407 (at 4.0 A from the methyl group). The amide unit of the ligand
formed hydrogen bonds with the backbone carbonyl of Gly485 and to the
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Thr488 side chain. The profen moiety is placed in the apolar gorge of the
ABP with the methyl group on the chiral carbon pointing toward Leu404 (at
4.2 A) and Leu401 (at 4.2 A). The phenyl ring is packed between Phe194 (at
3.9 A) and Phe432 (4.2 A) while the isobutyl group formed van der Waals
contacts only with 16238 (at 4.2 A) and 11e491 (at 3.9 A).
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Fig. 13: Representation of (S)-Ibu-AM5 (A) and (R)-lbu-AM5 (B) in the competitive binding
site of the dimeric FAAH as obtained from MD simulations.

Simulations run for (R)-Ibu-AM5 also supported the B-mode binding, leading
to similar ligand arrangements in the two monomers. Compared to the (S)-
enantiomer, most of the differences arise from the interactions established by
the amidopyridine moiety, since a hydrogen-bond was formed between the
carbonyl unit of the amide group and the hydroxyl group of Thr488 and the
pyridine nitrogen formed a water-mediated contact with Gly485, in addition
to hydrophobic contacts with Trp531 (at 4.0 A), 11e407 (at 4.3 A), and Phe381
(at 4.0 A from the methyl).

4.6 Comparison of the binding mode of the enantiomers of Flu-AM1
and lIbu-AM5

The comparison of the best representative poses of (R)- and (S)-Flu-AM1
showed very different binding modes for the two enantiomers, with the (S)-
enantiomer binding deeper in the MAC. The same behaviour was observed
from the MD simulations of (R)- and (S)-lbu-AM5 (Fig. 14), suggesting that
chirality is a main determinant of the binding mode.
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Fig. 14: Superimposition of the binding mode proposed for (S)-enantiomers (A) and (R)-
enantiomers (B) in the competitive binding pocket of FAAH.

Interestingly, this behaviour seems to be associated to the conformational
change of Phe432. In the MD trajectories of (S)-enantiomers the Phe432 yl1
dihedral switched from ~90° to ~180°, allowing the packing of the methyl-
pyridine in a hydrophobic cavity formed by Trp531, Leu429 and 11e407. The
same Phe432 rotamer (x1 = ~180°) was found in the crystal structure of
rFAAH bound to anandamide analogue (PDB code 1MT5), while in the
binding mode of (R)-enantiomers the Phe432 assume the same conformation
found in 3QK5 and 4DO3 crystal structures (x1 = ~90°). Nevertheless,
enzymatic activity showed that these differences in the binding mode slightly
affected the activity of Flu-AML1 enantiomers, while it has more remarkable
effect on the Ibu-AM5 enantiomers. The binding modes of (R)- and (S)-Flu-
AM1, albeit different, resulted comparable, being characterized by a similar
pattern of hydrophaobic interactions and two hydrogen bonds, which is in
agreement with the similar activities showed by these enantiomers. On the
contrary, the (S)-1bu-AM5 binding mode resulted more stable in the light of
the higher number of hydrogen bonds.

4.7 Comparison with other non-covalent FAAH inhibitors

These results suggested that Flu-AM1 and Ibu-AM5 bind a region located
between ABP channel and the entrance of the MAC, overlapping the binding
of other non-covalent FAAH inhibitors, such as carprofen (PDB code 4DO3)
and the pyrrolopyridine derivative in the 3QKS5 crystal structure. Among the
two possible binding mode found in docking studies, MD simulations showed
that only the B-mode shows a relevant interaction with Thr488. The finding
that (R)-Flu-AM1 is a less potent inhibitor of the FAAH ™ mutated variant
relative to the wild-type enzyme supported this conclusion, as showed also for
carprofen inhibition assays (Fig. 15).
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Fig. 15: Inhibition of rat wild-type and FAAHT*%4 by (R)-Flu-AM1 (A) and carprofen (B).

The binding mode of these compounds agrees with biochemical experiments,
since multiple inhibition experiments with carprofen and assays on mutated
FAAH™A enzyme suggest that these inhibitors inhibit FAAH in a mutually
exclusive manner. In fact, comparison between the proposed binding mode
for (R)-Flu-AM1, (S)-lIbu-AMD5, and the binding pose in the crystal structure
of carprofen and pyrrolopyridine derivative, highlights a similar pattern of
interaction with FAAH and especially the presence of a hydrogen bond with
the sidechain of Thr488 (Fig. 16).
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Fig. 16: Comparison of the binding modes of (R)-Flu-AM1, (S)-1bu-AMS5, carprofen and the
pyrrolopyridine derivative. (A) (R)-FIu-AM1 (orange) compared to carprofen (white; PDB ID:
4DO03); (B) (R)-Flu-AM1 (orange) compared to pyrrolopyridine derivative (green; PDB ID:
3QK5); (C) (S)-Ibu-AM5 (cyan) compared to carprofen (white); (B) (S)-lbu-AM5 (cyan)
compared to pyrrolopyridine derivative (green). Alignment was obtained by superimposition of
the protein backbone. For sake of clarity only polar Hydrogen were shown.

4.8 Guidelines for drug design

The above discussion has only considered a single binding site for the
compounds. However, the kinetic experiments suggested a mixed-type of
inhibition. This mechanism implies that these compounds should bind to two
mutually exclusive sites [80]. Therefore, it is difficult to suggest
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modifications to improve the activity of these compounds dealing with only
one of the possible sites of action of these inhibitors. In fact, a series of
substitutions has been attempted on the structure of Ibu-AM5 inhibitor with
no success in improving the activity against FAAH [25, 26, 58]. As a result of
the binding mode investigated by computational methods, by two series of
modification on different branches of the molecule have been simultaneously
developed: i) modification of different scaffolds from ibuprofen and
flurbiprofen structure, and ii) modification on the pyridine moiety would
investigate interactions with FAAH through the polar branch of the
compound.
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5. Inhibition of FAAH by 2-(4-((2-
(Trifluoromethyl)Pyridin-4-yl)amino)phenyl)propan
Amides (TPA)

5.1 Rational design of TPA derivatives and TPA5 pharmacological
profile

The Ibu-am derivatives are characterized by the presence of the isobutyl chain
of the parent ibuprofen. MD studies on the binding mode of lbu-AM5
enantiomers, showed that in both (S)- and (R)-Ibu-AM5 the isobutyl chain
fills a wide pocket within the ABP channel, allowing two main populated and
opposite positions of the isobutyl chains (Fig. 17).
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Fig. 17: Isobutyl moiety erX|b|I|ty during MD of Ibu-AM5. A) Two subsequent snapshots of
the MD run of (S)-lbu-AMS5. The ligand is shown in green and cyan sticks, while the
surrounding residues are labeled and shown in cyan sticks. B) Time evolution of the dihedral
angle of isobutyl moiety during MD of the ligand in monomer A (blue) and in monomer B
(orange).
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With the aim to modulate the lipophilicity of the compounds and achieve a
tighter binding, we explored the possibility to substitute the isobutyl group of
Ibu-AM5 with 4-((2-(Trifluoromethyl)Pyridin-4-yl)amino group, obtaining a
new series of profen derivatives synthesized by the group of Prof V. Onnis
and tested by the group of Prof C. J Fowler: 2-(4-((2-
(Trifluoromethyl)Pyridin-4-yl)amino)phenyl)propanAmides (TPA) (Fig. 18).

R = Heteroaryl,
Aryl,
Pyridylmethyl

TPA 5-40

Ibu-AMS
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Fig. 18: Design strategy starting from lbu-AM5 to TPA.

Replacing iso-butyl group of Ibu-AMS5 with a trifluoromethylpyridinylamino
moiety led to TPAS5, which maintains the FAAH inhibitory activity (IC50
value = 0.59 uM). The kinetics of TPA5 binding was also examined to gain
insight into the mechanism of action of this novel class of FAAH inhibitors.
TPAS5 resulted a competitive inhibitor (Fig. 19, B1), showing little
dependency upon preincubation time, which suggests a reversible inhibition

(Fig. 19, Al).
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Fig. 19: Mode of inhibition of rat brain FAAH by TPA5. Panel A: homogenates were
preincubated with the compounds for the times shown prior to addition of 0.5 uM [*H]AEA
and assay for FAAH activity (means and s.e.m., n=3-4) Panel B: AEA hydrolysis at the
substrate and inhibitor concentrations shown (means and s.e.m, n=3).

Taking into account the competitive mechanism of TPAS5, we studied its
binding mode by using the docking and MD protocol previously described for
enantiomers of Flu-AM1 and Ibu-AMS5 (see 84.3). Given that (S)-Ibu-AM5 is
10-fold more potent than (R)-lIbu-AM5 as inhibitor of FAAH, while the (S)-
Flu-AM1 enantiomer is almost as equipotent as the more active (R)-
enantiomer, we used the (S)-enantiomer for computational studies on the TPA

derivatives.

5.2 Molecular docking of TPA5

Docking was performed in the competitive site of the enzyme, adopting the
same approach used for the enantiomers of Flu-AM1 and Ibu-AM5 (see 84.4).
The results showed that the ligand binds a region formed by the ABP channel
in proximity to the catalytic triad, but adopting up to four different
arrangements (Table 2).
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Mode AD score Popn (%)
(kcal/mol)
A1 -9,11 50
B1 -9,01 30
B2 -8,67 9
A2 -8,66 3

Table 2: Docking results for TPAS predicted by Autodock 4.2

The binding modes differed in the orientation and positioning of the molecule
along the channels, having the amide moiety pointing towards the cytosolic
port (Al-mode), the catalytic triad (A2-mode), the membrane access channel

(B1-mode) or the membrane interacting helices al18-a19 (B2-mode) (Fig. 20).
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Fig. 20: Molecular docking of TPAS5 in the competitive site of FAAH. Structures of the
compounds are shown in relation to their localization in the channels of FAAH: A, Al-mode;
B, A2-mode; C, B1-mode; D, B2-mode.

5.3 Molecular dynamics and free energies calculation of TPA5 in the
competitive site

The Al-mode was found to be the most populated and energetically favoured
cluster for TPAS, but we preserved also other binding modes for MD
simulation analyses, due to their similarity to the binding modes found for the
enantiomers of Ibu-AMS5 and Flu-AML1.

The best pose for each binding mode was submitted to 100 ns MD
simulations. Compared to the MD studies on the enantiomers of Ibu-AMS5 and
Flu-AM1, we have doubled the length of the simulation time to perform more
exhaustive analysis on the stability of the four binding modes found for



TPAS. The calculations were performed on the dimeric form of the enzyme
loading the docking pose on both monomers, while analyses were performed
on the single monomers.

The Al-mode was found to be very stable during 100 ns of MD, as showed in
the RMSD plot of the ligand (Fig. 21A), and the convergence to the same
binding mode in the two monomers (Fig. 21B).
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Fig. 21: MD refinement of TPA5 Al-mode. A: RMSD plot during 100 ns of MD refinement of
the ligand in monomer A (black) and monomer B (red). B: superimposition of the competitive
binding site refinement at the end of 100 ns of MD in monomer A (grey) and monomer B
(indigo).

The MD refinement of Al-mode led to a tight packed binding between the
catalytic triad and the ABP channel, showing the high stability of the TPA5
conformation adopted during the trajectory. It is worth noting that this binding
mode influences the arrangements of the residues in the MAC channel,
leading to the closure of the entrance gate for the FAAH substrates.

The A2-mode showed little differences in the binding of TPA5 in the two
monomers. As observed in the RMSD plot, the ligand in monomer B showed
a net conformational change after 75 ns, corresponding to the switch of the
torsional of the trifluoromethyl-pyridin moiety (Fig. 22A), while the other
parts of the ligand bind in a stable manner to the ABP channel (Fig. 22B).
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Fig. 22: MD refinement of TPA5 A2-mode. A: RMSD plot during 100 ns of MD refinement of
the ligand in monomer A (black) and monomer B (red). B: superimposition of the competitive
binding site refinement at the end of 100 ns of MD in monomer A (brown) and monomer B
(green).

The B1-mode showed a quick rearrangement of TPAS, reflected in the RMSD
plot of the ligand in the monomers A and B, which show a firm fluctuation in
the initial phase of MD refinement (Fig. 23A). Cluster analysis of the ligand
in the two monomers led to a similar binding mode with different orientations
of the methyl-pyridine moiety in the MAC channel (Fig. 23B).
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Fig. 23: MD refinement of TPA5 Al-mode. A: RMSD plot during 100 ns of MD refinement of
the ligand in monomer A (black) and monomer B (red). B: superimposition of the competitive
binding site refinement at the end of 100 ns of MD in monomer A (cyan) and monomer B
(magenta).

The B2-mode showed very distinct binding modes in the two monomers. As
seen in the RMSD plot, the ligand in the monomer A showed large fluctuation
and binds a region between ABP and MAC channels (Fig. 24A). Moreover,
the different positioning of the ligand in the two monomers influenced the



arrangement of the surrounding residues, as seen for al18 and a.19 helices (Fig.
24B).
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Fig. 24: MD refinement of TPA5 Al-mode. A: RMSD plot during 100 ns of MD refinement of
the ligand in monomer A (black) and monomer B (red). B: superimposition of the competitive
binding site refinement at the end of 100 ns of MD in monomer A (yellow) and monomer B
(pink).

4

To discriminate among the conformational ensembles sampled for each
binding mode in the MD refinement, the binding free energies were
determined using three approaches: Molecular Mechanics Generalized Born
Surface Area (MM/GBSA) and Molecular Mechanics Poisson Boltzmann
Surface Area (MM/PBSA) and Solvated Interaction Energy (SIE) (see
Experimental Section for details of the underlying formalisms). As said
before, only Al-mode was found to converge to the same binding mode in the
two monomers A and B, while other bindings led to distinct conformational
ensembles for each monomer (Fig. 21B-24B). Both MMPBSA, MMGBSA
and SIE calculations supported the preference for the Al-binding mode of
TPAGS (Table 3).

