UNIVERSITE CATHOLIQUE DE LOUVAIN

'l UCLouvain

Thesis submitted to fulfil the requirements for the degree of PhD in

biomedical and pharmaceutical sciences

Towards the discovery and synthesis

of new Arginase 1 inhibitors

Julien R. C. Prevost

Promoter:

Pr. Raphaél Frederick (UCLouvain, Belgium)

Jury members:

Pr. Olivier Feron (President) (UCLouvain, Belgium)
Pr. Didier Lambert (UCLouvain, Belgium)
Pr. Lionel Pochet (University of Namur, Belgium)
Pr. Pascal De Tulio (University of Liege, Belgium)
Dr. Marc Pudlo (University of Franche-Comté, France)
Pr. Johan Wouters (University of Namur, Belgium)







REMERCIEMENT

Je tiens a remercier en premier lieu le Prof. Raphaél Frédérick, mon
promoteur pour m’avoir offert [’opportunité de réaliser mon doctorat au sein de
son groupe, mais aussi pour ses conseils et la patience qu’il a eu pour corriger
cette these et les autres manuscrits qui ont rythmé ces années de recherche. Merci
pour la grande liberté scientifique qu’il m’a octroyée tout au long de ce projet.
Cela m’a permis d’améliorer considérablement mon background scientifique tout
en gagnant en maturité et en autonomie.

Je voudrais remercier aussi les membres du comité d’accompagnement,
ainsi que les membres additionnels qui forme le jury : Prof. Olivier Feron, Prof.
Didier Lambert, Prof. Lionel Pochet, Prof. Pascal de Tulio, Dr. Marc Pudlo et
Prof. Johan Wouters. Je voudrais ajouter a cette liste le Prof. Giulio Muccioli,
qui a été présent lors du comité d’accompagnement. Je tiens a les remercier pour
leurs encouragements et leurs soutiens dans ce projet ainsi que pour leurs
nombreuses remarques scientifiques pertinentes. C’est grace a leurs remarques
constructives que ce travail a pu avancer et s’ améliorer.

Je voudrais remercier tout particulierement toutes les personnes qui ont
travaillé sur ce projet et en particulier Arina et Arnaud qui se sont beaucoup
impliqués dans le cadre de la synthése des bromothiazoles et dans leurs
évaluations avec Bouazza. Un tout grand merci a nos collaborateurs de Namur,
de UCLouvain et de Berlin, avec qui nous avons pu travailler pour faire avancer
la recherche dans le domaine de I’arginase. Grace a leurs expertises dans leur
domaine, nous avons pu compléter nos travaux par des données d’analyses (X-
ray, Mass Spectrometry...) mais aussi pu discuter de nos résultats respectifs afin
d’avancer en équipe. Merci aussi aux différents étudiants chercheurs : Nicolas,
Raphaél, et Reda, qui se sont succédés au fil des ans sur ce projet difficile et qui

ont fait preuve de résilience.



Je remercie également tous mes collégues du laboratoire pour leur bonne
humeur, les discussions scientifiques et le soutien qu’ils ont pu m’apporter : les
doctorants Quentin, Urbain, Léopold, Marine(1), Romain, Chiara, Perrine,
Juhans, Marine(2), Darius, Yonghua, Giuditta et Séraphin, sans oublier, les
post-doct’ Séverine, Simon, Max et Karine qui nous ont donné de trés bons
conseils tout en nous faisant profiter de leur bonne humeur.

Quentin, je n’oublie pas que je te dois une partie de Magic. C’est la
moindre des choses vu le nombre de fois ot je t 'ai empéché de dormir a cause de
mes ronflements lors des congres. N oublie pas que j’ai toujours ton vin dans ma
cave.

Léo, apres ton départ, le bureau n’a jamais été le méme. 1l y manquait
une odeur particuliere a laquelle je m’étais habitué. Mais merci pour tous les
moments ot j 'ai pu te parler sans que tu m’écoutes ou que tu partes faire autre
chose avant la fin de notre échange.

Merci a Arina et Marl pour nos conversations de filles et tous ces
moments de commérages. Merci Arina d’avoir relu ce manuscrit et pour les
brunchs et soirées jeux de sociétés avec Léo. Marl, merci d’avoir été la durant
la période du Covid pour partager pizzas et autres mets apreés notre TD du lundi
soir. On aura passé de bons moments lors des TP ou les étudiants pensaient qu’on
était mariés ensemble.

Merci Darius et Max pour ces moments sur Warzone. On aura quand
méme fini par faire un topl malgré notre niveau catastrophique et mes lagues.
Max, j’espere pouvoir faire rapidement notre sortie a Pairi Daiza ou a Nausicaa
avec Juliette, Marie et les enfants.

Je n’oublierai pas non plus les soirées foot, rugby ou toute autre excuse
avec Séverine, Romain, Quentin, Jacques et Urbain. Ces moments de partage
et de gastronomie m’ont laissé des souvenirs impérissables.

Merci Chiara de nous avoir fait découvrir Rome. Nous ne serions pas
aller voir « il buco della serratura » sans toi. Merci a Perrine pour les longues

4



discussions sportives mais aussi de me rappeler que ma région natale me manque
parfois. Merci a Mar2 pour sa bonne humeur mais aussi pour les discussions
autour de la formule 1 et cette espéce de rivalité bon enfant qui s’est créé entre
nous qui supportions des écuries et des pilotes différents.

Merci a Simon pour ses découvertes cinématographiques et musicales
aussi variées que douteuses.

Merci a Karine pour nos discussions de « vieux » et pour avoir pu
partager ensemble nos craintes et d’autres choses qui me tenaient parfois a coeur.

Merci a Yonghua, Giuditta et Séraphin d’avoir partagé vos cultures, vos
valeurs mais surtout votre bonne humeur.

Merci a Juhans d’avoir repris la reléve sur le projet arginase. Je te
souhaite beaucoup de courage dans la suite de ce projet, en espérant que tu auras
plus de chance que paparginase. Merci aussi pour tous ces debriefs de footeux
les lendemains de ligue des champions. Merci aussi a Jacques, pour ses
discussions et aux techniciens du groupe : Bouazza, Jonathan, Gwen, Esra et
Assia, pour le travail qu’ils ont effectué au laboratoire. Bouazza et Esra, merci
pour les petits déjeunés et les moments café lors desquels on a pu échanger sur
nos cultures et convictions personnels. Malgré qu’il ne reste que trés peu de
temps, je voulais aussi remercier nos autres étudiants-chercheurs, ainsi que tous
nos stagiaires qui ont participé a nos recherches.

Je voudrais aussi remercier tous mes collegues de [’enseignement :
Béatrice, Pascale, Ahmed, Bernadette, Mickael, Lionel, Corentin, Jérome,
Ricky, Axel, Marine, Martin, Sharon, Ramazan et Sarah. Et surtout Mohamed
Ayadim pour ses nombreux conseils.

Bien stir, je n’oublie pas de remercier tout particuliecrement ma famille.
Merci Papa et Maman pour votre soutien indéfectible lors de la réalisation de
cette these, mais aussi tout au long de ma vie en général. Merci d’avoir toujours
cru en moi, et de m’avoir laissé le choix de faire ce que je désirais sans aucun a
priori. Il est évident de dire que sans vous je ne serais pas la ou j 'en suis a [’heure

5



actuelle. Vous m’avez permis de me développer et de m’accomplir pleinement, de
réaliser les projets qui me tenaient a ceeur. Il n’y a pas de mot assez fort pour
vous exprimer toute ma gratitude. Je ne le dis pas souvent et je l’écrirai encore
moins mais sachez que je vous aime. Je voudrais aussi remercier celle avec qui
J ai fait mes études et qui partage maintenant ma vie. Merci Marie d’avoir été la
dans les mauvais moments, tout comme dans les bons. Mais surtout, merci de
m’avoir offert le plus beau des cadeaux : ma fille Elise, qui illumine mes journées
depuis le 11 décembre 2020.

Merci aussi a mes amis : Aurélien, Florian, Julie, Geoffrey, Fanny,
Enzo, Guillaume, Marion ... pour ne citer qu’eux, pour leur soutien et leur amitié

inconditionnels. Vous étes les meilleurs amis qu’on puisse réver.

Je suis aussi trés reconnaissant a [’Université catholique de Louvain

(UCLouvain) de m’avoir accordé le financement pour effectuer cette recherche.

Merci a tous et pour tout

Julien

Pour mes Parents, ma femme et ma fille

Advienne que pourra



PREAMBLE

The enzyme arginase is a hydrolase existing as two different isoforms that
is responsible for the hydrolysis of L-arginine to urea and L-ornithine. It is
particularly important in the urea cycle and in the immune system. Many studies
demonstrated that arginase 1 (Argl) is upregulated in various types of cancers and
plays crucial roles in tumor growth and metastasis through various mechanisms such
as regulating L-arginine metabolism and influencing tumor immune
microenvironment. Argl is thus a particularly attractive target for cancer therapy. So
far, the more potent Argl inhibitors reported are characterized by a boronic acid
warhead that is linked via aliphatic linkers to an amino-acid tail. Although some of
these compounds are very potent on Arginase 1 (Argl), only one Argl inhibitor is
currently being evaluated in clinical settings and, in fact, no Argl inhibitor was
approved yet. The search for new Argl inhibitors possibly characterized with better
pharmacokinetic properties is thus still the subject of intense research.

In this thesis, our aim was to discover new arginase inhibitors that would be
more amenable to preclinical experiments compared to existing Arginase inhibitors
that usually encompass a boronic acid warhead limiting pharmacokinetic properties.
Hence this research program was initiated some time before the starting of this PhD
thesis through collaborative works with the team of Medicinal Chemistry at the
University of Namur. A first screening of an in-house library of compounds at
University of Namur notably led to the identification of a first new hit compound on
Argl characterized by a 5-bromo-aminothiazole scaffold. At the very beginning of
the PhD thesis our aim was thus to pursue that particular scaffold and optimize its
structure to reach a higher Argl inhibition. Because the inhibition of Argl by this
compound could not be confirmed, we next envisioned a molecular modelling
approach to detail Argl inhibition and possibly help the discovery of new Argl

inhibitors.



Chapter one is an introduction providing a comprehensive overview of the
physiological and biological roles of arginase and its implication in cancer
progression. The reported Arginase 1 inhibitors are also described, as well of the
different existing enzyme assays to determine Arginase activity and inhibition.

After introducing the general aim and the strategies used in this thesis in
chapter two, the results will be presented in three different chapters.

In chapter three, our experiments to setup and validate a reliable Argl
inhibition assay are presented. This includes our works to produce and purify Argl,
and the development of a radiometric Argl inhibition assay. This assay was validated
using reference inhibitors. The use of this assay to measure Argl inhibition of the
compounds with a 5-bromo-Aminothiazole previously identified at UNamur, in fact,
overturned this series that revealed to be false-positive compounds probably because
of aggregation issues.

In chapter four, a molecular modelling approach aiming at understanding
Argl inhibition and identifying new Argl inhibitors was undertaken. For this, a
thorough bibliographic search on the currently available structural knowledge on
Argl was performed and led to the development of an original dynamic
pharmacophore, called dynophore. This original dynophore reflects the enzyme
plasticity and the limited possibility in terms of drug design to discover new Argl
inhibitor. It also constitutes an original tool to possibly identify new Argl inhibitors.

In chapter five, this dynamic pharmacophore was used in a fragment-based
drug discovery approach to possibly identify new Argl inhibitors deprived of the
boronic acid head. The compounds identified virtually were experimentally assessed
but unfortunately no hit could be obtained, hence revealing the crucial role of the
boronic acid head to inhibit Argl and the challenge to find new Argl inhibitors.

Based on the knowledge gathered following the development of the
dynophore and what we learned from the unsuccessful screening experiments, we
finally investigated novel original boronic acid compounds including novel non-
aliphatic chemical linkers between the boronic acid warhead and the amino-acid tail.
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In fact, our aim was to take advantage of two imidazoles from two histidine residues
delineating the Argl cavity in the region of the linker to tentatively improve the
potency of Argl inhibitors.

In chapter six, an attempt to optimize two hits discovered using the data
collected in the previous chapters is presented. The challenges to synthesize furan
derivatives is illustrated.

In chapter seven, the conclusions of this work are summarized, and the
perspectives are outlines to respond to the different challenges encountered.

Finally, although the 5-bromo-aminothizoles initially investigated as Argl
inhibitor were not pursued, their chemical synthesis remained very interesting. A
part of the time of this thesis was thus devoted to detail the chemical synthesis of
these 5-bromo-aminothiazoles. This part of the work is presented in annex to this

thesis.
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1 INTRODUCTION

1.1 ARGINASE, A PROMISING THERAPEUTIC TARGET FOR ANTICANCER
IMMUNOTHERAPY: STRUCTURES, FUNCTIONS, AND
PHYSIOLOGICAL ROLES

1.1.1 Structures and functions

Arginase is a hydrolase that exists as two isoenzymes, arginase 1 (Argl) and
arginase 2 (Arg2), catalyzing the same reaction. Argl and Arg2 are trimeric
enzymes!' that use L-arginine 1 as a substrate. They are similar from a structural point

of view and share a similar mechanism of catalysis. (Figure 1)

®
NH, .
@ arginase Hs3N ® 0
AN NJLNH — © Mo+ N
2 H,O COO HoN NH
coo® " 2 2 2
1 2 3
L-arginine L-ornithine urea

Figure 1: Hydrolysis catalyzed by Arginase. L-arginine 1 is converted to L-ornithine 2 and urea 3.

1.1.1.1 Comparison between Arg1 and Arg2

The distinct characteristics of these two isoenzymes are listed in Table 1.

Table 1:characteristics of arginase isoenzymes.

Arginase 1 Arginase 2
Uniprot entry P05089 P78540
chromosomal 6023.2 14924.1
ocation
Num_ber of 399 354
Residues
Cel_lule}r Cytosol Mitochondrion
localization
liver. red blood cell, Kidney, prostate, intestinal tract,
. e . mammary gland, myometrium,
Tissue specificity immune system, placenta ;
immune and nervous systems,
Endothelium
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Introduction

Two different genes encode Arginase isoenzymes. Sequence alignment and
comparison show that isoenzymes have an overall 54% sequence identity (190 over
the 354 amino acids) with a 100% identity in their active sites. Argl and Arg2 have
190 conserved amino acids, and 94 residues are homologs. Arg2 differs from Argl
by cellular location. Arg2 is a mitochondrial enzyme and thus possesses a transit
sequence allowing its recognition and import into the mitochondria. The identity of
both isoenzymes can reach 57% without considering the 22 amino acids transit
peptide. It is also interesting to note that Argl is very well conserved in mammals,
and human Argl has high homology with the rat Argl (86%) widely used for
research purposes. Both Argl and Arg2 possess a carboxy-terminal S-shaped
domain (81% identity) that allows oligomerization.? Arg-308 is particularly

important for oligomerization by stabilizing the trimers.? (Figure 2)

P05089 ARGI1 HUMAN 1 mmmmmmmmm e MSAKSRTIG I FGAPFSKEOPRCEVE-EET v LRKACHL EKEx = 12

P78540 ARGIZ2 HUMAN 1 _]HSVHVIGAPFSQGQKRKGVE {GBA IREAGEMKRLS S 60
saskkkokdok cdk ko kkk kAL ckokkk ook

P05089 ARGI1_HUMAN 43 QEEDVEDYEDEPEADIBNES PFO- T vKNPREVEKASEQBRCKFA - vKKNER T STV IGE 101

P78540 ARGIZ_HUMAN 61 LGEHLEDFGDLSETPVBKDDLYNNLIVNPRSVELANOELAEVVSE V:’uDGYSf VT EEE! 120
K akkokkk k. akak oo 1 Kkkkkk ko -wxk LT Lt WL EEEEK

P05089 ARGI1_HUMAN 102 [SEATGSTSCHARVHEPDICHT THINTPLTTTSGNLHGQPVSFLLKELK KIBLVEG 161

P78540 ARGI2_HUMAN 121 SLAIGTISGHARHCPDLC INTPLTTSSGNLHGQPVSFLLRELQKVEQLPG 180
KRKKK L KRRKRA Rk KRR kK g KAk KA AR K g KRk kAR Rk AR KKy Kyk kA

P05089 ARGI1 HUMAN 162  [BSWv T BETSAK VY TCIRDUDE CEH Y EEK 1. EKYESMTEVBREGE cRVME- T YELE 221

P78540 ARGIZ_HUMAN 181 |[ESWIKPCISSASIVYIGLRDVDEPEHFILK!NYDIQYESMRDIDRLGIOKVMERTFDLEIG 240
ks kdkkoh . (R E Rk ko k ok k. oAk ok JRakkokk s ookkkda kkkok A ke ok

P05089 ARGI1_HUMAN 222  R«KRPIHLSEBvVE:1DEs r1PATGTPVVGGLTYREGLY T TERET v KTGLLS LD 1 MEVNE S 281

P78540 ARGI2_HUMAN 241 KRQRPIHLSE‘ 1B~ FDPT1APATGTPVVGGLTYREGMY IAEET HNTGLLS ~LDTVEVNEC 300
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Figure 2: UniProt Protein alignment for Argl and Arg2. Blue: transit peptide, pink: metal binding.
dark grey* conserved residue, grey. strongly similar properties, light grey: weakly similar properties

Their respective roles differ as well as their locations. Argl is generally
considered a hepatic enzyme. However, it is also found in red blood cells, the
placenta, and cells of the immune system. Argl plays an essential role in
inflammation, immune regulation, and tumor escape mechanisms. HIF-a production
and immune suppression are crucial in ontogeny, especially placenta formation and

development. On the other hand, Arg2, also known as mitochondrial or renal, is
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found in endothelial cells and peripheral tissues such as the kidney, prostate, small
intestine, nervous system, myometrium, or mammary gland during lactation.
Despite their different locations, the function of both isoenzymes is paired
with a Nitric Oxide Synthase (NOS); The inducible iINOS for Argl and the
constitutive endothelial eNOS for Arg2. The role of NOS is to control the release of
nitric oxide (NO) for reactive oxygen species (ROS) production in immune

mechanisms and vasodilation in the endothelial function.

1.1.1.2 Structure of Arg1

The enzyme is relatively compact with an approximate dimension of
40x50x50 A. 8 parallel B sheets and 9 o helixes constitute the secondary structures
of the enzyme. The arginase is an homotrimer* and belongs to the o/ protein class®

with a globular structure. (Figure 3)

Active site
C-terminal arm:
S-shaped oligomerization

Figure 3: ribbon representation of the homotrimer of human Argl. Mn?* are represented in purple
(PDB: 2pha)
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At the carboxy-terminus, the unusual S-shaped oligomerization motif of
around 20 residues is represented and is responsible for the 54% of the intermonomer
contact in the rat enzyme.®

Each monomer has a catalytic site with a binuclear manganese cluster buried
15 A deep in the active site. Argl and Arg2 active sites are identical in all respects.
This area is very conserved between species, and the specific physiological
requirement for the Mn?* cations is well documented.” Indeed, other metalloenzymes
can function with other transition metals (i.e., Mg*" instead of Mn*") but Mn?" is
more favorable for arginase.® The active site cavity of the human Argl is composed
of a rigid, narrow, and deep channel leading to the buried manganese-bound
hydrophilic pocket. %> 2!° The 350 A channel displays a pipe shape structure with
only a 10 A length from the cavity's entry to the oxygen of the hydroxide ion and no
more than 6 A wide. (Figure 4)

Figure 4: View of L-ornithine 2 (in orange) in the Argl active site. (PDB: 3GMZ)A) Receptor surface
is represented in transparency displaying the narrow pipe-shaped channel of approximately 350 A3, B)
Interaction between 2 and residues of the catalytic pocket. H2O molecules are represented by red stars.

The two manganese (II) are linked by the side-chains of aspartate residues
124, 128, 232, and 234, and histidines 101 and 126.° These metal cations have an
octahedral geometry which gives them a low spin character.!® An hydroxide anion,

originating from the deprotonation of a bound water molecule, is present between
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the manganese and is required for hydrolysis. The manganese facilitates this
deprotonation by lowering water’s pK, in the vicinity of the metal cations. !! The pK,
of this hydroxide should have a value considerably lower than 10.5,'? which is the
pK. of a hydroxide bound to a single Mn?*.!* In the literature, manganese ions of the
catalytic site were removed to study the structural changes in the protein
conformation and substituted by other metals such as Cobalt,”* Nickel and Zinc® '

to study the structure and the mechanism.

1.1.1.3 Mechanism of Arg1

Argl and Arg2 have a common hydrolysis mechanism that relies on a
catalytic triad involving glutamate, histidine, and aspartate residues. According to
the mechanism proposed for Argl by Kanyo et al. in 1996,% the hydroxide ion
bridged between the two manganese of the active site allows the hydrolysis to occur.

(Figure 5)
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Following the substrate’s entry, the sp2 carbon of arginine’s guanidium
group is activated by hydrogen bond formation with the carboxylate of the glutamate
277 (1). Then, this guanidinium carbon undergoes a nucleophilic attack by the
hydroxide (2). This nucleophilic attack results in a tetrahedral transition state (3)
with an sp3 carbon. By donating a proton, Histidine 141 serves as a general acid
catalyst for the departure of the leaving group. Histidine 141 side-chain rotates
approximately 90° and creates a new hydrogen bond with the substrate, making the
rearrangement possible. (4). The covalent bond breakage leads to the reformation of
the sp2 carbon forming urea, while the carboxylate of the Aspartate 128 side-chain
captures the hydrogen of the hydroxide (5). The entry of a new water molecule
allows urea and ornithine to leave the active site (6). Finally, the new water molecule
is deprotonated, and the protonation of the Histidine 141 imidazole restores the
base/proton shuttle to restart the process (7).!° This mechanism is consistent with the
importance of Histidine 141 and data related to its mutation by a leucine, leading to
hyperargininemia in hereditary disease of liver arginase deficiency.'® a-amino and
a-carboxylate groups of the substrate and inhibitors are also required for higher
binding potency. Deletion of one of these two groups results in a 5000-fold reduction
in kea/Kn."’

Product of the transformation L-ornithine 2 causes negative feedback,
regulating Argl."® L-ornithine (Ki= 1.3 mM), is a weak reversible competitive
inhibitor'” and co-crystallographic data with Argl was reported in 2011, allowing a

complete understanding of the binding inside the active site. (Figure 6)
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Figure 6: Simulated annealing omit electron density map of the Arg2-L-ornithine complex (cyan,
contoured at 3.30). Atoms are color-coded as follows: C = yellow, O = red, N = blue, F = black; Mn2+
ions and water molecules are purple and red spheres, respectively. Metal coordination and hydrogen
bond interactions are indicated by red and green dashed lines, respectively. (Figure and legend from
Ilies et al. J Med Chem, 2011, 54; 5432) (PDB: 3GMZ)

The difference in interaction compared to the substrate comes from the
ammonium function which makes m-cation interactions with His141 and His126 but
also bounds through nearby water molecules, between the manganese and the ligand.

This product also inhibits cationic amino acid transporters involved in
cellular uptake of L-arginine and thus limits the availability of the substrate as

illustrated bellow in Figure 8.

1.1.2 Physiological roles of arginases

As represented in Table 1, the two isoenzymes of arginase have different
localizations, but they also have different roles. Arg2 is involved in endothelial
function by allowing the production of NO, crucial for smooth muscle relaxation. 2
2l Arg2 also has a role in controlling autophagy in the endothelial system,?*which is
important to maintain cellular and tissue homeostasis and provides a mechanism to
adapt to extracellular cues and metabolic stressors.?® Similarly, Argl is also essential
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to regulate erectile function via NO production by /NOS.?* The inhibition of Argl
has been widely studied in treating erectile dysfunction as its inhibition leaves more
substrate for iINOS. Argl is also involved in the urea cycle and immune system

regulation, developed in the two subsequent sections.

1.1.2.1 Urea cycle

Argl is essential, and the deletion of Argl in a murine model has dramatic
consequences.” Partial single knockout (KO) Argl gene and double knockout of
Argl substantially affect argininemia and ammonemia.” In the case of a double KO
or complete inhibition of liver Argl, lethality is observed within approximately three
weeks of development, resulting in mice dying approximately two weeks after
birth.?” Mutations of Argl in humans have less severe effects because of Arg2’s
ability to compensate. Indeed, in the case of a malfunction or absence of one isoform,
the other can be overproduced or overactivated. In the murine model, however, this
compensation cannot be done due to the existence of only one isoform. The urea
cycle eliminates ammonium ions from protein catabolism, which are toxic to the
body. Thanks to this biological process, the ammonium ions are converted into urea.
Urea is then excreted in the urine. This process occurs following a series of four

enzymatic transformations. (Figure 7)
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Figure 7: Diagram of the urea cycle. L-ornithine 2 and carbamoyl-phosphate are converted to L-
citrulline 5 by ornithine transcarbamoylase (OTC). The resulting L-citrulline 5 is transformed by
argininosuccinate synthetase (ASS1) to L-arginosuccinate 7, which is converted then to L-arginine 1
by argininosuccinate lyase (ASL). Arginase 1 (Argl) catalyzes the last transformation to L-ornithine 2
and urea from L-arginine 1.

Excess ammonium ions are transformed by carbamoylphosphate synthetase
I (CPS1) in the hepatocyte mitochondria into carbamoyl phosphate 4. The first
reaction in the cycle is catalyzed by ornithine transcarbamoylase (OTC). OTC
transfers the carbamoyl group to L-ornithine 2 to form L-citrulline 5. This reaction
is the only one to occur in the matrix of the mitochondria, whereas the others take
place in the cytosol. In the second reaction, L-citrulline 5 is taken up by
argininosuccinate synthetase 1 (ASS1). The reaction requires ATP and aspartate 6
to form L-arginosuccinate 7. Then, argininosuccinate lyase (ASL) cleaves L-
arginosuccinate 7 into L-arginine 1 and fumarate 8. And fumarate 8 can be converted
in the TCA cycle later. L-arginine 1 is then cleaved into L-ornithine 2 and urea 3 by
arginase 1 (Argl), allowing the cycle to continue.?®
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1.1.2.2 Immune modulation

Arginine consumption by Argl is at the core of a complex relationship with
the immune response. L-arginine 1 can be metabolized by two different enzymes
involved in immune modulation. Inductive Nitric Oxide Synthase (iNOS or NOS2)
transforms L-arginine 1 to Nw-hydroxy-L-Arginine (NOHA) in a first step, then in
L-citrulline 5 and nitric oxide (NO). Macrophages use this pathway to kill abnormal
cells by damaging DNA, lipids, and proteins of target cells by producing reactive
oxygen species (ROS) and reactive nitrogen oxide species (RNOS).?’ The oxidative
condition triggers the cells to evolve towards cell death pathways such as apoptosis.**

(Figure 8)
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Figure 8: Pathways of L-arginine consumption with the biological effects of the products. L-arginine 1
from the diet, protein turnover, or de novo synthesis enters the cell by cationic amino acid transporter
(CAT). Two enzymes can convert 1 in the cytosol: Argl (left) and iNOS (right). iNOS transformation
gives nitrogen monoxide and damages DNA, lipids, and proteins by Reactive Oxygen Species (ROS)
and Reactive Nitrogen Species (RNS). Argl conversion results in L-ornithine 2 production. 2 is
essential in healing mechanisms. L-proline 10 is a building block for collagen biosynthesis and is
involved in constituting the fibrotic tumor stroma. Polyamines (11, 12 and 13) obtained after the de
decarboxylation of 2 help the proliferation of tumor and associated cells.

The second pathway of L-Arginine 1 transformation is performed by Argl
to give L-Ornithine 2 and urea 3. L-Ornithine 2 is a crucial intermediate in healing
processes. L-Proline 10 used in collagen biosynthesis and fibrosis is obtained from
2 after ornithine cyclodeaminase (EC 4.3.1.12) transformation.’! L-Ornithine 2 is
also the precursor of polyamines putrescine 11, spermidine 12, and spermine 13. L-
Ornithine 2 is converted to putrescine 11 by ornithine decarboxylase (ODC, EC
4.1.1.17). Spermidine synthase (EC 2.5.1.16) converts putrescine 11 to spermidine
12. Spermine synthase (EC 2.5.1.22) converts spermidine 12 to spermine 13.%
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The use of polyamines by cells leads to proliferation and hyperplasia. In tumor cells,
polyamines support tumor growth and proliferation of immune suppressive cells,
such as myeloid-derived suppressors cells (MDSCs) and tumor-associated

macrophages (TAMs).*

A complex system regulates Argl and iNOS. Products of iNOS and Argl
inhibit Argl, avoiding disorders. L-Ornithine 2 inhibits INOS as a substrate analog.
The same effect is seen on Argl by NOHA 9. These mechanisms allow to avoid
overactivation of the immune system, resulting in an immune response adequate to
the threat. Moreover, this complex system is also regulated by multiple

immunological factors such as cytokines (IFN-w, TNF, TGF-B) and prostanoids.**

1.1.3 Pathological roles of arginases

Due to its regulatory roles in endothelial and immune functions, arginase
activity is linked to numerous pathologies. Thus the following pathologies may be
associated with its endothelial role: hypertension,® erectile dysfunction,
atherosclerosis,?! diabetes,” vascular aging,*® myocardial ischemia/reperfusion and
pulmonary artery hypertension,* obesity.*> On the other hand, its overexpression is
the starting point for the development of infectious diseases,*! such leishmaniasis,

and tumorigenesis.*?