DOCKING MD analysis
licand | mode Pop% AD score MMGBSA | cl Pop%  Time (ns) MMGBSA MMPBSA SIE
Al 50 -5,11 -59.46  |a0  97.8 95-100 -58.47 -15.76 -10.2
a0 962 95-100 48,04 -2.46 -9.29
A2 30 -8.41 -49 65
b0 386 95-100 -48.64 526 -9.39
TPAS 0 667 95-100 4579 3,03 -8.91
Bl 9 -9.01 -49.18
0 751 95-100 -48.23 -2.65 -9.13
- 42 -
- 3 867 50,68 a0 945 95-100 4241 3,00 8,62
b0 487 95-100 -47.63 1,13 -9.29

Table 3: Free energy calculation of the representative binding modes refined through MD runs
of 100 ns. In case of non-convergent binding mode, the evaluation of free energies of binding
are reported for the best cluster in the monomer A (a0) and B (b0). MMPBSA, MMGBSA and
SIE values are in kcal/mol.
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Docking scores, MD convergence and estimation of binding affinity strongly
indicated the Al-binding mode as the preferred pose. Nevertheless, taking
into account that very similar compounds, such as Flu-AM1 and Ibu-AMS,
showed binding modes comparable to the B2-mode, we opted for a more
robust method to further assess the preference of the Al-binding mode for
TPADS. Indeed, hybrid quantum mechanical molecular mechanics (QM/MM)
calculations were submitted for each representative binding mode. Being
QM/MM computationally more expensive method, we restricted these
calculations to the residues surrounding a subset of 15 A from the centre of
mass of the binding modes refined by MD to avoid any loss of the interactions
that might influence the binding affinities. The QM/MM results confirmed the
previous free binding energies calculations (Table 4).

mode QM/MM AGowigr  AGooven) AGyiar AGipipR)

A1l -89,89 21,47 65,57 -68,42 -24,32
A2 -67,32 13,46 58,91 -53,86 -8,41
B1 -71,93 20,71 62,43 -51,22 -9,5
B2 -76,55 19,79 66,76 -56,76 -9,79

Table 4: QM/MM results on the binding modes for TPA5. QM/MM scores were obtained on
the dry complexes, therefore solvation energies from GBSA and PBSA calculations were added
to obtain final values of binding energies.

The analysis of the more representative snapshot of the Al-mode (Fig. 25)
showed that TPAS5 binds through a series of hydrogen bonds and prevalently
by hydrophaobic interactions with the apolar gorge of ABP (Fig. 25). In
particular, the methyl-pyridine moiety is in the proximity of the catalytic triad,
tightly packed by apolar interactions with residues Met191, Leul92, 11e228,
Val270 and Leu278 (Fig. 25B). The carbonyl oxygen of the amide resides
permanently near the anionic hole formed by the main chains of residues
11238, Gly239, Gly240 and Ser241, while the NH group forms a stable
hydrogen bond with the backbone of Met191. The interactions of the amide
group and of the methyl-pyridine ring required the adoption of a specific
conformation, which seems therefore to be a key requisite for FAAH
inhibition for this class of compounds. Further apolar interactions of the
aromatic groups with residues along the channel, and a water-bridged H-bond
of aromatic and the backbone of Leul92 contribute to stabilize the binding
(Fig. 25A).
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Fig. 25: Al-mode of TPAS refined after 100 ns of MD. A) Hydrogen bond of TPA5 (cyan, in
sticks) in Al-mode. B) Apolar interaction in the binding pocket of the FAAH. The ligand TPA5
is represented in cyan by van der Waals spheres.
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5.4 Structure Activity Relationships of TPA derivatives

A series of substitutions were designed on the TPAS structure with the aim to
explore the structure-activity relationships of the ligand in the binding pocket.
Substitutions on the methyl-pyridine amide moiety, which allows more
flexibility to this region, as the introduction of a methylene linker (TPAS,
TPA9), as well as the linker extension through an additional amide moiety
(TPAL0), caused a decrease in activity (Table 5). According to the selected
binding mode A1, these modifications avoid the positioning of the methyl-
pyridine ring in the pocket defined by residues Met191, Leul92, 11e228,
Val270 and Leu278.
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Table 5: Maximum percentage and ICso values for inhibition of rat brain AEA hydrolysis by
compounds TPA5, TPA8-10.

Similarly, we can explain the drop of activity showed by derivatives bearing
different position of the methyl group on the pyridine ring (TPA11, TPA12)
(Table 6) or lacking the methyl in position 5 on the methyl-pyridine ring, such
as TPA13 (Table 6), TPA14 and TPA15 (Table 7) and in a lesser extend
TPA18 (Table 7). The methyl group plays a key role in the conformational
behaviour of TPAS5, determining the relative positioning of the methyl-
pyridine ring with respect to the amide bond, besides the specific apolar
interactions formed by the methyl group with side chains of Val270 and

Leul92.



Max
Compound Formula IC50 (pM
P inhibition (%) (kM)

o Q
N
H
TPAS S\ 100 0.09
~h
H
TPAL1 é D84 11.0

1
T ~H e
H
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N
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HN CFy
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Table 6: Maximum percentage and ICso values for inhibition of rat brain AEA hydrolysis by
compounds TPA5, TPA11-13.

Moreover, the position of nitrogen on the methyl-pyridine ring is not
implicated in direct polar interaction in the binding mode presented for TPAS5.
In fact, the toluene analogue TPA16 showed similar activity in respect to
TPADB, while analogues with different position of the nitrogen in the pyridine
ring showed a decrease in activity (TPAL14, TPAL5, TPAL7, TPAL8). These
data confirm the greater importance of the presence of the 3-methyl pyridine
substituent than nitrogen atom position. Finally, the introduction of a larger
and more lipophilic ring, like the 8-aminoquinoline group in TPA19, caused a
reduction in activity (Table 7), indicating that there is no space to
accommodate larger groups.
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Table 7: Maximum percentage and ICso values for inhibition of rat brain AEA hydrolysis by
compounds TPA14-19.

The inclusion or replacement of the methyl group in the pyridine ring by
halogens (TPA24-27) increased the inhibitory activity. In particular,



substitution by chloride (TPA27) led to a 10-fold enhancement in inhibitory
potency (Table 8). This group of derivatives presented relative small changes
in structure compared to the lead TPA5. Hence, we focused our studies in
understanding why the substitution of the methyl (TPAS5) by chlorine
(TPA27) increased the inhibitory activity.

Max

2 3 F I 1C50 (UM
ompoun e inhibition (%) o

N
0
N
H
TPAS 100 0.59

HN CF3
o
O N |
N
H

Br
TPA24 100 0.13

0 /NQ
N
H
TPA2S 6L 100 0.10

TPA26 100 0.33

TPA27 100 0.058

Table 8: Maximum percentage and ICso values for inhibition of rat brain AEA hydrolysis by
compounds TPA5, TPA24-27.

The binding of TPA27 was further analysed by means of inhibition kinetics
experiments in order to define the mechanism of action of this derivative. The
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results showed that TPA27 (Fig. 26B), unlike TPAS5, behaves as non-
competitive inhibitor with Ki and alpha values of 0.28 pM and 1.03,
respectively. Since for pure non-competitive inhibitors alpha is expected to be
1, these results demonstrated that TPA27 is essentially non-competitive in its
action. Moreover, preincubation and dilution experiments also demonstrated
the reversibility of its action (Fig 26A).
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Fig. 26: Mode of inhibition of rat brain FAAH by TPA27. Panel A: homogenates were
preincubated with the compounds for the times shown prior to addition of 0.5 pM [*HJAEA
and assay for FAAH activity (means and s.e.m., n=3-4). Panel B: AEA hydrolysis at the
substrate and inhibitor concentrations shown (means and s.e.m, n=3).

Taken into account these data, it may be assumed that TPA5 and TPA27 act
as FAAH inhibitors interacting with two different binding sites in the enzyme.
Therefore, kinetic experiments highlighted how small substitutions in the
compounds belonging to the series of TPA derivatives, should dramatically
affect the inhibition mechanism and binding preferences of these inhibitors. In
light of such considerations, caution should be taken in order to derive the
structure-activity  relationships, since apparently minor  structural
modifications could influence not only the binding mode, but also the
inhibition mechanism.

In order to analyse the molecular basis of these subtle effects, thermodynamic
integration (TI) calculations [81] were used to calculate the differences in
binding free energy between TPAS5 and TPA27. Tl is best used in situations
where small changes in structure correlate with relatively substantial changes
in the binding affinity. Therefore, TI1 was used to specifically address to the
role of substitution of the methyl group on the pyridine ring in TPA5 with the
chlorine group in TPA27, performing the alchemical mutation from TPAS5 to
TPA27 in the selected binding mode of TPA5 (Al-mode). The calculation
yielded a free energy difference of 0.3 kcal/mol, thus indicating a slightly
higher affinity of TPA5 with respect to TPA27, whereas the experimental data
indicated that TPA27 was 10-fold more potent inhibitor than TPA5. In our
view, this is indirect evidence that TPA27 could not bind the enzyme
mimicking the competitive binding mode of TPADS, as the estimated change in
binding affinity is opposite to the experimental evidence. Indeed, this finding



would agree with the experimental finding that TPA27 follows essentially a
non-competitive inhibition mechanism.

5.5 Comparison with other FAAH inhibitors

Our results suggest that TPAS5 binds a region located between the catalytic
triad and the MAC, overlapping the binding of the anandamide analogue
MAFP (PDB code 1MT5) and consequently, overlapping the binding mode of
the series of a-ketoheterocycle covalent FAAH inhibitors [41, 42, 45, 46]. In
fact, the superimposition of the X-ray structure of MAFP with TPAS
highlights how the ligand adopts a conformation to bind the FAAH that
matches well the structure of MAFP, although this latter compounds binds
even deeper in the MAC (Fig. 27A). A similar behaviour is observed by the
superimposition with three different compounds of the series of a-
ketoheterocycle covalent FAAH (Fig. 27B-D). In particular, the carbonyl
moiety of the two compounds fills the same position, pointing towards the
anionic hole, while the nitrogen on the pyridine ring of TPA5 overlaps the
nitrogen in the oxazole moiety (Fig. 27D).
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\
Fig. 27: Superimposition of the binding mode of TPA5 (grey sticks) with X-ray structure of
anandamide analogue MAFP (A: pdb code IMTS5, yellow sticks), and series of a-
ketoheterocycle covalent FAAH inhibitors (B: pdb code 3K83, aquamarine sticks; C: pdb code
3PRO, light green sticks; D: pdb code 2WJ2, tan sticks). Catalytic triad and anionic hole are
represented in sticks, helices a18-a19 are represented in orange cartoon.



6. Structural investigation of the allosteric site in FAAH

The above discussion has only considered a single binding site for the
compounds. However, the kinetic experiments performed by Prof. Fowler and
co-workers at the University of Umea (Sweden) suggested a variety of
mechanisms underlying the inhibitory activity (Table 9).

[ Rat | Mouse
Compound ICs Mode of inhibition Ki a IC; Mode of inhibition K; a
Ibu-AM14 3.6 competitive 2.1 —=0d
TPAS5 0.59 competitive 0.39 —=0d 2.8 mixed 6.3 42
TPA27 0.058 Non-competitive 0.11 13 0.48 mixed 3.0 32
1lbu-AM5 0.52
S-lbuAM5 | 0.59 mixed 0.80 3.2 7
R-IbuAMS 5.7 mixed 10 3.1 53
*Flu-AM1 0.44 mixed 0.18 6.9
S-FluAM1 0.99 mixed 0.79 5.6 11
R-FIuAM1 0.74 mixed 0.63 3.2 8.8 competitive 19 — =2

Table 9: Comparison of potencies (UM) and modes of inhibition for key compounds identified
in this thesis: species dependency between rat and mouse FAAH. ICso values refer to the
inhibition of the hydrolysis of 0.5 pM [*H]JAEA by rat or mouse brain homogenates, as
appropriate. Kiand a values were obtained using the enzyme kinetics inhibition curve fitting
algorithms available in the GraphPad Prism programme. Under settings “weightings” and
“replicates” in the programme, “no weighting” and “only consider the mean Y value of each
point” were used. Only data using >8 substrate concentrations has been included here.
Comparisons of different models: competitive, non-competitive, mixed-type inhibition were
undertaken and the best fit was chosen by Akaike’s informative criteria. 2These values of a are
by definition for the competitive or non-competitive inhibition.

In the rat brain homogenates, 1bu-AM14 [26] and TPAS5 inhibited [*HJAEA
hydrolysis in a competitive manner, whereas TPA27 was a non-competitive
inhibitor. Ibu-AMS5 and Flu-AML1 enantiomers were mixed-type inhibitors of
rat brain [PH]JAEA hydrolysis. In contrast, in mouse brain homogenates, both
TPA5 and TPA27 were mixed-type inhibitors, whereas (R)-FIu-AM1 was
competitive in nature. A mixed-type inhibition has been associated to an
allosteric mode of inhibition, or to a non-competitive binding to the active site
[82]. As an example of non-competitive binding to the active site, NSAIDs
such as flurbiprofen (but not ibuprofen) interact with COX in a two-step
reaction whereby an initial competitive interaction is followed by a slower
tight-binding or even irreversible inhibition. However, in these cases, the time
dependency is very marked, occurring over minutes [83]. In the present case,
there was some apparent time-dependency with (R)-Flu-AM1 (Fig. 28A), but
it was very slow, and we have previously not seen such time-dependency with
racemic Flu-AM1, despite its mixed-type mode of inhibition [25]. Moreover,
dilution experiments demonstrated the full reversibility of (R)-Flu-AM1 (Fig.
28C).
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Fig. 28: Time-dependency and reversibility of the inhibition of rat brain FAAH by (R)-Flu-
AML. Panels A and B show the time-dependencies of (R)-Flu-AM1 and URB597, respectively.
The data are means + SEM, N = 3. In Panel C, homogenates (at 20-fold normal strength) were
preincubated with either vehicle, 2, 4 or 6 uM (R)-FIu-AM1 for 60 min. Aliquots were then
diluted 20-fold and assayed for FAAH activity. These are shown as 2—0.1, 4—0.2 and 6—0.3.
Concomitantly, (R)-FIu-AM1 was added to vehicle-preincubated aliquots to give
concentrations of 0.1, 0.2 and 0.3 puM (representing free concentrations after a 20- fold
dilution), 2, 4 and 6 uM final concentrations. The panel shows the data as percentage of
corresponding control (means + SEM, N = 3). For a fully reversible compound, the inhibition
seen in the yellow bars (i.e. following the dilution) should be lower than in the purple bars (the
inhibition seen at the undiluted concentrations) but equal to the green bars (the free

concentrations after the dilution).

We thus do not favour this mechanism as an explanation for our data. A
simpler mechanism for a fully reversible linear-mixed type inhibition of the
amidic profen derivatives may involve binding to two mutually exclusive sites
[80]. Such a model would be consistent with the data, and would represent a
particular case of the mixed inhibition model shown in Fig. 29.
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Fig. 29: Scheme of mixed-type inhibition

Indeed, we could speculate that mixed inhibition arise from comparable
affinities toward the two binding sites, with weak preference for the
competitive site (determined by o; Table 9). Competitive inhibitors such as
TPAS5 would bind the non-competitive site with very little affinity, if any.
Finally, the non-competitive mechanism of TPA27 could be explained by a
marked binding preference for the non-competitive binding site, so that the
binding to FAAH is not affected by the presence of the substrate. Structural
differences in the competitive and non-competitive binding sites for rat and
mouse FAAH could then give rise to the different observed modes of
inhibition, and the lower potencies of the compounds, generally by one order
of magnitude, in mouse FAAH compared to the rat enzyme. Similarly, small
differences in structure would drive the affinity toward the two binding sites
giving rise to different mode of inhibition.

In light of such considerations, we were prompted to search of an allosteric
binding site for these compounds.

6.1 Pocket detection

A first step to harness the regulatory potential and versatility of allosteric sites
would be to identify their presence and location. A sequence-based prediction
approach proposes to use a multiple sequence alignment to identify networks
of co-evolving residues in a protein family. Based solely on sequence, it
would be very hard to predict the location of allosteric sites as it has been
done by homology on active sites [84, 85], because the evolutionary pressure
for sequence conservation on allosteric sites is generally much lower and
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harder to detect, if at all present [86, 87]. Instead, a structure-based prediction
approach identifies and ranks the druggable pockets in the 3D structure of the
protein.

In order to detect an allosteric site on the FAAH enzyme, we have used
fpocket webserver [88] to analyse the overall FAAH cavities in the 3D
structure of rFAAH and mFAAH. The main goal of this approach is to
discover druggable binding sites on FAAH able to be modulated by small-
molecule interactions. We focused the analysis on the 10 best pockets scored
by fpocket and compared the amino acidic sequence involved in the
composition of the pockets between mouse and rat structures, with the aim to
compare whether differences in the protein sequence may lead to different
cavities in the enzyme (Table 10).

pocket colour Residue rFAAH Mutation mFAAH

1 black L192,F194,1238,5241,K263,V270,7274,Q277,Y335,L372,L.380,  Y194,V407 M530 (A)
G385,F388,.401,L404,V407,F431,R486,7488,G489,1491,
V495,1530,1534 (A)

2 blue T257 N259,K263,5264,G268,A275, 280,P310,L375,1451, S268,1280 (A)
Y454, R455,L500 (A) $268,V280 (B)
1192, T236,5262,K263,G268,V270,Y271,T274,Q277,L.280,
P310,L380,G385,F388,0448 R455,Q456,1459,D501,P555 (B)

3 green L192,5193,F194,1372,L380,L401,L.404,1407,F432,R488, Y194,V407,M530 (B)
T488,G489,1491,V495,1530 (B)
4 red K46,551,5116,Y117,H150,D151 (A) G51,A151 (A)
cyan K46,551,5116,Y117,H150,D151 (B) G51,A151 (B)
yellow A460 (A) V162,R304 (B)
M162,C168,V/169,T304,L305 (B)
7 orange N159,C269,R386,5387,Q390,N391 (A) €386 (A)
W445,K446,H449 (B) E446 (B)
8  magenta 1251,R285,D286 (A) -
9 pink M162,5164,K267 (A) V162 (A)
10 grey K142,M191,5241 (B) -

Table 10: Best 10 pockets ranked by fpocket webserver. Predictions were performed on FAAH
dimer, thus the residue that define each pocket are specified by monomer in parenthesis.
Residues are defined for the rat FAAH structure and the corresponding mutants are reported in
mouse FAAH.

Analysis of the results revealed that the best three pockets were internal
cavities, while pockets from 4 to 9 were located on the surface exposed to the
solvent (Fig. 30).



Fig. 30: Results of the pockets screened by fpocket webserver. Rat FAAH are represented by
cyan cartoon with helices a18-019 highlighted in orange. Residues of the catalytic triad are
represented by magenta sticks. Pockets are represented in spheres by colour code reported in
the table below. Three best results of fpocket are highlighted on the top of the figure.

Moreover, we also found some asymmetric differences between monomers A
and B of rFAAH. In fact, among the best ranked pockets, pocket 1 in
monomer A (black spheres) is larger than the corresponding pocket in
monomer B (pocket 3, green spheres), since pocket 1 includes residues
classified as an independent pocket in monomer B (pocket 10, grey).
Therefore, we found two druggable internal cavities in FAAH: i) (in black and
green) the first cavity is located between the catalytic triad and the membrane
interacting helices al18-a19 and represents the pocket occupied by the
substrate and hence is considered as the competitive pocket, and ii) (in blue) a
second cavity is located in the cytosolic port that connects the catalytic triad
to the cytosol, allowing the release of the ethanolamine produced by the
hydrolysis of anandamide and the access of water needed to release
arachidonic acid.

To further check the capability of all detected pockets to bind amide profen
derivatives, we performed docking with Autodock4.2 on a box including all
the pockets found with the previous pocket analysis. Docking was performed
on lbu-AMS5, which is the smallest ligand that could bind an allosteric site.
We performed 200 iterations with the aim to improve the search for potential
binding sites enlarging the sampling.
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Docking solutions were located between the pockets coloured in blue, green
and grey as determined by fpocket (Fig. 31), excluding the implication of the
external cavities.

=

/\l’gﬁ/ popn%  AD score pocket
lbu-am5 22,5 -8,81 green
68,5 -8,5 blue

9 -8,15 grey

Fig. 31: Docking results on the box (blue) that includes the pockets predicted by fpocket (in
transparent spheres with the colour code used in the Table 12). Rat FAAH are represented by
cartoon, showing helices al18-a19 in orange cartoon and catalytic triad in magenta sticks.
Ligand poses of the docking are displayed in sticks and the putative box for the allosteric site
are represented in red. Results are listed in the table at the bottom of the figure. AD scores are
expressed in kcal/mol.

The docking prediction has reported all the solutions investigated in the
competitive site for the binding of the enantiomers of Ibu-AMS5, Flu-AM1 and
TPAB. These solutions could be included in the green and grey pockets.
Nonetheless, a high percentage of solutions fill the blue pocket. Taking into
account these results, we have defined a box located between the catalytic
triad and the interface between monomers and we used this box to examine
the binding of mixed-type and non-competitive inhibitors in this pocket (red
box in Fig. 31).



6.2 Molecular docking in the allosteric pocket

The binding mode of the inhibitors (S)-1bu-AM5, (R)-Flu-AM1 and TPA27 to
the rFAAH allosteric site was studied combining molecular docking and MD
simulations.

The ligands bind a region between catalytic triad and CP. Two binding modes
that differ in the orientation of the amide moiety were found (Fig. 32). Thus,
the amide moiety may point towards either the catalytic triad (A-mode) or the
interface between FAAH monomers (B-mode).

T

Fig. 32: Molecular docking of (S)-Ibu-AM5 (green), (R)-Flu-AM1 (pink) and TPA27 (blue) in
the allosteric pocket found by fpocket. A: A-mode; B: B-mode. FAAH monomers are
represented in cartoons (green for monomer A and brown for monomer B). Internal cavities are
represented by surface and catalytic triad is represented by magenta sticks.

The A-mode achieved better scores for all the ligands and was found to be the
most populated cluster (Table 11). The A-binding mode yielded very similar
results for (S)-1bu-AMS5, (R)-Flu-AM1 and TPA27, having the pyridine ring
in the same conformation, whilst few differences in the positioning of
pyridine ring were found for the B-binding mode. Docking results were also
re-scored using MM/GBSA calculations that confirmed that the two modes
slightly differ in energy, confirming the preference for the A mode for Ibu-
AMS5 and Flu-AM1, but indicating a preference for the B-mode for TPA27.
However, keeping in mind the uncertainty of MM/GBSA calculations, caution
must be taken to not overemphasize the significance of the reduced
differences in the predicted binding affinities.
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DOCKING

ligand mode Pop% AD score MMGBSA
(S)-lbu-am5 A 79 -8,2 -35.14
B 5 -8,02 -33.17

(R)-Flu-am1 A 60  -862 -36,66
B 30 -8,22 -35.79

TPA27 A 51 -8,68 -45 57
B 3 -8,22 -47 62

Table 11: Docking results in the allosteric pocket for (S)-Ibu-AMS5, (R)-Flu-AM1 and TPA27.
AD score and MM/GBSA values are expressed in kcal/mol.

6.3 Molecular dynamics studies in the allosteric pocket

To further check the structural integrity of two binding modes, the best poses
of each docking cluster were submitted to 100 ns of all atom MD simulation.
MD simulations were run on the FAAH dimer, loading the same docking pose
in each monomer, while the analysis of MD simulations was carried out in the
single monomer.

6.3.1 Ibu-AM5 MD simulations

The MD simulation starting from the A-mode of Ibu-AM5 showed
differences about the position of the ligand within the CP in the two
monomers, as a consequence of the different fluctuation of the ligand in the
first 40 ns of MD simulation, as showed by the RMSD plot (Fig. 33).
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Fig. 33: MD refinement of Ibu-AM5 A-mode in the allosteric pocket. A: RMSD plot during
100 ns of MD refinement of the ligand in monomer A (orange) and monomer B (green),
referred to the docking. B: superimposition of the monomers after 100 ns of MD refining:
allosteric pocket is represented as internal surface (grey), ligand in monomer A is orange and in
monomer B is green. The brown helix represents the other monomer.



The ligand in monomer A, after an initial equilibration, formed two stable
hydrogen bonds between the carbonyl group of the amide moiety and the
main chains of Gly272 and GIn273, and the hydrogen bond between the
nitrogen atom of the pyridine ring and the sidechain of GIn273 (Fig. 34). On
the contrary, the simulation in monomer B did not show specific H-bonds
between ligand and enzyme, while the isobutyl moiety was located in the
aqueous environment at the tip of the CP.

A Y v P B

' Catalytic triad

Leu380

Phe388

Fig. 34: A-mode of Ibu-AMS refined after 100 ns of MD. Residues of monomer A are coloured
in green and residues of monomer B are coloured in brown. A) Hydrogen bond of lbu-AM5
(orange, in sticks) in A-mode. Water molecule at the interface between FAAH monomers are
displayed as sticks. B) Apolar interaction in the binding pocket of the FAAH. The ligand Ibu-
AMS5 is represented in orange by van der Waals spheres.

In addition, MD simulations starting from the B-mode showed different
results in the two monomers. In fact, as showed in the RMSD plot, the ligands
in the two monomers led to different ensembles after 50 ns, showing an
increase of the RMSD for the ligand in monomer A (Fig. 35).
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Fig. 35: MD refinement of Ibu-AM5 B-mode in the allosteric pocket. A: RMSD plot during
150 ns of MD refinement of the ligand in monomer A (magenta) and monomer B (yellow),
referred to the docking. B: superimposition of the monomers after 150 ns of MD refining:
allosteric pocket is represented as internal surface (grey), ligand in monomer A is magenta and
in monomer B is yellow. The brown helix represents the other monomer.
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In particular, the RMSD relative to the ligand in monomer A showed large
fluctuations in the first 50 ns of simulations and highlights a slow
equilibration of the ligand. Visual inspection of the MD trajectory revealed
that, during this long equilibration, the ligand, starting from a position very
similar to that found in the monomer B, progressively enter within the CP,
until the isobutyl moiety of 1bu-AMS5 fills in a hydrophobic cavity formed by
Phe381, Phe388, Leu380, Leul192 and Leu404. This binding mode is further
stabilised by the formation of hydrogen bonds between the nitrogen on the
pyridine ring and the main chains of Cys269 and Val270. In addition, Tyr271
formed stacking interaction with the pyridine ring, while the methyl group on
the pyridine ring was packed between Met191, Leu278 and Leul54 (Fig. 36).

"B

Leu266
( : ~
05144 P
Hls449 - Lew278  Tyr271 f
:év Leu1<4 y \ &
Catalytic ~
triad &
f‘/’ 4 Met1o1 !
Val270 o P
LeulQX f
Q’ oo t‘.\\\

Phe38

Leu404 !L
Leu408

Fig. 36: B-mode of Ibu-AMS5 in monomer A refined after 150 ns of MD. Residues of monomer
A are coloured in green and residues of monomer B are coloured in brown. A) Hydrogen bond
of Ibu-AM5 (magenta, in sticks) in B-mode. Water molecule at the interface between FAAH
monomers are displayed by sticks. B) Apolar interaction in the binding pocket of the FAAH.

The binding of the ligand in monomer B showed different behaviour, with
fewer fluctuations in the initial phase of MD simulation. The isobutyl moiety
interacts with Leu192, Phe388, Leu380 and 11238, while the carbonyl of the
amide moiety forms hydrogen bonds through water molecule with the main
chains of Cys269 and Val270. Moreover, this conformation is further
stabilised by hydrogen bonds of the amide moiety with the backbone of
Lys263, and between the nitrogen on the pyridine group and the backbone of
Leu266 (Fig. 37).
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Fig. 37: B-mode of Ibu-AMS5 in monomer B refined after 150 ns of MD. Residues of monomer
B are coloured in brown and residues of monomer A are coloured in green. A) Hydrogen bond
of lbu-AM5 (yellow, in sticks) in B-mode. Water molecule at the interface between FAAH
monomers are displayed by sticks. B) Apolar interaction in the binding pocket of the FAAH.

Superimposition of the bindings in the two monomers highlights some
differences in the enzyme structure that lead to different ensembles (Fig. 38):
i) the displacement of the loop 376-399 leads to the rearrangement of Leu380
and Phe381, that accommodate the isobutyl moiety deeper in an hydrophobic
cavity formed by Phe381, Phe388, Leu380, Leul92 and Leu404; ii) the direct
interactions of the pyridine nitrogen with the anionic hole formed by main
chains of Cys269 and Val270, that helped the inhibitor to adopt the
conformation able to gain the entrance in the hydrophobic pocket; and iii) the
orientation of the methyl group on the pyridine ring that permanently interacts
with Met191 and Leul56.
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Fig. 38: Superimposition of the binding mode B of Ibu-AM5 in the allosteric pocket. Catalytic
triad are represented in magenta sticks. Ibu-AMS5 (magenta in monomer A, yellow in monomer
B) and surrounding residues are (green in monomer A, brown in monomer B) represented by
stick.

6.3.2 Flu-AM1 MD simulations

The MD simulations starting from the A-binding mode of Flu-AM1 showed
slightly different conformations of the ligand in the two monomers. As shown
in the RMSD plot, the ligand in monomer A undergoes to major
modifications, resulting in a different occupation of the CP by biphenyl and
methyl on C-2 moieties (Fig. 39), while the ligand in monomer B showed a
very stable binding mode along the 100 ns trajectory.
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Fig. 39: MD refinement of Flu-AM1 A-mode in the allosteric pocket. A: RMSD plot during
100 ns of MD refinement of the ligand in monomer A (violet) and monomer B (green), referred
to the docking. B: superimposition of the monomers after 100 ns of MD refining: allosteric
pocket is represented as internal surface (grey), ligand in monomer A is violet and in monomer
B is green. The brown helix represents the other monomer.

The stability of the binding after 100 ns MD of the ligand in monomer B
prompted us to select this binding mode as the most representative pose of the
A-mode. Analysis of the binding mode showed similar array of interactions of
the A-mode of Ibu-AM5, with the biphenyl moiety partially facing to the
aqueous environment, establishing few hydrophobic contacts with Met453
and Leu278, while the polar portion of the inhibitor is stabilised by hydrogen
bonds with GIn273 backbone and sidechain (Fig. 40). Finally, the methyl-
pyridine ring established hydrophobic contacts with 11238, Leu380 and
Val270.