1.1.4 The implication of arginase in cancer

The metabolism of arginine sustains an immunosuppressive state within the
tumor microenvironment. The results in cancer development are a polarization to the
M2 macrophage phenotype of MDSCs where Argl is activated and iNOS
downregulated. M2 phenotype is generally associated with healing and repair
processes, but associated in cancer with pro-tumoral and immunosuppressive

mechannisms.** MDSCs show an increase in the production of interleukins IL6 and
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IL10, TGF-B, HIF-a. Paracrine and autocrine regulations stop the migration of
MDSCs, block their apoptosis and activate the differentiation to TAMs and

angiogenesis.* (Figure 9)

CDS8* T Cells ‘

/ % M2 macrophages
: t,”l.
é o) ¥

“__ a ’)'» \/‘Tregs
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Figure 9: Immunosuppression mechanisms by MDSCs. MDSCs create an M2 phenotype polarization
environment, with M2-MDSCs, M2-macrophages, and conversion of T cell into Tregs lymphocytes.
Inhibition of NK cells and effective CD8* T cells block the immune response and participate in the
generation of a pro-cancer environment, where Argl is involved. (Figure from Tavazoie, M.F. et
al. Cell, 2018, 172, 825)

/NK Cells
//

The first biological pathway described in Argl overexpression involves
cyclooxygenases (COX2) by tumor cells. COX2 increases the production of PGE2
prostaglandin from arachidonic acid.* Once released into the extracellular medium,
PGE2 binds to Prostaglandin E2 receptor 4 (EP4), a G protein-coupled receptor
present at the surface of the MDSCs. Fixation to EP4 activates adenylate cyclase,
the protein kinase A (PKA), and the 5' AMP-activated protein kinase (AMPK). The
effect on the cells is a stop in cell migration and a polarization to the M2 phenotype

of MDSCs where these cells overexpressed Argl.* (Figure 10)
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Figure 10: L-arginine is a key intermediate in the regulation of T lymphocyte activity. The concentration of intra- and extracellular L-arginine 1 is
dependent on the expression and activity of Argl and iNOS by myeloid-derived suppressor cells (MDSCs). Cytokine receptors, Serine/threonine kinase
receptors, Prostaglandin E2 receptor 4, calcium-binding protein S100, and Receptor Tyrosine Kinase are involved in the Argl overexpression. Argl

excretion occurs at high levels of intracellular Argl
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Interleukins IL4, IL8, IL10, and IL.13 activate the phosphorylation of signal
transducer and activator of transcription STAT3 and STAT6.*7 Activation of STAT3
stops the apoptosis of MDSCs through B-cell lymphoma-extra large (Bcl-xL)
transmembrane molecule transactivation. STAT6 acts on suppressor of cytokine
signaling 1 (SOCS1), leading to Argl overexpression.*

Receptor Tyrosine Kinase (RTK) via insulin-like growth factor (IGF),
epidermal growth factor (EGF), and receptor tyrosine-protein kinase (HER) activates
the phosphoinositide 3-kinase (PI3K) pathway leading to Argl expression and the
repression of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB), inhibiting iNOS expression.*” PI3K also phosphorylates protein kinase B
(Akt).>® Akt acts on 40S ribosomal protein S6 and mammalian target of rapamycin
(mTOR), leading to various effects, such as angiogenesis with hypoxia-inducible
factor 1-alpha (HIF-1a) activation.’! vascular endothelial growth factor (VEGF) and
transforming growth factor beta (TGF-B) fixation on serine/threonine kinase
receptors also lead to Akt phosphorylation.’> However, mothers against
decapentaplegic signal transducer of TGF-f (SMAD) and extracellular signal-
regulated kinasel/2 (ERK1/2) pathways can also be both involved with
serine/threonine kinase receptor activation.>

In more recent literature, extracellular vesicles with factors such as VEGF-
A, IL1A, serine/threonine-protein kinase 3 (STK3) were demonstrated to support the
overexpression of Argl. Tumor necrosis factor (TNF) expression restricts or blocks
the production of iNOS, allowing more substrate for Argl.>*

Argl overexpression induces a substantial increase in the hydrolysis of L-
arginine 1, thus leading to an excess of L-ornithine 2 and urea 3. The extensive
intracellular L-arginine 1 depletion is compensated by the induction of the cationic
amino acid transporters 2 (CAT2) at the MDSCs cell surface leading to L-arginine
uptake into the cytoplasm. The intracellular deficiency thus quickly spreads outside
MDSCs and down-regulates the immune system. The resulting lower L-Arg
extracellular concentration reduces the protein synthesis.*>>> As an example, plasma
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arginine concentrations were lower in patients with cancer (breast cancer: 80 + 3
umol/L compared with 103 + 9 umol/L; colonic cancer: 80 pmol/L compared with
96 + 7 umol/L; pancreatic cancer: 76 = 5 pmol/L compared with 99 + 7 umol/L).>
T lymphocytes are sensitive to amino acids depletion, which directly affect their
proliferation and activity.’” The L-arginine depletion also blocks the biosynthesis of
some proteins in T cells. The lack of L-arginine has a very high impact on the
immune system as this immune cell lineage is very sensitive due to the high
consumption of this semi-essential amino acid. The repressed expression of the CD3
€ chain inhibits the T-cell receptor (TCR) complex formation, and the activation
signal cannot be transmitted. Because the activation is not possible, the
differentiation and the proliferation of active T cells cannot occur.>®

In these conditions, T cells tend to differentiate into regulatory T cells
(Tregs). CD4+ or CD8+ Tregs can down-regulate the immune system by the
production factors such as IL-10. Tregs population supports the immunosuppressive
role of MDSCs and the immune escape. However, Tregs can be differentiated into
effector T cells by interferon gamma (IFN-y). Such differentiation stops the
production of immunosuppressive factors and reactive the production of factors
against tumors.

In conclusion, Argl is not only able to decrease the immune response but
also supports tumor development. The expression of Argl and tumor development
are closely related. Polyamines (11, 12 and 13) and L-proline 10 productions are
needed to form the capsule around the tumor cells cluster. Moreover, the production
of other factors such as HIF-a supports tumor vascularization’® with the M2
polarization.®

Inhibition of Argl clearly appears to be a relevant target to fight immune

escape and tumor growth.®!
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1.2 ARGINASE INHIBITORS DESCRIBED IN THE LITERATURE

Since the discovery of arginase in 1904, molecules that inhibit its activity
have been described.®> We can discriminate synthetic derivatives from natural
products and more simple chemical entities such as ions.%

Although these molecules sometimes seem to have an inhibitory constant
(Kj) in the same range, it is important to note that their direct comparison cannot
always be made. Indeed, the expression of K; is a mathematical calculation whose
expression depends on the mode of action. The inhibitors described here have
different modes of action with mainly two types of inhibition: 1) inhibitors leading
to a covalent bond with the manganese cores (sometimes described as a dative bond)
such as for the boronic acid and sulfonamides inhibitors and 2) inhibitors binding to
the enzyme through non-covalent intermolecular interactions. Moreover, in many
articles, only the half-inhibitory concentration (ICso) is described. In this case, the
ICsp value also depends on the experimental conditions and therefore hamper a direct
comparison. To illustrate this, one can cite the example of irreversible inhibitors,
also known as suicide inhibitors, for which the ICsy increases with incubation time.
In conclusion, comparing the inhibitory potency of compounds described in the
literature is not always possible and should only be considered with care. It is in
practice only possible to make these comparisons within a single chemical series, or
at best, for compounds sharing the same mechanism and described by the same

research group using similar experimental conditions.

1.2.1 Known modulators of Arg1 activity

1.2.1.1 Anions
Argl activity can be modified by the nature of the metals in the catalytic
pocket as described previously, but anions can also be inhibitors. Anions substitute
the hydroxide in the catalytic pocket, making the enzyme unable to perform the
hydrolysis. The inhibitory effects of anions, such as N3, NO>, BOs;, SCN-,
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CH3COOr, SOy, CIO4, H,PO4, CN, I, Br, Cl" and F, on the hydrolysis of L-
arginine by rat liver arginase, was studied. Inhibition is obtained if the ligand bound
to the two metals is strong enough. Of all these anions, only fluoride exhibited an
apparent inhibitory effect in the mM range.®* Inhibition by fluorine also depends on
pH. Inhibition is facilitated at neutral pH (1.2 mM at pH 7.0) and lower in basic
conditions (19 mM at pH 10).

1.2.1.2 Natural products

Most of the natural products described against arginase are extracted from
plants, based on traditional medicine against Plasmodia and Leishmania parasites.
Various scaffolds were described demonstrating low to moderate effect on Argl and
are mainly used against Leishmania arginase, an enzyme used by a parasite to
survive in the host. (Figure 11)

Flavonoids,® such as (+)-catechin 14 and (-)-Epicatechin 15,° demonstrated
a moderate effect on Arg2 activity. However, flavones such as sauchinone 16 and
hydroxysauchinone 17, and flavanones such as derivatives 24 and 25 demonstrated
better inhibition values on Leishmania arginase. Gallic acid derivatives of flavonoids
also show a wide range of inhibition against Leishmania arginase with or without
inhibition of human isoenzymes Argl and Arg2. This difference in activity is easy
to explain by significant differences in parasitic and human Arginase. Human and
Leishmania arginase are structurally different. Inhibition seen on the parasite
enzyme cannot be related to the human isoenzymes.®’

More compounds such as orientin 21, chlorogenic acid 19, and obacunone
23 were described as only active on Leishmania arginase without human Argl
activity.®® Galloylquinic acids, the esters of gallic acid 18 and (-)-quinic acid,
Piceatannol-3-O-B-D-glucopyranoside 27, sauchinone 16 and hydroxyl derivative

17, salvianolic acid 26 are the most studied in the literature.®’
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Figure 11: Natural products showing inhibition of human or leishmania arginases.

These molecules possess hydroxyl group(s) or carboxylic acid that are
required for the inhibition of arginase.”’ The majority of the molecules reported in
the literature possess aromatics hydroxide, such as catechols. Docking experiments

were investigated to understand possible binding modes. Most of the molecules were
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shown to coordinate Mn*" cations in the catalytic pocket. However, no co-crystal

structures of such compounds within Argl or parasite arginase are reported so far.

Purine-based molecules: adenosine, inosine, adenine, and uric acid were also
described as weak competitive inhibitors of bovine liver arginase with K; of
respectively 30, 40, 14, and 9 pM. Pyrimidine based compounds display better
affinities but are described as noncompetitive inhibitors with K; of 5 uM for cytidine

and 0.9 uM for cytosine.”!

1.2.2 Inhibitors discovered via the SOSA approach

Existing drugs were also evaluated to find new starting points for a drug
discovery program on arginase by following the Selective Optimization of Side
Activities (SOSA) approach.” Selective optimization of side activities of drug
molecules (the SOSA approach) is an efficient strategy to discover new active
entities.”” Approved drug molecules, for which bioavailability and toxicity studies
have already been performed, are screened. After a hit is found and confirmed,
optimization is performed so that the initial “side activity” is then transformed into
the “main activity” and, conversely, the initial “main activity” is significantly
reduced or abolished. This strategy has a high probability of yielding safe,
bioavailable, original, and patentable analogues.”

This approach highlighted chloroquine with reversible and competitive
inhibition of bovine liver arginase around 10 uM.” Complementary studies on
chloroquine in human erythrocytic Argl revealed a dose-dependent inhibition with
inhibition constants (Kj;) of respectively 23.0 = 0.04 uM and 41.0 £ 0.016 uM at pH
of 6.8 and 7.4.7

In 2016, Lisi et al, reported Argl inhibition for antiretroviral drugs. (Figure
12)
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Figure 12: Structures of antiretroviral agents nevirapine 28, darunavir 29, efavirenz 30, and atazanavir
31.

Nevirapine 28, darunavir 29, efavirenz 30, and atazanavir 31 are described
altogether to be able to reduce ARG activity by about 50%, with a concentration of
1 nM (efavirenz 30), 100 pM (darunavir 29, atazanavir 31), and 1 uM (efavirenz 30).
Docking experiments were performed to try to understand the binding of such

derivatives.’®

1.2.3 Substrate and transition state analogs

Research on Argl activity focuses mainly on inhibitors targeting the
catalytic pocket with the substrate or product analogs.”’

Amino acids were the first molecules described to show inhibition of Argl.
Aliphatic a-amino acids: glycine, alanine,”® proline,” valine, leucine, and
isoleucine®® are weak arginase inhibitors. Lysine,*' L-cysteine, and L-glutamic acid
are also inhibitors of arginase although with very weak activities.®? L-ornithine
(Ki= 1.3 mM), which is the product of the catabolism of L-arginine, demonstrated
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to be a weak reversible competitive inhibitor. This product inhibition regulates the
enzyme activity through feedback inhibition limiting its over-activation as seen
previously in part 1.1.1.3." Short aliphatic chains and hydrophilic functions on the
side-chains seems favored for the inhibition. No-hydroxy-L-arginine (NOHA) 9, an
intermediate produced by NOS, shows the same negative feedback effect on Argl.*

Many active site-binding inhibitors have already been described and are

based on the a-amino acid scaffold. (Figure 13)

L-arginine 1

Figure 13: Substrate and modifications of the a-amino acid scaffold reported in inhibitors

The first rationally designed molecules are N®-Hydroxyamino-a-amino
acids based on the NOS intermediate product: L-NOHA 9. L-NOHA ICso were
reported to be 20 uM on rat arginase® and 150 uM”’ on bovine liver arginase (BLA).
This compound was shown to act as a competitive inhibitor. However, L-NOHA 9
is also a substrate of NOS which oxidizes the molecule to L-citrulline 5 and NO.
Analogs were expected to be more active and more stable. Racemic amidoxime No-
OH-DL-indospicine (NOHI, 32) improves a little the activity with ICso value on
bovine liver arginase (BLA) of 5 uM. Ketoximes and aldoximes did not demonstrate

any inhibition lower than the millimolar range. However, hydroxylamines showed
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to be more interesting with micromolar inhibition such as Ne-OH-L-lysine with
1142 pM.3586

The very active research group of Professor David W. Christianson from the
University of Pennsylvania published numerous articles in the field of arginase
inhibition from the late 90s. (Table 2) A structure-based approach led them to
describe several inhibitors families with different coordinating functions. From the
articles of the Christianson group, modification of the guanidinium part was
performed with sulfonamides,®” 2-aminoimidazoles,*® aldehydes,® nitro®® and

carboxylic acid derivatives,”® epoxy compounds,’!

or even trifluoromethylketone,
thanks to its crystallographic resolution of Argl.”” Crystallographic data with
inhibitor-enzyme complexes had a major impact with the determination of the
mechanism and allowed a better understanding of the interaction between ligands

and the active cavity but also to design new inhibitors rationally.”
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Table 2: Inhibitors in the literature with Argl activity and Arg2 activity®*

Compounds Biological activity Reference
Ne-hydroxyl-amino acids: Custot et al.,
NOHA 9 Arginase 1: 1996, 1997%
N,OH Ki: 10 = 2 uM (rat liver
arginase, pH 7.4) *® and 150
HNS A KM (BLA)
\(E/\ﬂ NH, Kg: 3.6 uM (pH 8.5)7
co, Arginase 2:
Ki: 1.6 uM (pH 7.5)
Ki: 2 uM (pH 9.5)
N«-OH-DL-indospicine 32 Arginase 1:
OH Ki: 5 uM (BLA)®*
HsNe3 JI
Y\/\H NH,
coze
Arginase 1:
Nor-NOHA 33 Ki: 0.5+ 0.1 uM (rat liver
©) H arginase, pH 7.4)
H3N ~ Kg: 0.5 uM (pH 8.5)
Z “OH d- V.o VL (pHL .
YE/ Y Arginase 2:
CO, NH, Ki: 5148 nM (pH 7.5)
Sulfonamides: Cama, et al.,
ASH 34 Arginase 1: 2003%
o Ki: 90 UM (rat liver arginase)
HsN@ g\NH Arginase 2:
e} o
co,
SEC 35 .
o Arginase 1:
@ I Ki: 52 uM (rat liver arginase)
N
© o
co,
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Compounds Biological activity Reference
2-aminoimidazoles: llies, et al.,
2AH 36 Arginase 1: 2003%
® H Ki: 300+20 pM (pH 9.5)
H3N N
m />—-NH2
N
© Arginase 1:
Al1P 37 Ki: 4.0+0.2 uM (pH 9.5)
H N@ Kq: 2+0.1 pM (pH 8.5)
° H  NH
© N\I/ z
0,C \ |N
Aldehydes: Shin, et al.,
AOH 38 Arginase 1: 2004°%°
0} ND
H N@ Arginase 2:
3 H Ki: 60+8 UM (rat liver
coze arginase)
Nitro: Zakharian, et
ANH 39 al., 2008a%
® Arginase 1:
HsNY\/\/NOz Kg: 60 pM
coze
Carboxylic acids: Zakharian, et
AHD 40 al., 2008a%
® 0 Arginase 1:
HoN MOH Ka: 30 mM
C02e
Epoxides: 41 Zakharian, et
® o] only co-crystalized, no al., 2008b°
HaN\‘/\/\/ﬂ inhibition determined
coze
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Compounds | Biological activity | Reference

Boronic acids: Baggio, et al.,
2(S)-amino-6-boronohexanoic acid Arginase 1: 1997%
(ABH) 42 Kq: 5 1M

OH Arginase 2:

Ki: 0.25 uM (pH 7.5)

H3N® B
YE/\/ OH Ki: 8.5 nM (pH 9.5)

co,
S-(2-boronoethyl)-L-cysteine Arginase 1:
(BEC) 43 Ki: 9.4-0.6 UM, Kqg: 2.56 uM
OH Arginase 2:
H N@ II3 Ki: 0.31 pM (pH 7.5) Kim, etal,,
3 Y\s/v ~OH Ki: 30 nM (pH 9.5) 2001
COze

Among all these inhibitors, the most potent are unquestionably the boronic
acid compounds. The reference compound in this series, the (S)-2-amino-6-
boronohexanoic acid (ABH) 42 has a K4 of 5 nM on human Argl and was shown to
mimic the transition state. Later, S-(2-boronoethyl)-L-cysteine (BEC) 43 was
reported as a modified version of 42 with sulfuryl function in the chain linker

between the a-amino-acid moiety and the boronic acid.”’

1.2.4 Boronic acids in Argl inhibition

The boronic acid inhibitors ABH 42 and BEC 43 were reported as
competitive slow binding transition-state inhibitors.”® Boronic acid-containing
compounds mimic arginine, which just underwent the nucleophilic attack of the
hydroxide ion, as seen previously with the mechanism (Figure 5, step 3). The boronic
acid function reacts in the catalytic pocket with the hydroxide bridged between the
two manganese. The nucleophilic attack of the hydroxide on the boron generates the
conjugate boronate function. The binding in the active site is also very similar to the

transition state. (Figure 14).
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Figure 14: Comparison of interactions of ABH 42, arginase 1 inhibitor A: hydrolysis mechanism of L-
arginine 1. B: Inhibition mechanism of ABH (X=C) 42 and BEC (X=S) 43. C: Co-crystallographic data
of 42 and Argl.%” D: interaction map.%

The amino acid part is very well superimposed compared to the transition
state or L-ornithine 2. Deeper in the pocket, the hydroxyl of the boron matches the
-NH> and -OH functions of the transition state. Hydrogen bonds and ionic
interactions strongly stabilize the inhibitor in the cavity.

However, the binding and inhibition data depend on the experimental
conditions. In fact, affinity and kinetics of inhibition are strongly dependent on the
pH, for example. Inhibitors are often reported at the optimum pH of the enzyme
(pH 9.5) or physiological pH (pH 7.4) and show very different inhibition values are
usually obtained. For instance, regarding ABH 42, an inhibition constant (K;) of
88 nM and 11 nM at pH 7.5 and 9.5, are reported. In a recent article, this difference
in the affinity was explained by a modification of the enzyme conformation, adopting
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a more symmetrical coordination structure and a higher abundance of hydroxide
ions.” Some active site residues (Asp232 and Asp234) show some changes, and the
enzyme metals were also more symmetric regarding their coordination at pH 9.0.
The boronate of ABH 42 was shown to rotate upon an increase in pH as illustrated
in Figure 15A. As a result, the coordination distances of -OHs of boronate become

shorter at pH 9.0, in magenta, compared to pH 7.0 in cyan in Figure 15B.

A) B) Asp234
¢ 001
@ Aspl124  Asp232 Aspi24 /
0 -~ M Histo1 ,,. 082 052 O3 /27
o1 i NS1 SN 200 221 4 P2 P WK /7 58
Mn ~ 200l o \\ N2.07 Asp234
N ! %519 200NN\ _ [/ - 052
27 *"203
p 213
03 ) 216 / F S
\ /, 7 02 m\\
Asp128 219y 23N\ # 190 g 201 His126
02/ 052 %y °7 ABH f3.13 NS1
pH7.0 ABH pH 7.0 AB’H
pH 9.0 pH 9.0 03

Figure 15: Structural differences between the active sites of the Arginase-1/ABH 42 complexes at pH
7.0 in cyan and 9.0 in magenta. A) Detail of the 42 boronate anion bound near the manganese cluster
B) Schematic representation of 42-Argl complex. Dashed lines indicate coordination interactions with
the metal ions, while dotted lines indicate hydrogen-bond interactions made by 42. Distances between
atoms are described for pH 7.0 and 9.0, with respective colors. (from Grobben, Y.; et al. J. Struct. Biol.
X 2020, 4, 100014.)

The ionization of the coordinating function is essential to consider.!®® For
example, the pKa of the boronic acid side-chain is reported to be 9.3 for BEC 43
(Figure 16A).* It means that at the optimum pH of 9.5, the boronic acid function is
very close to the pK,.. Consequently, we should expect almost half as boronate and

another half as boronic acid.
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Figure 16: A. pH equilibrium of boronic acid inhibitor BEC 43. B. schematic representation of the
possible fast nucleophilic attack of the hydroxide on the boronic acid function, compared the unreactive
boronate function and proposed slow exchange (C).

To inhibit the enzyme, the boronic acid must react with the hydroxide of the

catalytic site, as illustrated in Figure 16B and 15C. However, inhibition is faster with

boronic acid compared to boronate. Indeed, at a more neutral pH, the more abundant
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boronic acid form can be attacked by hydroxide to bind to the enzyme covalently.
However, the boronate must exchange an -OH group to form the same tetrahedral
intermediate, which is a slower equilibrium. This explains the slower inhibition
observed at alkaline pH, such as pH 9.5.%

Furthermore, displacing the hydroxide and coordinating the metal cores
appear facilitated in a more neutral pH when functions are less prone to react with
the hydroxide. This new parameter is due to the enzyme conformation and its
stability. At pH 9.5, the enzyme showed a slightly higher melting temperature (Tm,
determined by thermal shift assay) than pH 7.4.

1.2.5 Towards the next generations of boronic acids-based inhibitors

The presence of the boronic acid function does not reveal any side effects
that could be expected with this function or boron in general. Indeed, the presence
of the electronic vacancy could lead to nucleophilic attacks and the formation of
covalent bonds. Overall, boron is not common in medicinal chemistry and is rarely
used to design new chemical entities.

Boronic acid derivatives developments were the strategy and patented in the
late 2000 and 2010s period, as reviewed in 2014 by Ivanenkov and Chufarova.'!
During this period, ABH 42 and BEC 43 were improved, resulting in several

generation of inhibitors. (Figure 17)
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Figure 17: structures of the boronic acid inhibitors of Argl from the 15 to the4™ generation.

a-o-disubstituted amino acids are the second generation of inhibitors. They
were designed by Ilies ef al. to make new intermolecular interactions in the enzyme's

outer active site.!??

)
® COo; ® ® co@
H3NI’)\/\/NH3 HiNu, 2 %Hz
H 2 F,HC
L-orn 47
DFMO
© €]
] ® co
® co; N ® Cco,
"y 3n ~OH H3Nu,
H3N )\/\/\B’OH FzHC)\/\/\'? :' é)\/\/\B’OH
H 42 OH 48  OH : 49 by
ABH FABH MABH

Figure 18: a-a-disubstituted amino acids designed from L-ornithine and first-generation inhibitor
ABH.

From L-ornithine 2 and first-generation inhibitor ABH 42, 2-
(difluoromethyl) 47 and 48 and methyl 49 substituted compounds (Figure 18) were
synthesized and evaluated on isolated human Argl and parasite-derived arginase
(Plasmodium falciparum Arginase). The results of this study are depicted in Table
3.
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Table 3: Enzymatic activity on human Arg! and parasite arginase of a-a-disubstituted amino acids
compared to ABH. (Result table from Ilies, M. et al, J Med Chem 2011, 54, 5432-5443)

o human Arginase 1 _Plasmodium
inhibitor Ki (M) falciparum Arginase
H Ki (M)
ABH 42 (S-isomer) 0.018 + 0.001 10+1
FABH 48 (racemic) 34+2 2000 £ 200
MABH 49 (racemic) 0.88+0.02 260 £ 20

A decreased affinity of FABH 48 and MABH 49 compared to the parent
inhibitor ABH 42 was reported. But the authors reported that a more polar substituent
would be more favorable with the presence of potential hydrogen bonding groups in
this region of the Argl active site. Additionally, a longer substituent might be better
suited to capture additional binding interactions. Later, van Zandt et al. designed

molecules following this way, as outlined in Figure 19.'%

o of AN A0 H

H3Nlh B’OH 50
i 100 nM 223 nM 510 nM
OH /( /(
X N
O O PO
s
53 54 55
160 nM 1,240 nM 270 nm

Figure 19: improved a-o-disubstituted amino acids elaborated by van Zandt, et al. ICso on human
arginase 1 are reported bellow each substituent to compare to ABH (1,450 mM).

From this study, such modification can clearly improve the inhibition
potency. This series was expanded by various modifications of the a-substituent, and
patented but did not lead to any compound in clinical trial.

Third-generation compounds are of similar structure but with a cyclization
between a and B at the amino acid tail. Such modifications resulted in very active

compounds on Argl with some selectivity versus Arg2.!%* (Figure 20)
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Figure 20: Markush structure for the third-generation compounds found in patents.

Among all the compounds synthesized, CB-1158 45, also named
INCBO001158 for clinic trial, has demonstrated great interest. Although it has a ring
and can be classified in the 3rd generation, its dipeptide structure classifies it in the
fourth generation. Indeed, the distinction between 3rd and 4th is made by the peptide
character of the compounds. CB-1158 45 has a reported ICso of 86 nM on human
Argl and 296 nM on human Arg2.'% In contrary to other inhibitors, CB-1158 45 is

active in cellulo and in vivo as adjuvant but also as a single agent.'-1%7

,_,st’acoze
) B,OH
I
N OH
o=
HsN 45
CB-1158

Figure 21: structure of CB-1158 studied in clinical trials

The same approach led to the development of NED-3238' 44, up to 1000-
fold more potent in comparison to ABH 42 (ICso on human Argl of 1.3 nM vs
1,547 nM, respectively). 50, 51'% and other proline-derived inhibitors'” were

reported recently with similar results.
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Figure 22: Structures of NED-3238 44, proline-derived inhibitor 56 and 46,

Proline-derived inhibitors are reported with ICso on Argl in the nanomolar

110

range and below (56: ICso = 16 nM). 46 was among patented compounds '"° and

reported an ICso of 0.8 nM. 6-membered cycle derivatives were also studied.'!!
Bicyclic compounds similar to CB-1158 45 were also developed by

Mitcheltree, ef al. to inhibit Argl to enhance cancer immunotherapy.'!? (Figure 23)

®
H;N, CO2
y _OH
&
o wH OH
N
H2®
57
252 nM 22 nM 2nM 14 nM

Figure 23: Structures of bicyclic derivatives designed for Argl inhibition and ICso

In their assays, all the molecules from Figure 23 have inhibitory potency
with ICses from 2 to 252 nanomolar, compared to 311 nM for ABH 42. In addition,
these molecules were also co-crystallized inside the Argl binding cleft. A new series

was then synthesized to improve the bioavailability (Figure 24).
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Figure 24: pharmacomodulation for improving the bioavailability.

In this study, pyrrolidine nitrogen was substituted or removed to improve
bioavailability. Deletion of the nitrogen led to a loss in activity but improved the
bioavailability significantly. The loss in activity was restored with the addition of
other substituents (Ri, R or R3 in Figure 24) on the cycle. The best compound 62
has an ICso of 37 nM and a bioavailability of 16%, which is more than double
compared to the initial compound 61 for almost the same 1Cso (29 nM and 7%).

In the same article, the authors highlighted another interesting characteristic
of their compounds. The boronic acid function is closed enough to react with the

amine of the amino-acid function. (Figure 25)

HO\Q/OH

HO,C NH, HO_ _OH Ho HCZN’-

N ,Ca

pH 2-10

H H —ee H H

N D0 N

H H

61 63

Figure 25: dependent equilibrium with boronic acid 61 forming a cyclic aminoboronate 63.

This propriety can offer the possibility of having prodrugs that can be
opened under certain conditions. This can protect the compound from potential
degradation but also from side effects by avoiding off-target interactions. In addition,

drug targeting could be considered with the opening of the ring, releasing the active
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form of the drug into the site of action. This was mentioned in a previous patent
released in 2018, where the boronic acid was protected by the carboxylic acid and

amine functions, much like the N-methyliminodiacetic acid (MIDA) protection.''?