A E
p |
L\q ezl Y 7
‘ Catalytic triad £ ‘
Catalytic triad 3
’
; T

Leu IW N
Phe388

Fig. 40: A-mode of Flu-AM1 in monomer B refined after 100 ns of MD. Interacting residues
are showed in sticks (brown, monomer B; green, monomer A). A) Hydrogen bond of Flu-AM1
(green, in sticks) in B-mode. B) Apolar interaction in the binding pocket of the FAAH. The
ligand Flu-AML1 is represented in green by van der Waals spheres.
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The MD simulation of the B-binding mode of Flu-AM1 showed the same
conformation of the ligand in the two monomers, but a different positioning
within the pocket. The RMSD plot showed some fluctuations, in particular in
the last 15 ns of MD (Fig. 41). Analysis of the trajectory revealed that they
were due to the transient rotation of the methyl-pyridine ring.
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Fig. 41: MD refinement of Flu-AM1 B-mode in the allosteric pocket. A: RMSD plot during
100 ns of MD refinement of the ligand in monomer A (violet) and monomer B (blue), referred
to the docking. B: superimposition of the monomers after 100 ns of MD refining: allosteric
pocket is represented as internal surface (grey), ligand in monomer A is violet and in monomer
B is blue. The brown helix represents the other monomer.

The analysis of the binding modes found in the two monomers highlighted a
similar pattern of interactions. Here we describe the binding in monomer B,
since it is characterized by a better stability according to the RMSD plot in
Fig. 41 The B-mode of Flu-AM1 showed the biphenyl moiety filling a
hydrophobic pocket formed by Leul92, 11e238, Val276, Leu278, Leu380 and
Phe388. Furthermore, the carbonyl of the amide moiety forms hydrogen bond
with the backbone of Gly272, the methyl-pyridine ring is stabilised through
stacking interactions with His449 and Tyr271, but the methyl group is
surrounded by water molecules (Fig. 42).
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Fig. 42: A-mode of Flu-AM1 in monomer B refined after 100 ns of MD. Interacting residues
are showed in sticks (brown, monomer B; green, monomer A). A) Hydrogen bond of Flu-AM1
(blue, in sticks) in B-mode. Water molecule at the interface between FAAH monomers are
displayed by sticks. B) Apolar interaction in the binding pocket of the FAAH.

6.3.3 TPA27 MD simulations

The MD simulations of the A-binding mode of TPA27 yielded similar results
in the two monomers after 100 ns MD refinement, showing slightly difference
in the orientation of the chloropyridine ring and trifluoropyridine moieties
(Fig. 43).
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Fig. 43: MD refinement of TPA27 A-mode in the allosteric pocket. A: RMSD plot during 100
ns of MD refinement of the ligand in monomer A (cyan) and monomer B (magenta), referred to
the docking. B: superimposition of the monomers after 100 ns of MD refining: allosteric pocket
is represented as internal surface (grey), ligand in monomer A is cyan and in monomer B is
pink. The brown helix represents the other monomer.

The A-binding mode of TPA27 was similar to the pose described for Ibu-
AMS5 and Flu-AM1, in particular regarding the portion of the molecule shared
with profen derivatives. Thus, the ligand is stabilised by hydrogen bonds
between the carbonyl amide and the backbone of GIn273 (as seen for A-mode
of Ibu-AM5 and Flu-AM1), and hydrophobic interactions of the methyl-
pyridine ring with Phe388, Leu380, 11e238 and Val270, and of the methyl on
the chiral centre with Leu278. The different shape of the 4-((2-
(trifluoromethyl)pyridin-4-yl)amino)phenyl moiety, with respect to the
biphenyl of Flu-AML1, allow more hydrophobic contacts with residues of the
second monomer (Metd54, His449 and Trp445), but also water-mediated
hydrogen bond of the trifluoromethyl-pyridine moiety with sidechains of
Ser254 and Glu453 at the interface with the other monomer (Fig. 44).
Therefore, the presence of hydrogen bond donors and acceptors that
characterize the TPA series with respect to the profen derivatives, contributed
to stabilise the A-mode in the allosteric pocket.
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Fig. 44: A-mode of TPA27 in monomer A refined after 100 ns of MD. Interacting residues are
showed in sticks (brown, monomer B; green, monomer A). A) Hydrogen bond of TPA27 (cyan,
in sticks) in B-mode. B) Apolar interaction in the binding pocket of the FAAH. The ligand
TPAZ27 is represented in cyan by van der Waals spheres.

The B-binding mode of TPA27 showed very distinct poses in the two
monomers. As seen in the RMSD plot, the ligand in monomer A showed large
fluctuations and filled an area near to the catalytic triad. On the contrary, the
simulation in monomer B led to a stable binding in the CP (Fig. 45).
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Fig. 45: MD refinement of TPA27 B-mode in the allosteric pocket. A: RMSD plot during 100
ns of MD refinement of the ligand in monomer A (magenta) and monomer B (yellow), referred
to the docking. B: superimposition of the monomers after 100 ns of MD refining: allosteric
pocket is represented as internal surface (grey), ligand in monomer A is pink and in monomer B
is yellow. The brown helix represents the other monomer.

The B-mode in the monomer B formed a water-mediated hydrogen bond with
the sidechain of Ala275 and showed stacking interaction with Tyr271 and
hydrophobic contacts with Met191, Leul92, Val270, Leu278 (Fig. 46).
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Fig. 46: B-mode of TPA27 in monomer A refined after 100 ns of MD. Interacting residues are
showed in sticks (brown, monomer B; green, monomer A). A) Hydrogen bond of TPA27 (cyan,
in sticks) in B-mode. B) Apolar interaction in the binding pocket of the FAAH.

Computational data about the binding mode of Ibu-AM5, Flu-AM1 and
TPA27 do not allow a clear definition of the binding mode. QM/MM
calculations are currently running in order to have a clearer picture of the
binding energetics in order to establish the preferred binding mode of each
ligand in the allosteric site.

Nevertheless, we designed a series of derivatives of lbu-AMS5 and Flu-AM1,
in order to get more information on the SAR that could lead to the selection of
the best binding mode for each ligand.

6.4 Profen amide derivatives

6.4.1 Ibu-AMD5 derivatives

Taking into account the binding hypothesis of (S)-lbu-AM5 for the
competitive and allosteric site, we designed a number of 1bu-AMS5 derivatives
by varying the chemical nature of the amide group in order to improve the
SAR.

Kinetic experiments highlighted how small substitutions should dramatically
affect the inhibition mechanism and binding preferences of TPA and Ibu-am
derivatives. Moreover, due to the mixed nature of Ibu-AMS5 inhibition, we
hypothesize that these compounds bind two different binding sites. In light of
such considerations, limited information can be derived by SAR analysis,
since we actually do not know if changes in the activity are due to changes in
affinity toward the competitive site, the allosteric site or both.

We firstly investigated the role of the pyridine nitrogen substitution (Table
12).
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Max
Compound Formula 1Csp (M)

inhibition (%)
o) )NQ
N
H

Ibu-AMS5 100 0.52
0 Z ]
N
H
Ibu-AM48 100 20
0 z ]
N
Ho¢
Ibu-AM49 100 2.4

Table 12: Maximum percentage and ICso values for inhibition of rat brain AEA hydrolysis by
compound Ibu-AM5, lbu-AM48-49.

The loss of the pyridine nitrogen worsened the affinity, in agreement with the
(S)-Ibu-AM5 binding mode described in chapter 2. The nitrogen is indeed
involved in a hydrogen bond with Trp531. The substitution of the methyl
group of the pyridine moiety of TPA5 with the more polar hydroxyl group
resulted in a reduction of activity (Ibu-AM50, Table 13). This result is in
agreement with the binding mode proposed for the competitive site, wherein
the methyl group fills a hydrophobic pocket formed by Leu404 and Ile407
(mutated in mouse). In the putative allosteric binding mode, the methyl group
fills a hydrophobic environment in the B-mode of Ibu-AMS5, while the
pyridine nitrogen is involved in hydrogen bond with Val270.



Max
Compound Formula ICsq (LM)

inhibition (%)
i
N7 :
H

OH

Ibu-AM50 100 8.5
OH
.
K‘“/.‘“N
H
Ibu-AM51 ﬁ 100 3.8
\\f
~
o | OH
%N
H
Ibu-AMS52 |/“\~ 100 0.35
g
S~
o ;/Q\
N
H
Ibu-AMS53 100 4.6

Table 13: Maximum percentage and ICso values for inhibition of rat brain AEA hydrolysis by
compound lbu-AM50-53.

To further explore the chemical features of the pockets filled by the methyl-
pyridine moiety of Ibu-AMD5, we also designed a series of compounds bearing
hydrogen donor and acceptor groups on a phenyl ring in the amide moiety
(Table 13). The results demonstrated that the hydroxyl group on the phenyl
ring induce loss of activity when introduced in position 2, but it is better
tolerated in position 4 (Ibu-AM51). Hence, we designed compound Ibu-
AM52, which is the only compound of this series to show low micromolar
activity for rFAAH, showing 7-fold increase in activity compared to lbu-
am48. Therefore, Ibu-AM52 confirmed the need of a hydrophobic group in
ortho to the amide bond, while demonstrated the possibility to exploit the
para position for extra polar interactions. Among the putative binding mode
found in the allosteric pocket, this behaviour would be in better agreement
with both B-mode hypotheses of binding (Fig. 36 and 37), since the amidic
portion points to the cytosolic environment where the 4-hydroxyl group might
establish water bridged interactions with residues in the CP. On the contrary,

65



in the competitive site the methyl-pyridine moiety (Fig. 13) is tailored in a
hydrophobic pocket, and therefore should not accommodate any substituent in
position 4 of the phenyl ring. Therefore, we cannot exclude that Ibu-AM52
could reveal a different mode of inhibition with respect to Ibu-AMS.

Max

Compound Formula IC M
P inhibition (%) < (M)

(o]
N N
H
lbu-AM5 é 100 0.52
(o]
N N
H Cl
lbu-AM54 % 100 0.91
o

lbu-AM55 100 0.36

lbu-AM57 100 0.12

lbu-AM58 100 21

|
: H
o]
N
H Br
Ibu-AM56 100 0.083
o
|
H
(o]
|
: H



Table 14: Maximum percentage and ICso values for inhibition of rat brain AEA hydrolysis by
compound lbu-AMS5, lbu-AM54-58.

To explore the chemical requirements of the position 3 of the pyridine amide
moiety we have designed compounds with halogen. The 3-chlorine derivative
showed small reduction in activity as compared to lbu-AMS5, while the
replacement of chlorine with bromine, iodine and trifluoromethyl groups
improved the inhibitory activity. Among these, the 3-bromopyridine analogue
Ibu-AM56 is the most potent FAAH inhibitor of the Ibu-am series with an
ICs0 value of 0.083 uM. It is noteworthy that the effects of the 3-chlorine and
3-bromine substitution induce different effects in the Ibu-am and TPA series.
The comparison of the activities of Ibu-AM54 with TPA27 and of Ibu-AM56
with TPA24 revealed different structure-activity relationships, suggesting
different binding modes for the two series, which is in agreement with our
computational data.

We also evaluated the effects of a polar group in place of the methyl group of
Ibu-AM5. The comparison of Ibu-AM58 with Ibu-AMS5 reveals that the
replacement of the methyl with a hydroxyl group leads to a 4-fold reduction in
activity, confirming the trend showed by the aryl analogues lbu-am48 and
Ibu-AM50. Therefore, the introduction of the hydroxyl group in position 3 of
the pyridine ring is not favourable for the activity, as expected by the
predicted binding modes, where 3-methyl group of Ibu-AM5 fills
hydrophobic cavities in both competitive (Fig. 13) and allosteric (Fig. 36)
binding sites. However, the comparison of Ibu-AM58 and Ibu-AM50
activities indicates that the pyridine nitrogen increased the inhibitory activity
by a factor of 4. (Table 14).

6.4.2 Flu-AML1 derivatives

On the basis of (R)-Flu-AM1 putative binding modes found for competitive
and allosteric sites, we designed a number of Flu-AM1 derivatives. The first
compounds synthetized and tested are reported in Table 15.
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Max
Compound Formula IC. [{")]
P inhibition () ' M)

Flu-AnM1 100 044

/§
K|
l‘
H o
Flu-am2 100 011
F

Flu-AM3 100 0.021

L
Flu-AM4 /C 100 0.15
F

Table 15: Maximum percentage and ICso values for inhibition of rat brain AEA hydrolysis by
compound Flu-AM1-4.

As a general observation, we found that the behaviour of Flu-AM1 derivatives
correlate with the trends observed for Ibu-AM5 derivatives reported in
paragraph 5.4.1. Indeed the 3-bromo-pyridine derivative Flu-AM3 is the most
active of the series, while 3-CFs-pyridine (Flu-AM2) and the 2-methyl-4-
hydroxy-phenyl (Flu-AM4) show little improvements of activity with respect
to the lead Flu-AM1. This consideration is in good agreement with the
reported binding modes in the competitive site. On the contrary, the Flu-AM1
B-binding mode described for the allosteric site don’t show specific
interactions of the methyl-pyridine moiety, that is not involved in any specific



interactions, being surrounded by water molecules, and it would be in better
agreement with the A-binding mode. Therefore, more detailed investigations
will be required in order to study the binding mode of these promising

ligands.
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7. ldentification and rational design of novel peptides that
interfere with the interaction between hUbA1/UbcH10.

7.1 Introduction

UbcH10 is a member of the ubiquitin conjugation enzymes (Ubc), a
component of the anaphase-promoting complex and a key regulator of cell
cycle progression [89], as it induces the ubiquitination and degradation of
cyclins A and B [90]. Previous studies have indicated that UbcHZ10
overexpression might be associated in the late stages of thyroid neoplastic
transformation [91], and that high levels of UbcH10 correlate with most
aggressive grade tumour in breast cancer [92]. Similar evidences have been
found for several tumour types, such as ovarian [93], colorectal and brain
cancers [94] and different lymphoma [95]. Moreover, in numerous cancer
tissues the UbcH10 expression is relatively higher if compared with the
adjacent non-malignant tissues. All these evidences point out that the aberrant
expression of UbcH10 could promote tumour expansion through dysfunction
of mitotic progression, leading to deregulation of cell growth as confirmed in
both thyroid [94] and breast carcinoma [96], where the interference with
UbcH10 appears to be potential target for developing an anticancer therapy
based on the suppression of its specific biological function.