A difference in the inhibition is thus observed depending on the pH and the

nature of the inhibitor. (Table 4)
Table 4:comparision of the Argl inhibitory potency for ABH 42, nor-NOHA 33, and CB-1158 45 at pH

9.5andpH 7.4
OH
B/
® N,OH é/\/\ |
H3N, CO2 N OH

(S
0 5o° I
HaN ',W OH H/Q/\H NH, Oi

e

B
42 33 Hll 45
ABH nor-NOHA CB-1158

Inhibitor ICsp (nM) (95% CI)* K; (nM) (95% CI)"
pH 9.5 Buffer control

ABH 22 (19 - 26) 11 (9.4 - 13)

nor-NOHA 109 (91 - 130) 54 (45 - 64)

CB-1158 132 (109 - 159) 65 (54 - 79)
pH7.4 Buffer control

ABH 184 (171 - 198) 88 (82 - 95)

nor-NOHA 59 (50 - 70) 28 (24-34)

CB-1158 8.6(8.4-89) 4.1 (4.0 - 4.3)

a Average ICso and Ki values and 95% confidence intervals (95% Cl) are reported using the plCso and
pKi values of the individual experiments.

As described in Table 4, ABH 42 is slightly more potent at pH 9.5, on the
contrary to nor-NOHA 33 or CB-1158 45, a third-generation inhibitor in clinical
study presented in the next part (1.2.6). However, the inhibition data reflects several
parameters, such as the affinity and the kinetics of association and dissociation.
Boronic acid inhibitors have a generally slow association and dissociation kinetics,

as described in Table 5.

52



Introduction

Table 5: Kinetic parameters of Argl inhibition ABH 42, nor-NOHA 33, and CB-1158 45 at pH 9.5 and
pH 7.4

® O
H3N COZ

OH
rd
o ® N,OH é/\/\?
® Co; HyN, CO, N OH

©
I
CGNS

e

B
42 33 “3"(% 45
ABH nor-NOHA CB-1158
Inhibitor ka M~'s™h log(k,) SD log(k,) ks s™H log(ka) SD log(ky)
pH 9.5 ABH 5.1 % 10° 3.71 0.03 1.4 x 1074 —~3.86 0.03
nor-NOHA 3.6 x 10* 4.55 0.15 6.2 x 1073 -2.21 0.15
CB-1158 1.3 x 10° 3.11 0.04 9.2 x 10°° —4.04 0.04
pH 7.4 ABH 1.2 x 10 4.09 0.21 9.9 x 1072 ~2.00 0.21
nor-NOHA 1.2 x 10° 4.09 0.21 1.9 x 1072 -1.73 0.21
CB-1158 4.8 x 10° 3.68 1.8 x 107° —3.74

The association rate constants (k.) were determined by SPR of all three
inhibitors at pH 9.5 and 7.4. CB-1158 45 at pH 9.5 has the slowest formation of the
enzyme-inhibitor complex with k, of 1.3 x 10* M s™! and the slowest dissociation
kinetics with a kq of 9.2 x 1073 57!, The dissociation rate constants (k4) vary up to
200-fold among the inhibitors and pH conditions. nor-NOHA 33 has the fastest
association and dissociation kinetics at both pH values. Such differences in inhibition

and kinetics highlight pH as a crucial parameter to consider.

1.2.6 Arginase inhibitors in preclinical and clinical trials

1.2.6.1 Preclinical studies

OATD-02 or OAT-1746 (structure not disclosed, OncoArandi
Therapeutics), is a dual arginase 1/2 inhibitor studied to improve the efficacy of
immune checkpoint inhibitors.!'* This compound is a dual inhibitor with 1Csy of
20 nM and 48 nM for Argl and Arg2, respectively, and demonstrated very low

clearance, a long half-life, and moderate oral bioavailability in animal models.
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OATD-02 was evaluated as a monotherapy and in combination with checkpoint
inhibitors (gemcitabine, and IDO inhibitor) in various mouse models (colorectal,
lung, ovarian cancers, melanoma, and leukemia). Tumor growth inhibition was in
the range of 34-56% for monotherapy (50 mg/kg, twice a day), and combinatorial
therapy of OATD-02 resulted in tumor growth inhibition in the range of 61-87%.

1.2.6.2 Phase 1 clinical trials

A study started in 2017 to evaluate the safety, tolerability, and antitumor
activity of CB-1158 45 plus Epacadostat (an IDOI1 inhibitor), with or without
pembrolizumab (PD-1 antibody), in advanced solid tumors.!'> However, at the end
of the study in May 2020, the trial was inconclusive due to the insufficient numbers
of patients enrolled (only one person in cohort 2), and no patients completed the
study (3 deaths/4 patients in cohort 1 and 1 death/l1patient on cohort 2).

Another arginase inhibitor, CB-280 (structure not disclosed, Calithera
Biosciences), was studied in phase 1b (NCT04279769). The study's estimated
primary completion was expected for the end of December 2021, so results should
follow in the next few months.''® In a tumor model compound (30 mg/kg), the
compound demonstrated 30 % tumor growth inhibition in monotherapy and 87 %
when combined with anti-PD-L1 (10 mg/kg). A regression of 7/10 tumors was also

observed. '

1.2.6.3 Phase 2 clinical study

The only candidate to be currently widely involved in clinical trials is CB-
1158 45. The molecule was then tested to ensure the safety of use in the human
model and started a phase 1 trial in September 2016 as a monotherapy agent. CB-
1158 45 is also orally available and has good pharmacokinetics with a half-life of 6
hours (supports twice a day takes) and follows prediction for renal clearance. From

preliminary data, exposure was over ICop at 100 mg, and the plasma concentration
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of arginine increased. Later, patients with advanced/metastatic solid tumors were
enrolled in escalating monotherapy doses to determine the Recommended Phase 2
Dose (RP2D). Combination with anti-PD-1 therapy was also evaluated.'%

A phase 1/2 study in combination with chemotherapy in subjects with solid
tumors also started the same year.!'® ' Preliminary results of a phase 1/2 study of
CB-1158 45 plus chemotherapy (gemcitabine/cisplatin) in patients with advanced
biliary tract cancers suggest the combination of CB-1158 45 100 mg BID +
gemcitabine/cisplatin was tolerable and did not result in significant added toxicity.
Response rates and progression-free survival suggest that some patients may benefit
from this combination.''” Estimated study completion was expected for the end of
March 2022, meaning results should become available in the next few months.

Results for CB-1158 45 combined with Daratumumab in multiple myeloma
are expected for mid-2022 (estimated primary completion: expected for the end of
March 2022).!15

CB-1158 45 as a single agent and in combination with immune checkpoint
therapy (Pembrolizumab, an antibody targeting programmed cell death protein 1
(PD-1) expressed on activated T-cells, monocytes, B-cells, natural killer (NK T-cells
and dendritic cells) in patients with advanced/metastatic solid tumors has been
investigated since 2016, and conclusions were initially expected for the end of 2021.
Significant number of patients did not complete the full study due to withdrawal or
switch in therapy. Adverse events reported in mid-May 2022 highlight that the
combination led to low to moderate side effects: constipation (CB-1158 alone),
diarrhea, nausea, and vomiting (CB-1158+ Pembrolizumab). However, outcomes
regarding the effects of the treatments are not yet reported and estimate completion
is expected for end of June 2022.'%°

The last study (INCMGAO00012) with CB-1158 45 and the combination of
both in Japanese participants with advanced solid tumors ended in December 2021,

but the results are not yet been reported either.'?’
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It is important to note that many of these studies have had their results
reports delayed due to the Covid-19 pandemic (limited number of recruited patients,
limited resources...).

Overall, a few numbers of Arginase 1 inhibitors are just entering on first
steps of clinical trials. Only CB-1158 went further with evaluations in combination

with different treatments. No drugs are currently on the market.

1.2.7 General remarks on current arginase inhibitors

As described in the previous parts, most of the more potent Argl inhibitors
are boronic acid compounds. These boronic acid inhibitors act as transition-state
analogs by forming in situ a tetrahedral boronate function by addition, on the boronic
acid head, of the catalytic hydroxide ion buried between the two manganese in the
Argl binding cleft. (Figure 26A)'> 778790 To summarize, these compounds can be
structurally devised into three parts: (1) a boronic acid head responsible for the
formation of the tetrahedral transition-state intermediate, represented in green in
Figure 26, (2) an amino acid tail, colored in red, and (3) an aliphatic chain linker, in

blue. In the last generation, an additional arm, colored in pink was added.
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Figure 26: A. schematic representations of the transition-state of L-arginine and boronic acid
inhibitors with Argl.Boronic acid function mimic the transition state after the formation of boronate.
B. reported transition-state Argl inhibitors in the recent literature.

Although they represent promising arginase inhibitors whose efficacies are,
for some of them, currently being evaluated in vivo, the structural diversity among
them is indeed very minimal, and the discovery of novel scaffolds remains very
attractive, notably to elaborate backup strategies in case these boronic acids
compounds failed in clinical evaluation. Moreover, these boronic acid-based Arg
inhibitors generally suffer from poor bioavailability, limiting their use.''? Most of
these compounds are also very hydrophilic (logP close to or below zero), making
their crossing through the cellular membrane difficult. In vivo, this compound was
demonstrated to increase the plasma concentration of L-Arginine in cancer patients.
105

However, it was also demonstrated that CB-1158 acts only on exocytosed Argl.

This characteristic has advantages and drawbacks.
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The main advantage of acting in the extracellular environment is the
selectivity observed for these molecules. Being inefficient in membrane crossing
prevents the compounds from inhibiting intracellular Arg, as illustrated by CB-1158.
Hepatocytes do not seem to be affected by CB-1158, therefore avoiding some
important side-effects related to the inhibition of the urea cycle. It could also mean
the inhibition could not be observed on other Argl-regulated pathways, or at least
not lead to significant side-effect. Secondly, being localized in the mitochondria,
Arg?2 should not be touched. Accordingly, looking for a selective Argl/Arg2 seems
irrelevant or seems to be a minor concern. In addition, other off-target effects could

be avoided by not entering the cells.

However, several drawbacks can also be discussed. Indeed, having such
hydrophilic compounds involved some issues in pharmacokinetics. Such parameters
are not often in the literature, with only the focus on the inhibition potency. But mean
residence time, clearance, apparent volume of distribution, and oral bioavailability
have started to be reported as in the development of bicyclic inhibitors published by
Mitcheltree, et al. (Table 6).'12
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Table 6: Pharmacokinetic profile of 61 in CL57BL/6 Mice
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61
|C50: 29 nM
Route of delivery iv. p.o.
Dose (mg/kg) 1 10
Area under the curve (UM.h) 6.4 4.8
Concentration at 1h (uUM) 0.91 1.2
Mean residence time (h) 14 3.6
Clearance (mL/min/kg) 10 /
Volume of distribution (L/kg) 0.84 /
Oral bioavailability (%) / 7%

1.3 EXISTING ASSAYS IN THE LITERATURE

All the molecules that have been presented in the previous section (1.2) have
been evaluated as Argl inhibitors using various biochemical assays. Hence, several
experimental methods are described in the literature to evaluate arginase activity.
Different strategies are possible to follow the enzyme activity. First, the
disappearance of the starting material, or alternatively, the apparition of one of the
products (L-ornithine 2 and urea 3), can be monitored. Furthermore, an isostere of
the natural substrate can be used. In this case, the release of an alternative product is
followed. Nevertheless, no activity assay currently available can distinguish the

arginase isozymes.
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1.3.1 Assays measuring the formation of L-Ornithine 2

1.3.1.1 Quantification of L-Ornithine 2 by ninhydrin

Francis P. Chinard first described the colorimetric determination of 2 in

1952 via reaction with ninhydrin 64'?! (Figure 27)
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Figure 27: Reaction of L-ornithine 2 with ninhydrin 64 A) Pathway of amino acid moiety, with

R= CH2CH:CH2NHz2 B) pathway

amine of the side-chain, with

R’= CH2CH2CH(NH2)COOH. C) continuation of A) and B). The product is purple (Ruhemann's purple
65), and its formation is followed by reding the absorbance between 400 and 505 nm.
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In this method, L-ornithine 2 is quantified after reaction with ninhydrin 64
leading to the Ruhemann's purple 65.'* L-ornithine can react with its two amine
functions: the amino acid function (Figure 27A) and the side-chain function (Figure
27B). Both form a purple chromophore with a maximum absorption value at a
wavelength of 440 nm. So, via Beer-Lambert law, the concentration of 2 and, hence,
the enzyme activity can be extrapolated from calibration curves.!?*

The main drawback of this quantification method is the need to heat up to
95°C for the formation of the chromophore. A lack of specificity with the reaction
with ninhydrin is also observed. 2 shows the best coloration among all other amino
acids, but reactions with other amines are not described. Interferences giving false-

positive results are then often obtained with this method.'**

1.3.1.2 Quantification by HPLC-MS or UPLC-MS

Another method of analysis consists of measuring the amount of L-ornithine
2 by HPLC-MS.'?’ Deuterated L-ornithine (L-orn-de) or L-[U-"*CJornithine are used
as internal standards for quantification. The area under the chromatogram's UV curve
is measured for m/z equal 133.11 Da corresponding to the parent ions ((MH]") of 2.
Concentrations are extrapolated from the area under the curves (AUC) of calibration
curves obtained with known concentrations of 2. This method offers several

advantages, such as a good sensibility with low interferences.

1.3.2 Assays measuring the formation of urea

Regarding the methods for measuring urea, there are two possibilities for
quantifying the enzymatic activity. First, urea can be derivatized into chromophores
for direct colorimetric assessment. Alternatively, urea 3 can also be converted by

urease into ammonia 66 and carbon dioxide, which are quantified.
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1.3.2.1 Assay with Berthelot's reagent
With Berthelot's reagent, the ammonia 66 is transformed into indophenol 67

quantifiable by determining the absorbance at 630 nm.!?° (Figure 28)

JOL urease
HN” NH, —= 2NHs + o,
3 66
urea
ONa
@I Ho-Cl
Berthelot’s reagent

O@ 0
QLT
N
67
blue chromophore

Figure 28: General principle of the colorimetric assay with urease. Formation of a blue chromophore:
indophenol 67 is followed by reading the absorbance between 570 and 630 nm.

The quantification requires a second enzyme, increasing the incubation
times (2 x 30 minutes) necessary to complete both transformations. The effect of
positive molecules must be verified on the second enzyme activity, i.e., urease.
Direct titration of urea seems thus more attractive, avoiding a secondary assessment
of the inhibition. Moreover, amines can interfere with this test as well as organic

solvents.

1.3.2.2 Assay with the Ehrlich's reagent or p-dimethylamino-
benzaldehyde 68 (PDAB or DMAB)

In 1952, Watt and Chrisp described a spectrophotometric method that they
used to quantify urea 3.'*” The technique is based on developing a yellow-green color
by adding an ethanolic solution of p-dimethylamino-benzaldehyde 68 with dilute
acidic conditions. The method was improved several times and is sometimes referred

to as the quantification with Ehrlich's reagent.'* (Figure 29)
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Figure 29: General principle of the colorimetric assay with 68. The formation of a yellow-green
chromophore 69 is followed by reading absorbance between 420 nm and 435 nm.

Numerous interactions are reported with p-dimethylamino-benzaldehyde 68
and other substances forming red, orange, violet, and yellow complexes,'?’ making

this test inadequate for testing libraries containing diverse chemical functions.

1.3.2.3 Assay with Diacetylmonoxime (DAM) and a-
isonitrosopriopiophenone 70

The diacetylmonoxime (DAM) can also react with urea to form the
chromophore that can be read at ~500 nm.'*° The color is developed at 95°C, but the
diacetyl is volatile. In addition, the adduct degrades with sunlight making this test
light-sensitive and tricky to use. Later, Archibald updated this method with o-
isonitrosopriopiophenone 70 (a-ISO) to avoid the coloration's disappearance with

light.*! (Figure 30)
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Figure 30: General principle of the colorimetric assay with a-isonitrosopriopiophenone 70. The
formation of a pink chromophore 71 is followed by reading the absorbance at ~500 nm.
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However, heating at 95°C for 45 minutes is needed to reveal the coloration
before the reading at 500 nm, making this test more inconvenient in practice. Such
heating can also interfere due to the degradation of compounds, generating false-
positive and false-negative results. Thus, confirmation with orthogonal methods or

a study of potential inhibitors' structure is needed to avoid biased analysis.

1.3.2.4 Assay with xanthydrol 72

Greenberg, et al. proposed an assay with xanthydrol 72 for the derivatization

of urea 3. (Figure 31).!%
OH
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1§ . JI}
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Figure 31: General principle of the colorimetric assay with xanthydrol 72. The formation of a red
chromophore 73, soluble in 50% sulfuric acid solution, is followed by reading the absorbance in a
Klett-Summerson photoelectric colorimeter with a blue filter or in a Coleman Junior
spectrophotometer.

This test is barely described in articles and is not widely used because we
measure the absorbance of the yellow solution produced when the precipitate is
dissolved in 50% sulfuric acid. Unfortunately, a similar color was obtained from the
unreacted xanthydrol 72, which had to be washed from chromophore prior to adding
the acid. This approach also suffered from poor reproducibility and interferences
from numerous functions such as primary amides.!*3 The other drawback of this
method is the need to freshly synthesize the reagent from xanthone, also making this
test inadequate for screening a large number of molecules.'** Xanthydrol 72 can also

be used to quantify urea by HPLC-MS.!%
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1.3.2.5 Assay with o-phtalaldehyde 74 (OPA).
This colorimetric reaction of urea uses a mix of o-phthalaldehyde 74 (OPA)

and N-(1-naphthyl)ethylenediamine 76 (NED) in acidic conditions (sulfuric acid and

L
Q¢ ~”

boric acid solution).'*® (Figure 32)
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urea

Figure 32: General principle of the colorimetric assay with o-phthalaldehyde 74 (OPA) and N-(1-
naphthyl)ethylenediamine 76 (NED). The formation of an orange chromophore is followed by reading
the absorbance generally at 505 nm (480-540 nm range). The chromophore's structure is still unknown.

This technique does not require elevated temperatures for color
development, uses nonvolatile and stable reagents. The specificity is also
comparable to the diacetyl reaction (DAM) described in 1.3.2.3. The chromophore
obtained with OPA 74 and NED 76 is detected at 505 nm (480-540 nm range), but
its structure is not known and is still debated. The substantial toxicity of NED 76
was resolved by using primaquine, an analog of NED 76.'%’

There are several limitations of this test. First, the lower concentration
requires more time for color development but does provide a more stable color.
Interactions are present with some chemical functions. Several compounds: citrulline
5, 3-ureidopropionic acid, sulfanilamide, and sulfanilamide derivatives (sulfa drugs),
interfere by producing a color similar to the one obtained with urea, making this test

inadequate for screening of such chemical series.
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1.3.2.6 Assay with radiolabeled L-arginine 1* with the production of
radioactive urea 3*.

Urea quantification can also be performed using radiolabeled substrates.
Several radiolabeled L-arginines are commercially available, including the L-
arginine-[guanido-'*C] 1*. In 1980, Riiegg and Russell assessed for the first time the

arginase activity with L-arginine-[guanido-'*C] 1*.3% (Figure 33)
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Figure 33: General principle of the radioactive test. L-arginine-[guanido-*C] 1* is hydrolyzed by Argl
catalysis to L-ornithine 2 and radioactive urea 3*. Arginase activity is then assessed by the
determination of the radioactivity of urea.

The use of a radiolabeled substrate makes the test very sensitive. This
specific test using L-arginine-[guanido-'*C] 1* is now widely used by different
groups and, mainly, by the Christianson's group that developed several transition-
state inhibitors.'> 7" ¢ This assay is seen as one of the most reliable ones.'*’
Numerous publications report this assay, and so facilitate the stage of development.
This test also offers the advantage of having high sensitivity and allows excellent
reproducibility. However, it has a negative side that resides in the need to separate
the products from the reagents. Because a radioactive substrate is used, the cost is
high, but this drawback can be lower by the low need for radioactivity per test. The
initial investment should typically last for an extended period in the use of '“C

radiolabeled ligands.

1.3.3 Assays using an alternate-substrate

1.3.3.1 Ellman’s reagent-based end-point assay
Otherwise, tests exist based on the dosage of products derived from isosteric

substrates of L-arginine 1. In this type of test, the enzyme is in the presence of a
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molecule capable of being a substrate and is forming products whose appearance can
be easily followed.

Among these tests, L-thioarginine 77 can also be used. The test is usually
abbreviated as TOGA, for thioornithine generation assay. Argl in the presence of L-
thioarginine 77 forms L-thioornithine 78. L-thioornithine 78 is revealed by reaction
with 5,5'-dithiobis-2-nitrobenzoic acid 79 (DTNB), also known as the Ellman's
reagent.'* (Figure 34)
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Figure 34: General principle of the colorimetric assay with L-thioarginine 77. L-thioarginine 77 is
transformed to L-thioornithine 78 and urea 3 by Argl. Then, L-thioornithine 78 reacts with Ellman's
reagent 79 to form 2-nitro-5-sulfidobenzenoate 81. 2-nitro-5-sulfidobenzenoate 81 is a yellow
chromophore that is followed by reading the absorbance at 412 nm.

After the obtention of L-thioornithine 78 with Argl, L-thioornithine 78
reacts with Ellman's reagent 79 to form 2-nitro-5-sulfidobenzenoate 81. 2-nitro-5-
sulfidobenzenoate 81 is a yellow chromophore that is followed by reading the
absorbance at 412 nm. The coloration appears at room temperature, making this test
convenient to perform. Unfortunately, L-thioarginine 77 is commercially available,
but only a few suppliers offer it as a kit, making assays with 77 expensive. This cost
makes this test inadequate for the screening of large libraries. Moreover, the

synthesis is also a bit long, making access difficult to 77.
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1.3.3.2 Continuous assay with direct determination.

All previously described assays are discontinuous since the reaction needs
to be stopped to measure the enzymatic activity, known as fixed points assays. On
the other hand, continuous assays allow the direct and continuous determination of
product formation or remaining substrate. Thus, such approaches are more suitable

for kinetics experiments.

-nitro-3-guanidinobenzene 82 (NGB) is an example of an alternative
substrate. Its Michaelis-Menten constant (Ky) with 1.6 = 0.2 mM is almost similar
to the natural substrate. It leads after catalysis to the formation of urea 3 and a

chromophore: m-nitroaniline 83.'*! (Figure 35)
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Figure 35: General principle of the assay with alternative substrate: 1-nitro-3-guanidinobenzene
(NGB) 82. m-nitroaniline 83 is obtained after hydrolysis by Arginase, and absorption at 372 nm of this
product allows quantitative and qualitative estimation of urea by spectroscopy at 372 nm (extinction
coefficient of 109 M-t.cm-1).

m-nitroaniline 83 formation can be measured by absorption at 372 nm. Ku
value of NGB 82 is nearly identical to that of the biological substrate arginine even
though NGB 82 lacks the a-amino and a-carboxylate groups of arginine that engage
in extensive enzyme-substrate hydrogen-bond networks. The ke value for NGB
hydrolysis (keae = 0.09 + 0.02 min-') is much lower than that reported for arginine
hydrolysis (kcat = 15,000 = 1200 min-").

Recently, 6-aza-2-thiothymine-stabilized gold nanoparticle 85 (ATT-
AuNP)-Based Fluorescent Assay of Arginase Activity was developed.'** The Gold

Nanoparticles (AuNPs) act as a nanoswitch. The change in fluorescence is controlled
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by a host—guest system, where ATT-AuNPs specifically recognize guanidium
moiety of L-arginine 1. When 1 is bound to the ATT-AuNPs 85 (= L-arg/ ATT-
AuNPs 84), fluorescence is observed with the emission of green light (526 nm) after
the excitation at 472 nm.'* But, 1 is in competition for ATT-AuNP 85 and arginase.
With the enzymatic transformation, the guanidium moiety of 1 is hydrolyzed and
cannot be recognized anymore by the ATT-AuNPs 85. Thus, fluorescence decreases

with the enzymatic reaction. (Figure 36)
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Figure 36: General principle of the 6-aza-2-thiothymine-stabilized gold nanoparticle 85 (ATT-AuNP)-Based Fluorescent Assay of Arginase
Activity.
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Although this method is described as a facile method of determining
arginase activity, we can indicate some drawbacks. This procedure avoids the
multiple technical manipulations involved in existing traditional measurements, but
ATT-AuNPs 85 and L-arg/ ATT-AuNPs 84 need to be produced. The synthesis
pathway is quite accessible, but it involves gold nanoparticles (AuNPs) obtention
skills and grafting these gold nanoparticles from HAuCly solution or citrate-
AuNPs.'"* The use of gold also makes this test expensive to run, especially with
many compounds to screen. L-arg/ ATT-AuNPs 84. Moreover, L-arg/ ATT-AuNPs
84 are stable for months in a fridge. L-arg/ ATT-AuNPs 84 and ATT-AuNPs 85 are

light sensitive and need to be synthesized and stored in the dark.

1.4 PREVIOUS PRELIMINARY WORKS ON ARGINASE

The search for Argl inhibitors was initiated before the starting of this PhD
thesis at the Namur Medicine & Drug Innovation Center (NAMEDIC) at the
University of Namur (UNamur). As the objective was to discover potent Arginase 1
inhibitors that could be amenable to experiments in preclinical settings, the first steps
of the drug discovery program were started and led to the production and purification
of Argl and the screening an in house (proprietary) library at NAMEDIC using the
ninhydrin assay described in the previous chapter. This NAMEDIC library is
composed of historical, original, compounds that were prepared in the context of

other drug discovery programs. It contains few thousands of compounds.

This tentative screening on Argl using the in house NAMEDIC chemical
library revealed only very few hits and particularly the 5-bromo-2-amino-thiazole 89
with a promising Argl inhibition of > 90% inhibition at a concentration of 100 pM.
But unfortunately, due to a lack of time and human resources dedicated to this

project, the ICso of this compound 89 on Argl could not be determined and hence

71



the Argl inhibition of this compound could not be confirmed. Still, if validated, this
compound could constitute one of the very first Argl inhibitor series deprived of the
boronic acid head, and the scaffold could thus be the basis of a completely new series

of Argl inhibitors endowed with a novel mechanism of action.

It should moreover be noted that this 5-bromo-2-amino-thiazole scaffold
was, in fact, initially identified by serendipity by Dr. Eduard Dolusi¢ (UNamur)
during a tentative synthesis of the 2-amino-thiazole-N-oxide 90. However, it was
found that treatment of 2-aminothiazoles 88 with m-chloroperoxybenzoic acid
(mCPBA) in ethanol afforded the corresponding 5-bromo-2-amino-thiazole 89
instead of the N-oxide product 90 in a very good yield (> 90%) (Figure 37).'*
Because 89 was thought to be a potential novel hit compound on Argl with a novel
mechanism of action and moreover the route to access this series is particularly
original, the first part of our thesis was dedicated to validate the Argl inhibition of
89 and to detail and possibly expand the synthesis of this series to generate diversely-

substituted analogues of 89.

Br.
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Figure 37: mCPBA-mediated 5-bromo-2-amino-1,3-thiazole formation 89
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2 OBJECTIVES AND STRATEGIES

As presented previously in part 1.2, the most potent inhibitors are transition-
state inhibitors bearing a boronic acid function. Despite many advantages, several
important disadvantages were presented and discussed. To overcome these
disadvantages is an appealing strategy to design better arginase inhibitors. Two

different approaches to solving these problems can be envisioned:

- First, research can be aimed at discovering new scaffolds that are
intrinsically more viable from a pharmacokinetic point of view, i.e.,
more lipophilic or without zwitterion, making the molecules able to
cross membranes more effectively, a decreased clearance or a higher
bioavailability for per os administration.

- Secondly, rational optimization can be performed from existing
inhibitors or described scaffolds. With this type of approach, we are not
starting from scratch, and the designed molecules may see a significant
increase in their inhibition or pharmacokinetic parameters, as seen in the

past with the addition of the additional arm or cycle.

Both approaches can lead to molecules capable of penetrating cells and
would allow the study of cytosolic inhibition and allow the study of intracellular
inhibition of Argl and Arg2 and their regulation. Such data should result in a better

understanding of complex intracellular mechanisms.

In the present work, we thus aimed at discovering new families of Arginase
1 inhibitors that could eventually be used in preclinical settings. Both previously
described approaches will be used in our work to contribute to the development of
new original Argl inhibitors. It should constitute a first step towards the design of

novel original anti-cancer agents in the field of immunotherapy. Moreover, since
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arginase is involved in other pathologies such as vascular disease and asthma as

presented in 1.1.3, these compounds could lead to new treatments for these diseases.

To reach this goal, our strategy comprised three complementary steps that

could be pursued in parallel. (Figure 38)

STEP 1: Enzymatic development
Selection of the assay
development
enzymatic assessment

discovery
STEP 2: Structure-based drug design of new
molecular dynamics — families of
dynamic pharmacophore Arg1
STEP 3: Fragment-based drug design inhibitors

virtual screening
enzymatic assessment
hit optimization

Figure 38: Strategy of the arginase research project for discovering new families of Argl inhibitors.

STEP 1. Firstly, based on preliminary results generated earlier
(collaboration with the university of Namur), a reliable enzymatic evaluation method
will be developed to investigate the potency of some 5-bromo-2-amino-thiazoles
characterized with a somehow promising Argl inhibition (ICso Argl inhibition
around 100 uM using the ninhydrin colorimetric test). This yet unknown scaffold to
inhibit Argl could thus potentially lead to a novel series of Argl inhibitors that
would be deprived of a chelating moiety.

STEP 2. A molecular modeling approach using the current knowledge from
the literature will be investigated to understand better the possibilities and possible
limitations in the design of Argl inhibitors. This step will include the elaboration of
a tentative dynamic pharmacophore that could potentially be used in the second step

to screen for potential new fragments hits.
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STEP 3. A ligand-based approach will be started using the dynamic

pharmacophore elaborated in step 2 and all other collected data. Thus, a Fragment-

Based Drug Design (FBDD) will be developed based on the inhibitors described in

the literature. Screenings of various chemical libraries will be performed to

tentatively find new original hits.

The next chapters will thus be organized as follow:

In chapter 3, the production and purification protocols of the
arginase enzymes, and the development of a radiolabeled enzyme
assay will be presented, as well as the enzymatic assessments of
the 5-bromo-2-aminothiazoles series.

In chapter 4, the in-silico structure-based drug design approach
will be detailed. Molecular dynamics and the so-called dynaphores
will be presented.

In chapter 5, the Fragment-Based Drug Design approach will be
presented, with a focus on in silico and in vitro screenings.

In chapter 6, the optimization of our best fragments will be

pursued, and a challenging chemistry is discussed
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3 PRODUCTION OF ARG1 AND SELECTION &
DEVELOPMENT OF AN ARG1 INHIBITION ASSAY

In this first chapter, the works that were undertook to produce Arginase 1
and develop a suitable Arginase 1 inhibition assay amenable to screening

experiments are presented.

3.1 ARGINASE 1 PRODUCTION AND EVALUATION

3.1.1 Enzyme production

The recombinant human arginase 1 used in our assay was either from a
commercial vendor (batch of 20 ug of arginase 1 from Enzo Life Sciences) or
produced in collaboration by the University of Namur.

Nowadays, the enzyme is also produced in our laboratory at UCLouvain.
The protocol was setup in collaboration with Juhans Dechenne, based on the protocol
used at UNamur and our existing methods from other projects developed in our
group. The protocol is described below.

Recombinant Argl gene is inserted in a pET-28a+ plasmid vector, ordered
from Genecust. The recombinant plasmid was transferred into the Escherichia coli
strain BL21 (DE3) (Rosetta 2). The transformant was selected from a single colony
on a LB kanamycin agar plate and was used to inoculate in a TB medium (50 pg/mL
kanamycin and 34 pg/mL chloramphenicol) and was cultured at 37°C with an
agitation of 120 rpm until an optical density of 0.8 was reached. The expression of
hArgl was induced by isopropyl B-D-1-thiogalactopyranoside (IPTG), with a final
concentration of 1 mM. The culture was grown at 20°C for 20h. Cells were harvested
by centrifugation at 5000 rpm, 4 °C for 25 min. Cell pellets were resuspended in a
lysis buffer (Tris-HCI 50 mM, pH 8.5, MgCl, 10 mM, MnCl, 1 mM, NaCl 300 mM,
imidazole 5 mM, and glycerol 10%) supplemented with cOmplete™, EDTA-free
protease inhibitor cocktail (Roche) and 1 mM of phenylmethylsulfonyl fluoride
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(PMSF) and then disrupted by sonication, followed by centrifugation at 4°C and
10,000 rpm for 30 min. The supernatant was collected, and to 1puL of f-
mercaptoethanol per mL of the supernatant was added and loaded onto 1 mL His-
trap FF-crude columns (GE Healthcare) according to the manufacturer’s instructions
for the purification by affinity chromatography. Purified #Argl was then dialyzed
overnight in a pH 8 buffer containing 20 mM Tris, 100 mM NaCl, 1 mM DTT, 20%
glycerol. All aliquots were freeze dry with liquid nitrogen, and then conserved at -
80°C. All aliquots were used with the same number of freezing-unfreezing cycles.
In a last step, apoenzyme and holoenzyme were separated. The fraction with
Argl recovered after purification was heated at 60°C for 20 min. Centrifugation at
10,000 rpm for 30 min removed the apoenzyme that is less stable that the
holoenzyme and precipitated after its unfolding. Nano differential scanning
Fluorimetry (NanoDSF) on a Tycho NT.6 device (NanoTemper Technologies) was
used to assess the melting temperature of our batches before and after purification.
NanoDSF is a modified method of the differential scanning fluorimetry for
determining the protein stability thanks to intrinsic tryptophan or tyrosine
fluorescence, as for thermal shift assay (TSA). A linear temperature increase is used
to unfold the protein and a shift in intrinsic fluorescence is observed. The thermal
stability of a protein is typically described by the 'melting temperature' or 'Tm’, at
which 50% of the protein population is unfolded, corresponding to the midpoint of
the transition from folded to unfolded. According to the standard manufacturer’s
procedures, samples were poured into capillaries and heated up to 95°C in 3 min
while following fluorescence emission at 330 and 350 nm. Melting temperatures
were extracted from the derivative of the 350/330 nm fluorescence ratios upon
increasing temperature. As observed on Figure 39, whereas two melting transitions
are observed before purification by heating (red curve), only one melting event is
observed after purification with a Tm value of 85.6°C corresponding to the

holoenzyme.
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Figure 39: Effect of the purification by heating the protein after dialysis, observed by nanoDSF. Before
heating, a mixture of apoenzyme holoenzyme is observed because Argl did not totally integrate Mn?*.
Less stable apoenzyme was removed by centrifugation after heat degradation. (Courtesy of Juhans
Dechenne)

3.1.2 Evaluation of the enzyme quality
Protein concentrations were measured using the Bradford method with the
Biorad protein assay kit, and sample homogeneity was assessed using sulfate-
polyacrylamide gel electrophoresis with Coomassie brilliant blue as a staining agent.
(Figure 40)
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Figure 40: Electrophoresis gel of produced human Arg1l at 3 different concentrations.

A band corresponding to a molecular weight around 37 kDa that is coherent

with the theorical MW of 36.5 kDa expected for the enzyme is obtained.

78



Production of Argl and selection & development of an Argl inhibition assay

To ensure about the quality and proper folding of the purified Argl, nano
differential scanning fluorometry experiments were performed on a Tycho NT.6
device (NanoTemper Technologies). Change in fluorescence were seen at the
inflection temperature of 86°C for Argl holoenzyme, from the storage buffer

(20 mM Tris pH 8, 1 mM MnCls, 20% glycerol, 100 mM NaCl). (Figure 41B)
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Figure 41: Nano differential scanning fluorimetry (nanoDSF) showing a melting temperature of 69°C
for apoenzyme Argl (A) and 86°C for holoenzyme Argl (B). (Courtesy of Juhans Dechenne)

It is important to note that the melting temperature for TSA and the inflection
temperature recorded by the nanoDSF are influenced by several parameters: the
nature of the buffer and its concentration, the presence or not of MnCl; or other salts,
the pH, the purity and the concentration of Argl sample.'*® A 15-16°C difference
was observed when MnCl; is absent or present. In absence of MnCl, during the
enzyme production (lysis buffer), melting temperature was measured at 69°C (Figure
41A), and which is in agreement with the literature. Values of 73 and 77°C are
reported in recent literature by thermal shift at pH 7.4 and 9.5, respectively, in
slightly different buffer conditions (0.2 mg/mL in 50 mM glycine pH 9.5 or 50 mM
Na,HPO, pH 7.4, without MnCl, in both case).'*’
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3.2 DEVELOPMENT OF AN ARG1 INHIBITION ASSAY.

3.2.1 Preliminary results and issues with previous test using ninhydrin

The search for Argl inhibitors at the Namur Medicine & Drug Innovation
Center (NAMEDIC) at the University of Namur (UNamur) was initiated with the
production and purification of Argl. The ninhydrin assay described in the previous
chapter was setup and a screening of an in house library planned.

As a result, from this initial screening, 5-bromo-2-aminothiazoles were
identified as promising hit compounds on Argl with, for the most promising hit,
>90% Argl inhibition at 100 uM. Due to a lack of time and human resources, these
compounds have not however been confirmed by the evaluation of ICso’s on Argl.

Regarding the ninhydrin assay that was used to identify this new series of
compounds, it should be noted that this assay is practical, easy to setup, and relatively
inexpensive, but it has also revealed many drawbacks and limitations, including
reproducibility issues and inconsistencies regarding the data obtained. One of the
concerns dealt with the need to heat at relatively high temperature (90°C) and for a
long time (1h) the mixture after the addition of the ninhydrin for the revelation step.
During this heating, the test tubes must be opened to avoid overpressure. In our
hands, we could not find experimental conditions with well-monitored solvent
evaporation. This was also true with calibration curve rendering the extrapolation
inaccurate. Another concern dealt with the potential presence of amine functions on
the inhibitors that could lead to interference during the assay. Interferences are
reported with other amino acid than L-ornithine 2 as discussed in 1.3.1.1, but it is
also the case with other amines, carbamates and even amides after strong heating.
Finally, a last weakness of the ninhydrin assay dealt with the difficulty to visually
inspect the different wells on the plates for potential aggregation phenomenon.
Aggregation is a common phenomenon leading to false positives during screening
assays. Here the dark color generated with ninhydrin is a limitation to observe

precipitation.
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3.2.2 Selection of the assay

Because it was needed to make a relevant choice among the available Argl
inhibition assays, we have decided to consider Argl inhibition assays that rely on a
direct measure of the Argl activity instead of an indirect assessment that would rely
on urease and/or secondary screening for instance, in order to limit potential artefacts

or counter screening assays.

Although less easy to setup than a colorimetric assay, we envisioned to use
a radiolabeled assay. This method offers several pros and cons. The most important
pros is the high sensitivity of this test. It also has an excellent reproducibility. The
low consumption of Argl enzyme in this assay is also an advantage. Moreover, this
test is commonly used in the literature, and our lab has the chance to be equipped

with a scintillation counter to detect radiolabeled compounds.

3.2.3 Implementation of the radioisotopic test

This radiolabeled assay was also described in numerous publications of
Christianson's group.®”-* We thus set out to implement this radiolabeled assay in our
lab. The principle and the procedure are summarized below. (Figure 42)

Briefly, the molecules are dissolved, generally in DMSO, for maximum
solubilization of organic compounds. Then, 5 pL are deposited in a 1.5 mL
microtube. Then, 40 uL. of a mixture containing the buffer, N-Cyclohexyl-2-
aminoethanesulfonic acid (CHES) at 50 mM, MnCl, (100 uM), and the substrate is
added. The nature of the buffer is adapted to the desired pH. In our case, CHES is
used to fit with the optimum pH of the enzyme. CHES buffer has a pKa of 9.3, which
is very close to the optimum pH of 9.5 reported for Argl. Next, MnCl, is added in a
small amount to ensure there is enough of the cofactor (Mn?"). The substrate is a mix
of unlabeled and radioactive ligand. The amount of radioactivity is calculated to get

an adequate number of disintegrations per minute (DPM). In this case, 0.05 puCi of
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L-arginine-[guanido-14C] 1* is necessary to follow the reaction. The addition of the
5 uL enzyme solution (10 pl/mL) initiates the reaction. 400 puL of a STOP solution
interrupts the enzyme reaction after incubation at 37°C. The latter contains 0.25 mM
acetic acid to obtain an acidic pH, 7 M urea, and 10 mM unlabeled L-arginine to
ensure that the reaction is stopped and will not continue. A 1:1 (v/v) mixture of
water/Dowex 50WX8, a cation exchange resin, is also added with this solution.
Dowex 50WXS efficiently separates the non-hydrolyzed radiolabeled arginine 1*
from the radioactive urea 3* formed. Radiolabeled urea 3* remains in the
supernatant, where 200 puL are harvested and transferred to counting flasks. 3 mL of
scintillation liquid (UltimaGold™ LSC cocktail) are then added. Counting can be
done within one hour after addition. All vials are counted for 10 minutes, and the

counting results are expressed in disintegrations per minute (DPM).

A ®
NH .
" N@ 143 2 Arginase H3N® C;)H . 14@
s —_—— ~
3 Y\@/\H NH, I S 3 HoN” " NH,
co, @ 2 @
1* 2 3*
B
STOP solution: 400 uL
1) Inhibitor 0.25 mM acetic acid
~ /?K 3 7Murea
10mM unlabeled L-arginine
~ 37°C - Dowex W-X8 (1:1) ~ 3’ Xy %
- >
4 Varying Vortexed for 10 sec centrifugation
40uL time 6000 rpm 200 pL
5L 10 min Supernatant

2) Hot Solution <

3.75 mM L-Arg 3)Arginase 1 \Qa) @ i 4\

0.05 mCi L-Arg* 10 mg/mL ’,//

62.5 mM Buffer (CHES) B TrrrEe——— 3mL

125 mM MnCl, Liquid scintillation scintillation liquid

counting
Addition order

Figure 42: A) Principe of the enzymatic assays. L-arginine-[guanido-14C] 1* is hydrolyzed by Argl
catalysis to L-ornithine 2 and radioactive urea 3*. B) Experimental protocol of the test. Addition of the
inhibitor solution followed by the hot solution before the enzymatic reaction starts with the addition of
the enzyme solution. The reaction is then stopped by the addition of “stop solution™ after incubation.
Next, the suspension is vortexed for 30 seconds before centrifugation to separate the resin of the
supernatant. Finally, 200 uL of the supernatant is taken and added to 3 mL of scintillation liquid. After
1 hour, 10 minutes of counting is performed.
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3.2.4 Optimization of the assay

3.2.4.1 Evaluation of the effect of pH

To guarantee the highest enzymatic activity, it was necessary to determine
the optimal pH to perform the assays. The conditions are alkaline for arginases due
to the need of a hydroxide ion in the catalytic site. In the literature, most authors
report a pH between 9 and 10 for assaying the recombinant human arginase. The pH
of this enzymatic test with a radioligand is generally carried out at pH 9.5. N-
cyclohexyl-2-aminoethanesulfonic acid (CHES) is the most suitable buffer, with a
pKa of 9.3 and an effective range between 8.3 and 10.3 (pKa. £ 1). Buffer at pH 8.5,
9.5 and 10.5 were prepared to maintain the same ionic force, and the enzyme activity
was measured (50mM CHES buffer, 3 mM of unlabeled L-arginine, 0.05 Ci
radiolabeled Arg, 100 uM MnCl,). (Figure 43).

3000

2000+

DPM

1000+

pH

Figure 43: Quantity of product formed estimated in DPM as a function of the buffer's pH. All values
are means (n = 3) +/- standard deviation.

Radioactivity measurements associated with the '*C-urea 3* formed
revealed a higher catalytic activity at pH 9.5. The use of CHES as a buffer is thus
confirmed. A comparison of enzyme activity was performed at the optimum pH of
9.5 and pH of 7.4. (Figure 44) The CHES buffer was selected to perform the assay
at pH 9.5, as discussed previously. For pH 7.4, tris(hydroxymethyl)aminomethane,
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also known as Tris, was used. Tris has a pK, of 8.07 at 25°C and can be used with
an effective pH range of 7.1 and 9.1 (pKa = 1).

In part 1.1.1, we discussed on the structure of arginase and highlighted the
presence of a hydroxide anion in the catalytic site. This anion comes from the
deprotonation of a water molecule near the manganese cores of the catalytic site.
Although the deprotonation is facilitated by the coordination to metals, it is even
more easily achieve at alkaline pH. However, in cancer, the tumor microenvironment
is generally associated with a lower pH, due to glucose metabolism to lactate. '3

We observed that pH has a significant impact on Argl, being more active at
pH 9.5 than 7.4. Although several research teams do report the use of pH 9.5 in their
experimental assay of Argl activity, this alkaline pH not only misrepresents the
tumor microenvironment, but also raises the question of the ionization state of
molecules. Working at pH 7.4 or lower would better model what is happening in the
tumor microenvironment but leads to experimental conditions with a slower reaction
and a less stable enzyme and thus requires larger enzyme quantities. Therefore, we
decided to perform our screenings at a pH of 9.5 to limit the consumption of enzyme,
At this pH, we also ensure the presence of the hydroxide in the active site. Working
at lower pH would limit the reaction with boronic acids that react with the hydroxide
to form the bound boronate, for example. It is one of the explanations why boronic
acid inhibitors are generally more potent at alkaline pH as described in part 1.2.4.

In addition to our screenings at pH 9.5, we also planned to investigate the
most interesting compounds with additional tests: competition, reversibility, and

orthogonal biophysical methods, but also at other pH such as 7.4.
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Figure 44: Enzyme activity at pH 7.4 (A) and pH 9.5 (B). Activity in DPM is the function of time
(minutes) and for different enzyme amounts. All values are means (n = 3) +/- standard deviation.

In this experience, the comparison between pH 7.4 and 9.5 shows a clear
difference in enzyme activity. For the same amount of enzyme, a lower value of
DPM is observed for pH 7.4. Therefore, a test at pH 7.4 can be adapted by increasing

the amount of enzyme and the incubation time from 5 min to 10 min.

3.2.4.2 Enzyme concentration

Like any chemical reaction, the higher the amount of catalyst, the faster the
reaction will be. Limiting the enzyme concentration is also essential to decrease the
cost per test. Different amounts of Argl between 1 and 100 ng were tested to find
the appropriate conditions generating enough product to be reproducible. The
incubation time must stay within the initial velocity where the product formation is

linearly related to time. (Figure 45)
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Figure 45: Study of the product formation over incubation time in function of enzyme amount in
solution. All values are means (n = 3) +/- standard deviation. Conditions of this assay are the same as
described at the beginning of the part 3.2.3(Figure 42). Substrate concentration is fixed at 3 mM, buffer
at 50 mM and MnCl: at 100 puM. pH 9.5

The general recommendation for enzymatic assays is to stay with a substrate
conversion of less than 15% to avoid other limiting factors such as product
inhibition. It is important because regarding arginase, L-ornithine is a product

inhibitor. However, substrate concentration must also be determined.

3.2.4.3 Michaelis-Menten Constant (KM) determination

It is also necessary to set the optimal concentration of L-Arginine 1. The
concentration is determined by measuring initial velocity at different concentrations
of L-arginine 1. The Michaelis-Menten constant (Ky) is determined by the substrate
concentration for which the initial reaction rate is equal to half the maximal initial
rate. The substrate concentration is essential for the screening of libraries because it
affects the test's sensibility and can introduce a bias. The concentration of the
substrate matters regarding the type of inhibition (competitive, non-competitive,
uncompetitive, or mixed inhibitors). Competitive inhibitors bind to the active site
where the substrate usually occupies the enzyme. In other words, if the concentration
of the substrate is higher than the Ky, the screening favors the detection of non-
competitive inhibitors. Furthermore, if this concentration is lower, the detection of
competitive inhibitors is preferred. Therefore, operating the test with substrate
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concentrations close to the Km value constitutes the compromise allowing the
detection of different inhibition modalities and the best choice for screening.
Urea amount production was calculated as developed by Kepka-Lenhart et

al. adapted from the original calculation of Riiegg & Russell in 1980.'® (Equation

1)

Equation 1: Determination of urea 3 amount in mmol. DPMsample corresponds to the disintegrations per
minute of [*C]Jurea 3* produced in the sample reaction. DPMuadioactiviy corresponds to the total
disintegrations per minute of L-arginine-[guanido-14C] 1* in reaction. DPMbiank is dpm in the blank
reaction. [L-arg] is the L-arginine 1 concentration in mmol. L™

2.25 (DPMsample - DPMblank)
(DPMradioactivity - DPMblank)

urea amout (mmol) = [L-arg]

Initial velocity was obtained after incubation of 2 min with a concentration
range of L-arginine from 0.1 to 10 mM. (0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 7.5, 10 mM).
(Figure 46)
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Figure 46: determination of the Michaelis-Menten constant of L-arginine 1 for Arginase 1. All values
are means (n = 3) +/- standard deviation.

The Km of Arg-1 for its natural substrate reported in the literature is in the
range of 1 to 10 mM. These values agree with those measured in the laboratory with
the commercial and produced enzymes, between 1.3 and 4.6 mM. Then, the

concentration of L-arginine was fixed at 3 mM, closer to the K.
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3.2.4.4 Poisson’s law requirement

Poisson's law requires having a significant number of disintegrations per
minute since this rule states that the standard deviation is calculated as the square
root of the total counts detected. The confidence limit uses the 2s value (95.5%

confidence limit). (Equation 2)

Equation 2: standard deviation s, confidence limit at 95.5% 2s, and expression of confidence limit in
percentage %32s.

If s = vtotal counts
Then, 2s = 2+/total counts

100*2*s

total counts

And %2s =

In our laboratory, a value of around 1,000 DPM and a counting time of
10 minutes are generally searched. In other words, we are targeting approximately
10,000 disintegrations. The root square of this target value and so the standard
deviation is 100. Thus, it gives a confidence interval of 2s at 200. Therefore, the
percentage of the confidence limit (%2s) for 1,000 DPM over 10 minutes is 2%,
which is acceptable. Increasing the target value cannot be at the expense of a more

considerable amount of radioactivity used.
We reevaluated the product production over time after the selection of the

conditions. A kinetic tracing was performed by stopping the reaction after different

incubation times ranging from 2 to 90 minutes. (Figure 47)
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Figure 47: Study of the enzymatic activity measured as a function of the incubation time. All values are
means (n = 3) +/- standard deviation.

An incubation time of five minutes for this test was in the acceptance

criteria.

3.2.5 Evaluation of the influence of the dimethyl sulfoxide (DMSO)
To perform the screening of organic molecules that are usually lipophilic,
DMSO, an organic solvent, is sometimes used. Nevertheless, it is necessary to verify

that the presence of DMSO does not influence the activity of Argl. (Figure 48)

-
o
=3

50

Enzyme activity
(%)

Figure 48: Quantity of product formed estimated in DPM as a function of the percentage of DMSO
present in the buffer. All values are means (n = 3) +/- standard deviation.

At the end of this test, no significant difference in the enzymatic activity was
observed between the three experimental conditions. Thus, the concentration of 10%

(v/v) of DMSO could be retained to test the most lipophilic compounds.
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3.3 VALIDATION OF THE RADIOLABELED ARG1 INHIBITION ASSAY
WITH REFERENCE INHIBITORS AND TENTATIVE VALIDATION OF
THE ARG1 INHIBITORY POTENCY OF THE 5-BROMOTHIAZOLE
COMPOUND.
A validation of the radiolabeled assay was carried out with known inhibitors.
We have chosen to carry out the first tests with two known molecules: 2(S)-Amino-
6-boronohexanoic acid 42 (ABH) and S- (2-boronoethyl)-L-cysteine 43 (BEC).
These two compounds are commercially available (Enzo Life Sciences and Sigma-
Aldrich, respectively).
A dose-response experiment was thus carried out, and half inhibitory
concentration (ICso) of 1.4 [1.1-1.7] uM and 1.2 [0.6-2.3] uM were measured for
ABH 42 and BEC 43, respectively. (Figure 49)
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Figure 49: BEC and ABH structures and dose-response curves under the described test conditions.

For comparison, ICso of 1.55 uM at pH 7.4, and 0.8 uM at pH 9.0% are
reported for ABH 42. ABH 42 and BEC 43 exhibited similar inhibition constants K;
of 0.11 and 0.4-0.6 uM, respectively.®® Hill Slopes were close to 1 with 0.95 and
0.98 for ABH and BEC, respectively. Thanks to this initial assay, we concluded that
the test is consistent with what is found in the literature.

Based on the data presented here we were confident that we could use the
radiolabeled assay to evaluate our compounds and we thus firstly undertook the
validation of the 5-bromothiazole analogue previously identified using the ninhydrin

assay.
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The inhibition of Argl by the 5-bromoaminothiazole 89 was undertaken as
described before but we rapidly noticed solubility issues with 89 at 100uM in the
assay with the presence of a suspension in the solution. To avoid this problem, and
to optimize the radiolabeled assay for more lipophilic drug that are usually more
prone to aggregation, we assessed the influence of surfactant on Arglactivity. As it
can be observed on Figure 50 the use of triton X-100 up to a concentration of 0.1%

(v:v) does not affect Argl activity.

Compound 89 was thus reassessed at 100 uM in the presence of 0.01% v/v
of Triton X-100 but again no inhibition was observed although the solution was clear
and the compound fully soluble in these conditions. We therefore deduced from these
data that the inhibition observed for 89 using the ninhydrin test were probably due

to aggregation and should be considered as false-positive.

1004

ACTIVITY (%)

o
T

Figure 50: effect of different concentration of triton X-100 on the activity of Argl. Triton X-100 does
not affect the enzyme activity up to 0.1% v/v concentration.

3.4 PRELIMINARY CONCLUSION

In this first chapter we reported our works to produce and purify Argl as
well as our experiments to setup a reliable inhibition assay. We selected the
radioisotopic assay because it has a high sensitivity, an excellent reproducibility and
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it uses low amount of Argl. Once optimized, we confirmed the relevance of this
assay with reference Argl inhibitors.

In a final step, our aim was to validate a series of 5-bromo-2-amino-thiazole
but unfortunately the series revealed to be false-positive compounds probably due
aggregation issue. Because this series of 5-bromothiazole remains of interest notably
regarding the synthetic route to access these compounds, part of the time of this PhD
thesis was devoted to the chemistry of 5-bromothiazoles. This work with the
associated discussions and all the experimental information can be found in Annex
to this thesis.

In the next chapter, a molecular modeling approach to help the discovery of
new Argl inhibitors is presented. The compounds identified will be evaluated using

the assay reported here.
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4 MOLECULAR MODELING APPROACHES TO DETAIL
ARG1 INHIBITION. TOWARDS STRUCTURE-BASED
DRUG DESIGN

With the objective to i) give a better understanding of Arginase inhibition
and ii) potentially find new hit compounds by virtual screening, we investigated a
molecular modelling analysis in collaboration with the team of Pr. Gerhard Wolber

from the Free University of Berlin, Germany.

4.1 INTRODUCTION

Several crystal structures of Argl with or without ligands are available in
the Protein Data Bank (PDB) making an analysis, at the molecular level, of the
structural requirements to reach a high Argl inhibition possible. This study might

also feed a structure-based drug design approach to discover new original hits.

In this chapter, an original computer-assisted structural approach to study
Argl and its inhibition will be detailed. First, structural analysis was conducted,
notably by molecular dynamic simulations to understand the structural determinants
required to inhibit Argl. Then, original dynamic pharmacophores were investigated

to possibly screen for new Argl hit compounds.

4.2 STRUCTURAL ANALYSIS OF PDB DATA

4.2.1 X-ray structuresin PDB

A structural analysis of all the available ligand-enzyme interaction in the
catalytic pocket of Argl was conducted using the structural data available in the
Protein Data Bank (PDB). All the structures of human Argl with Mn*" cations with
or without ligand are summarized in the Table 7.
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Table 7: crystallographic data from PDB. PDB codes of human Argl with their associated ligands, if
present, are described.
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From Table 7, we can see that most of the ligands crystalized in Argl share
the same pharmacophoric elements, except for 2 fragments: 2-aminoimidazole 93 in
3MJL® and thiosemicarbazide 95 in 2PHO'®. 2-aminoimidazole 93 was the starting
point for a further development leading to more complex inhibitors, where the
fragment is couple to an amino acid moiety linked by an aliphatic chain. From this
study, two other molecules were crystallized in the Argl pocket: L-2-aminohistidine
36 3MFW) and L-2-aminohomohistidine 94 (3MFV). The optimized molecules
from this study, A1P 37 (the structure of A1P can be found in chapter 1.2) was not
co-crystallized with Argl.%¢

Half of the ligands in Table 7 are boronic acid-based inhibitors that have
only been very recently published. The clinical candidate on Argl, X-Ray of CB-
1158 45 has only been reported in PDB in 2020,% as for other bicyclic structures in
2021 (56-60 and 98-104) on the right of Table 7. '

Because all the ligands are highly similar, we did not expect to see many
differences in the binding of these compounds that should be very consistent from

one structure to another.

4.2.2 Information from the X-ray structures

Two distinct domains of the catalytic cavity can be distinguished:

(a) the binding region of the L-amino-acid moiety that is also shared by the
L-Arginine 1 substrate and the L-Ornithine 2 product by ionic
interactions between the ammonium function of the amino acid and the
carboxylates of Aspl83 and Glul86, and H-bonds between the
carboxylate function of the amino acid ligand and the Asn130 and

Serl137.
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(b) a cluster of interactions between the manganese ions Mn?" deeply
inserted in the active site cavity and the side-chains of the residues

His101, Asp124, His126, Asp128, Asp232 and Asp234 (Figure 51).

A Asp128 His101 B Asp128 His101
: H ~E
ASPM‘ ..... ASp183 " Asp234 A . Asp124
- o @\ T R @ ol
Glu186 Glu186
\\ | Asp124 \\ S Asp124
Asp234 - Asp234
Asn130 Asn130
Ser137 Ser137

Figure 51: Comparison of the main ligand-arginase interactions for enzymatic product L-ornithine 2
(left) and transition state analog ABH 42 (right). Interactions color code: red/ arrows for H-
bonds, and blue thorns for electrostatic interactions.