A key step in the discovery of inhibitors of the UbcH10-mediated
ubiquitination is the comprehension of the structural and mechanistic features
that mediate conjugation of proteins to ubiquitin (Ub), a complex process that
involves a three-step cascade mechanism characterised by growing specificity
[96, see 97 for a recent review] (Fig. 47). Thus, the ubiquitin-activating
enzyme (UbAL, also known as E1) initiates the ubiquitination cascade by
catalysing the ATP-dependent adenylation of the Ub C-terminus (step I). The
high-energy anhydride bond thus formed is attacked by the E1 active site
cysteine (Cys632 in human UbAL), forming a thioester bond between E1 and
Ub (step Il). Then Ub is transferred to the active site cysteine of an Ub-
Conjugation enzyme (denoted E2), a process promoted by non-covalent
binding of a second Ub molecule in the adenylation site (step Il and IV).
Finally, Ub is conjugated to its substrate with the aid of a protein ligase
(known as E3), resulting in the covalent linkage of the Ub C-terminus to the
g-amino group of a lysine in the substrate (steps V and VI). In humans there
are two E1 enzymes (UbAL and UbA®6) [98], over 30 distinct forms of E2 and
about 500-1000 forms of E3, which is largely responsible for conferring
specificity to ubiquitination [99].
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Fig. 47: Ubiquitin conjugation cascade. UbAL consists of four domains: the Adenylation
domain (AD), the First Catalytic Cysteine Half-domain (FCCH), the Second Catalytic Cysteine
Half-domain (SCCH) and the Ubiquitin Folding Domain (UFD). I) UbAl catalyzes the
adenylation of the Ub C-terminus in an ATP-dependent process in the AD domain; II) the
activated Ub forms a thioester bond with a conserved catalytic cysteine in the SCCH domain of
UbAL [Ub(T)]; 11) UbAL is loaded with a second Ub molecule in the AD domain, followed by
its C-terminal adenylation [Ub(A)]; IV) the ternary UbAL,Ub(T)-Ub(A) thioester complex
recruits E2 (e.g. UbcH10); V) the thioester-linked Ub is transferred to a conserved E2 cysteine
(transthioesterification); VI) E3 mediates the binding of Ub to the target lysine e-amino groups.

To the best of our knowledge, there is not a complete 3D model of the
quaternary complex required for the transfer of Ub to the E2 Ubiquitin
conjugation enzyme. In these studies we describe a computational strategy to
build up the first structural model of the transient tetrameric complex between
the doubly Ub-loaded human UbAL (hereafter denoted UbA1~Ub(T)-Ub(A))
and UbcH10, as a member of E2 family.

The work discussed in this chapter has been published in a peer-reviewed
journal article [100] and it is the result of an interdisciplinary collaboration. S.
Correale, A. Federico, P. Pallante, A. Fusco and E. Pedone performed protein
expression and affinity assays; |. de Paola, L. Zaccaro and A. Galeone
synthesised the peptides; C. M. Morgillo, F. J. Luque and B. Catalanotti
performed computational calculations.

7.2 Building of the 3D trimeric complex of hUbA1 with doubly loaded
Ub

The structural model of hUbAL1 was built up by using 1Z7L and 3CMM
structures as templates for the hUbA1 SCCH region (1Z7L) and for the AD,
FCCH and UFD domains (3CMM), respectively. Moreover, the two
conformations of S. cerevisiae UbAL (scUbA1) found in the X-ray structure



3CMM were considered, leading to 3D models named UbAl_A and UbAl C
(see experimental section). The quality of the models was checked by
considering a number of structural features, including stereochemical
properties, the compatibility between the amino acid sequence and the
environment of amino acid side chains, and the patterns of non-bonded
interactions. Taking into account the similar scores obtained for the two
models and their structural resemblance (RMSD = 1.2 A), MD refinement
was accomplished only for UbAl_C. A stable structure was obtained after the
first 5 ns of the trajectory (Fig. 48A). Nevertheless, the structure of each
domain was very stable along the trajectory, as demonstrated by the stability
of the RMSD of the single domains (Fig. 48B).
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Fig. 48: A: Time evolution (ns) of the RMSD (A) of the UbA1_C model: hUbA1l apo (red),
hUbA1~Ub(T) (yellow), hUbA1~Ub(T)-Ub(A) (green) and hUbAl~Ub(T)-Ub(A)-UbcH10
(black). B, C and D: Structural preservation of the structure of each region. of: hUbA1 apo (B),
hUbA1-Ub(T) (C) and UbA1~Ub(T)-Ub(A) (D), AD (black), UFD (green), SCCH (red) and
FCCH (blue).

To build up the tetrameric complex between hUbAL, Ub(T), Ub(A) and
UbcH10, we first modelled the hUbAL1~Ub(T) thioester complex, which was
subsequently used to dock a second Ub molecule in the AD domain.
Modelling the binding mode of Ub(T) is challenged by the lack of structural
and biochemical information about this interaction, and by the covalent
linkage of Ub, which is an unusual feature in protein-protein docking. To this
end, was adopted a multistep strategy that included the use of two protein-
protein docking webservers, HADDOCK [101] and RosettaDock [102], in
order to disclose the non-covalent interfaces between the E1 and Ub(T).
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Accordingly, we first docked Ub to hUbA1 using HADDOCK by restraining
the contact between Cys632 (UbA1l) and Gly76 (Ub). Among the 9 clusters
that embody the 200 best structures yielded by HADDOCK (Table 16),
solutions were chosen on the basis of four criteria: i) the distance from the
sulphur atom of Cys632 and the carboxylic oxygen of Gly76, ii) the total
score, iii) the total number of poses, and iv) the buried surface area. The
selected poses lead to a distance lower than 3.8 A, and are characterized by a
high score, a large number of poses, and a large burial of surface area (see
Table 16).

HADDOCK UbcH105-C114 SIE
population Haddock Score
Cluster Ub(T) C-ter G76 AG
3 32 3,7 47,6 +/- 4,6 -4,88
5 5 4,2 32,6 +/-6,0 1,78
2 62 3,6 31,9 +/-1,2 -6,71
6 5 4,3 26+/-6,5 4,07
8 4 4,1 258 +/-2.4 5,57
4 10 4,7 -19,8 +/- 6,3 -6,91
1 73 4,7 17,7 +/-3,6 -4,89
7 5 6,4 23+/-53 -5,1

Table 16: HADDOCK results for the dimeric complex hUbAL1-Ub(T). The structural data
include the distance (A) from the sulphur of the hUbA1 Cys632 to the C-terminal Gly76 of
Ub(T). The energy data report the score of the docked structures obtained from HADDOCK
and from SIE (kcal/mol). Lowest energy result for clusters 3 and 2 (named respectively Ha and
Hb) were selected for Rosetta calculations.

These poses (denoted Ha and Hb) mainly differ in the orientation of Ub
relative to the SCCH domain (Fig. 49A). In the lowest energy solution (Ha),
Ub forms contacts with SCCH, mainly through ionic and polar interactions,
and FCCH, primarily through hydrophobic interactions via the lle44 patch,
which is known to be involved in other non-covalent interactions of Ub, such
as in the recognition of UbcH5¢c, UEV and GLUE domains [103]. In the
second pose (Hb), Ub only showed polar contacts between residues in the Ub
tail with the SCCH domain.



Fig. 49: Model of hUbA1-Ub(T) complex. A) Comparison of the best two binding modes of Ub
resulting from HADDOCK calculation, Ha and Hb, shown in yellow and orange, respectively.
Terminal Ub-Gly76 and catalytic UbAL1-Cys632 are highlighted in spheres coloured by atom
type. B) Detail of hUbA1~UDb(T) interactions in the lowest energy MD frame (time 9.6 ns).
Apolar hydrogens were omitted for sake of clarity. Colour code: hUbAL, grey; Ub(T), yellow;
van der Waals interactions are highlighted with transparent Connolly surfaces. Carbons are in
cyan, nitrogen in blue, oxygens in red, sulphur in yellow and hydrogens in white.

The two poses were then checked using RosettaDock. The best ranked
solution turned out to be very similar to the best HADDOCK solution (Ha), as
noted in a RMSD of 0.82 A. In contrast, calculations started from pose Hb
yielded solutions that showed significant structural differences with regard to
the initial structure. Therefore, due to the structural consistency of pose Ha, it
was chosen as a model of the hUbA1~Ub(T) complex and subsequently
refined by MD simulations, which led to a stable trajectory after the first 2 ns
(see Fig. 48A, C). The refined structure supports the hydrophobic contacts
between residues Leu8, lle44, Val70 and Leu73, which interact with FCCH
residues Y286, Met223, Val277, Leul78 and Thr233. The hydrophobic
interactions involving the lle44 patch were also reinforced by ionic
interactions between Arg42 (Ub(T)) and Asp236 and between Arg74 (Ub(T))
and Asp811 (Fig. 49B).

The trimeric complex was obtained through docking of Ub to the AD site and
subsequent MD refinement, which led to a stable trajectory after the first 2 ns
(see Fig. 48A, D). The 3D structures closely resembled the X-ray template
3CMM (RMSD of 1.1 A; Fig. 50A). Three different interfaces might be
identified: i) the loop pocket defined by hUbAL residues Tyr618, Ser621,
Glu626, Arg515, Asn512, Asn516 and Arg551 interacting with Ub(A) tail
residues Arg72, Arg42 and Arg74 and AMP (Fig. 50B); ii) an hydrophobic
patch formed by the Ub residues Leu8, Ile44 and Val70 that form contacts
with a hydrophobic area in the hUbAL AD region formed by residues Phe933
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and Phe926 (Fig. 3-C); and iii) the polar interface formed by Ub(T) residues
Thr9, Lys11, Thrl2, Asp3 interacting with the FCCH region, mainly with
residues Glu243, Arg239 and Asn212 (Fig. 50C). Moreover, interactions
between Ub(T)-Lys48 and Asp920 and GIlu938, not present in the 3CMM
structure, were also found.

Fig. 50. Model of hUbA1-Ub(T)-Ub(A) complex. A) Superimposition of the hUbAL1~Ub(T)-
Ub(A) model C_Ha on the crystal structure 3CMM_C; B) Detail of the main interactions of
Ub(A) and AMP in the hUbAL loop pocket; C) Detail of the main interactions between Ub(A)
and hUbAL: hydrophobic and polar interface. AMP is highlighted in CPK. Apolar hydrogens
were omitted for the sake of clarity. Colour code: hUbAL, grey; Ub(T) yellow; Ub(A), orange;
scUbA1, blue; scUb(A), green.

Finally, during our studies, a novel structure of the scUbAL loaded with two
ubiquitin molecules was released in the PBD with the name 4NNJ [104]. The
superimposition of the model of hUbAL1-Ub(T)-Ub(A) complex obtained with
our incremental strategy to the crystal structure (chains C, D, E) leads to a
RMSD of 1.5 A (determined for the Ca carbon atoms), and showed a position
of Ub(T) very similar to the pose C_Ha selected in our calculations (Fig. 51),
thus supporting the reliability of our model.



Fig. 51: Superposition of the backbone for the X-ray structure 4NNJ and the 3D model of the
ternary complex. Front and side views are shown in the left and right pictures, respectively.
Colour code: hUbA1L, grey; Ub(T) yellow; Ub(A), orange; scUbA1, magenta scUb(A), green,
scUb(A), Cyan.

7.3 Building of the quaternary complex hUbA1~Ub(T)-Ub(A)-
UbcH10

The hUbA1~Ub(T)-Ub(A) model was the starting point for the docking with
UbcH10. In order to make a more exhaustive sampling, up to four different
starting points were considered for docking calculations (see experimental
section). HADDOCK calculations yielded 80 clusters. The results were
filtered by selecting only poses where the distance from the sulphur atom of
the UbcH10 catalytic cysteine (Cysl14) to the carbonyl carbon of the C-
terminal Gly in Ub(T) was lower than 20 A, considering this limit as
indicative of the side of UbcH10 facing the SCCH region. Moreover, this
criterion is consistent with the distance between the Cys residues involved in
the transthiolation reaction in the crystal structure 2NVU, representing the
tetrameric complex of the NEDD8 system. Only six clusters satisfied the
distance cutoff. Among these clusters, Ub(T) adopted the Ha binding mode in
five cases, and the Hb arrangement was found in a single case. This suggests
that the Ha binding mode position was better suited to accommodate the E2
partner within the E1 groove with the catalytic cysteines facing each other.
Table 17 shows the distinct poses ranked according to HADDOCK score as
well as to the binding free energy of the complex calculated with the SIE
method using the snapshots collected in the MD simulation. A Ha L2
emerges as the best pose according to HADDOCK score and SIE binding
affinity. Both HADDOCK and SIE scores are consistent in suggesting
C_Ha R and C_Ha_L as feasible poses. The structures of these complexes
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differ by around 5.5 A relative to A Ha L2. The A Ha L1 and A Ha_R
poses were structurally similar to A_Ha_L2 (RMSD of 3.3 A) and Ca_Ha_R
(RMSD of 4.3 A), respectively. However, SIE calculations predict that they
are less stabilized compared to A_Ha L1 and A Ha_R. Finally, C_Hb_R was
discarded due to the low energetic score.

Docking UbcH10 S-C114 HUbA1 S-C632 UbecH10 5-C114 Ub(T) C-ter G76 Haddock Score SIE AG
A_Ha_L2 15,2 17,6 —147.7*11.2 —11.0
CHaR 14,6 14,5 —126.7+54 —96
CHa L 181 174 =125.0::54 =92
A_Ha_L1 16,8 151 —=118.9+7.3 -80
A_Ha_R 13 118 —125.0=100 e
C_Hb_R 16,7 18,5 —96.6+8.3 —36

The structural data include the distance (A) from the sulphur of the UbcH10 Cys114 to the hUbA1 Cys632, and to the C-terminal Gly76 of Ub(T). The energy data report
the score of the docked structures obtained from HADDOCK and from SIE (keal/mal).
doi:10.1371/journal.pone.0112082.t002

Table 17. Comparison of structural and energy data for selected docking results of the
quaternary complex.

It is experimentally known that the N-terminal helix and 132 loop of E2 are
directly involved in the formation of the complex [105-109]. In particular,
mutational and structural studies disclosed the main role of two basic
residues, conserved in the E2 family (positions 33 and 37 in UbcH10
numbering), in assisting the binding to E1. We have therefore examined the
role played in the selected models by i) the conserved acidic residues of the
UFD region of hUbALl (i.e. Glul037, Aspl047 and Glul049) and ii) the
conserved basic residues of the N-terminal helix of UbcH10 (i.e. Lys33’ and
GIn37’). It is worth noting that while a basic residue in position 33 is
conserved in all the members of the E2 family, position 37 shows a higher
variation, albeit basic or polar residues are generally found in this position. To
this end, the best three solutions (A Ha L2, C Ha R and C_Ha_L) were
subjected to a virtual alanine scanning analysis in order to evaluate the
contribution of these residues to the E1-E2 interaction. Even though the
results (Table 18) did not show significant interactions (defined as AAG >
—0.5 kcal/mol) with GIn37’, the best three models showed a significant
contribution to the binding of at least one residue from the N-terminal helix
and one residue from the UFD region of UbAL. For the sake of comparison,
no significant contribution was found for the mutations in the N-terminal
helix for poses A Ha L1 and A Ha R. In fact, only a single mutation in
hUbA1 (Aspl047—Ala) was found to lead to a significant destabilization.
This finding, together with the structural resemblance to A Ha L2 and
Ca_Ha R and the lower SIE binding free energy (see above), led to their
exclusion from further refinements.



Docking AAG hUbA1 AAG UbcH10

E1037A D1047A E1049A K33A N37A
A_Ha_L2 00 -08 00 -08 —04
C Ha R =02 —04 5 07 0.0
C_Hal -03 -13 0.1 -1.0 -0
A_Ha_L1 00 -1.2 00 -0.2 —-02
A_Ha_R -0.2 —06 00 —-03 01
CHbR -04 02 -06 —-07 06

Results of the virtual alanine scanning (AAG; kcal/mol} due to the mutation to Ala of residues Glu1037, Asp1047 and GIu1049 in hUbA1 and Lys33’ and GIn37" in
Ub¢H10 are reported.
doi:10.1371/journal.pone.0112082.t003

Table 18: Alanine scanning.