In fact, inhibitors known to bind arginase are structurally only different only
at the level of the group complexing the ion cluster. The first group comprises
product analogues,!> '* are stabilized by the hydroxide effectively bridging the
ligand and the manganese ions. The hydroxide ion stays between the manganese and
interacts with the ligand. The second group comprises transition state analogues like

151 or sulfonamides,®” which displace or react

hydroxyarginines,’””- %% '** boronic acids,
with the hydroxide group to directly coordinate the two manganese ions.
Concerning CB-1158 45 and the other bicyclic inhibitors (Table 7: 56-60
and 98-104), the cyclisation not only constrains the molecular conformation of the
inhibitor in the cleft but also makes additional interactions stabilizing the inhibitors
This analysis of the available PDB structures between Argl and different
inhibitors also revealed a poor investigation of the influence of the central linker (in

blue in Table 7) for Argl inhibition as most of the Argl inhibitors have, as linker

between the two clusters of interactions, a linear aliphatic chain.

To better detail Argl inhibition, we undertook molecular dynamic studies to

better understand Arginase dynamic and plasticity. Molecular dynamics (MD)
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studies have become popular in contemporary molecular modeling to investigate the
dynamic structure of macromolecules,'>? or their interactions with different binding
partners.'* 5% Due to the major impact of protein flexibility on ligand binding, a

study of the conformational variability of arginase was thus performed.

4.3 MOLECULAR DYNAMICS

With all-atoms systems solvated in explicit water (TIP3P),'>® molecular
simulations with three different systems from the Protein Data Bank (PDB) were
conducted: (i) the apo structure of Argl (2PHO), (ii) the ornithine 2-Argl complex
(3GMZ) and (iii) the ABH 42-Argl complex (2AEB). TIP3P is a rigid water model,
suitable for use with any Lennard-Jones forcefield, but is especially for the OPLS
family of potentials, that has a Lennard-Jones site on the oxygen and bare charge
sites on the hydrogens. Each system was simulated using Desmond,'*® with OPLS
(Optimized Potentials for Liquid Simulations) force field,'>” during 1 ps (5 x 200 ns)
with a pressure of 1.01325 bars and a temperature of 300 K using a isothermal-
isobaric ensemble or NPT ensemble (constant pressure, temperature and number of
particles).

The root mean square fluctuation to the starting conformation was monitored

for all alpha carbons of the three simulated systems.

4.3.1 Initial conformation

Analysis of the average deviation of alpha carbon Ca’s from the initial
conformation (RMSD, Figure 52) indicates that the highest measured movements
were observed for the apo enzyme with a value reaching a plateau around 3 A for all

simulations.
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Figure 52: Root-mean square deviation (RMSD, 5 x 200 ns overlaid for each system). Colors
correspond to each experiment.
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Analysis of the fluctuations (RMSF) can explain how some fluctuations of
a particular loop can impact the overall deviations calculated for the complete protein
structure. For example, the increase RMSD of the empty enzyme after 100 ns (Figure
52, Apo enzyme, black line) correlates with an unfolding of the C-terminal chain of
the protein, as illustrated with the high peak in the RMSF plot for this same
simulation. Also, it is interesting to notice that an overall higher deviation from the
starting conformation is observed for the ABH 42-Arginase complex compared to

the L-ornithine 2-Arginase complex.

4.3.2 Pocket volume

Deviations observed with ligand-arginase complexes fluctuate between 1 A
and 3 A. Interestingly, in case of the ABH 42-arginase complex, the observed
movements of the loops around the binding site indicate in some simulations a
closure of the cavity around the inhibitor. Contrarily, trajectories of the L-ornithine
2-arginase complex show a relaxation of the active site within the first nanoseconds
of simulation time. Analysis of the size of the pocket volume using Povme2.0'*®

illustrates the phenomenon of cavity opening (Figure 53).
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Figure 53: Pocket volume calculation for apoenzyme (in yellow), and Argl with ABH 42 (in blue) and
L-ornithine 2 (in red), where 200 ns repeats are separated by a vertical line

Analysis of the pocket volume confirms these tendencies simulations with
the highest volumes (> 750 A%) measured for three out of five 200 ns trajectories,
while the volume of the same pocket remains below 500 A3 with the apo form of
arginase. This phenomenon of cavity opening is observed with ABH 42 (middle, in
blue Figure 53) and L-ornithine 2 (right, in red Figure 53), while the same volume
remains constant in the case of the apo enzyme (left, in yellow Figure 53). These
results show that the presence of a ligand in the active site can induce a different

effect on its surrounding protein structure.

4.3.3 Identification of the most dynamic regions
After examination of the average fluctuations of all Co. (RMSF), the most

dynamic regions of the protein structure were identified (graph on the left, Figure

54).
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Figure 54: Root mean square fluctuations (RMSF) overlay for the five 200 ns repeats conducted with
the same three different systems (left) and superposition of 10 protein conformations extracted from
200 ns simulation of the L-ornithine 2-Arginase 1 complex (right). The three flexible loops responsible
for the opening of the binding pocket are highlighted in blue in the 3D view. Loops surrounding the
active site cavity are labelled with roman numbers (i—iv). Carbons are represented in grey, Mn?* atoms
in light purple, and the hydroxide group, in red.

As expected, all systems displayed a high flexibility in regions at the surface
of the protein and solvent exposed (loops including residues 212-225, 153—-162 and
60-62), but also in the region of the binding site (loops 130—136, 175183, and 240—
246).

The three loops at the entrance of the cavity (in blue in the representation on
the right of Figure 54) are (i) the region binding to the carboxylic acid of arginine 1
(residues 130-136), (ii) the region binding to the neighboring primary amine
(residues 175-183), and (iii) the loop forming the lid of the cavity above the ion
cluster (residues 240-246).
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Analysis of the fluctuations observed in the regions of the three loops
involved in ligand-arginase interactions clearly indicate a similar level of flexibility
(RMSF of 3 A or below for loops around residues 130, 180 and 240). In comparison,
these three loops are more dynamic in simulations with the Apo form of Arginase
(RMSF reaching 4 A). This result indicates that the differences in the RMSD
between the ABH 42-Arginase and the L-ornithine 2-Arginase complexes are
resulting from movements involving loops at the surface of the protein (such as loops
at positions 85, 150 and 280), while both systems show a very similar dynamic of
the enzymatic pocket.

The orientation of these three key loops determinate whether the pocket
entrance will be open or closed, as illustrated in Figure 54 with the arginase-ornithine
complex. Comparison of Ca fluctuations confirm larger movements with empty
arginase as with arginase-ligand complexes. This observation is particularly true for
loops directly interacting with the ligands, indicating a stabilization of the enzyme
structure when bound to a small molecule. Contrarily, very little mobility is observed

in the regions surrounding the ions cluster, i.e., residues 101, 124—128, and 232-234.

4.4 DYNAMIC PHARMACOPHORES

To investigate and report in detail interactions involved in the stabilization
of the studied ligands, a pharmacophore-based analysis method was developed.
Since even local protein flexibility plays a major role in ligand recognition, we aimed
at the development of an approach that can reflect conformational variability of the
enzyme near the active site in a simple manner. Just like a fixed-in-time ligand-

1,'* identical

protein complex can be represented by a 3D-pharmacophore mode
recognition patterns in a dynamic environment can be collected as weighted
interaction fields in a 3D-dynamic pharmacophore, or dynophore. The novelty of
this approach is to integrate, in one single 3D-pharmacophore, all interactions

detected throughout a complete MD simulation, including information on occurrence
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time and frequency. For each frame of the resulting trajectories with the two
arginase-ligand complexes, a point-based pharmacophore was generated and
collected on a three-dimensional weighted interaction field. For each interaction, the
frequency of its occurrence in the trajectory is illustrated in bar codes, while distance
distributions are represented in histograms (experimental part, 8.3).

Dynophore fields were built from all interactions detected in the MD
simulation of Argl in complex with L-ornithine 2 (Figure 55) and with ABH 42
(Figure 56). To confirm that the observed results are not biased by the computational
method, the ornithine-arginase system was simulated using the Gromacs MD suite!*?

and Amber 99sb'® force field. The generated dynophore and the detected

interactions were very similar to those described below.

4.4.1 Ornithine-Argl complex dynophore.
This dynamic 3D-model for ornithine 2-argl complex clearly shows local
flexibility in the arginase binding site and how the interaction pattern with a weak

binder like L-ornithine 2 fluctuates.
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Figure 55. Dynophore constructed with frames from 1 ps MD simulation with enzymatic product L-
ornithine 2. Percent are observation occurrence in simulation frames. Color code: red for H-bond
acceptor, orange for negative ionizable feature, green for H-bond donor, blue for positive ionizable
moiety and yellow for hydrophobic contact. The manganese ions are represented by lavender spheres
and the hydroxide group is in red. Carbons of the ligand are represented by grey balls.

On one side of the cavity, H-bonds (in green in Figure 55), and coulomb
interactions (in blue in Figure 55) are detected during the entire simulation time
between the hydroxide and the primary amine on the side-chain of L-ornithine 2. On
the other side, detected interactions involving the carbonate and amino groups of the
amino acid moiety show a larger range of interaction partners, represented by a
spread cloud of blue (positive charges) and red dots (negative charges). Interactions
involving the amino group are H-bonds (45.2% of simulation time) and electrostatic
interactions (57.9% of simulation time). H-bond donor NH;" interacts mostly with
Asp183 and Glul86, when oriented as observed in its crystallized conformation.'%?
The carboxylate group of ornithine interacts through electrostatic interactions

(24.7%) as well as H-bonds (64.4% and 62.9% for each oxygen, respectively).
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Residues from loop 130-139 (mostly Ser137 and Asn130) are involved in
the stabilization of the initial ligand conformation through H-bonds with the
carboxylate. When the active site opens, residues further away like Thr246 and
mostly Arg21 become the main interaction partners. To reach this region while
maintaining an interaction with the ions cluster, the ligand must operate a clockwise
rotation around the hydroxide. We surmise that this movement, coupled with the
opening of the cavity, is the initiating drive to expel the reaction product out of the

arginase active site.

4.4.2 ABH-argl complex dynophore
In the dynophore resulting from 1 ps simulation of the ABH 42-arginase
complex two main interacting groups are also clearly distinguished: The amino acid

moiety and the boronate (Figure 56).
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Figure 56. Dynophores constructed with frames from 1 ps MD simulation with inhibitor ABH 42.
Percent are observation occurrence in simulation frames. Color code: red for H-bond acceptor, orange
for negative ionizable feature, green for H-bond donor, blue for positive ionizable moiety and yellow
for hydrophobic contact. The manganese ions are represented by lavender spheres and the hydroxide
group is in red. Carbons of the ligand are represented by grey balls.

Firstly, interactions involving the amino acid group are spread over a large
volume, confirming the flexibility of the enzyme in this region. Loops 7 (residues
130-139) and ii (residues 175-186) binding to the carboxylate and the amine,
respectively, can operate a movement towards the solvent resulting in an opening of
the cavity, as shown previously with ornithine 2 (Figure 54). The dynophore shows
that the bound inhibitor ABH 42 can follow this movement. The cloud of interactions
detected in this region indicates the presence of H-bonds (in red and green in Figure
56) between the carboxylate of ABH 42 and residues 130-139 during 36.8% to
36.9% of the simulation time. H-bonds were mostly involving Ser137, but also
Asn130, Thr135, Thr136 and Asn139. Interestingly, Thr246 and Arg21 are almost
never reached by the carboxylate (< 1%). Instead, the carboxylate of ABH 42 is hold
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in the region of loop 130-139, allowing the ligand to conserve an ideal orientation
for complexation of the ion cluster by the boronate. This major difference between
the dynamic binding of ABH 42 and ornithine 2 is illustrated by an interaction cloud
more concentrated around this loop for ABH 42.

Secondly, the amino moiety interacts as a positive ionizable feature (in blue
in Figure 56). Charge interactions were detected for 26.5% of simulation time with
residues Glul86, Asp183 and Aspl181. H-bonds stabilizing the amino group were
detected less frequently (7.6% of the analyzed frames, mostly with Ser137).

Finally, the boronate is depicted in the dynophore as 3 H-bonds donors (in
green in Figure 56) at the level of the 3 hydroxyl groups as well as one H-bond
acceptor and one negative ionizable feature (in orange in Figure 56) on the boron
atom. These features illustrate the tight cloud of interactions detected between the
boronate and the neighboring partners (arginase residues and manganese ions),
indicating very little flexibility in this region, which agrees with a strong anchoring

of the ligand at the bottom of the cavity.

Interestingly, hydrophobic contacts (in yellow in Figure 56) with the side-
chain of Thr246 were detected at the level of the aliphatic chain of ABH 42 that links
the amino acid to the boronic acid. Even if observed sporadically (5.2% of simulation
time), the detection of this interaction indicates the possibility of creating
hydrophobic contacts between the ligand and the enzyme in this region, despite a

rather hydrophilic cavity.

We then decided to use the data we collected by the structural analysis and
the dynamics by assessing a library a molecule by a virtual screening. A 3D-
pharmacophore model describing key interactions identified for the binding of a
transition state analogue was constructed and the model was used to screen databases

of commercial compounds
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4.5 VIRTUAL SCREENING BASED ON COLLECTED DATA OF THE
STRUCTURE-BASED DRUG DESIGN

4.5.1 Pharmacophore model creation

With a view to identify essential features required for an optimal ligand-
enzyme interaction in the catalytic pocket of Argl, all co-crystallized inhibitors
available from the Protein Data Bank (PDB) were collected and 3D-pharmacophore
models were created for each of them. Shared features from all models describing
ligand-enzyme interactions where the hydroxide ion is displaced were selected and
compiled in one pharmacophore model.

Using the dynophore approach has many advantages over rigid or even
flexible docking. Rigid docking does not take into account the movement of the
enzyme or the flexibility of its residues. Flexible docking was then developed to
overcome this limit. Although flexible docking is slower and required a higher
computational power, it is generally more accurate when the target shows important
degrees of freedom. Nevertheless, it can also lead to inconsistent results with the
unfolding of the protein, creating cavities that do not exist. Solutions do exist,
however. For example, semi-rigid approach could be used to avoid such issue when
the binding site is known. Only the studied part of the protein is therefore considered
with a rigid docking with a soft interface.'®® For more complex systems, such as
those with opening-closing phenomenon, dynamic is generally recommended or
required to consider such movement.!®' The creation of a pharmacophore that
consider multiple conformations would assess more precisely the volume of the
cavity as well as the interactions in it.

The ability to discriminate between inhibitors and non-inhibitors was
assessed and improved using a dataset of 27 active compounds and 24 inactive
compounds assembled from the literature, the Chembl database and in house activity

data. Multi-conformational screening of these compounds was carried out. After a
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stepwise iterative development, the final 3D-pharmacophore model was able to

discriminate all inactive compounds and retain 23 of the active ones.

4.5.2 Virtual screening using the 3D-pharmacophore model

A virtual screening (VS) of commercial libraries comprising over 10° drug-
like compounds (from providers such as Asinex, Vitas M, Life Chemicals,
Chembridge, Maybridge, Specs, Enamine and Prestwick) was conducted and the
model picked 63 hits, among which the amino acids glutamate and asparagine. In
the Prestwick database, levodopa and methyldopa were identified. Levodopa is
dopamine receptors agonist used in the clinical treatment of Parkinson’s disease.
Glutamic acid, asparagine, levodopa and methyldopa were not included in the final
selection because of their expected low specificity. All retrieved hits were re-docked
using the docking software GOLD and ranked based on the quality of their 3D-
superposition with the pharmacophore model, using LigandScout. The best 19
compounds (105-123, Figure 57) were purchased and arginase residual activity was
tested experimentally in presence of inhibitor using the radiometric assay measuring

arginine consumption.
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Figure 57: molecules selected and tested after virtual screening on Argl

The number of identified molecules was very low (below 0.06%) but
highlighted the difficulty of targeting this cavity which very small and hydroxylic.
Moreover, due to the nature of the available ligands of Argl that were described in
the literature, a bias could appear. Most of these compounds are amino acids. And
unsurprisingly, these virtual screening results in the selection of molecules that are
very similar, i.e., amino acids or mimetics. However, sometimes else also stands out.
Most of these molecules possess an aromatic ring (17 on 19 identified hits): phenyl
or 5S-membered heterocycle thiophene and imidazole.

All these identified virtual hits were assessed for the Argl inhibition using
the radioisotopic test described in the previous chapter, at a single concentration of

1 mM, in triplicate. As a result, no compound inhibited more than 20% of arginase
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activity compared to full inhibition observed with the reference Argl inhibitor BEC
43 (Figure 58).
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Figure 58: Residual activity of human Argl in presence of the selected compounds (105-123) at a
concentration of 1ImM

Although these results were disappointing, as all selected compounds (105-
123) had excellent 3D-alignment with features extracted from validated inhibitors
and thus share similar structural attribute to be Arginase inhibitors, we set out to
analyze these data in more details to better understand the mechanisms of arginase
inhibition.

The most trivial explanation for the lack of affinity of most molecules for Argl
is that a strong binder is required to displace the hydroxide and replace it in the
manganese coordination network. Nevertheless, the arginase pocket size is another
critical point. Crystal structures of arginase cavity indicate a small volume, allowing
little structural diversity between the metal coordinating and the amino acid moiety
of the ligand. In the design reported by Ilies et al.,** one fragment (2-aminoimidazole
93) binding to the ion cluster becomes 1000-fold more potent when bound to a L-
amino acid side-chain (A 1P 37), but completely loses this activity if one extra carbon
is inserted between the two key interacting groups. These structural particularities

confirm that designing potent arginase inhibitors requires high precision.
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4.6 PRELIMINARY CONCLUSION

In conclusion, this molecular modeling approach combining molecular
dynamic analysis and pharmacophore modeling highlights the flexibility of Argl
through a closing and opening phenomenon. The movement of three loops at the
edge of the pocket, where the amino acid moiety of the ligand binds, affects the size
of the pocket as well as the interaction, depending on the ligand. In practice,
discovery and design of new compounds can be orientated towards bulkier
molecules.

In contrast, regions coordinating the ion cluster remained more static.
Moreover, reaction with the hydroxide bound the manganese cores rather than its
displacement appears to be preferable for maximizing the inhibition.

The structural information reported in this study sustain the importance to
consider protein flexibility for structure-based drug design approach. These
observations could not have emerged from static arginase-ligand complexes and lead
to the hypothesis that bulkier compound can be accommodated by the enzyme.

Unfortunately, the use of the novel dynamic pharmacophore for Argl
inhibition did not result in the discovery of new hit fragments but this might also be

due to the rather limited set of inhibitors investigated in the study.

This part of the work was in part published in: Mortier, J.; Prevost, J. R. C.;
Sydow, D.; Teuchert, S.; Omieczynski, C.; Bermudez, M.; Frédérick, R.*; Wolber,
G.*, Arginase Structure and Inhibition: Catalytic Site Plasticity Reveals New
Modulation Possibilities. Sci Rep 2017, 7 (1), 13616.

All the dynamics were performed by Jérémie Mortier. Results were
discussed with CMFA team members (Julien R. C. Prevost and Raphagl Frédérick)
and compared with results obtained during in silico and with docking performed on
CMFA laboratory. Both laboratory results converged to the same conclusions. All
the enzymatic assessment and their interpretation were performed only at the CMFA

laboratory.
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5 FRAGMENT-BASED DRUG DESIGN: SCREENING FOR
HITS DISCOVERY

5.1 INTRODUCTION

The in silico study of Arginasel clearly gives new insights on the arginase
structure and dynamic. The binding site shows a rigid architecture at the level of the
ions cluster, and more flexibility in the region interacting with the amino acid moiety.

We set out to verify if the enzyme could possibly accommodate bulkier
ligands via the opening-closing phenomenon. 4-boronophenylalanine!®* is currently
the only compound that does not have the standard 3- to 4- carbon aliphatic chain as
a linker but does still inhibit human Argl, although moderately (ICso 6.0 = 1.0 mM).
As expected, the position of the boronic acid function on the cycle is important as
the 3-boronophenylalanine regioisomer is inactive (30% inhibition at 10 mM).

However, to our knowledge, no other cyclic linker was reported.

With the aim to potentially discover novel Argl inhibitors, Fragment-Based
Drug Design (FBDD) strategy was preconized. According to this strategy, small
molecules namely fragments, are used to probe a catalytic site. A fragment usually
has a molecular weight below 300 g.mol™, a cLogP <3 and a number of H-bond
donors and acceptors < 3, hence complying to the so-called rule of 3 (RO3) typical
for fragments. Because of their small sizes, fragments are more prone to fit particular
pocket within an active site of a protein target, in our case arginase. Once a fragment
is identified, it can undergo optimization either by growing (growing strategy) i.e.,
increasing the affinity to the target protein by increasing the size of the molecule to
possible bind adjacent pockets and form additional intermolecular interactions, or it
can possibly be linked (/inking strategy) to another fragment that would have been

identified in an adjacent pocket.
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In our case, to consider the “biology” of our protein target, that is a
metalloenzyme, we focused our library for coordinating fragments to specifically
probe the pocket around the metal cluster. If a novel coordinating fragment is
identified, it could then be adequately linked to an amino acid fragment by mean of

an appropriate linker using the /inking strategy.

5.2 BUILD AND SCREENING OF FRAGMENT LIBRARIES

5.2.1 Insilico build of the coordinating fragment library

Our library of coordinating fragments was inspired by the one reported by
Jacobsen et al, to target Argl catalytic site.'®® Our goal with this library was to search
new functions, other than the boronic acid that is widely described, that can interact
with the manganese cores of Argl.

Here, the same library of 96 compounds (124-219) was used. (Figure 59)
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Figure 59: list of the molecules (124-219) of the coordinating fragment library
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This library contains fragments with six different metal-binding classes
including  picolinic  acids, quinolines, pyrimidines,  hydroxypyrones,
hydroxypyridinones, salicylic acids, and 24 other miscellaneous compounds. The
fragments all have known metal-binding modes using two to four nitrogen, oxygen,
and sulfur heteroatoms Moreover, all of the fragments are reported to be soluble up
to 50 mM in DMSO and are easily obtained (commercially available or readily
synthesized). In the study of Jacobsen, this library was used on different targets,
including matrix metalloproteases (MMP), anthrax lethal factor, 5-lipoxygenase
(5L0O), tyrosinase, and iINOS, the competitive enzyme for L-arginine.

This library was also selected by its lack of multidentate ligands (bidentate,
tridentate...). Thanks to our first in silico analysis, the pipe-like shape of the cavity
disfavors such molecules. Indeed, it will force the ligands to move to the side, which
creates an important steric hindrance. The choice of the chelating motifs was
therefore oriented towards a library with a majority of so-called longitudinal ligands,
of which only one function will be able to introduce itself to the manganese site and
bind instead of the hydroxide, while limiting the probability of steric clash.

All the molecules were drawn on ChemDraw (PerkinElmer) with a
protonation state at pH 7.4. Each molecule was transferred ChemBio3D
(PerkinElmer) to generate 3D coordinates and the molecular conformation were
minimized the MM?2 forcefield. Each molecule was finally saved in separate mol2

files.

5.2.2 Docking of the coordinating fragment library

Each fragment of the library was docked with the GOLD (CCDC) software
using the 2AEB crystal structure (resolution=1.29A), where the ligand was
preliminary removed. All systems were preliminarily prepared with Gold® to add
hydrogens and removed selected water molecules. A cavity of 10 A was generated

around the manganese noted MN2362.
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As a docking validation experiment, ABH 42 (Figure 60) and BEC 43 were
redocked and superimposed on their respective experimental binding position
RMSDs below 1.0 A were obtained, with 0.38 A for ABH 42 and 0.93 A for BEC
43, respectively.

Figure 60: A) Superposition of the generated solution for ABH 42 (pink) and co-crystalized ABH 42
(cyan) in 2AEB. B) Superposition of the generated solution for BEC 43 (pink) and co-crystalized ABH
42 (cyan) in 2AEB. Mn?* are represented as purple spheres.

Most of the variation was observed in the amino acid part, where the pocket
is very hydrophilic and ionizable interactions are numerous, as described in chapter
4. In contrast, boronic acid function was very well aligned between the docked and

the experimental binding positions.

Docking was then performed by generating 20 solutions for each molecule.
The different docking poses were ranked according to different scoring functions
(GOLDSCORE and CHEMPLP) to better appreciate the interactions, especially
between the coordinating function and the metal cores of the enzyme. Of note,
CHEMPLP takes the coordinating interactions with the metals into account, whereas
GOLDSCORE selects the best results mainly based on polar interactions. To better
compare the docking poses, the score values were normalized by doing the ratio
between the score itself and the number of heavy atoms (or non-hydrogen atoms).
This standardization also facilitates comparison between each fragment, regardless
of the molecular weight and give access to some sort of a theoretical ligand

efficiency (LE).
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Among all the 96 docked molecules, the small aromatics rings score the
highest. The 5- and 6-membered rings were found to be the best in terms of size.

Docking results of the best fragments are summarized in Table 8.

Table 8: Outcome of the docking of the coordinating fragment library

X OH ) o
X 4 S
x"o 2

OH OH

OH o °
124
X=N:7.56 177
X=NH:5.75
Normalized 126 148 197 214
goldscore X=N*-0-:5.70 5.88 8.56 6.00
171
184 X=0:5.76
X=C-OH:6.65
124
X=N :5.93 177
X=NH:5.92
Normalized 126 148 197 214
chemplp X=N-0-:4.87 6.12 5.89 6.52
171
184 X=0:6.15
X=C-OH:5.08

7-membered rings and bicycles are too big for the pocket with difficulties to
take a position in the pocket and interact with the metals. Indeed, bulkier fragments
were found with the worst scores (high steric parameter), and outside the pocket.
Benzensulfonamide 214 has the high GOLDSCORE of 6.00 and CHEMPLP score
of 6.52, which was the best CHEMPLP score. Sulfonamides were studied in the past
and already gave a series of inhibitors on Argl,*” as described in part 1.2.
S5-membered cycle pyrrole-2-carboxylic acid 197 score the highest with
GOLDSCORE among the fragments, with a normalized GOLDSCORE and
CHEMPLP of 8.56 and 5.89, respectively. This highlights that the size is a critical
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parameter thanks to a lower steric parameter revealed by the docking, as represented

in Figure 61.

Glu186

Figure 61: docking of fragments 197 (A) and 214 (B) in argl active site (2AEB). Images were generated
from the best solution obtained with the GOLDSCORE docking.

Oxygen-based functions scored also very high. Phenol and carboxylate have
demonstrated potent interactions due to their appropriate geometry and negative
charge, respectively, and thus high scores. 6-membered platform with pyridine 173,
N-oxy-pyridine 126 and salicylic acid 184 were the best with the carboxylate as the
coordinating function with pyrimidin-2-ol 148 (Figure 62A, B C and D). 3-hydroxy-
2H-pyran-2-one 171 and 3-hydroxypyridin-2(1H)-one 177 suffered of the bidentate

coordinating function, that introduce steric hindrance (Figure 62E and F).
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Asp100

\,
Glu186
'Asp18

Figure 62: docking of fragments 124 (A), 126 (B), 184 (C), 148 (D), 177 (E) and 171 (F) in argl active
site (2AEB). Images were generated from the best solution obtained with the GOLDSCORE docking.

The analysis seems to corroborate our hypothesis that other fragment than
boronic acid on aliphatic linker could accommodate the Argl binding site. However,
the position of the heteroatom seems also important to interact with surrounding
residues such as Thr246, His126 and His141. The fragments scoring the highest
(124, 171, 184) were the fragments with a heteroatom (oxygen or nitrogen, Figure
62A, B and F) or substituent (phenol, Figure 62B and C) pointing towards Thr246.
In the others case, the fragments presented the heteroatom towards the backbone of

the enzyme (Asp128 and Asn130) as represented in Figure 61A and Figure 62E.
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All the compounds were finally evaluated on Argl using the radiometric

test.

5.2.3 Inyvitro evaluation of the coordinating fragment library

In vitro assessment of the most interesting fragments was carried out
following the experimental protocol set up previously. In the radiometric test, the
fragments were assayed at pH 9.5 and at high concentration (1 mM) thanks to their
good aqueous solubility.

Again unfortunately, no significant inhibition of Argl could be observed

with any of the compounds. (Figure 63)
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Figure 63: Residual activity of the coordinating fragment library (at a concentration of 1mM) Residual
activities and standard deviations are reported from two distinct experiments in duplicates. 2(S)-amino-
6-borohexanoic acid 42 (ABH) as a positive control for Argl inhibition.

The other explanation for the lack of affinity of most molecules for Argl is
that a strong binder is required to displace the hydroxide and replace it in the
manganese coordination network. In the design reported by Ilies et al.® 2-
aminoimidazole fragment 93 binding to the ion cluster becomes 10 more potent
when bound to a L-amino acid side-chain (2AH, 36) and 1000-fold when the chain
has the correct length (A1P, 37). (Figure 64)
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Figure 64: Activity increased for 2-aminoimidazole-based series of Argl inhibitors by adding the o-
amino acid moiety, and correct-length linker.

5.2.4 Outcome of the coordinating fragment library

Unfortunately, again no Argl inhibitors could be discovered following this
screening. It seems very clear that the replacement of the boronic acid function as
metal coordinating moiety that can act as an anchoring point in the catalytic pocket
is not necessarily a valid option. We therefore then envisioned to modulate the nature
of the linker bearing the anchoring boronic acid head moiety as it seems that this
moiety is among the best to inhibit arginase. We thus planned to screen various

chemical structure to substitute the simple aliphatic chain and probe the linker area.

5.3 BUILD AND SCREENING OF THE BORONIC ACID LIBRARY

5.3.1 Build of the boronic acid library

A library of boronic acid compounds was thus constituted including 41
molecules (220-260). Since boronic acids are common reagents in organic chemistry
since they are used to perform Suzuki couplings, most of the compounds were
already available in our lab. The additional compounds were purchased from usual
suppliers (Sigma-Aldrich (now Merck), Fluorochem, or TCI). All the selected
boronic acids are fragments with a molecular weight below the 300 g.mol™! limit:
between 101.9 to 262.1 gmol!. The molecules were chosen to have various
platforms: aliphatic chain, aliphatic ring, 5- and 6-membered aromatic rings and
bicycles. This diversity should ensure to adequately probe the catalytic pocket of

Argl. The molecules are listed in Figure 65.
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Figure 65: Chemical structure of boronic acid fragments (220-260)

5.3.2 Biochemical Evaluation of the boronic acid library
For enzymatic screening, all compounds were freshly prepared in DMSO at
10 mM for testing at 1 mM. ICso were performed with stock ligand solutions freshly

prepared up to 100 mM in DMSO, depending on the solubility.
122



Fragment-based drug design: screening for hits discovery

We screened the selected library of boronic acids on Argl inhibition at a
single concentration of 1 mM at pH 9.5, in triplicate. The results, expressed as a
percentage of activity compared to the negative control (without inhibitor), can be
found in Figure 66. ABH 42 was also included as a positive control for Argl
inhibition (K; = 11 nM at 9.5 and K; = 88 nM at pH 7.5)*° As a result, we identified
five compounds (220, 223, 227, 246, and 250) that display #Arglinhibition around
50% at 1 mM. (Figure 66A) Next, we evaluated the half-maximal inhibitory
concentrations (ICso) of the different hits and obtained inhibition potency ranging

from 127 to 870 uM. (Figure 66B)
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Compound ABH 42 220 223 227 246 250
2(S)-amino-6- isobutylboronic cyclohexyl 2-furanylboronic | (3-formylphenyl) 4-sulfamoyl
borohexanoic acid acid boronic acid acid boronic acid benzeneboronic
acid
ICso 1.5uM 870 pM 292 uM 127 uM 1.4 mM 403 pM
[95% [1.1-1.9 pM] [386-1961 pM] [166-517 pM] [105-153 pM] [0.2-8.9 mM] [236-691 pM]
confidence
interval]

Figure 66: A) Residual activity of the boronic acid fragment library (at a concentration of 1 mM) and
chemical structures of the most potent compounds. Residual activities and standard deviations are
reported from two distinct experiments in duplicates. 2(S)-amino-6-borohexanoic acid 42 (ABH) as a
positive control for Argl inhibition. B) Half maximal inhibitory concentration (ICso) for ABH 42, 220,
223, 227, 246, 250. Maximal concentration of 1 mM instead of 10 mM was used for 220, 223, 246, and
250 due to solubility issues. Residual activities and standard deviations are reported from two distinct
experiments in triplicates.

Among these fragments, we were pleased to identify the furan-boronic acid
227 as the most potent hit, with an ICso of 127 uM. This result corroborated our
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initial hypothesis that a small heteroaromatic ring should be tolerated in the ~Argl
binding cleft. Interestingly, despite being small and lacking an amino acid tail, which
is important for Argl inhibition,'®" compound 227 remains a promising hit (Ligand
Efficiency, LE = 1.4 pICso/Heavy Atom Count = 0.68). As a comparison, the n-
butylboronic acid 220, the strict analog of ABH lacking the amino acid tail, is not
active, thus reinforcing the potential of the 2-furanyl boronic acid 227 for
hArglinhibition.

Based on these observations, we set out to characterize the binding of these

fragments within the 2ZArgl binding site by virtual docking analysis.

5.3.3 Docking analysis

As for the previous library, the molecules were drawn as boronates on
ChemDraw (PerkinElmer). MM2 energy minimization was performed with
ChemBio3D (PerkinElmer), and each molecule was saved independently in MOL2
files.

Docking was performed with crystallographic structure 2AEB selected from
Protein Data Bank (PDB) and with docking software GOLD® (CCDC) or AutoDock

Vina.!®4

For AutoDock Vina, boron atom had to be switched for dummy to be
supported during processing as AutoDock Vina does not take into account boron in
docking analysis.'®> A dummy atom is used to defined constraints such as position,
geometry and length of the bond with partners. Therefore, boron was considered as
sp3 carbon atom with a negative charge with similar radius and number of bonds,
and its position was fixed to superpose the boronate of ABH 42. Crystal structure
with the code 2AEB was used because of its high resolution. Ligand-enzyme
complexes were built in the cavity pocket by extracting and replacing the co-

crystallized ligand, i.e., ABH 42 in 2AEB, with the selected molecules. All systems

were preliminarily prepared with Gold® to add hydrogens and removed selected
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Fragment-based drug design: screening for hits discovery

water molecules. A cavity of 10 A was generated around the proximal Mn?" recorded
as MIN2362.

The scoring functions used were CHEMPLP (for the coordinating
interaction with the metals), GOLDSCORE (for the polar interactions) and
VINASCORE (for the hydrophobic interactions and steric fitting), with weighting
by metallic atoms after determination of the most relevant function and used in
combination with cross-referenced data. Scoring values were normalized by the
number of "heavy atoms" (that are the number of non-hydrogen-atom). The
generation of 20 solutions per molecule was obtained and visualized on a dedicated
3D screen.

The docking poses were ranked according to different scoring functions
(GOLDSCORE, CHEMPLP, and VINASCORE) to better appreciate the
interactions. Because the molecules are small and possess different possible
interactions, using different scoring functions can help to better understand the
interaction between the ligands and the enzyme. Especially between boronate and
the metal cores of the enzyme. In fact, the scoring functions were chosen to cross the
information between them with the aim to avoid a bias due to their respective
advantages and drawback. CHEMPLP takes the coordinating interaction with the
metals into account, whereas GOLDSCORE and VINASCORE select the best
results based on polar interactions and hydrophobic interactions/steric fitting,
respectively.

The main points of interest for the discussion regarding the docking and the
inhibition, are summarized in Table 9. Compounds with boronic acid heads that are
not active on Argl, such as the thiophene 231 and pyrazole 225, were also included

as negative controls.
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Table 9: Half maximal inhibitory concentration (ICso) and normalized GOLDSCORE, CHEMPLP, and
VINASCORE scores from docking for ABH 42 and fragments 220, 223, 225, 227, 231, and 237.

d ICso Ligand Normalized Normalized Normalized
compoun (pM) Efficiency  goldscore chemplp vinascore
ABH 4%09
® 1" _OH 1.5 0,63 6.01 6.79 5.15
H3N B
OH
220 on
870 0.53 8.67 7.76 7.13
Ho'é\)\
223 OH
Ho-é\o 292 0.49 6.99 6.18 6.10
225 OH
BN, >10 mM - 147 454 493

=

HOL

>~

227 oH

1

B, _0O 127 0.61 7.38 7.01 7.44
231 oH

1

B._S > 10 mM - 7.82 7.01 7.44
237 OH

Ho’é\© =10 mM - 6.46 6.78 6.50

All three scoring functions were similar with very little difference, giving
fragment 220 the highest score. Interestingly, we found that excellent normalized

scores characterized the small fragments 223 (Figure 67A), and 227 (Figure 67B).
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Glu186

Asp183 Asp183

Figure 67: Docking of 223 (A) and 227 (B) fragment in Arg1 active site (2AEB).

3-furanylboronic acid isomer 228 only inhibited Argl by 20%, which is far
from the inhibition of 74% of 2-isomer 227. The main observed difference in

docking is the position of the oxygen in the active site. (Figure 68)

Glu186

Asp183 Asp183

Figure 68: Docking of 227 (A) and 228 (B) fragment in Arg1 active site (2AEB).

The comparison of the docking of the fragments 227 and 228 highlights that
the localization of the heteroatom, oxygen in this case, is important. Indeed, the furan
oxygen of 227 is facing the Thr246 and its hydroxide, which could make a hydrogen
bound. The absence of this interaction could explain the difference in inhibition.

The replacement of the furan by thiophenes, such as in the isomeric
compounds 230/231 (Figure 69), although very interesting in docking with the
second highest score did not provide #Arg] inhibition.
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His126 Nt

Asp183 Asp183
Figure 69: Docking of 230 (A) and 231 (B) fragment in Arg1 active site (2AEB).

In the case of thiophenes 230 and 231, docking shows that their placement
is favored when the sulfur faces away from threonine 246. Thiophene rings also seem
to be a little bulkier and to be disadvantaged, as well as phenylboronic acid 237.
Pyrrole 224 (Figure 70A) and 1H-pyrazole 225 (Figure 70B) did not have high

docking scores, or neither inhibition of Argl.

His101
Glu277

Figure 70: Docking of 224 (A) and 225 (B) fragment in Argl active site (2AEB).

The position of the nitrogen is similar in the docking as the thiophenes 230
and 231. Although the size of the fragments 224 and 225 is small, it can be assumed
that the presence of nitrogen is not favorable. At this point, it seems that only the
oxygen of the furan 227 seems to bring an additional interaction and improve the

inhibition.
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5.3.4 Outcome of the boronic acid library

Therefore, this result validates the hypothesis resulting from the molecular
dynamics study regarding the ability of this thin cavity to accommodate linkers
larger than a saturated carbon chain.

These results point out that the volume accommodating the chemical linker
that connects the boronic acid of the inhibitors with its amino acid group is flexible.
The consequence of this finding is that the enzymatic pocket can bear a chemical
development of this specific part of the ligand. More than a simple chemical link,
this fragment can become an actor of the ligand-enzyme binding, for example

through hydrophobic contacts as observed in the region of Thr246 with ABH 42.

5.4 PRELIMINARY CONCLUSION

Most of the current Arginase inhibitors that have been reported so far encompass
a boronic acid head linked to an amino acid tail via an aliphatic linker. In the present
part, we investigated the central linker part to appraise the possibility to
accommodate cyclic/aromatic scaffolds and hence potentially offer new interactions
in the #Arg] active site. Our study led to the identification of the cyclohexyl boronic
acid 223 and 2-furanyl-boronic acid 227 fragments that revealed a promising #Argl
inhibition of 292 and 127 uM, respectively. A docking study suggested that 227
could form favorable quadripolar n-stacking interactions with the imidazole rings of
the His 141 and 126 residues.

Based on this analysis, we investigated the potential of the 2-furanyl-boronic acid

227 to design more elaborated #Arg] inhibitors.
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6 HIT OPTIMIZATION WITH BORONIC ACID
FRAGMENTS

6.1 INTRODUCTION

Following the identification of some boronic acid compounds, we initiated
a tentative optimization study of the two more potent boronic acid fragments
identified: the cyclohexylboronic acid 272 and the 2-furanylboronic acid 276
fragments. Our idea was to further evolve these fragments to reach a higher Argl
inhibitory potency, notably adding the amino-acid tail. The optimization strategy,
inspired from the structure of ABH 42, can be found on Figure 71.

(S)-2-amino-6-boronohexanoic acid
(ABH)

H3N_®C00@ H R ©OH
o ’
H/k/\,mC:NHz |:> R‘><:>—B‘-0H

1 "OH 2 OH

NH, . .
1,4-cyclohexylboronic acid

L-arg transition-state
OH
0 Og-oH

2,5-furanylboronic acid

Figure 71: Optimization of 2-furanylboronic acid and cylohexylboronic acid to mimic L-arginine
transition-state as ABH 42.

6.2 OPTIMIZATION OF THE 2-FURANYLBORONIC ACID 227
FRAGMENT

First, the optimization of 2-furanylboronic 227 was undertaken. In the first

step a molecular docking study was performed to understand the binding of the 2-

furanylboronic acid compound inside the Argl cavity.
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6.2.1 Prediction by docking of 2-furanyl derivatives

According to this docking experiment, the furan ring would be involved in
two m-stacking interactions with the imidazole rings of Hisl4l and Hisl26,
delineating the channel. A small lipophilic aromatic ring with an H-bond acceptor
heteroatom thus seems tolerated in this position. Furthermore, the position of the
furan oxygen also seems to contribute to the stabilization of the compound inside the
binding cleft through a particular H-bond with the Thr246 hydroxyl group. Hence,
the position isomer, 3-furanyl boronic acid 228, is not an Argl inhibitor. It should
be noted that Thr246 was also reported to interact with some Argl inhibitors’® 112 166

(ex: PDB codes 2AEB'® or 3MFW?’), thus corroborating the present analysis. An
illustration of the binding of 227 inside Argl is given in Figure 72A.

Glu186 ,
: E His126

Asp183 Thr246

Figure 72: Views of the docking inside the Argl binding cleft of (A) 227 and (B) 227 linked with the
missing amino acid tail miming ABH 42. Thr246 is highlighted in pink

To appreciate the potency of future optimization, the missing amino-acid
moiety was further linked to the furanyl part. An illustration is represented in Figure
72B, where the designed molecules revealed a good overlapping with ABH 42
overall. However, the amino acid tail forces the rigid heterocycle to rotate slightly to

accommodate the pocket.
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To further confirm the interest of this fragment for the elaboration of new
Argl inhibitors, we evaluated whether the addition of a known amino acid moiety
and additional arm would be, at least in-silico, favorable for Argl inhibition. To this
end, we selected the three tails of the Argl inhibitors NED-3238 44, CB1158 45, and
proline-derived inhibitor 46 and virtually linked these tails to the boronic acid

fragments and performed a docking of these complete molecules (Figure 73).

Figure 73: Views of the docking inside the Argl binding cleft of (A) 227 (B) 227 linked with the tail of
CB1158, (C) 227 linked with the tail of NED-3238 (D) 227 linked with the tail of 46.

From this analysis, compound 227 still scored very high, regardless of the
tail used. 227 with the tail of 46 (Figure 73D) gave the highest VINASCORE with
-9.1, followed by CB-1158 (Figure 73B) and NED-3238 (Figure 73C) tails with -8.7
and -8.6, respectively. Interestingly, compounds derived from 227 were slightly

better than NED-3238 44, CB-1158 45, and proline-derived inhibitor 46 themselves.
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This experiment seems to demonstrate that the furan motif could significantly
increase the inhibition. However, this is only computational prediction, and the

synthesis of such derivatives is needed to evaluate them.

6.2.2 2,5-disubstituted-furanylboronic acid synthesis

Based on these results, we envisioned the optimization of the furanyl
compound 227 into more elaborated Argl inhibitors. The synthesis of furanyl
boronic acid compounds bearing an amino acid tail was our first intent. However,
because the synthesis of furan derivatives can reveal a hazardous task, we initially
investigated the chemistry on more simple compounds. In fact, the synthesis of furan

derivatives is known to be challenging,'¢” 168

notably because of the furan's
susceptibility to acidic conditions,!® temperature, light exposure, and redox
conditions.'”®

As a first step, we thus attempted to synthesize 2,5-disubstituted furans
bearing a boronic acid on one side and an amino-alkyl group on the other side.
Although deprived of the carboxylic acid function, these compounds still bear an
amino group that could form stabilizing interactions with Argl. The retrosynthetic
analysis of such compounds is depicted in Figure 74. According to this scheme, the
compounds could be obtained in three steps from the commercially available furfural
263 by protecting the aldehyde to the acetal 262. Boronation of 262 gives the key

boronic acid intermediate 261 that finally undergo functionalization such as

reductive amination.

R

Ro=N’ o (I)H Functionalization o IOH boronation [o protection O‘ o
( LN S— B 0

oo X o = ) =

261 262 263

Figure 74: Retrosynthetic pathway for 2,5-disubstituted furanylboronic acids synthesis from furfural
263.
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The synthesis of the key intermediate 261 started from furfural 263, which
was first protected as the dioxolan 262, and then boronated. (Figure 75) To this end,
freshly distilled furfural 263 was protected with ethylene glycol using a dean-stark
apparatus to afford 262 in 60 % yield. The latter was further boronated in the 2-
position following lithiation using ~-BuLi and addition of the lithiated compound to
tri-isopropylborate and hydrolysis with HCl to give the (5-formylfuran-2-yl)boronic
acid 261 key intermediate in 34% overall yield.

HO  OH

—/ 1) tBuLi —
o o HO o 1) methylamine HO HN

APTS 78° V!

ol T~ 5 O _THR 788 B O EtOH, RT, 1.5h B®

\ / Benzene, MgSO,  \\ /, O 2) B(OPr); HO \ /, —» HO \ /,

Dean-stark THF, -78°C 2) NaBH_4

60% 3) HCI 0°C, 10min,

263 262 34% 261 then 1h RT 264

Figure 75: synthesis of (5-((methylamino)methyl)furan-2-yl)boronic acid 264

From 261, we initially assessed the reductive amination reaction using
methylamine. 264 could be obtained and isolated in quantitative yield in the
conditions used. The obtention of 264 encouraged us to investigate the synthesis of
a small series of analogs incorporating other aliphatic or cyclic amines. However,
several attempts with different amines such as hydroxylamine, O-
methylhydroxylamine, or secondary amines in the exact same conditions as for the
synthesis of 264 revealed unfruitful with only black residual materials obtained,
suggesting degradation or polymerization products. The loss of the boronic acid
function by protodeboronation was systematically observed using NMR
spectroscopy.

Protodeboronation is a mechanism of degradation of boronic acid where the
boronic function is exchanged with a hydrogen. This reaction can occur in all

conditions with boronic acids: solid and in solution. (Figure 76)
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Figure 76: Mechanisms of protodeboronation of 2-5-furanyl boronic acid derivatives.

In solid state, auto/self-catalysis is observed. The rate of neat 2-
furanylboronic acid 227 protodeboronation is very high, and storage of such building
block is tricky.!”! The degradation in solution is strongly dependent on the
conditions.!”! It depends on the solvent, the presence of water, metals or cations, and
other chemical functions, as well as temperature and pH.!”? Protodeboronation in
basic conditions are well reported following the interest in Suzuki-Miyaura coupling
where the loss of the boronic acid function prevent the reaction.!”? After nucleophilic
attack of the boronic acid by hydroxide anion, the obtained boronate can be exchange
with a hydrogen of another water molecule to form boric acid and protodeboronated
compound. In acidic conditions, protodeboronation occurs by protonation of the
furan cycle followed by deboronation with addition of a water molecule, in 2 steps
of by a concerted mechanism.'”® The mechanism of protodeboronation has attracted
much attention lately and seems now better understood.'” A stability window for 2-
furanylboronic acid 227 in the neutral and mild acidic conditions should allow the
synthesis of our compounds and relative stability in physiological conditions.

Novel experimental conditions were thus explored to possibly avoid the
rapid degradation observed previously, notably using one-pot conditions with
specific reductive agents such as sodium cyanoborohydride (Table 10). For the
purpose of this study, we used various reaction conditions and dimethylamine as a
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model compound, as illustrated in Table 10. The only condition where compound
265 could be prepared and did not readily degrade involved the use of 10 equivalents
of the amine in acetic acid at pH 6. In these particular conditions, the (5-
((dimethylamino)methyl)furan-2-yl)boronic acid 265 could be isolated from the
crude material and characterized by 'H and *C NMR. However, 265 demonstrated

poor stability, especially at room temperature or in the presence of moisture.

Table 10: Outcomes of the synthesis of (5-((dimethylamino)methyl)furan-2-yl)boronic acid 265 using
different experimental conditions.

~p 7 N
HQB o 7 N HQ N~
Ho' Q] — B °
NaBH;CN HO \ /,
EtOH, RT
261 265
Equivalent Conversion
Entry q . condition rate from Particular comments
of amine
the crude
1 1.1 HCl salt complete Not isolated, degradation
2 1.1 HC',S?It' No conversion 261 fully recovered
pyridine
3 11 AcOH incomplete Not isolated,
) (pH 6) P protodeboronation
AcOH Not isolated
4 . | ’
>0 (pH 6) complete protodeboronation
AcOH Isolated yield: 20%, stable in
5 10.0 (pH 6) complete buffer

In all attempts, degradation by protodeboronation was fast in non-buffered
solution and at high concentration. Finally, because the methylamine derivative 264
could be isolated and was actually very stable in the solid-state or in solution, we
reasoned that the nature of the amine used in the reaction could influence the stability
of the final compounds. We thus investigated the synthesis of furan derivatives
harboring variously substituted alkylamino chains using the best conditions with 10

equivalents of amine substrates in AcOH (Table 11).
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Hit optimization with boronic acid fragments

Table 11: Outcomes of syntheses of 2-5-furanyl boronic acid derivatives with various amines

HQ /o . HO R
B o) amine (10 eq) 5O
HO \ / R HO ‘(\_/7/
NaBH;CN
261 AE?(;*H«JQTG) 265-277
Compound R Conversion rate Isolated Particular comments
from the crude
H .
266 rll degradation no Fully protod_eboronated in
77{ “H the crude mixture
| Protodeboronation of the
265 NS complete yes isolated compound
267 complete e Protodeboronation of the
glzN\/ y isolated compound
H .
0 . Fully protodeboronated in
268 F{N\/\OH degradation no the crude mixture
| Not purified from buffered
269 312N\/\0H complete no crude
H
U .
270 3{N\/\N/\ complete no Not purified from buffered
K/O crude
H
U .
R Not purified from buffered
271 X N/\O complete no crude
279 Q comblete es Protodeboronation of the
N P y isolated compound
273 complete o Protodeboronation of the
2N P y isolated compound
OH -
274 Nlj complete no Not purified from buffered
3{ crude
o Protodeboronation of the
275 %N\) complete yes isolated compound
S Protodeboronation of the
216 z{N\) complete yes isolated compound

a Ammonium acetate was used instead of ammonia and glacial acetic acid
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Apart from compounds 266 and 268, all attempts led to complete conversion
to the searched products, as deducted from NMR analysis of the crude reaction
mixture, but the workup and purification of these materials proved to be very
challenging. Hence, only a few analogs could be isolated after purification by
reversed-phase column chromatography but readily degraded by protodeboronation
once evaporated to dryness. An illustration of the rapid protodeboronation is

presented in Figure 77.
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Figure 77: NMR spectra from (A) the crude reaction mixture during the synthesis of 265, (B) isolated
265 pure product, and (C) NMR spectra of the same sample of 265 after one-night storage at 4°C
illustrating the protodeboronation. The protodeboronated product is followed by the apparition of a
doublet (J=1.1 Hz) at 7.6ppm and one of the aromatic signals becomes a triplet instead of a doublet.
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Hit optimization with boronic acid fragments

NMR spectra from crude (Figure 77A) to pure 265 (Figure 77B) highlight
the excellent conversion from starting material 261 and the synthesis of compound
265. After one-night of storage at 4°C, the NMR analysis (Figure 77C) revealed,
however, the unique presence of the protodeboronated compound from pure 265.
The rate of protodeboronation was even faster at room temperature.

These experiments illustrate the difficulty to work with these boronylated
furans that are highly prone to degradation. Still, in our hands, only one of these
furan boronic acid bearing an methylaminomethylene in the 5-position (264) could
be isolated and was found to be highly stable. At this stage, we have no hypothesis

to explain the better stability of 264 compared to other amine derivatives.

6.2.3 Biochemical and biophysical evaluation of 5-methylaminomethyl-
furan-2-boronic acid 264

The biological evaluation of 264 on /#Argl revealed an ICso of around
400 pM [223-698]. (Figure 79A). One hypothesis that could, at least in part, explain
the absence of gain in potency for 264 compared to 227 might be the additional
entropic penalty of the protonated amine function. In addition, the distance between
the amine and the boronate seems not optimum, with 5.1 A for 264 and 6.8 A for
ABH 42. In addition, in docking, the furan is flipped, and the oxygen is presented
away from the Thr246, suggesting a loss of the possible hydrogen bond. (Figure 78)
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Figure 78: docking pose of 264 (in pink) in 2AEB, compared to the co-crystalized ABH 42 (in cyan).
Mn?2* are represented as purple spheres.

This pose is observed to allow the amine to be in the similar environment
compared to ABH 42. It suggests the molecule is possibly too rigid with only one
bond between the furan cycle and the carbon of the amine. This also seems to be

confirmed by the too small distance between the boronate and amine functions.

Although not very potent, 264 remains a very interesting new scaffold for
Argl inhibition. We thus set out to confirm that 264 binds at the active site of Argl.
To this end, we used an orthogonal biophysical method by Saturated Transfer
Difference (STD) NMR spectroscopy. Because boronates generally show slow
kinetics of association and dissociation on Arg1.” This slow exchange precludes the
observation of saturation transfer using STD NMR. STD NMR need an exchange
between free and bound ligand to the enzyme to observe the transfer of the saturation
by nuclear Overhauser effect from the enzyme to the ligand bound to the enzyme, in
our case, in the active site. Competition experiments were performed to monitor the
displacement of a known active-site inhibitor by 264. We reasoned that

preincubation of #Argl with 264 could prevent the access of a known ligand to the
140



Hit optimization with boronic acid fragments

active site and reduce its STD signal in comparison when the known inhibitor is
alone. L-ornithine with Ki=1.3 mM" was then chosen for this experiment.
Coherently, preincubation of #Argl with 264 before adding L-ornithine resulted in
an approximately 50% reduction in saturation transfer compared to the conditions
without 264 (Figure 79B). This reduction in STD signal likely stemmed from a
competition between 264 and L-Ornithine and suggests that 264 interacts at the Argl

active-site.
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5-methylaminomethyl-furan-2-boronic acid
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Figure 79: A) half-maximal inhibitory concentration curves for 5-methylaminomethyl-furan-2-boronic
acid 264: 1Cs0=400 uM [223-698]. B) STD NMR competition experiment. B.1) 1H spectra of L-
ornithine 2 B.2) STD NMR of L-Ornithine. C.3) STD NMR of 1 mM of 313 and L-Ornithine. The
competition of 313 with L-Ornithine results in a signal reduction of around 50%.

With the competitive inhibition demonstrated with 264, our initial
hypothesis that small aromatic boronic acid could well accommodate the Argl
binding site seems to be validated. Although, unfortunately, the synthesis of these

particular furanyl derivatives revealed challenging due to stability issues.
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6.3 OPTIMIZATION OF THE CYCLOHEXYLBORONIC ACID 223
FRAGMENT

The series is constituted by a cyclohexyl ring substituted in position 4 by the

amino acid part. The a carbon can be fused to the ring or spaced by 1 or 2 bonds.

(Figure 80)

O,
_0 2 ) n=0-2 n=0-2
Functlonal/sat/on boronai/on

B(OH), B(OH),
Figure 80: Retrosynthetic pathway for amino acid-substituted cyclohexylboronlc aC|d synthesis

The 1-amino-4-boronocyclohexane-1-carboxylic acid 282 synthesis, where

the o carbon is fused to the ring, was described by Kabalka.!” (Figure 81)

_</°
/\ \ 1) Mg (0) HN
00 400 O_.b  THR1hatrt q i
NaBH, CBry, PPh; then 2h at 65°C KCN/(NH4),CO;3 O
J—— —_— _— —_—
MeOH DCM, RT, 2) B(OPri)3 H,O/EtOH (1:1)
0°C, then rt, 2h overnight THF,-78°C, 6h rt, 48h
o) quant. OH 70% Br 3) 2N HCl B(OH). quant. B(OH),
o
277 278 279 16% 280 281
O OH
NH,
1) 2N NaOH
2) 2N HCI
B(OH),

282
Figure 81: synthesis of 1-amino-4-boronocyclohexane-1-carboxylic acid 282.

The reduction of commercially available cyclohexanedione monoethylene
ketal 277 with sodium borohydride led quantitatively to the obtention of 1,4-
dioxaspiro[4.5]decan-8-ol 278. 278 was then functionalized with the Appel reaction
to 8-bromo-1,4-dioxaspiro[4.5]decane 279. Boronation of 279 was performed by
passing by Grignard formation followed by its addition on triisopropyl borate in
solution in THF at -78°C. After 6h of stirring at -78°C, the solution was quenched
with aqueous hydrochloric acid (2M) and the resulting solution was stirred for an
additional 2h. After purification, 4-boronocyclohexanone 280 was obtained with a

maximum yield of 16%. Bucherer-Bergs reaction with 280 afforded the hydantoin
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Hit optimization with boronic acid fragments

281 in a quantitative yield, as a white powder after purification. In the last step,
hydantoin opening to afford the 1-amino-4-boronocyclohexane-1-carboxylic acid
282 was unsuccessfully attempted.

Currently, two steps are problematic. The formation of the boronic acid
occurs with only 16% yield, contrary to the 70% reported. We highlighted that during
the reaction, the Grignard is formed more slowly than described and the deprotection
of the ketal takes place. Optimization is needed to improve the yield. The second
issue with this pathway appears with the last step of deprotection of the hydantoin
281 into o-amino acid 282. Although the hydantoin deprotection is usually
straightforward, here, the spiro carbon involves very harsh conditions to break the
ring. Currently, this step has not shown any conversion. Ace pressure tube or

microwave could solve this issue.