The three models were further refined by running a series of 50 ns MD
simulations, and the binding free energy was determined from SIE
calculations performed for the snapshots sampled in the last four 10 ns
windows. The results consistently showed that the best binding affinity was
obtained for model C_ Ha R (—26.6+0.2 kcal/mol), it being more favorable by
6 and 9 kcal/mol compared to A Ha L (—20.2+1.4 kcal/mol) and C Ha L
(—17.2+1.5 kcal/mol) models. On the basis of the preceding findings, the
C_Ha_R model was further refined by extending the MD simulation to 500
ns. The analysis of the trajectory revealed a progressive stabilization of the
complex, leading to a binding affinity close to —31 kcal/mol in the last 250 ns
(Fig. 52A). The alanine scanning analysis also demonstrated that the residues
known to be critical to E1-E2 complex formation contributed significantly to
the protein-protein interaction with the only exception of GIn37' (Fig. 52B).
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Fig. 52. Energetic analysis. A) SIE values (kcal/mol) determined for the E1-E2 interaction
along the trajectory (averaged for 20 ns windows). B) Contribution of key residues as derived
from alanine scanning in UbcH10 N-terminal helix and the hUbA1 UFD region during the MD
simulation of the model C_Ha_R. Colours: Glu1037, orange; Asp1047, violet; Glu1049, light
green; Lys33', bordeaux: GIn36’, blue; GIn37’, dark green.

During the MD run we observed a change in hUbAL associated to the rotation
in opposite directions of the UFD and SCCH domains with respect to the AD
domain (by 20° and of 13°, respectively, as calculated with DynDom [110]).
This conformational change caused the widening of the groove defined by the
three domains, thus allowing a closer contact between hUbA1l and UbcH10,
leading to an increase of the interaction surface (Table 19) and the gradual
decrease of the distance between the UbcH10 catalytic cysteine and the Ub(T)
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C-terminal glycine crosslinked to UbA1-Cys632 until it stabilised at around 8
A (Fig. 53).

TOTAL UFD SCCH

time (ns) interface interface interface % UFD % SCCH

docking 2518 1301 703 52 28
100 2662 1391 588 52 22
200 3211 1628 766 51 24
300 3278 1625 957 50 29
400 2964 1557 728 53 25
500 2659 1571 724 59 27
Final 5437 1558 3162 29 58
Complex

X-ray (4112) 3326 1154 1715 35 52

Table 19: Time evolution of interaction surface (A2) for selected domains in hUbAL.
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Fig. 53: Analysis of the distance between the sulphur atom of the UbcH10 Cys114 and the
carbonyl group of the crosslinked Ub(T) terminal glycine during the 500 ns unconstrained MD.

Analysis of the last 50 ns of the trajectory revealed the presence of two main
interaction surfaces, which involve contacts between i) UbcH10 helix H1 and
B1B2 loop and hUbAl UFD domain, and ii) the hUbA1 Cys-cap loop and
Ub(T) (Fig. 54).



Fig. 54. Model of the hUbA1-Ub(T)-Ub(A)-UbcH10 complex. A) Average structure of last 20
ns of MD simulation of the C_Ha_R model. The catalytic cysteines, the thioester bond and
AMP were highlighted in spheres. Detail of interactions between B) UbcH10 and SCCH
region, C) UbcH10 and Ub(T) and D) UbcH10 and UFD region. Catalytic cysteins and the
thioester bond were highlighted in CPK. Apolar hydrogens were omitted for the sake of clarity.
Colour code: hUbA1, grey; scUbAL, blue; Ub(T) yellow; Ub(A), orange; UbcH10, violet. The
van der Waals interactions are highlighted with transparent Connolly surfaces.

7.4 Final refinement of the tetrameric complex

Although MD simulations led to a progressive refinement of the quaternary
complex, the distance between residues Cys114 in UbcH10 and the terminal
glycine of the crosslinked Ub(T) was still too large (=8 A; Fig. 53) as to
mimic a state that resembles the catalytic arrangement of the interacting
proteins. Inspection of the final MD structure showed that a closer approach
between hUbAL1 and UbcH10 was prevented by the Cys-cap loop, which
retained the orientation found in the PDB template 3CMM. In contrast, in the
available structure of the E1-E2 complex (PDB structure 4112) the Cys-cap
loop is not assigned, thus suggesting a large flexibility in the covalent
construct that mimics the thioester crosslinking event. We have therefore
forced the approach of UbcH10 by using steering forces applied on the
sulphur of the UbcH10 Cys114 toward the carbonyl group of the crosslinked
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Ub(T) C-terminal glycine, after manual removing of the Cys-cap loop.
Steered molecular dynamics (SMD) simulations allowed us to reduce the
distance between those atoms from 8 A to 3.2 A in 8 ns. After loop
reconstruction, the final structure was refined in a 50 ns MD simulation,
leading to a stable trajectory (Fig. 55).
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Fig. 55: Analysis of the distance between the sulphur of the UbcH10 Cys114 and the carbonyl
group of the crosslinked Ub(T) C-terminal glycine during the 50 ns unconstrained MD of the
final model obtained after SMD.

This approach led to a closer fitting of UbcH10 into the groove defined by the
UFD and SCCH domains, increasing the total interaction surface, especially
between hUbcAl SCCH and the UbcH10 region around the catalytic cysteine,
in better agreement with the crystal structure of the E1-E2 crosslinked
construct (Table 19). Moreover, SIE calculations revealed an increase of the
binding energy to —42.7 kcal/mol.

Comparison of the refined model with the recently reported X-ray
crystallographic structure of the trimeric complex of S. pombe Ubal-Ub-
Ubc4 (PDB ID: 4112) lends support to the theoretical 3D model of the
quaternary complex. Thus, after deletion of the E2 partners (UbcH10 and
Ubc4) and the additional Ub present in the quaternary complex, superposition
of the backbone Ca carbon atoms leads to a positional RMSD of 2.5 A, which
indicates the similar structural arrangement of the AD, SCCH and UFD
domains in the two complexes (Fig. 56). Furthermore, retention of the E2
partners in the superposed structures leads to an RMSD value of 2.6 A, thus
suggesting a similar arrangement in the trimeric and quaternary complexes.



Fig. 56: Superposition of the UbA1 and Ub(A) backbone for the X-ray structure 4112 (grey) and
the 3D model of the quaternary complex (Green). Front and rear views are shown in the left
and right pictures, respectively.

The analysis of the snapshots sampled in the last 20 ns of the trajectory
allowed us to identify key interactions in the complex, which involve three
interfaces: i) the contacts between the hUbAl UFD domain and the UbcH10
helix HI and B1P2 loop, ii) the interaction between the hUbA1 SCCH domain
and Ub(T) with the region surrounding the UbcH10 Cys114', involving
residues from the 3-10 helix and helices H2 and H3, and iii) the contacts
between the hUbAL crossing loop and Ub(A) with UbcH10.

The first interface (Fig. 57) comprises the UbcH10 residues Lys33’ and
GIn37', which are experimentally known to be critical for the interaction
between E1 and E2 [107-109]: Lys33’ interacts with Aspl1042 and with
Ser1044, and GIn37' is hydrogen-bonded to the backbone oxygen of Cys1040
and the hydroxyl group of Thr988 (Fig. 57F). Moreover, hydrogen bonds
were also formed between the side chains of GIn36' and Asp1042, between
Tyr91 and Asp1047, and between the N-terminal Pro30’ with Glu1049 (Fig.
57F). Finally, the ionic interactions were supplemented by hydrophobic
contacts involving hUbA1 residues Met989, Val994, Met996, Phel000,
Phel001, and UbcH10 residues Leud2’, Pro54’, Leu59' and Phe60’ (Fig. 57E).
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Fig. 57. Final refined model of the tetrameric complex. A) Average structure of the last 20 ns of
MD simulation of the model after SMD. B) Detail of the UbcH10-Cys-cap loop interactions. C)
Detail of UbcH10-Cys region involved in hydrophobic interactions; D) Detail of the UbcH10-
Cys region involved in polar interactions; E) Detail of the hydrophobic interactions between
hUbAl UFD and UbcH10. F) Detail of the polar interactions between hUbAl UFD and
UbcH10. Colour code: hUbAL, grey; Ub(T) yellow; Ub(A), orange; UbcH10, violet. Catalytic



cysteins were highlighted in spheres. Apolar hydrogens were omitted for the sake of clarity.
Van der Waals interactions are highlighted with transparent Connolly surfaces.

Interactions between the hUbAl SCCH domain and the region surrounding
the E2 catalytic cysteine were mainly characterized by a number of ionic and
polar interactions between residues from H3 and H4 helices of UbcH10
(Glul54', Lysl164', Lys172' and Tyr165") and residues from the hUbAl Cys-
cap loop (GIn728, Lys806, Glu813, Asp811 and Asp822) (Fig. 57B), while
the region around the UbcH10 catalytic cysteine, including residues in the 3—
10 helix, were involved in interactions with the residues around hUbA1l
Cys632 and Ub(T). In particular, two main clusters of interactions are formed:
i) the first, mainly based on hydrophobic interactions, between the UbcH10
helix H3 (Prol47’, Alal53’ and T150") with the UbA1 coiled stretch between
H24 and H25 (Phe637, Phe729 and Phe741), also supported by hydrogen
bonds between Asn728 with His151’ and Thr150" (Fig. 57C); ii) the second
mainly involves residues closer to the catalytic cysteines, such as the ionic
contact between the UbcH10 Asp145’ with UbA1-Lys746 and Ub(T)-Arg 72,
and interactions between charged residues in the UbcH10 3-10 helix
(Aspl116’, Asp120’ and Lys121") with Ub(T) residues (GIn40, Arg74, Asp39)
and with the hUbA1 FCCH domain (Glu237) (Fig. 57D).

These findings demonstrated that the crosslinked Ub plays a key role in the
transthiolation intermediate with UbcHZ10. In particular, MD simulations
highlighted that the approach of the catalytic cysteines induced a rotation of
25° of Ub(T) with respect to hUbAL and a rearrangement of the Ub(T) pattern
of interactions showed in models lacking E2 (Fig. 58).

Fig. 58. Rotation of the Ub(T) induced by UbcH10 interaction in the final quaternary model

with respect to the UbAL1~Ub(T) model. Superimposition was made on the Ca atoms of the
SCCH and FCCH domains. Colour code: Final quaternary complex model: hUbAL, grey;
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UbA1~UDb(T) model: UbA1, black; Ub(T), magenta; Arg74 in the two models is shown as
licorice. Apolar hydrogens were omitted for sake of clarity.

In particular, in absence of E2 Arg74 was hydrogen-bonded to Cys-cap
residues (Asp811 and GIn812), while in the final model it was involved in
ionic interactions with UbcH10-Glul20’ and Aspl16’, and with Glu237,
bearing to the hUbA1 FCCH domain. These data support the hypothesis that
products of the transthiolation reaction might be released upon a process
involving the rearrangement of the Ub(T) binding to E1, driven by the
charged residues in the region surrounding the catalytic cysteine of E2.
Finally, we also observed some interactions in the loop region of hUbA1, in
particular hydrogen bonds between the side chain of Asn622 with the
backbone of UbcH10-Tyr 91’ (Fig. 57F), and between the backbone of Ser628
and the side chain of Glu120' (Fig. 57D). A representative snapshot of the 3D
model is available as supplemental PDB file.

7.5 Rational design of peptides that interfere with the formation of
the tetrameric complex

On the basis of the 3D model of the quaternary complex, we have designed
six peptides as molecular probes in order to calibrate their ability to interfere
the binding of UbcH10. This strategy was motivated by two main reasons.
First, the identification of short peptides that mediate protein-protein
interaction seemed a priori effective for disrupting the protein-protein
recognition and binding. While other strategies, i.e. introduction of specific
mutations, may also be envisaged, it is unclear whether single-point mutants
might lead to a significant destabilization of the complex or even to impede
the formation of the quaternary complex. Second, since our ultimate goal is
the design of compounds that might disrupt the ubiquitilation process, testing
a series of suitably chosen short peptides represents a valuable proof of
concept for supporting the potential therapeutic effect of peptidomimetics.
Specifically, the peptides were designed to examine the capability of hUbAl
stretches that contribute to the protein-protein interface with UbcH10 (Fig.
59).



Fig. 59: Strategy of peptide design, highlights of the hUbAL regions used to design the
peptides. Colour code: hUbAL, grey; Ub(T) yellow; Ub(A), orange; UbcH10, violet; S1 and S2
red; Ul and U2 green; L1 and L2 blue.

In particular, we have designed two peptides per interface, which will be
denoted S for SCCH region, L for cross loop, and U for UFD (Table 20). In
the UFD region peptides Ul and U2 were selected to test the relevance of the
acidic residues in mediating the binding of the UbcH10 H1 helix. In the
SCCH region peptide S1 was chosen to test the role of the Cys-cap in binding
UbcH10, while peptide S2, corresponding to helix H19 in the SCCH region,
was designed as negative control, since the 3D model revealed the lack of any
interaction in the complex. Finally, peptides L1 and L2 were chosen to
explore the role of the cross loop region in assisting the interaction with
UbcH10. All the peptides were synthesized as biotinylated derivatives by
solid phase method and purified by RP-HPLC. Unfortunately, S1 and U2
were insoluble and so not testable in binding assays. The ability of the soluble
peptides to bind recombinant GST-UbcH10 was checked by ELISA, utilizing
GST as control (data not shown).
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UBA1 region peptide sequence Kp {(pM)

UFD u1 1038-LCCNDESGEDVEV-1050 10
u2 1036-LELCCNDESGEDY-1048 Not soluble
SCCH s1 807-HVSDQELQSA-817 Not soluble
S2 649-RDEFEGLFKQPAEN-662 No binding
LooP L1 621-SQDPPEKSIPI-631 No binding
L2 615-TESYSSSQDPPEK-627 20
Scrambles SerU1 ELNCDVEVEGSDC =100
Serl2 SDPSKTSEYQPSE =80

Numbering is referred to the human UbA1 sequence. Kp values are calculated by Elisa assays.

doi:10.1371/journal.pone.0112082.t004

Table 20. Sequence and binding assays results of the designed peptides.

The best results (Table 20) were obtained with U1 and L2, which were found
to bind UbcH10 with an apparent Kp of about 10 and 20 pM, respectively. In
order to confirm that the binding of Ul and L2 peptides was sequence-
dependent, two scrambled peptides were synthesized, ScrUl and ScrL2. The
results demonstrated that these peptides exhibited a very poor binding, much
weaker than U1 and L2, which might then be considered indicative of native
protein-protein interactions. In particular the good affinity showed by Ul
allowed us to validate the role of the acidic residues of the UFD region in
binding E2, thus giving confidence to our 3D model. The U1 peptide, indeed,
contained D1047 and E1049, two of the three acidic residues involved in the
hUbAL1 UFD-UbcH10 H1 interface. Unfortunately, the low solubility of U2
did not allow us to verify the role of E1037, which is the third residue proven
to be involved in the interaction by mutagenesis studies. Similarly, the results
obtained for L2 support the role of GIn622 in assisting the interaction of the
crossover loop with UbcH10, in agreement with the 3D model. The low
affinity showed by L1 peptide, which contains GIn622 at the N-terminus side
of the sequence, might be indicative of the importance of flanking residues in
L2 binding. Finally, the results obtained from the SCCH peptides allowed us
to exclude a role in the binding of the helix region corresponding to S2, as
expected for this peptide, which was designed as negative control.