The same strategy was also considered for the next molecule, where the o
carbon is separated from the cycle by the presence of an additional C-C bond. (Figure

82)

0o (o] o
HN HN HN
EtO___O H._ O o NH NH NH
° 1) Mg (0)
reductive THF, 65°C
agent KCN/(NH,),CO3 CBry, PPhg Y
........... > DIINTTAMZN T3 B Rt 2) B(OPri)s
H,O/EtOH (1:1) DCM, RT THF,-78°C
oH OH rt, 48h OH Br 3) 2N HCI B(OH),
283 284 285 286 287
OH
NH
o 2
1) 2N NaOH
2) 2N HClI
B(OH),

288
Figure 82: synthesis of 2-amino-2-(4-boronocyclohexyl)acetic acid 288
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6.4 PRELIMINARY CONCLUSION

The synthesis of 2,5-substituted furanyl boronic acid derivatives revealed
very challenging, notably because these compounds undergo protodeboronation.
Hence, only the N-methylmethanamine derivatives 264 proved to be stable and could
be evaluated on hAgrl. The study revealed an ICsy around 400 uM for this
compound, that is slightly less potent that the unsubstituted 2-furanylboronic 227.
Competition experiments by NMR-STD confirmed the competitive profile of this
compound. In conclusion, the present analysis revealed the potential of the furane
scaffold for the design of Argl inhibitors but also highlights the challenge to work

with 2-furanyl derivatives.

This work is in preparation for publication:
Prevost, J. R. C.; Kozlova, A.; Thabault, Liberelle M. and Frédérick, R. Probing the
active site of Arginase 1 with aromatic boronic acids: towards the identification of

novel Argl inhibitors.
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7 GENERAL DISCUSSION AND CONCLUSIONS

7.1 MAJORS OUTCOMES AND CHALLENGES ENCOUNTERED DURING
THIS THESIS
Currently, the most potent inhibitors of Argl are transition-state inhibitors
bearing a boronic acid moiety, and there seems to be a consensus that a boronic acid
is the best choice in Argl inhibitor design. They are all structurally similar to ABH
42 but present an additional ring to rigidify the structure and add more substituents

to increase the potency towards the residues of the active site entrance.

CO.H

HoN

' R 1
R R4 2 R,
Pyrrolidine-based inhibitors Proline-derived inhibitor Bicyclic inhibitors
NED-3228 44: 46 62:
R=CH,-CH(NH,)-CH,Ph R;=H, R, =CO-CH(NH;)cyclopentyl X=CH
R,=0H, R,=F

CB-1158 45: 56:

R=CO-CH(NH,)CH; Ri=H,R,=H

Figure 83: current Argl inhibitors based on ABH 42 structure. (X=C or N, R, R1 and Rz are additional
substituents)

Pyrrolidine-based inhibitors improved the inhibition of Argl by 10-fold
(ICso = 110 nM when R=H vs. 1547 nM for ABH 42). The nitrogen substitution led
to more potent molecules such as NED-3228 44 (R = CH,-CH(NH,)-CH,Ph,
ICso = 1.3 nM).'" CB-1158 45 (with R = CO-CH(NH,)CHa) is the first compound
to be investigated in clinical trials.'® '% Proline-derived inhibitors incorporate the
amine of the amino acid function inside a cyclic structure, leading to a similar ICsg

improvement compared to ABH 42 (56: ICso = 16 nM vs. 311 nM for 42). Various
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substitutions were investigated on this scaffold and highlighted some very potent
inhibition values with several substituents, with ICso going under 1 nM (R; = H and
R>=NH-CO-CH(NH,)C(CHs)3). Bicyclic compounds were also studied and
presented similar interesting results.!'? Although promising, accessing these new
structures is increasingly complicated. Indeed, we note the appearance of additional
chiral centers that are necessary to control. These compounds demonstrated only
moderate selectivity between Argl and Arg2. For example, NED-3228 44 possesses
an ICso of 1.3 nM on Argl and 8.1 nM on Arg2,'" while CB-1158 displays ICs
values of respectively 86 nM and 296 nM.!% The selectivity is difficult to obtain
with this strategy targeting the similar active sites of Argl and Arg2. This problem
is intrinsic to all orthosteric inhibitors.'” Overall, all reported structures are
relatively similar and focus only on modifications of the o or B carbon, and there are
no investigations of the linker part modifications (in blue, Figure 83).

Thus, in this work, we aimed to discover novel scaffolds to design original
Argl active site inhibitors that could be amenable to preclinical experiments and thus
that lack the boronic acid warhead. For this purpose, we studied the enzyme's
catalytic pocket and screened various chemical libraries to study the structure-

activity relationships for extending the structural variety of existing inhibitors.

In chapter three, we discussed the selection of the enzymatic assay for this
project and its setup. The selected assay using a radiolabeled substrate allowed us to
evaluate our chemical libraries, the 5-bromo-2-aminothizaole series and the
compounds synthesized in chapters six. Radiometric assays' advantages include their
sensitivity, rapidity, reliability and allow robust enzyme activity determination,'”’
while avoiding the generation of artifacts that are common with the ninhydrin
colorimetric assay. 5-bromo-2-aminothiazoles revealed to be inactive, and probably

false-positive hits, with this method.!”®
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General discussion and conclusions

Chapter four detailed an original computer-assisted structural approach to
study Argl and its inhibition.'” First, structural analysis was conducted with existing
crystallographic data in the literature. We observed that the differences between the
different series of compounds designed to inhibit Argl were mainly in the
manganese cluster area. Indeed, the guanidium part of L-arginine was modified and
replaced by various chemical functions to obtain transition-state inhibitors.

Then, molecular dynamics simulations were performed to understand the
structural determinants required to inhibit Argl. Although the bottom of the pocket
is very rigid, we were able to observe that a phenomenon of opening and closing of
the pocket could take place, thanks to the mobility of 3 loops. We hypothesized that
the discovery and design of new compounds could be oriented towards bulkier
molecules. To validate our hypothesis, a 3D-pharmacophore was built, and a virtual
screening was performed to discover new inhibitors, but none of the selected
molecules inhibited Argl activity more than 20% at the single concentration of
1 mM. Our structural study concluded that this lack of affinity was due to the
requirement of hydroxide displacement and replacement within the manganese
coordination network. Nowadays, most of the molecules with an important inhibition

on Argl have a boronic acid, which is the best function for this purpose.® 101 10% 112

In chapter five, a fragment-based drug design was performed to verify if the
enzyme could accommodate bulkier ligands and to probe the linker of the pocket
with a library of fragments. Libraries of manganese coordinating compounds and
molecules with a boronic acid function were used. Using boronic acid as an anchor
pattern is a head-to-tail approach that helps to prob the pocket.!®" This method led to
the identification of the cyclohexyl boronic acid 223 and 2-furanyl-boronic acid 227
fragments, revealing a promising 2Argl ICsy of 292 and 127 uM, respectively. The
inhibition potency was high considering that the a-amino-acid was missing, which
is associated with a significant loss of affinity as illustrated with a 5000-fold
reduction in ke/Kv'” and a decrease from 1.5 uM for nor-NOHA 33 to 450 uM for
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descarboxy-nor-NOHA and > 5000 uM for desamino-nor-NOHA®). Molecular
modeling suggested that 223 is in a hydrophobic area, and 227 could form favorable
quadripolar zm-stacking interactions with the imidazole rings of the Hisl141 and

His126 residues.

In chapter six, we set out to optimize these fragments to increase their
inhibitory potency. The synthesis of 2-5-furanyl boronic acid derivatives proved to
be challenging. Despite substitutions of 2-furanyl boronic acid with alkyl or aryl

groups is quite common and bench-stable that can be used in Suzuki coupling for

181 182

example,®' substitutions with chains containing heteroatoms are rarely described.
Nevertheless, we described the attempt to synthesize N-substituted and N,N-
disubstituted compounds from furfural. Only the N-methylmethanamine derivatives
264 proved stable enough to be evaluated on AAgrl and yielded a competitive

inhibition profile with an ICso around 400 uM.

Overall, this work demonstrated that the search for new scaffolds targeting
the Argl catalytic site is challenging, the first reason being the size of the active site
itself. With a pipe-shaped depth of 10 A and a volume of only 350 A?, the pocket is
too small to allow significant chemical diversity. The difficulty of finding new
scaffolds was highlighted in this manuscript (chapters four & five) by the virtual
screening that did not result in inhibition in vitro, despite excellent 3D alignment.
However, the size and shape of the pocket is an explanation, but the catalytic site is
also very hydrophilic.!” The part that binds the a-amino-acid consists of L-aspartate
and L-glutamate side-chains.!® Their carboxylates form a negatively charged area
where the ammonium sits, and the carboxylate of the ligand interacts via bridging
water molecules.'” Secondly, docking suffers from limitations from their static
treatment of the active site and the ligands.'®* We demonstrated the mobility of some
chains, but some residues also demonstrated degrees of freedom as His141 with its
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General discussion and conclusions

~90° rotation, as described in the mechanism (Figure 5). In the crystal structures,
Thr146 can rotate and present the methyl BMFW?®®) or the hydroxyl group (2AEB").
Thirdly, the presence and involvement of metals in the inhibition make it more
difficult to model the interactions.'® Working with boron to target the metals was
also challenging. Medicinal chemistry has become more interested in Boron over the
last two decades, especially since the FDA approval of Bortezomib (Velcade®), an
anti-cancer agent inhibiting the proteasome.!®> While boron is probably underused,
it opens up new possibilities for drug design, but its originality is also one of its
drawbacks. The electron density is still poorly considered in the force fields used in
molecular modeling despite recent developments.'*® Such limitations are deleterious

when it comes to anticipating interactions and having a rational design.

Boron chemistry is not as well described as nitrogen, sulfur, or oxygen
chemistry. Additionally, working with boron sometimes involves the need for
specific equipment, as NMR that can confirm a change in the environment of
boron.'®” But assuredly, the most limiting parameter in this work was the stability of
the synthesized molecules. It appeared that such compounds are challenging to
obtain, purify, and assess on Argl. However, such derivatives are interesting in the
Argl research field and probably in other topics. Stabilizing or protecting the
function against protodeboronation could lead to compounds easier to purify, isolate,
and use.'®% ¥ Prodrugs can be designed by this approach.'®® It also makes the design
of active molecules complex, especially when ADME parameters are taken into
account.'® A perspective article is currently in preparation, in which the possibility
of adding boron to pharmaceutical diagnostic or treatment tools is discussed and

illustrated with examples.
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7.2 PERSPECTIVES

This work opens many perspectives. It is very clear from the work performed
that the chemistry of furanyl boronic acids is very challenging, especially because of
the poor stability of the resulting material in the final step of our synthetic procedure.
To avoid this issue, an alternative retrosynthetic pathway could be envisioned.

(Figure 84)
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X

X=CHO, or Br
Figure 84: Retrosynthetic pathway for amino acid substituted 2-furanylboronic acids synthesis

According to this retrosynthetic scheme, a longer chain length can be
envisioned to obtain a spacer between the furan ring and the amino acid part. Thus,
starting from a furfural derivative (X=CHO) or a brominated derivative (X=Br), the
alkylation can be performed via Knoevenagel,'”! Wittig,'*> aldol condensation for
X=CHO,"? and Heck when X=Br."”* Then, functionalization of the previously
added function (such as ester, carboxylic acid, or ketone) can be done via various
reactions, depending on the starting one. Petasis reaction'” from ketoacid or
ketoester.'*® Strecker reaction'”’ from aldehyde or ketone can also lead to amino acid
function, as the Petasis reaction.!”® The similar Mannich reaction can lead to o and B3

199

amino acids,'” as the Petasis to § amino acids.?” Such a variety in obtaining possible

products is attractive to increase the scope of pharmacomodulations. In the last step,
the ester can be transform to bromine, 2! prior to the Miyaura borylation®* of the

203

furan to obtain boronic ester’*® or boronic acid of the desired compound.?**
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An alternative could be to stabilize the boronic acid function during the
synthesis. This approach was performed for Suzuki couplings.'®! The N-

methyliminodiacetate (MIDA) protecting group could be an elegant option (Figure

85) as it is known to generate “bench-stables” boronic acids.!67- 18% 205
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Figure 85: Protection of 2-furanyl boronic acid (top) and 2,5-disubstituted furanyl boronic acid
(bottow)

Interestingly, this protecting group could open the perspective of an original
Argl prodrug inhibitor, as this function could slowly deprotect under the mildly
basic experimental conditions of the coupling.'®” A MIDA could also allow for
improved pharmacological parameters such as bioavailability. This strategy was
recently published in a patent of 2020, where a 3™ generation molecule was cyclized
between the boronic acid and the amino acid part.>*

Moreover, the chemistry of the 4-cyclohexylboronic acid 223 must be

finalized by obtaining molecules that can be tested on Argl.

Because targeting the catalytic site has several previously discussed
drawbacks, a different approach to target oligomerization started in 2020. Our
laboratory has now built a solid experience in targeting protein oligomerization.
Targeting oligomerization can have many advantages, especially when catalytic site
wiring is challenging, as recently reviewed by Thabault et al.?’ Arginase is an
enzyme that is active as a trimer, but its activity partially is preserved when
monomeric. Preventing the formation of the trimer or its disruption could lead to the
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destruction of the enzyme by the cell, either by degron exposition or protein

misfolding. (Figure 86)
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Figure 86: Homomeric disruption can promote protein degradation and misfolding. Disruption of a
homomeric complex can lead to proteasome-dependent protein degradation because of degron
exposition or protein misfolding resulting from intrinsic destabilization and chaperone-mediated
degradation.?%

The strategy of blocking or disrupting the oligomerization was performed in
the past against lactate dehydrogenase (LDH) with stapled peptides.?”® Epitope

299 will be performed to find the most

mapping, as previously done with other targets,
important interfaces for trimerization and better understand the interaction pattern
between each monomers. A preliminary in silico mapping has already been
performed and has highlighted three different sequences involved in the

oligomerization (Figure 87).
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Figure 87: in silico epitope mapping of Argl. Three different sequences have been shown to interact
with another monomer. Yellow and blue sequences are helically folded, and the green sequence is the
S-shaped C-terminal arm, where Arg308 is present. (Courtesy of Juhans Dechenne)

Recently, Gao et al. reported preliminary data on the effect of the C-terminal
arm, in green in Figure 87, on the oligomerization of Argl.’ The pentapeptide with
the final sequence of the arm (REGNH) showed an inhibition of 2.4 +0.3 mM,
highlighting the real interest of this approach on Argl.

The work of Juhans Dechenne already lead to a protocol of production and
purification of Argl described in 3.1). Truncated Argl production was also
performed, and optimization of biophysical methods for determination of a
dissociation constant (Kp) by STD NMR, WATERLOGSY NMR, and microscale

thermophoresis (MST) are in progress.
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8 EXPERIMENTAL PART AND SUPPORTING
INFORMATION

8.1 GENERAL INFORMATION

All chemicals were purchased from Sigma or Acros Organics and used
without further purification. NMR spectra were recorded on a Bruker Ultrashield
Advance 11 400 MHz instrument using dimethyl sulfoxide (DMSO-dg) or chloroform
(CDCls) as deuterated solvent. Chemical shifts are reported in parts per million
(ppm) and referenced to the residual solvent resonance. Coupling constants (J) are
reported in hertz (Hz). Standard abbreviations indicating multiplicity were used as
follows: s=singlet, d=doublet, t=triplet, dd =double doublet, q = quartet,
m = multiplet, b=broad. Melting points (m.p.) were determined using an
electrothermal apparatus and are reported uncorrected. LC-MS analyses were
performed on an Agilent 6200 series TOF mass spectrometer equipped with ESI and
APCI as ionization sources and TOF (Time Of Flight) detector, coupled with an
Agilent 1200 series LC system with flux of 0.25 mL/min. High- resolution mass
spectra were carried out on a Thermofisher Scientific LTQ-Orbitrap XL hybrid. X-
ray diffraction data were collected at room temperature on a Gemini Ultra (Rigaku)

diffractometer using Cu Ka (1.54584) radiation.

8.2 ARG1 ENZYMATIC ASSAY

Arginase inhibition was measured using a modified version of the fixed-
point radioactive assay developed by Ruegg and Russell.’® Assay mixtures
contained 50 uL of 100 mM 2-(cyclohexylamino)ethanesulfonic acid (CHES)-
NaOH (pH 9.0), 100 uM MnCl,, 0.05 pCi of [guanidino- 14C]-L-arginine, 3 mM
unlabeled L-arginine, and 5 pL of inhibitors in a 50 uLL volume per centrifuge tube.
Reactions were started by adding 5 uL. of a 10 pg/mL recombinant human arginase
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I solution. After 5 min, reactions were quenched by the addition of 400 pL of “stop”
solution (0.25 mM acetic acid (pH 4.5), 7 M urea, 10 mM L-arginine, and a 1:1 (v/v)
slurry of Dowex® W-X8 in water). Each reaction mixture was immediately vortexed
for 30 s after adding the “stop” solution and then centrifuged at 6000 rpm for 10 min.
200 pL of the supernatant was taken and 3 mL of scintillation liquid (Ultima Gold™,
PerkinElmer®) was added in preparation for liquid scintillation counting using a
PerkinElmer® counter (model: Tri-Carb 2900TR). The DPM value obtained for the
blank (containing no enzyme) was systematically subtracted. Results were then
expressed as percent of control activity (without inhibitor), after which GraphPad
prism software was used to treat the data and to analyze the dose- response curves.
Inhibitor potency was expressed as ICso values (Sigmoid standard curve, four
parameters logistic, X is log of the concentration). Reference inhibitor ABH was

purchased from Sigma- Aldrich/Merck.

8.3 EXPERIMENTAL PARTS FOR CHAPTER 4

8.3.1 Molecular dynamics

Crystal structures with the following code were retrieved from the Protein
Data Bank (PDB): 3GMZ for the Arginasel-ornithine complex,'” 2AEB for the
arginase-ABH complex,'® and 2PHA for the apo form of Arginase 1.'*’ The complex
cyclohexyboronic acid-arginase was manually built from the 2AEB crystal structure,
replacing the amino acid and aliphatic side-chain of ABH by the cyclohexane of 272
using Molecular Operating Environment (MOE). All systems were prepared with the
Maestro protein preparation tool to add hydrogens, remove the flexible and solvent
exposed C-terminal loop 309-HKPIDYL-315, cap termini, and coordinate the ion
cluster with zero bond order. Residues/atoms coordinating the first Mn?* are
HIS126/ND1, ASP234/0D1+2, ASP124/0D1, ASP232/0OD2 and the second Mn**
are ASP124/0D2, ASP128/0OD2 HIS101/ ND1 and ASP232/0D2. Additionally,

both manganese ions were coordinated by the charged oxygen of the hydroxide for
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the apo form and the complex with ornithine, or the complexing oxygen of the
inhibitor, OH of boronate for ABH. Using Desmond (version 11.0.014) with
OPLS2005 force field, the three selected enzyme-ligand complexes were placed in
an orthorhombic box filled with about explicit TIP3P water molecules and
neutralizing counter ions (Na* or CI7). The total amount of atoms reached between
31k and 33k for all systems. Minimization and equilibration were performed for each
system using default parameters. Then, ligand-enzyme complexes were simulated
for 200 ns with periodic boundary conditions. A pressure of 1.01325 bars was kept
constant using the Martyna-Tobias-Klein barostat method,'” and a temperature of
300 K was kept constant with a Nose-Hoover thermostat.?!° Short-range electrostatic
interactions were calculated up to a distance of 9 A cut-off. and a temperature of
300 K was kept constant with a Nose-Hoover thermostat.?!° Short-range electrostatic
interactions were calculated up to a distance of 9 A cut-off. With RESPA integrator,
constraints were used on all bonds with 2 fs time step length for bonded and near
atoms, and 6 fs for far atoms. Each simulation was repeated five times and
trajectories were concatenated before the dynophore analysis.

Using Gromacs (version 5.0.4-mpi,)!** with Amber 99 sb force field,?'! the
ornithine-Arginasel complex was solvated with explicit water molecules (TIP3P) in
a 168 nm® dodecahedron neutralized with Na* and CI” counterions. Topology for
ornithine was generated using Antechamber?'? through the ACPYPE online

platform.>!3

Following steepest descent minimization, each complex was
equilibrated for 0.1 ns using position restraints applied to all protein heavy atoms.
Then each system was simulated for 200 ns (time step length = 2 f5s), with periodic
boundary conditions, using PMEelectrostatics (rcoulomb = 12 A) with Amber 99 sb
force field,?!" the ornithine-Arginasel complex was solvated with explicit water
molecules (TIP3P) in a 168 nm® dodecahedron neutralized with Na® and CI”

counterions. Topology for ornithine was generated using Antechamber®'?

through
the ACPYPE online platform.?"® Following steepest descent minimization, each

complex was equilibrated for 0.1 ns using position restraints applied to all protein
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heavy atoms. Then each system was simulated for 200 ns (time step length = 2 fs),
with periodic boundary conditions, using PMEelectrostatics (rcoulomb =12 A)*
and Van der Waals interactions cut-off (rvdw = 12 A). Constraints were used on all
bonds in the peptides (LINCS algorithm)?!*. The Nosé-Hoover coupling method was
used (temperature of 300 K)?!° together with the Parrinello-Rahman coupling
method (pressure of 1 bar).2!* The ion cluster coordination was controlled using
distance restrains and the charges of Mn?* and OH™ were set manually to +2 and —1,
respectively, and Van der Waals interactions cut-off (rvdw = 12 A). Constraints were
used on all bonds in the peptides (LINCS algorithm)*!'. The Nosé-Hoover coupling
method was used (temperature of 300 K)*'° together with the Parrinello-Rahman
coupling method (pressure of 1 bar).?!> The ion cluster coordination was controlled
using distance restrains and the charges of Mn** and OH™ were set manually to +2
and —1, respectively.

Gromacs was used for all RMSD, RMSF and cluster analysis using the
g rms, g rmsfand g_cluster tools, respectively (alignments always performed using
Co. for least squares fit and RMSD calculations).'>* Pocket volume calculation was
performed with Povme2.0'3%using default parameters. The coordinates of the boron
atom as center of a 10 A-radius sphere defined the pocket cavity. All simulations
were conducted on a GPU, locally and on the high-performance computing system
SOROBAN of the Freie Universitit Berlin (http://www.zedat.fu-berlin.
de/Compute).

8.3.2 Dynophore

The developed dynophore implementation automatically generates a
pharmacophore for each frame of a given MD simulation and processes its
pharmacophore features pursuing the following principle: Pharmacophore features
detected during the simulation that are sharing the same interaction type (e.g., H-

bond donor or hydrophobic contact) and the same ligand atoms are grouped into a
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so-called superfeature. The occurrence of each superfeature is monitored in terms of
spatial, statistical, and sequential behavior throughout the whole analyzed trajectory.

(a) Spatial information: Dynophores are built by superimposing the 3D-
pharmacophores of all trajectory frames aligned on the target Co atoms.
Subsequently, each feature is reduced to the coordinates at the centroid of the
detected feature sphere and the resulting dynophore is represented by clouds of
points in three dimensions.

(b) Statistical information: The occurrence of each superfeature is monitored
(superfeature occurrence frequency), whereby frequency is simply calculated
relatively to the sum of all considered frames. Additionally, for each superfeature,
all interaction with a partner on the target-side are also monitored (interaction
occurrence frequency), whereby frequency is calculated relatively to the sum of the
corresponding superfeature occurrences. Distance distributions are reported in
histograms (interaction distance histogram) for each reported interaction.

(c) Sequential information: Occurrence of superfeatures and their
interactions are described sequentially in form of bar code series (superfeature
occurrence sequence and interaction occurrence sequence) as well as interaction
distances in form of distances series (interaction distance sequence). The dynophore

program has been implemented within the ilib/LigandScout framework.?'®

All features represented in the dynophore were extracted from 1 ps (5000
frames) of MD simulation trajectory (frames were recorded every 5 ns) with arginase
1 and L-ornithine, and arginasel and inhibitor ABH and analyzed: Interactions of the
same type detected for one single ligand atom were grouped in a so-called
superfeature. For each superfeature, all detected interactions were analyzed and
reported sequentially. Distances between all interaction partners were measured and
plotted in a graph regarding their absolute frequency for each superfeature

Figure of the features and plots of the distances can be found in supporting

information of related article: Mortier, J.; Prevost, J. R. C.; Sydow, D.; Teuchert,
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S.; Omieczynski, C.; Bermudez, M.; Frederick, R.; Wolber, G., Arginase Structure
and Inhibition: Catalytic Site Plasticity Reveals New Modulation Possibilities. Sci
Rep 2017, 7 (1), 13616.

8.3.3 Computational study of the cyclohexylboronic acid binding mode
A dynophore was created from MD simulations of arginase in complex with
cyclohexylboronic acid 223 (Figure 88). Following the same method as introduced
previously, Figure 88 represents the dynophore generated from 1 ps (5000 frames)
of MD simulation trajectory (frames were recorded every 5 ns). All interactions of
the same type detected for one single ligand atom are grouped in a superfeature. For
each superfeature, all interactions are reported sequentially. Distance distributions

are plotted for all interactions relatively to their absolute frequency.

=

" Arg21

Asn139

Asp234

Figure 88: Dynophore for the arginase-223 complex (orange for negative ionizable features, green for
H-bond donors, blue for positive ionizable moieties and yellow for hydrophobic contacts).
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8.4 EXPERIMENTAL PARTS FOR CHAPTERS 5 AND 6

8.4.1 Docking

All molecules of the chelating fragments library were constructed, and MM2
minimization was obtained with ChemDraw® and ChemBio3D® (PerkinElmer
Informatics). Combinatory library of full compounds was built from the tail of three
reference inhibitors (NED-3238 44,'941% CB1158 45, ' 1% and proline-derived
inhibitor 46'®®) combined with the boronic acid fragment. Docking was performed
with crystallographic structure 2AEB selected from Protein Data Bank (PDB) and
with docking software GOLD® (CCDC) or AutoDock Vina.'* For Vina, boron atom
was switched for dummy carbon to be supported during processing.'®> Crystal
structure with the code 2AEB was used because of its high resolution. Ligand-
enzyme complexes were built in the cavity pocket by extracting and replacing the
co-crystallized inhibitor ABH with the selected molecules. All systems were
preliminarily prepared with Gold® to add hydrogens and removed selected water
molecules. An enlarged cavity of 10 A was generated around the proximal Mn?*
recorded as MN2362. Verification was conducted with co-crystallized molecules for
other crystallographic structures available from the PDB. The scoring functions used
were CHEMPLP (for the coordinating interaction with the metals), GOLDSCORE
(for the polar interactions) and VINASCORE (for the hydrophobic interactions and
steric fitting), with weighting by metallic atoms after determination of the most
relevant function and used in combination with cross-referenced data. The
generation of 20 solutions per molecule was obtained and visualized on a dedicated

3D screen.
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8.4.2 Biological evaluation and docking results

Table 12: outcomes of biological evaluation crossed with in Silico analysis from docking

Mw Numberof | .o (mean) | inhibition (SD) ized Normalized . Normalized
compound L heavy atoms Id: Chemplp VinaScore N
(boronic acid) atimMm at1mM Goldscore Chemplp VinaScore
(boronate)

ABH 192 13 93 2 78,13 6,01 88,21 6,79 -6,7 5,15
220 119,088 8 50,3 17 69,32 8,67 62,05 7,76 -5,7 7,13
221 101,94 8 101,5 4 58,42 7,30 61,88 7,74 -5,7 713
222 131,088 9 101,2 3 66,58 7,40 64,99 7,22 -6,1 6,78
223 145,104 10 339 7 69,85 6,99 61,8 6,18 -6,1 6,10
224 128,052 15 75,8 0 66,6 4,44 62,41 4,16 -6,5 4,33
225 129,047 14 90 2 62,55 4,47 63,55 4,54 -6,9 4,93
226 228,104 16 70,3 3 65,34 4,08 68,27 4,27 -6,3

227 129,036 9 25,8 1 66,41 7,38 63,08 7,01 -6,7 7,44
228 129,036 9 80,3 1 63,89 7,10 68,95 7,66 -6,5 7,22
229 157,031 11 103,6 2 68,86 6,26 66,75 6,07 -7 6,36
230 145,013 9 89,1 6 70,27 7,81 63,68 7,08 -6,5 7,22
231 145,013 9 91 1 70,34 7,82 67,77 353 -6 6,67
232 140,052 10 71,4 0 64,28 6,43 60,73 6,07 -6,6 6,60
233 217,962 11 103,1 3 66 6,00 67,79 6,16 -6,8 6,18
234 140,052 10 72,9 2 65,22 6,52 65 6,50 -6,5 6,50
235 166,042 12 73,3 3 65,1 5,43 64,99 5,42 -6,9 5,75
236 141,047 10 88,3 7 66,3 6,63 65,98 6,60 -6,7 6,70
237 139,057 10 103,1 3 64,64 6,46 67,75 6,78 -6,5 6,50
238 155,052 11 92,6 4 71,86 6,53 67,48 6,13 -6,3 5,73
239 154,068 11 94,6 0 57,23 5,20 36,63 -6,5 5,91
240 175,038 12 62,1 1 58,09 4,84 56,73 4,73 -6,1 5,08
241 175,038 12 93,9 2 65,91 5,49 66,83 557 -6,8 5,67
242 164,052 12 99,2 7 67,77 5,65 66,51 5,54 -6,7 5,58
243 169,067 12 84,6 5 63,45 5,29 51,56 4,30 -6,8 5,67
244 203,028 13 94,3 17 52,33 4,03 69,96 5,38 -7,1 5,46
245 169,067 12 86,2 9 67,64 5,64 66,86 5,57 -6,8 5,67
246 167,052 12 54,6 2 65,65 5,47 70,31 5,86 -6,8 5,67
247 167,052 12 94 1 65,79 5,48 73,37 6,11 -6,9 5,75
248 254,12 18 100,5 0 59,41 3,30 72,56 4,03 -7,5 4,17
249 218,029 15 95,5 4 72,35 4,82 76,06 5,07 -74 4,93
250 246,061 14 32,1 3 68,69 4,91 69,11 4,94 -7,7 5,50
251 258,061 14 101,3 1 67,61 4,83 77,23 5,52 -7,5 5,36
252 262,056 15 87,4 7 66,09 4,41 75 5,00 -7,8 5,20
253 232,045 15 6 55,78 3,72 61,85 4,12 -7,6 5,07
254 182,039 13 84,4 9 56,5 4,35 70,23 5,40 -7,6 5,85
255 182,039 13 83,7 0 65,58 5,04 67,54 5,20 -7,1 5,46
256 182,062 14 94,7 9 63,25 4,52 60,78 4,34 -7,2 5,14
257 252,104 18 93 4 28,98 69,93 3,89 -8 4,44
258 222,094 16 96,5 1 63,04 3,94 64,93 4,06 -7,3 4,56
259 209,044 14 73,6 7 59,62 4,26 64,88 4,63 -7 5,00
260 161,95 13 88,4 2 66,72 5,18 60,78 4,68 -8,2 6,31

Inhibition and standard deviation (SD) are expressed in %

Normalized Goldscore and Chemplp are obtained with the following equation: Score/Number of Heavy
atoms

Normalized Vinascore is obtained with the following equation: (-10)*score/ Number of Heavy atoms.
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Figure 89: Half maximal inhibitory concentration (ICso) for ABH 42, 220, 223, 227, 246 250. Maximal
concentration of 1 mM instead of 10 mM was used for 220, 223, 246, and 250 due to solubility issues.
Residual activities and standard deviations are reported from two distinct experiments in triplicates.

8.4.3 Biological evaluation and comparison of furfurylamine and
furanylcarboxylic acid

Residual activity
(%)

Figure 90: residual activity (%) of furfurylamine and 2-furanylcarboxylic acid on Argl at 1 mM
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8.4.4 Biophysical evaluation

Saturation-Transfer Difference NMR. All experiments were performed on a
Bruker Ascend Avance III 600 MHz system equipped with a broadband cryoprobe
(BBO H&F) (Bruker). Samples were prepared in PBS containing 10% D,O and
100 uM MnCl,. The concentration of Argl was set to 15 uM of monomer. Ligand
binding was detected using an STD stddiffesgp.3 sequence with a 2 s saturation time.
Water signal suppression was achieved using an excitation-sculpting scheme, and a
50 ms spinlock was used to suppress protein background signals. Experiments were
performed at 298 K. For each experiment, 1024 scans were collected on (0 ppm) and
off-resonance (40 ppm) to yield a 32k points free induction decay (FID).

Signal reduction was measured by the integration of ornithine signals
between 1.8 and 2.0 ppm. Spectrum of L-ornithine and Argl is in red and the top.
Spectrum of the competition between 1 mM of 264 and L-ornithine is in blue on the

bottom. Integration is decreased of 50% by the competition with 264.
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Figure 91: STD of L-Orn 2 . Spectrum of L-ornithine 2 and Argl is in red and the top. Spectrum of the
competition between 1 mM of 264 and L-ornithine is in blue at the bottom.
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8.4.5 Synthesis procedure

General procedure for the synthesis of (5-tertiary-amine-methylfuran-2-yl)boronic
acid:

To a solution of 5-formyl-2-furanylboronic acid (1.0 eq, 0.5 mmol, 75 mg) in
methanol (5 mL) was added the amine (10 eq, 5 mmol) and pH was adjusted with
acetic acid (£0.5 mL). Sodium cyanoborohydride (0.6 eq, 0.6 mmol, 43 mg) was
then added in one portion to the solution. The solution was stirred at room
temperature until completion, followed by TLC.

Note: in the following NMR reports, the carbon linked to the boron is generally note

reported due to its long relaxing time.

(5-formylfuran-2-yl)boronic acid 261

A solution of 2-(furan-2-yl)-1,3-dioxolane (1.0 eq., 3.34 mL, 28.3 mmol) in THF
(43 mL) was cooled at -78°C with an acetone/dry ice bath under inert conditions (N>
atmosphere). Tertio-butyllithium (1.7 M in pentane, 25 mL, 1.5 eq., 42.5 mmol) was
added dropwise. The solution was then stirred for 1h30. Triisopropylborate (1.0 eq.,
12.8 mmol) was added dropwise, and the solution was stirred for an additional 2h.
Methanol (23 mL) was carefully added, the mixture was stirred for 15 min, before
the reaction was warmed up slowly at 0°C (ice bath) for the slow addition of aqueous
hydrochloric acid (2 M, 40 mL). The solution was concentrated, and the resulting oil
was purified by silica column (DCM/MeOH) to obtain a light-brown powder. Yield:
34% '"H NMR (400 MHz, DMSO) 6 9.67 (s, 1H), 7.48 (d, J = 3.5 Hz, 1H), 7.23 (d,
J=3.5Hz, 1H). 3C NMR (101 MHz, DMSO) § 179.56 (1C), 155.40 (1C), 123.45
(10), 122.95 (1C).

2-(furan-2-yl)-1,3-dioxolane 262

To a solution of freshly distilled furfural (1.0 eq, 4.14 mL, 50 mmol) in benzene
(50 mL) was added dry sulfate magnesium (12 g), ethylene glycol (2 eq, 5.58 mL,
10 mmol) and PTSA (0.025 eq) as catalyst. The flask was fitted with a Dean-Stark
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trap and reflux condenser. The mixture was stirred at reflux overnight. After
filtration and wash with toluene, the solution was concentrated. The resulting oil was
purified on silica gel chromatography (cyclohexane/ethyl acetate) to give the pure
product as colorless oil. Yield: 60% 'H NMR (400 MHz, CDCI3) § 7.42 (d, ] = 0.8
Hz, 1H), 6.45 (d, J = 3.1 Hz, 1H), 6.35 (dd, J = 3.1, 1.8 Hz, 1H), 5.92 (s, 1H), 4.27
—3.92 (m, 4H). *C NMR (101 MHz, CDCI3) & 151.03 (1C), 143.18 (1C), 110.15
(1C), 108.78 (1C), 97.71 (1C), 65.16 (2C).

(5-((methylamino)methyl)furan-2-yl)boronic acid 264

(5-formylfuran-2-yl)boronic acid (1 eq, 500 mg, 3.6 mmol) and methyl amine
(3.0 eq, 0.9 mL, 0.4 M, 33% in ethanol, 10.9 mmol) were dissolved in dry MeOH
under inert atmosphere and 3 A molecular sieves (1 g) were added. The mixture was
stirred at room temperature for 1h30, where the mixture was cooled to 0°C in an ice
bath. NaBH4 (1.1 eq, 152 mg, 4 mmol) was added portion wise. After the addition,
the mixture was stirred for 10 min at 0°C, and then 1h30 at room temperature. After
filtration and concentration, the crude mixture was purified by trituration with MeCN
to afford the pure product as very hydroscopic white powder. Quantitative. 'H NMR
(400 MHz, Methanol-d4) & 6.25 (d, J = 3.1 Hz, 2H), 3.92 (s, 2H), 2.48 (s, 3H). 1*C
NMR (101 MHz, MeOD) & 147.72 (1C), 112.91 (1C), 109.00 (1C), 46.05 (1C),
32.43 (10).

General procedure for synthesis (5-tertiary-amine-methylfuran-2-yl)boronic acid
265-277

To a solution of 5-formyl-2-furanylboronic acid (1.0 eq, 0.5 mmol, 75 mg) in
methanol (5 mL) was added the amine (10 eq, 5 mmol) and pH was adjusted with
acetic acid (0.5 mL). Sodium cyanoborohydride (0.6 eq, 0.6 mmol, 43 mg) was then
added in one portion to the solution. The solution was stirred at room temperature

until completion, followed by TLC.
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Note:

Conversion of the starting material (5-formyl-2-furanylboronic acid 261) was
observed by NMR analysis. However, due to product stability issue
(protodeboronation), all 3C NMR data were not obtained due to the longer
acquisition time needed.

Example: (5-((dimethylamino)methyl)furan-2-yl)boronic acid 265 spectra are
reported bellow. Crude mixture, pure product and protodeboronated compound

spectra are present.

(5-((dimethylamino)methyl)furan-2-yl)boronic acid 265

The title compound was prepared following the general procedure. '"H NMR (400
MHz, methanol-ds) 8 6.62 (d, J =3.2 Hz, 3H), 6.52 (d, J =3.2 Hz, 3H), 4.43 (d,J =
12.8 Hz, 1H), 4.37 (s, 6H), 2.92 — 2.81 (m, 2H), 2.85 (s, 6H). *C NMR (101 MHz,
methanol-dy) & 144.19 (1C), 116.27 (1C), 113.99 (1C), 52.87 (1C), 41.21 (2C).
HRMS: calc. for C;H;3sBNO3; (M+H)": 170.09830, found: 170.09779.

(5-(aminomethyl)furan-2-yl)boronic acid 266

As described, the compound was not obtained in these conditions

(5-((diethylamino)methyl)furan-2-yl)boronic acid 267

The title compound was prepared following the general procedure. 'H NMR (400
MHz, MeOD) 6.51 (d, J = 3.0 Hz, 1H), 6.25 (d, J = 3.1 Hz, 1H), 4.34 (s, 2H), 3.14
(9, J=7.1 Hz, 4H), 1.33 (t, ] = 7.0 Hz, 6H). '*C NMR (101 MHz, MeOD) & 153.25
(1C), 141.69 (1C), 113.24 (1C), 107.19 (1C), 56.35 (1C), 46.80 (2C), 41.92 (20).
HRMS: calc. for CoH;7BNO; (M+H)": 198.04845, found: 198.10839.

(5-(((2-hydroxyethyl)amino)methyl)furan-2-yl)boronic acid 268

As described, the compound was not obtained in these conditions
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(5-(((2-hydroxyethyl)(methyl)amino)methyl)furan-2-yl)boronic acid 269

As described, the compound was not purified from the buffered crude.

(5-(((2-morpholinoethyl)amino)methyl)furan-2-yl)boronic acid 270

As described, the compound was not purified from the buffered crude.

(5-((morpholinoamino)methyl)furan-2-yl)boronic acid 271

As described, the compound was not purified from the buffered crude.

(5-(pyrrolidin-1-ylmethyl)furan-2-yl)boronic acid 272

The title compound was prepared following the general procedure. '"H NMR (400
MHz, methanol-ds) 6 7.04 (d, J = 3.4 Hz, 1H), 6.69 (d, ] = 3.3 Hz, 1H), 4.48 (s, 2H),
3.60 — 3.47 (m, 2H), 3.29 — 3.17 (m, 2H), 2.39 — 1.95 (m, 4H). HRMS: calc. for
CoHsBNO3; (M+H)": 196.11395, found: 196.11352

(5-(piperidin-1-ylmethyl)furan-2-yl)boronic acid 273

The title compound was prepared following the general procedure. 'H NMR (400
MHz, methanol-ds) 6 7.05 (d, J = 3.4 Hz, 1H), 6.71 (d, J = 3.4 Hz, 1H), 4.39 (s, 2H),
3.47 (dd,J =12.2, 3.2 Hz, 2H), 2.96 (td, ] = 12.6, 3.2 Hz, 2H), 2.11 — 1.71 (m, 6H).
HRMS: calc. for C1oH;sBNO3; (M+H)*: 210.12960, found: 210.12925.

(5-((3-hydroxyazetidin-1-yl)methyl)furan-2-yl)boronic acid 274

As described, the compound was not purified from the buffered crude.

(5-(morpholinomethyl)furan-2-yl)boronic acid 275

The title compound was prepared following the general procedure. 'H NMR (400
MHz, D;O) 6 6.86 (d, J = 3.5 Hz, 1H), 6.51 (d, J = 3.4 Hz, 1H), 4.57 (s, 2H), 4.07
(m, 2H), 3.74 (m, 2H), 2.97 (m, 4H). *C NMR (101 MHz, D,0) & 148.51 (1C),
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142.32 (1C), 121.70 (1C), 113.98 (1C), 64.41 (2C), 52.81 (1C), 51.37 (2C). HRMS:
calc. for CoH;sBNO; (M+H)": 212.10886, found: 212.10839.

(5-(thiomorpholinomethyl)furan-2-yl)boronic acid 276

The title compound was prepared following the general procedure.'H NMR (400
MHz, methanol-ds) 6 6.61 (d, J = 3.1 Hz, 1H), 6.50 (d, J = 3.0 Hz, 1H), 4.49 (s, 2H),
3.33 (s, 8H). HRMS: calc. for CoH;sBNOs (M+H)": 228.08602, found: 228.08500.
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8.4.6 NMR spectra
2-(furan-2-yl)-1,3-dioxolane 262
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(5-formylfuran-2-yl)boronic acid 263
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Experimental part and supporting information

(5-((methylamino)methyl)furan-2-yl)boronic acid 264
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(5-((dimethylamino)methyl)furan-2-yl)boronic acid 265:
Crude mixture after concentration (in MeOD):
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Experimental part and supporting information

(5-((dimethylamino)methyl)furan-2-yl)boronic acid 265: Pure: 'H
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(5-((dimethylamino)methyl)furan-2-yl)boronic acid 265: HMBC
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Experimental part and supporting information

2.78

Protodeboronated product from synthesis’ crude of 265:
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During an attempt to prepare substituted thiazole N-oxides [1]
in our laboratory, we unexpectedly found that treatment of
2-aminothiazoles with m-chloroperoxybenzoic acid (mCPBA) in
ethanol did not afforded the desired product 1 (Scheme 1). Spectral
analyses proved that the corresponding 5-bromo-2-amino-thiazole
2 was formed instead in a very good yield (>90%).

This observation can be explained by the fact that the starting
compound was, in fact, obtained as a hydrobromide salt. Thus,
rapid oxidative bromination mediated by mCPBA occurred in the
5-position of the thiazole ring. We decided to explore this interest-
ing transformation in more detail, especially because thiazoles are
present in many natural products possessing biological activity,
such as anti-mycobacterial agents [2-5]. A growing body of medic-
inal chemistry literature reports thiazole derivatives as candidates
for the treatment of various pathologies [6-15]. These heteroaro-
matics have also found applications in materials science, e.g. as lig-
uid crystals [16,17] Furthermore, halogenated thiazoles are useful
synthetic intermediates for introducing this heterocyclic scaffold
into more complex molecules [18]. The older method of using ele-
mental bromine for bromination of the thiazole ring [19-21] has

* Corresponding author.
E-mail address: raphael.frederick@uclouvain.be (R. Frédérick).
! This paper is dedicated to the memory of Mrs Sara Modaffari, a very nice and
brilliant student, who passed away in March 9, 2018, aged 34.
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still occasionally been used in the recent years [22-24]. However,
this approach has drawbacks such as toxicity, low atom economy,
corrosiveness, handling issues and a relatively high cost. Apart
from the application of N-halosuccinimides [25], more recent
methods for thiazole halogenation include the use of copper(Il)
halides [26], metalations of the thiazole ring followed by quench-
ing the reactive intermediates with electrophiles [27] and transi-
tion metal catalysis [28]. In general, despite the modern
development in aromatic halogenation [29,30], there still remains
a need for new procedures operating under mild conditions.
Environmentally friendly and atom-economic oxidative halogena-
tion holds a lot of promise in this respect [31].

We firstly examined the influence of the nature of the oxidant
on the yield of bromothiazole 2. The brominated compound 2 vs.
non-brominated compound 3 system was chosen as the bench-
mark and the absolute yields of the two thiazoles were determined
by LC/MS analysis. As observed from Table 1, compared to mCPBA
(Entry 1), all the other oxidants, such as hydrogen peroxide (entry
2), sodium hypochlorite (entry 5), and sodium periodate (entry 10)
gave a lower yield of 2. Moreover, even Oxone® (entry 4), which
works fine in some other oxidative halogenations [32-39], did
not give satisfying results in our experiments, permitting a 6% yield
on 2.

With the evidence of mCPBA being the best oxidant agent, the
next part of this study examined the amount of oxidant. Adding
up to 1 equivalent of mCPBA improved the bromination ratio, but
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Scheme 1. mCPBA-mediated 5-bromo-2-amino-1,3-thiazole formation.

Table 1
Yield optimization studies for the formation of the bromothiazole 2.

Wi
Br EtOH, 10 min, RT

S — S —
< | P—NH + | )—nNH
| 2) 1.0 eq oxidant N N
X EtOH, 10 min, RT |
N
2 3

Entry Oxidant Equivalent n (2) (%)? n (3) (%)?
1 mCPBA 1.0 93 7
2 H,0, 50% aq. 1.0 6 93
3 UHP* 1.0 3 97
4 Oxone®** 1.0 6 94
5 NacClO, 1.0 58 25
6 NaBiO3 1.0 19 68
7 t-BuOOH 1.0 traces 69
8 MnO, 1.0 12 64
9 Na,C05-1.5 H,0 1.0 traces 74
10 NalO4 1.0 77 20

*Urea hydrogen peroxide adduct.
**2 KHSO5-KHS0,4 K>S0,
? Yields determined by LC/MS analysis.

further increase of its quantity caused a drop in yields. We sec- highest yield of 5-bromo derivative 2 is obtained when using
ondly aimed at exploring the influence of solvent. As depicted in DMEF (Table 2, entry 7). Using acetone, dichloromethane, 1,4-diox-
Table 2, polar solvents such as ethanol and DMF (Table 2, entry ane, toluene or acetonitrile lead to poor global yields (Table 2,
1, and 7) worked best, permitting high yields (>93%). In fact, the entries 2, 4, 5, 6 and 7).

Table 2
Investigation of the solvent and the reaction times for the formation of (5-bromo-4- phenyl-thiazol-2-yl)-phenylamine 2.

b
H,N"™N

H
0 B ry, RT Br{—s Q s Q
| )—NH + | )—NH
2) mCPBA N N
rp, RT
2 3
entry solvent Reaction time (min, r1 +r2) n(2) (%) n(3) (%)
1 EtOH 10+10 93 7
2 acetone 10+10 52 29
3 CH,Cl, 10+10 47 10
4 1,4-dioxane 10+10 43 22
5 toluene 10+10 10 12
6 MeCN 10+10 33 30
7 DMF 10+10 >99 <1
7 DMF 5+5 99 1
7" DMF 0+10 5 69

2 Yields determined by LC/MS analysis.
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Reduction of the r; and r, reaction time was also evaluated
using DMF as solvent (Table 2, entry 7, 7" and 7). Reaction times
limited at 5 min per step at room temperature is sufficient to
obtain the desired compound 2 in a very good yield (99%).
However, a one-pot operation adding mCPBA simultaneously with
the a-bromoketone and thiourea (Table 2, entry 7”) caused a sharp
drop in the yield of 2, as well as in total thiazole (2 + 3). In most
cases, a maximum of 10 min with mCPBA at room temperature
was enough for the completion of the oxidative bromination reac-
tion. Being more practical to handle than DMF, ethanol was chosen
for all subsequent experiments and the chosen conditions were
applied to probe the syntheses of a range of brominated thiazoles
along with their non-brominated counterparts.

A suggested mechanism of the formation of the halogenation
products includes the oxidation of halide to a reactive halogen
derivative (Scheme 2) after reaction with the m- chloroperoxyben-
zoic acid. This in situ formed electrophilic hypobromous acid could
then be attacked by the thiazole ring system in an electrophilic
aromatic substitution reaction, giving the product brominated at
C5 after aromatization. In fact, polarity inversion (umpolung) of
the bromine is the key step for the addition-elimination reaction
on the nucleophilic position of the thiazole ring. The formation of

8 d* (/,

H S N )=
mCPBA HBr ——> HO-Br f' - >:N®
HO" DA |
Pz

4317

the diatomic elemental halogen X, with radical reaction seems to
not occur due to the strict need of a stoichiometric amount of
mCPBA to react with bromine. 13C NMR studies showed easy iden-
tification thanks to a chemical shift for the carbon linked with the
bromine in the brominated derivative around 90 ppm, against
115 ppm for none brominated compound. 2D NMR experiments
(COSY, HSQC and HMBC) also led to the same conclusion.

Various methods of purification were also tried. Because of the
very small differences between the retention values (R¢) for the thi-
azole and the 5-bromo-thiazole, flash chromatography did not
reveal to be successful. After several attempts, we found that the
best way to obtain an easy and rapid isolation was by precipitation.
Briefly, to a solution of the compounds in methanol or ethanol,
addition of water led to the precipitation of the brominated deriva-
tive first. In case of mixture after precipitation, a second recrystalli-
sation allowed to obtain the desired products in very high purity
(>95%).

Finally, using standard conditions (0.3 M of all reagents in etha-
nol), the syntheses of a range of brominated thiazoles was under-
taken (Table 3). Briefly, mCPBA was added and the mixture was
stirred for 30 min at room temperature to allow completion of
the first (Hantzsch) step reaction. Conversion rates and absolute

Br, // \ Br. O

-
S —
> ] N/>\NH

Scheme 2. Suggested mechanism of the 5-bromo derivatives formation.

Table 3

Outcomes of syntheses of 5-bromo-thiazoles with various substitution patterns (Compound, Yield®* %).

1) .C.
O

HoN ”
30min, EtOH, RT

Ry

A

2) mCPBA

30min, EtOH, RT

2,4-47

Vs

Ry R,
F F cl o]
2 4 5 6
63% 74% 70% 71%
12 13 14 15
14% 51% 47% 28%
21 22 23 24
OO 25% 27% 51% 4%
O,N 30 31 32 33
45% 36% 53% 45%
39 40 41 42
71% 36% 53% 45%

3

NC

7 8 9 10 11
71% 78% 39% 36% 82%
16 17 18 19 20
76% 87% 91% 77% 77%
25 26 27 28 29
60% 45% 35% 51% 55%
34 35 36 37 38
61% 49% 45% 85% 85%
43 44 45 46 47
61% 49% 45% 85% 85%

¢ Yields determined by LC/MS analysis.
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Figure 1. Solid state crystallographic structures of 5 (left) and 7 (right).

yields of the brominated vs. non-brominated derivatives were
determined by LC/MS. In all cases, conversion rates proved to be
quantitative with complete disparition (>99%) of the starting mate-
rials. As observed from Table 3, the absolute yields (non-opti-
mized) ranged from 14% for 12 up to 91% for 18, most of the
transformation leading to a yield of brominated compounds >50%.

To further illustrate the scope of this reaction, the influence
of electro-donating groups on R; and R, (Table 3) was also
investigated. To this end, the 5-bromo-N-(4-methoxyphenyl)-4-
phenylthiazol-2-amine 48, the 5-bromo-4-(4-methoxyphenyl)-N-
phenylthiazol-2-amine 49, and the 5-bromo-N,4-bis (4-methoxy-
phenyl)-thiazol-2-amine 50, containing a methoxy group on R,
and/or R, were prepared and yields of, respectively, 86%, 76% and
73% were obtained, thus corroborating the versatility of this
reaction.

In the case of the fluorinated (5) and chlorinated (7) compounds
(see Table 3 above), crystals suitable for X-ray measurements were
obtained (Fig 1). X-Ray data analysis unambiguously confirmed the
structures of the newly synthesized molecules and the insertion of
the bromine in the 5-position on the thiazole core.

Next, we investigated the potential of 5-bromothiazole as
enzyme inhibitors. To this end, the brominated parent compound
2 was screened on various targets available in our lab and we
found that this compound was interestingly a relatively potent
inhibitor of the monoacylglycerol lipase (MAGL) [40] with > 60%
inhibition at 100 uM. The compounds displayed in Table 3 were
thus assayed on MAGL and 6 derivatives 6, 8, 11, 14, 15 and 19
proved to be more potent than the initial compound 2 with half
maximal inhibitory concentration (ICsq) determined to be in the
range of 10-55 uM [41-45]. Interestingly, the adamantyl and the
phenyl on the left part of the molecules (R;) seem better tolerated.
The biological evaluation of these derivatives on MAGL can be
found in the associated contents available.

In conclusion, our work describes a new, original and easy
preparation of 5-bromo-thiazoles that can be synthesized effi-
ciently following a one-pot procedure from simple starting materi-
als, a-bromomethyl-ketones and thiosemicarbazides, and without
using expensive catalysts or harsh conditions and reagents. The
nature of the oxidant to perform the reaction, of the solvent and
of the reaction time was evaluated. The initial compound 2 proved
to be potentially interesting to target monoacylglycerol lipase
(MAGL). A small library of 5-bromo-2-amino-thiazoles was thus
elaborated and demonstrated promising although very preliminary
inhibitory potency of MAGL.

Experimental
General information

All chemicals were purchased from Sigma or Acros Organics and
used without further purification. NMR spectra were recorded on a

Bruker Ultrashield Advance II 400 MHz instrument using dimethyl
sulfoxide (DMSO dg) or chloroform (CDCl3) as deuterated solvent.

Chemical shifts are reported in parts per million (ppm) and refer-
enced to the residual solvent resonance. Coupling constants (J)
are reported in hertz (Hz). Standard abbreviations indicating mul-
tiplicity were used as follows: s =singlet, d = doublet, t = triplet,
dd = double doublet, q = quartet, m = multiplet, b = broad. Melting
points (m.p.) were determined using an electrothermal apparatus
and are reported uncorrected. LC-MS analyses were performed
on an Agilent 6200 series TOF mass spectrometer equipped with
ESI and APCI as ionization sources and TOF (Time Of Flight) detec-
tor, coupled with an Agilent 1200 series LC system with flux of
0.25 mL/min. High- resolution mass spectra were carried out on
a Thermofisher Scientific LTQ-Orbitrap XL hybrid. X- ray diffraction
datas were collected at room temperature on a Gemini Ultra
(Rigaku) diffractometer using Cu Ka (1.54584) radiation.

MAGL esterase activity assay

MAGL activity was measured by following [>H]-2-oleoyl glyc-
erol ([*H]-2-0OG) hydrolysis, as previously described (cf ref 37,
Morera, L.; et al. Bioorganic and Medicinal Chemistry 2012, 20,
6260-6275). Briefly, 6 ng of pure human MAGL was preincubated
during 30 min at room temperature in the presence of the inhibitor
at various concentrations (Tris buffer 50 mM, BSA 0.15% w/v, pH
8.0, inhibitor dissolved in 10 pL DMSO). 2-0OG (10 uM final concen-
tration; [*H]-2-0OG 50,000 dpm, American Radiolabeled Chemicals;
200 pL total volume assay) was then added and the tubes were
placed at 37 °C for 10 min. The reaction was stopped by adding
400 pL of a cold methanol- chloroform (1-1) mixture and, after
5 min centrifugation at 700g, the radioactivity was measured in
the organic phase by liquid scintillation. The dpm value obtained
for a blank (containing no enzyme) was systematically subtracted.
Results were then expressed as percent of control activity (without
inhibitor), after which GraphPad prism software was used to treat
the data and to analyze the dose-response curves.

MAGL rapid dilution assay

The reversibility of MAGL inhibition by synthesized compounds
was investigated using the rapid dilution assay. The enzyme
(800 ng in 38 pL of a buffer containing Tris 50 mM, BSA 0.15%,
pH 8.0) was incubated during 30 min at room temperature with
2 uL of compound 19 (concentration of 10# M and 10 M in the
mixture) dissolved in DMSO. The enzyme-inhibitor mixture was
then diluted 300-fold with the buffer. After 15 min of incubation,
the enzyme activity was measured on a 150 pL aliquot (corre-
sponding to 10 ng of enzyme) according to the above-described
standard procedure.

Intermediate thioureas synthesis

To a solution of a (substituted)-phenylisothiocyanate derivative
(0.6 M) in MeCN was added aqueous ammonia (25%, 1.5 eq). The
solution was stirred at room temperature for 3 h. The reaction mix-
ture was then concentrated. Purification was done by precipitation
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from a mixture of n-hexane/ethyl acetate mixture (3/2). The pure
product was recovered as a powder after filtration in a quantitative
yield.

2-Amino-5-bromothiazole derivatives synthesis

To a solution of the intermediate thioureas (1 eq., 0.1 M) in
EtOH was added 2-bromoacetophenone (1.25eq). The solution
was stirred at room temperature until completion of the reaction
followed by TLC. Then mCPBA (1eq., 3M in EtOH) was added
and the solution was stirred until completion. The reaction mixture
was then concentrated. The resulting powder was dissolved in
CH,Cl, and extracted with water. The organic phases were com-
bined, dried over Na,SO4 and evaporated. Purification by precipita-
tion was performed: to the resulting powder was added a solution
of 10% water in methanol until obtention of a cloudy solution. After
cooling at 4 °C, precipitation of the product occurred over time.
Filtration afforded the pure products as powders.

5-Bromo-N,4-diphenylthiazol-2-amine 2/N,4-diphenylthiazol-2-
amine 3 system synthesis and LC/MS analysis procedure

A mixture of the synthesized thiourea and variously substituted
haloketones (0.3 mmol of each) in an appropriate solvent (900 pL)
is reacted under the indicated experimental conditions. The
oxidant in ethanol solution (0.3 mmol in 100 pL)) is added and
the mixture is stirred. Then 1 mL of acetone is added and 20 pL
of the mixture is added to 980 pLL of acetonitrile. A second dilution
with 20 pL of the previously prepared solution is added to 980 pL
of acetonitrile to give a sample from 0 (0% yield) to 60 uM
(100% yield) of either thiazole, which is then analyzed by LC/MS
(measurement of UV absorption at 254 nm).
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