Overall, the results support the involvement of the selected peptides in
mediating the protein-protein interactions in the hUbAL~Ub(T)-Ub(A)-
UbcH10, which in turn reinforces the reliability of the 3D model built up for
the quaternary complex between E1, E2 and Ub partners. On the other hand,
they also demonstrate the feasibility of interfering the formation of the
complex, which paves the way to the structure-based design of
peptidomimetics for UbcH10-related anticancer strategies.

7.6 Conclusions

By combining homology modelling, protein-protein docking, classical and
advanced MD simulations, the structural features of the proposed model have
allowed us to identify the regions that mediate the recognition between the
interacting proteins. In turn, this information has been used to examine the



reliability of the structural model through experimental assays performed to
evaluate the binding affinities of a number of short peptides that were suitably
chosen from the contact region between interacting partners in the complex.
Overall, this information can be valuable to gain insight into the specificity of
recognition between E1 and E2 partners, as well as for the design of
peptidomimetic compounds that can bind selectively to E2s and inhibit the
ubiquitination process in pathological disorders.

7.7 Experimental section

7.7.1 Homology building

The amino acid sequence of human UbAl (hUbA1) was retrieved from the
National Center for Biotechnology Information (http://www.ncbi.nIm.nih.gov;
accession 1D P22314). To find suitable templates for homology modelling, a
BLASTP search was performed against the Protein Data Bank. At the
beginning of this work, the search identified three templates: i) the crystal
structure of mouse Ubiquitin-Activating Enzyme (PDB code 1Z7L; 2.8 A
resolution) [111], which covers 25% of the query sequence corresponding to
the SCCH domain (sequence identity of 96%), ii) the crystal structure of the
Saccharomyces cerevisiae UbAL (scUbAL) - Ub complex (PDB code 3CMM,;
2.7 A resolution) [112], which covers 98% of the query sequence (sequence
identity of 53%; similarity 71%), and iii) the NMR solution structure of a
fragment of mouse UbA1l (PDB code 2V31) [113], which covers 10% of the
query sequence corresponding to the FCCH region, with sequence identity of
93%. This latter structure showed that only the core region of FCCH was
structured. Therefore, homology building was accomplished by using 1Z7L as
template for the hUbA1 SCCH region (residues 629-884; hUbAL numbering
will be followed unless otherwise noted), and 3CMM as template for the AD,
FCCH and UFD domains (residues 1-628 and 885-1057). Finally, since
chains A and C in the X-ray structure 3CMM differ by a rigid-body rotation
of the UFD domain, hUbA1 was modelled using the two monomers, leading
then to two models hereafter designated UbAl_ A and UbAl C.

The Clustalw2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) [114] program
was used for sequence alignment. The 3D structure of the target protein was
modelled using SWISSMODEL [115]. The secondary structure of the target
protein was assigned using DSSP [116]. Coordinates for two loops with
undetermined coordinates in the UbA1 template structure (residues 812-824
and 964-969) were built up using the loop building ProMod tool [117] by
scanning through the loop database in SWISSMODEL. The models were
refined on the basis of energy minimization by GROMOS96 [118] and the
models were validated for the 3D-1D profile with VERIFY3D [119], non-
bonded interactions with ERRAT?2 [120] and stereochemical qualities with
PROCHECK [121] and WHATCHECK [122]. The comparison of the final
model with the recently released structure of Schizosaccharomyces Pombe
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UbAL (spUbAL; PDB code 4113) revealed similar homology parameters with
hUbA1 (covered sequence 94%; sequence identity of 54%; similarity 70%)
and a RMSD for the backbone atoms of 1.6 A, thus confirming the reliability
of the model.

7.7.2 General strategy for docking calculations

The 3D model of the quaternary complex between hUbAL, two Ub molecules
and UbcH10 was determined by using an experimentally guided incremental
strategy that relies on the building and refinement of models for the dimeric
and trimeric complexes. Thus, we first explored the recognition between
hUbAL and Ub, leading to the UbA1~Ub(T) complex (Ub(T) stands for Ub
bound to E1 through a thioester bond). Next, this model was used to build up
the ternary UbA1~Ub(T)-Ub(A) system (Ub(A) denotes Ub bound to the AD
domain). Finally, this model was the starting point for assembling the
quaternary complex, UbA1~Ub(T)-Ub(A)/UbcH10. To this end, we adopted a
computational approach that combines protein-protein docking, guided by the
available structural information, and subsequent refinement through MD
simulations (see below).

In order to generate the structural models, two docking programs were used:
HADDOCK [101] and RosettaDock [102]. HADDOCK uses experimentally
derived data, in conjunction with the available structures, to carry out flexible
data-driven docking of proteins. Residues that are known to be implicated in
the protein-protein recognition are designated active and are used to introduce
suitable restraints to drive the docking process (i.e, the so-called ambiguous
interactions restraints; AIRs). HADDOCK expert interface was used to
generate a reasonable rough complex, which was subsequently refined with
the HADDOCK refinement interface.

To assess the initial orientation of the interacting partners in order to check
the suitability of the restraints to be imposed in HADDOCK calculations (i.e.,
the extension and solvent accessibility of the region comprising passive
residues, which are solvent-exposed residues that surround the active ones)
the mutual complementarity of the interacting partners was first explored by
superposing the structures of Ubal and Ub(T) in the X-ray structure of the
APPBP1-Uba3~NEDD8-NEDD8-Ubc12 complex [105] (PDB entry 2NVU).
A list of the restraints used in calculations is given in Table 21.



Docking step UbA1 Ub(T) Ub(A) UbcH10
dimeric complex

Cys632 Gly76

UbA1~Ub(T)
Arg239 Asp32
trimeric complex Asp>576 Arg72
UbA1~Ub(T)-Ub(A) Tyr600 Gly75
Gly76
Glul037 Lys33’
tetrameric complex Aspl1047 GIn37’
UbA1~Ub(T)-Ub(A)-UbcH10  Glu1049
Cys632 Cys114’

Table 21: List of the active residues used in each docking step.

Finally, the RosettaDock server performs a local docking searching for
conformations near the starting 3D structure in order to find the optimal fit
between the partners. It was then used to calibrate the models derived from
HADDOCK.

7.7.3 The UbA1~UDb(T)-Ub(A)-UbcH10 complex

Following the incremental docking strategy, the dimeric UbAL1~Ub(T) system
was generated using as input structures the previously generated hUbA1 A
and hUbA1_C models, and the NMR structure of human Ub (PDB ID 2K6D)
[123]. For HADDOCK calculations, the active residues were only those
involved in covalent interactions, i.e. UbAl Cys632 and Ub Gly76, and
passive residues were defined as neighbouring residues in a range of 8.5 A
from the active ones. Residues in the Ub tail (residues 70-76) and in the loop
above the catalytic cysteine, whose coordinates were undetermined in
template structures (residues 803-819), were set as fully flexible during all
stages of the docking protocol. Since RosettaDock accepts a maximum of 600
residues, docking was performed using a truncated form of UbAL that retains
the residues pertaining to the interaction domain. Taking into account that
RosettaDock allows the sliding of proteins around 8 A, a binding region that
includes residues 216-296 and 627888 was defined.

The ternary complex was generated taking into account experimental
information taken from the PDB structure 3CMM, in which Ub is bound to
the AD domain of scUbA1. In HADDOCK calculations the active residues
were those known to participate in the binding between UbAl (Arg239,
Asp576, Tyr600) and Ub (Asp32, Arg72, Gly75, Gly76). Passive residues
were automatically defined as neighbours in a range of 8.5 A from active
residues. Besides the Ub tail, full flexibility was also given to residues of the
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UbA1 crossover loop (residues 592—630) to facilitate the accommodation of
the Ub tail.

Finally, to build up the 3D model of the quaternary complex, the UbcH10
structure was taken from PDB ID 117K. Let us note that this structure is
functionally active even though it lacks the first 30 residues at the N-terminus
[124]. Note also that Ser114 in the crystal structure was mutated to Cys to
restore the native sequence. In order to enhance the sampling in predicting the
quaternary complex, four starting structures of the UbA1~Ub(T)-Ub(A)
complex were generated by combining the two UbA1 models (UbAl_A and
UbA1_C) with two orientations of Ub in the UbA1~Ub(T)complex (denoted
Ha and Hb; see below). Hence, four ternary models were used to build up the
3D structure of the quaternary complex. Active residues in HADDOCK
calculations comprised those involved in E1-E2 interactions based on
mutagenesis studies [105-109]: Glul037, Asp1047 and Glul049 in UbAl
(numbering for the UbA1-Ub2 complex), and Lys33’ and GIn37’ in UbcH10.
Moreover, the two catalytic cysteine residues (Cys632 in UbA1 and Cys114’
for UbcH10) involved in the transthiolation process were also treated as active
residues in order to guide the complex formation. Passive residues were
defined as neighbours in a range of 8.5 A from active residues. Residues of
the UbAL crossover loop (residues 592—-630) and the Ub tail (residues 70-76)
were also flexible. Each ternary model was docked twice with UbcH10
structure yielding a total of 80 clusters.

7.7.4 Molecular Dynamics

MD simulations were performed to refine the different complexes. To this
end, each complex was immersed in a pre-equilibrated octahedral box of
TIP3P water molecules, and the system was neutralized. The final systems
contained between 93000 and 99000 atoms. All simulations were performed
with the ff99SB force field [63]. The thioester bond between Ub(T) Gly76
and UbA1 Cys362 was manually added, and suitable force field parameters
were derived using CH3CH,SCOCHS; as a representative model. The AMP
position was derived from the ATP molecule as found in the PDB structure
2NVU. To this end, the AD domain of the UbA1~Ub(T)-Ub(A) model was
superimposed to the AD domain of NAE1/UbA3. On the other hand, the
phosphodiester bond between Ub(A) Gly76 and AMP was manually added,
and the force field parameters for the phosphodiester linkage between UbA1l
Cys632 and Ub(T) Gly76 were derived using CH3OP(0),OCOCHj5 as a model
system.

For each complex the geometry was minimized, equilibrated and subjected to
MD production run, following the general protocol described in 83.2. The
structural analysis was performed using in-house software and standard codes
of Amber 12.



7.7.5 Steered Molecular Dynamics and refinement of the final
complex

Comparison of the final MD structures and the recently solved X-ray structure
of Ubal in complex with Ubc4 (PDB entry 4112; [125]) showed that the loop
masking the hUbAL catalytic cysteine (Cys-cap loop) prevented a close
packing between UbcH10 and the ternary complex. Accordingly, the protein-
protein interface was refined by means of SMD simulations, which were set
up using Amber 12. To this end, the Cys-cap loop (residues 801-825) was
deleted and capping groups were added to the newly formed terminals. The
distance between the sulphur atom of the UbcH10 catalytic cysteine (C114)
and the carbon atom of the terminal carboxyl group of Ub(T) was constrained
to 3 A in 4 steps: i) from the initial distance (9.4 A) to 7 A in 0.5 ns with a
force constant of 5 kcal/mol; ii) from 7 to 4 A in 1.5 ns with a force constant
of 5 kcal/mol; iii) from 4 to 3 A in 2 ns with a force constant of 10 kcal/mol;
iv) and finally from 3 to 2.5 A in 4 ns with a force constant of 20 kcal/mol. At
the end, the system was rebuilt by adding the removed Cys-cap loop (UbAl
residues 801-825), equilibrated with suitable constraints in order to relax the
residues in the Cys-cap loop, and finally subjected to an unrestrained MD (50
ns) simulation.

7.7.6 Binding free energy evaluation and virtual alanine scanning
Binding free energies of the docking solutions and sampled in MD
simulations were estimated using the SIE method, as described in §3.3.2. The
contribution of specific residues to the binding between interacting proteins
was examined by using alanine scanning [126, 127].
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8. Structural studies of small Peptide Nucleic Acid, a new
inhibitor of miR-509-3p involved in the regulation of
Cystic Fibrosis Disease-Gene expression

The work discussed in this chapter has been published in a peer-reviewed
journal article [128] and it is the result of an interdisciplinary collaboration. F.
Amato, R. Tomaiuolo, A. Elce and G. Castaldo performed biological
experiments; F. Nici, S. D’Errico, N. Borbone, G. Piccialli and G. Oliviero
performed the PNA synthesis; G. De Rosa and L. Mayol provided technology
for cell penetration; C. M. Morgillo and B. Catalanotti performed
computational calculations.

8.1 Introduction

A number of human diseases have been associated with a deregulation of
specific microRNAs (miRNAs) [129-134]. Among these is the genetic
disease Cystic Fibrosis (CF). CF is the most common lethal genetic disorder
among Caucasians with one in every 3,000 new-borns affected. CF is due to
mutations in the CFTR gene encoding the CFTR chloride channel expressed
by most epithelial cells [135]. The CF phenotype typically includes the altered
sweat test, pancreatic insufficiency, and pulmonary infections that gradually
lead to respiratory insufficiency. To date more than 1,900 mutations of CF
gene have been described, and a set of miRNAs inhibiting the CFTR
expression at the posttranscriptional level has been described [136].
Furthermore, the group of Prof. G. Castaldo and Prof. G. Oliviero has shown
that mutations in the 3'UTR of the CFTR gene may have a pathogenic effect
by enhancing the affinity for the miR-509-3p miRNA [137].

The approaches to downregulate a specific miRNA essentially use
oligonucleotide (ON) analogues which being complementary to miRNAs are
able to reduce or inhibit their activity. Recently, several studies have
demonstrated that the DNA mimics named peptide nucleic acids (PNASs) can
be effectively used as anti-miRNA [138-140]. In the PNAs a 2-aminoethyl-
glycine polymer replaces the ribose-phosphate DNA backbone [141]. PNA
molecules are resistant to protease and nuclease degradation and recognize
with a high affinity complementary fragments of DNA or RNA [142]. Many
studies have been performed on the binding capability of PNAs and on the
topological way in which they can recognize nucleic acids in single strand,
duplex, or quadruplex arrangements to form heteroduplex, heterotriplex, and
heteroquadruplex complexes [143-147] or to act as quadruplex ligands,
respectively [148, 149]. The anti-miRNA activity of a PNA can occur in the
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nucleus by targeting the pre-miRNA or in the cytoplasm by binding the pre-
miRNA and/or the mature miRNA [150]. In both cases, it is necessary that the
PNA can pass through the cell membrane and through the nuclear membrane
for the former case. The main drawback in the use of PNAs as intracellular
probes lies in the poor water solubility when their length exceeds the 12-14
bases. Furthermore, the cellular uptake behaviour of a PNA is not easily
predictable because it is mostly dependent on the PNA base composition and
the overall lipophilicity. Recent studies report on the feasibility of a miRNA
regulation approach by using unmodified PNAs and PNAs conjugated with
peptides or hydrophilic groups [151, 152].

The group of Prof. Oliviero (Department of Pharmacy, University of Naples)
synthesized a 14-base long PNA fully complementary to the 5’-end of miR-
509-3p and carrying a tetrapeptide tail containing two serine phosphates at its
C-terminus and a fluorescein group at its N-terminus (PNAL, Table 22). They
demonstrated, by in vitro studies on A549 cell lines, that the serine phosphate
tail represents a suitable conjugation to improve both the water solubility and
the cellular uptake of a PNA molecule. Furthermore, they have demonstrated
that PNA1 is able to recoghize miR-509-3p in A549 cells by reverting the
expression of the luciferase gene containing the 3'UTR of the CFTR gene.

(0]
H |/\ 0
NH,— Peptide N—C o N \/\NH-FITC
miRNA U GAUUGGUACGUUCUGUGGGUAG
PNAI G-5(P)-S(p)-G-a ¢ t a a ¢ ¢ a t g c a g a Linker-FITC
PNA2 G-5(P)-S(p)-G-a ¢ t a a ¢ c¢ Linker-FITC

PNA3 G-S(P)-S(p)Gt t t t t t t

Table 22: Structures and sequences of miR-509-3p and PNA1-3. PNA sequences are written
from C- to N-terminus.

Synthesis of longer PNAs (14-16 bases long) is an expensive and not an
easily achievable task, especially when the PNA is conjugated to peptide tails
and/or labelled at both ends. In addition, a recent study has reported that a
very short LNA (8 bases long) was able to recognize and silence a family of
miRNAs with no off-target effects [153]. Furthermore, experimental and
computational evidence for different types of mIRNA target sites
demonstrated that probes with as few as seven base pairs of complementarity
to the 5'-end of miRNAs are sufficient to confer regulation in vivo and are
used in biologically relevant targets [154, 155]. The synthesis of PNA2 was
preceded by a molecular modelling study aimed at evaluating the structural
behaviour of the goal seven bases long miR-509-3p/PNA2 heteroduplex in
comparison with that of the longer miR-509-3p/PNA1 heteroduplex. The
stability and the structure of the miR-509-3p/PNA2 duplex were evaluated by
molecular modelling and by UV, CD, and EMSA analyses. Based on these
analyses, PNA2, notwithstanding its reduced length, was still able to



recognize miR-509-3p in A549 cells where it reverted the expression of the
luciferase gene containing the 3'UTR of the CFTR gene.

8.2 MD simulations of the heteroduplex miR-509-3p/PNA1 and miR-
509-3p/PNA2

The miR-509-3p/PNA2 and miR-509-3p/PNA1 heteroduplexes were built
starting from the NMR structure of the RNA(GAGUUC)/PNA(GAACTC)
duplex (PDB ID: 176D) [156] as described in Materials and Methods. Each
system was firstly analysed by means of three runs of 20ns molecular
dynamics in order to better sample the conformational behaviour of the
complexes. Secondly, in order to further assay the stability of the miR-509-
3p/PNA2 duplex, we extended one run of miR-509-3p/PNA2 up to 50 ns, for
a total simulation time of 90 ns for miR-509-3p/PNA2 and 60 ns for miR-509-
3p/PNAL.

The macroscopic properties of the systems, such as temperature, pressure,
volume, density, and energy, were fairly constant during the whole simulation
for both of the systems (data not shown). As expected, the analysis of the
RMSD in the trajectories of miR-509-3p/PNA2 and miR-509-3p/PNA1
complexes showed high flexibility of the single stranded miRNA segment
(Fig. 60). On the contrary, the behaviour of the region of miR-509-3p
hybridized with PNAs was characterized by low RMSD values and low
fluctuations, thus indicating the presence of a stable secondary structure
(Fig. 60).
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Fig. 60: Root-mean-square deviation in the three MD runs on miR-509-3p/PNA2 (a) and miR-
509-3p/PNAL (b) heteroduplexes. Superimpositions were made on the MD-averaged structures
for each trajectory taking into account the whole structure (blue, orange, and purple) or only the
duplex region (black, red, and green).

Moreover, the comparison of the average structures obtained from each
trajectory (Fig. 61) revealed the convergence of the trajectories as shown by
the low RMSD values in the duplex region of both complexes with PNAL and
PNA2 (>0.5 A and >0.9 A, respectively).
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B pNAT PNA2 < *
AVG Run2 Run3 Run?2 Run3£

Run1 0.36 0.36 0.89 0.56
Run 2 0.5 0.5

Fig. 61: Superimposition of the MD average structures of miR-509-3p/PNAL complex (a) and
of miR-509-3p/PNA2 complex (b). Duplexes regions are represented in liquorice coloured by
atom type (carbon in cyan, oxygen in red, nitrogen in blue, phosphate in brown, and hydrogen
in white). The miR-509-3p single strand regions are represented in spheres coloured by MD run
(blue, run 1; green, run 2; red, run 3). (c) RMSD in A, calculated on phosphates in the duplexes
regions, among the average structures of the MD runs.

The analysis of the helicoidal parameters and torsion angles (Table 22)
demonstrated that both miRNA/PNA duplexes could be described as A-type
double helix with few noticeable deviations from the canonical structure. In
particular, the lower step-averaged twist values reported in Table 22 indicated
a slight unwinding of the RNA/PNA helices with respect to canonical A-RNA
structures, in agreement with what was previously observed in other MD
simulations of RNA/PNA duplexes [157, 158]. The lower roll and tilt values
observed in the MD run pointed at an expansion of the major groove. Finally,
the analysis of torsion angles reported in Table 22 highlighted the strong
similarity between the two duplexes.



Helicoidal Parameters

Duplex name Twist Roll Tt Inclination  H.Ris H.Twi G“L‘i"’j‘;‘r’f
PNARNA_NMR® 30.1(4) 4943 1.0(33) 9.0(2.7) 2938(0.2) 306(4.2) 6.1(03)
PNARNA_MD" 23.7,232
A-RNA® 32 12 28 15.8 33 3.8
PNAT AVGtot 245(1.1) 65(1.6) 1(0.9) 14.2(0.6) 279(0.10) 253 (1.1) 6.8 (0.6)
PNA14 AVGtot 249(28) 57(22) 09(1.3) 13(1.1) 277(0.16) 255(2.0) 6.8(0.9)
Torsional PNA angles (in degrees)

N4-C3 C3-C C-N1 C2-C3 C3-N4 N4-C7 i
PMNARNA_NM rR® -84.9 a0 1057 66 -100.1 9.1 506
PMAT AVG tot -79.9 125.2 78.6 70.4 -103 2.9 78
PMNA14 AVG tot -81.3 129 1315 69.5 -103.3 -2.1 78.5
Torsional RNA angles (in degrees)
o P Y & E g x
PNARNA_NMR® 684 11175 584 78.5 -148.7 725 1045
A-RNAS -52 175 42 79 -146 -3 -157
AGO2-RNA® -99.1 162.6 731 88.7 -138 -119.4 1476
PNAT AVG tot -84.4 172.8 81.3 79.2 -160.4 -70.3 -159.9
PMNA14 AVG tot -38.8 145.8 89.9 81.8 -161.1 -70.9 -158.7

“ calculated on the average of the 10 NMR structures of PDB structure 176D; ° From ref. M1; “From Ref
M3; “From Ref MX

Table 22: Comparison of backbone torsion angles and helicoidal parameters for average
structures of each run after 20 ns MD simulation. Values for structure obtained by averaging all
the three runs are reported in bold. Standard deviation is reported in brackets.

Taken together, the MD results indicated that both heteroduplexes assumed a
conformation resembling the canonical A-type RNA helix rather than the
experimentally determined NMR structure. Moreover, the torsion angles of
RNA segments in miR-509-3p/PNA2 and miR-509-3p/PNA1 duplexes
showed values very similar to those adopted by miR20a in the 4F3T crystal
structure [159] suggesting that PNA2 and PNA1 could easily interact with the
AGO-miRNA complex, not requiring any conformational adaptations. On the
basis of the positive indications coming from the MD studies, the PNA2
molecule were synthesised and was demonstrated its ability to recognize the
2'-OMe mimic of miR-509-3p by CD, UV, and EMSA studies and to restore
the expression of the luciferase gene containing the 3'UTR of the CFTR gene
in the presence of miR-509-3p.

8.3 Experimental section

The initial structures of the heteroduplexes formed by miR-509-3p with
PNA1 and PNA2 were built by using the NMR structure of the 6-mer
RNA(GAGUUC)/PNA(GAACTC) heteroduplex (PDB ID = 176D) [157].
Starting from the lowest energy NMR structure, one nucleotide was added
aligning a duplicate of the reference structure on the PNA backbone. Once the
7-mer heteroduplex was obtained, the bases were mutated to match the PNA2
sequence. Watson-Crick canonical pairs were then refined using distance
restraints on the first seven bases of miR-509-3p/PNA2 heteroduplex. The
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same procedure was used to build the miR-509-3p/PNAL heteroduplex,
starting from the refined structure of miR509-3P/PNA2 heteroduplex.

The equilibration of the systems and production of MD simulations were
performed using the Amber 12 suite of programs [62]. The Leap module of
Ambertools13 was used to create parameter and topology files for the MD
simulations using the ff99SB force field for RNA and standard amino acids
[160]. For PNAs parameterization we used the Sanders et al. force field for
PNA [161] downloaded from the RESP and ESP charge database (R.E.DD.B.
http://g4md-forcefieldtools.org/REDDB Project ID = F93) [162], whereas the
parameters for serine phosphate were taken from reference [163]. TIP3P
water molecules were added with a minimum spacing of 10.0 A from the box
edges to the RNA:PNA molecules and Na* counterions were added to each
system to reach the neutralization of the system.

The geometry of the system was minimized, equilibrated and subjected to MD
production following the general procedure described in 8§3.2 During
thermalization, interstrand distance restraints were applied to the RNA:PNA
heteroduplex to preserve all base pairs canonical Watson-Crick bond,
allowing 0.1 A movement from the equilibrium bond distance (either closer or
farther). Thus, the force constant applied during thermalization was set to
32 kcal/mol-A? and was gradually reduced in the next step to 10 kcal/mol-A?
and subsequently decreased by increments of 5 kcal/mol-A? in the next stages.

All production simulations were repeated in triplicate with random seeding
for initial velocities and extended to 20ns. In order to further assay the
stability of the RNA:PNA heteroduplexes, we extended one run of PNA2 up
to 50 ns, for a total simulation time of 90 ns for PNA2 and 60 ns for PNAI.
The structural features were determined using the Curves+ software package
[164], and visualization of trajectories was performed in VMD [165], while
the trajectory analyses were performed using Ambertools13.
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9. Conclusions

In this study we reported computational studies of the binding mode of the
flurbiprofen and ibuprofen amide derivatives (Flu-AM1 and Ibu-AM5) as
mean for the rational design of new potent FAAH/COX dual inhibitors. In
order to investigate the binding mode of such compounds, a computational
approach consisting of molecular docking, MD simulations and free energy
evaluation of the ligand-receptor complexes has been applied. The molecular
modelling studies point out the binding mode of the enantiomers of Ibu-AM5
and Flu-AML1 into the substrate access channel of FAAH supported by
mutagenesis studies. Indeed, our results showed the formation of a stable
hydrogen bond between the carbonyl amide moiety and the sidechain of
Thr488, and enzymatic assays revealed lower activity of (R)-Flu-AM1 against
the FAAH™3A mutated variant. Given the potentially useful properties of
compounds with combined FAAH/COX inhibitory properties, the
characterisation of the binding mode of Ibu-AM5 and Flu-AM1 into the
substrate access channel of FAAH provided information for the design of new
derivatives. The substitution of the isobutyl group of lbu-AM5 with (2-
(trifluoromethyl)pyridin-4-yl)amino group led to the design of TPA5
derivative, showing a comparable activity (ICso = 0.59 uM) with the lead
(Ibu-AMS5, 1Cso = 0.52 uM). Kinetic studies of TPAS revealed that it is a pure
competitive inhibitor of rFAAH. Computational studies, exploiting QM/MM
and free energies approaches, allowed us to identify a putative binding mode
for TPA5, overlapping the anandamide analogue MAFP and strictly
resembling the binding mode of a-ketoheterocycles, competitive FAAH
inhibitors. A number of TPA5 derivatives have been designed and tested.
Among them, the compound TPA27 exhibited a 10-fold enhancement in the
inhibitory profile against FAAH (ICso = 0.058 uM). Kinetics studies showed
that TPA27, unlike TPA5, behaves as non-competitive inhibitor with Ki and
alpha values of 0.28 uM and 1.03, respectively. Thermodynamic Integration
focussing on the transformation of TPA5 in TPA27 yielded a free energy
difference of 0.3 kcal/mol demonstrating a remarkable lower affinity of
TPA27 with respect to TPAS5, in the competitive binding site. Moreover,
incubation and time-dependency experiments demonstrated that TPA27 is a
reversible inhibitor and cannot be considered as tight inhibitor. Taking
together these results highlighted that TPA27 can be considered the first non-
competitive reversible FAAH inhibitor reported so far, and that it more likely
binds to an allosteric site.

Enzymatic and kinetics assays carried on mFAAH highlighted differences in
the inhibitory potency against rat and mouse FAAH, for all the compounds
studied. In particular, we observed a weakening in the inhibition against
mFAAH, regardless the inhibition mechanism, suggesting a different

101



aminoacid composition of both competitive and non-competitive binding site.
Hence, the differences in the sequence of rat and mouse FAAH, were used as
criteria in the analysis of the binding site search. A putative allosteric site was
found between the CP and the interface of the monomers. Computational
studies in the allosteric site allowed the definition of the binding mode of Ibu-
AMS5 and TPA27, but not of Flu-AM1. Nevertheless, we designed a series of
derivatives of Ibu-AMS5 and Flu-AM1, in order to get more information on the
SAR leading to the identification of derivatives with improved activity against
FAAH (Ibu-AM56, ICs = 0.08 puM; Ibu-AM57, ICso = 0.1 puM; Flu-AM3,
|C50 =0.02 uM).

Results confirmed the agreement of the SAR of Ibu-AM derivatives with the
selected binding mode for 1bu-AMS5, but could not give useful information
about the non-competitive binding mode of Flu-AML1.

However, kinetic experiments highlighted how small substitutions in the
compounds, should dramatically affect the inhibition mechanism and binding
preferences of these inhibitors. In light of such considerations, caution should
be taken in order to derive the SAR, since apparently minor structural
modifications could influence not only the binding mode, but also the
inhibition mechanism.

Moreover, working on two side projects were designed potential anticancer
peptides that interfere in the formation of the tetrameric complex
hUbA1/UbcH10/Ub? and structural studies on the inhibition of miR-509-3p,
involved in the regulation of CF, by PNA strands of various length was
pursued.
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